
REVIEW

Role of Fatty Acid Binding Proteins and Long Chain Fatty Acids
in Modulating Nuclear Receptors and Gene Transcription

Friedhelm Schroeder Æ Anca D. Petrescu Æ Huan Huang Æ Barbara P. Atshaves Æ
Avery L. McIntosh Æ Gregory G. Martin Æ Heather A. Hostetler Æ
Aude Vespa Æ Danilo Landrock Æ Kerstin K. Landrock Æ H. Ross Payne Æ
Ann B. Kier

Received: 10 April 2007 / Accepted: 26 July 2007 / Published online: 19 September 2007

� AOCS 2007

Abstract Abnormal energy regulation may significantly

contribute to the pathogenesis of obesity, diabetes mellitus,

cardiovascular disease, and cancer. For rapid control of

energy homeostasis, allosteric and posttranslational events

activate or alter activity of key metabolic enzymes. For

longer impact, transcriptional regulation is more effective,

especially in response to nutrients such as long chain fatty

acids (LCFA). Recent advances provide insights into how

poorly water-soluble lipid nutrients [LCFA; retinoic acid

(RA)] and their metabolites (long chain fatty acyl Coen-

zyme A, LCFA-CoA) reach nuclei, bind their cognate

ligand-activated receptors, and regulate transcription for

signaling lipid and glucose catabolism or storage: (i) while

serum and cytoplasmic LCFA levels are in the 200 lM–

mM range, real-time imaging recently revealed that LCFA

and LCFA-CoA are also located within nuclei (nM range);

(ii) sensitive fluorescence binding assays show that LCFA-

activated nuclear receptors [peroxisome proliferator-acti-

vated receptor-a (PPARa) and hepatocyte nuclear factor 4a
(HNF4a)] exhibit high affinity (low nM Kds) for LCFA

(PPARa) and/or LCFA-CoA (PPARa, HNF4a)—in the

same range as nuclear levels of these ligands; (iii) live and

fixed cell immunolabeling and imaging revealed that some

cytoplasmic lipid binding proteins [liver fatty acid binding

protein (L-FABP), acyl CoA binding protein (ACBP),

cellular retinoic acid binding protein-2 (CRABP-2)] enter

nuclei, bind nuclear receptors (PPARa, HNF4a, CRABP-

2), and activate transcription of genes in fatty acid and

glucose metabolism; and (iv) studies with gene ablated

mice provided physiological relevance of LCFA and

LCFA-CoA binding proteins in nuclear signaling. This led

to the hypothesis that cytoplasmic lipid binding proteins

transfer and channel lipidic ligands into nuclei for initiating

nuclear receptor transcriptional activity to provide new

lipid nutrient signaling pathways that affect lipid and glu-

cose catabolism and storage.
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Abbreviations

LCFA Long chain fatty acids

L-FCFA-

CoA

Long chain fatty acyl Coenzyme A

L-FABP Liver fatty acid binding protein

A-FABP Adipocyte FABP

H-FABP Heart FABP

K-FABP Keratinocyte FABP

I-FABP Intestinal FABP

B-FABP Brain FABP

ACBP Acyl CoA binding protein

CRABP Cellular retinoic acid binding protein

PPAR Peroxisome proliferator-activated receptor

HNF4a Hepatocyte nuclear factor-4a
RA Retinoic acid

RXR Retinoic acid X receptor

SCP-2 Sterol carrier protein-2

WT Wild-type
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Introduction

Long chain fatty acids (LCFA) have been known for some

time to serve as components of biological membranes and

are also used for metabolic fuel. LCFA are not only pre-

cursors of signaling molecules; they are also endogenous

ligands [1–3] for nuclear receptors that initiate transcrip-

tion of multiple genes involved in LCFA (b-oxidation,

lipoprotein) and glucose metabolism. Concomitantly,

LCFA down-regulate genes involved in insulin signaling

(e.g. protein tyrosine phosphatase) (rev. in [4–6]). Abnor-

mal activation of the nuclear peroxisome proliferator-

activated receptors (PPARs) contributes to lipotoxicity

associated with obesity, insulin resistance, type 2 diabetes,

and hyperlipidemia (rev. in [5, 7]).

Mammals have evolved both short/rapid acting and

long/slower mechanisms to control metabolism. Rapid

allosteric control and posttranslational modification acti-

vate/deactivate enzymes or alter protein stability within

seconds to minutes [5]. Most effective for longer-lasting

control (hours to days) is transcriptional regulation of at

least two types of receptors [8]: (i) hydrophilic ligands (e.g.

diazapines) bind with cell surface membrane receptors,

activating cascades of second messengers, which transmit

signals to transcription factors that control expression of

target genes; and (ii) in contrast, hydrophobic ligands (fatty

acids, retinoic acid, vitamins, hormones) must actually

enter the cell and be transported to the nucleus, interacting

with intracellular and nuclear receptors that serve as

nutrient sensors [8, 9]. These hydrophobic ligands act as

modulators of transcription factors, exerting regulatory

functions directly at the gene level [8]. Because nuclear

receptors such as PPAR isoforms (a, b, c), HNF4a, thyroid

receptor (T3R), glucocorticoid receptor (GR), liver X

receptor (LXR), retinoic acid X receptor (RXR), and others

regulate transcription of genes involved in lipid and glu-

cose metabolism [5, 9–13], there is great interest in

discovery of pharmaceutical antagonists of these receptors

to reduce/prevent the deleterious effects of LCFA and

LCFA-CoA in obesity, diabetes mellitus, and cardiovas-

cular disease. This focus has led to important discoveries

that certain hydrophobic xenobiotics and metabolites/ana-

logues of LCFA including LCFA-CoA are high-affinity

ligands that inhibit transcriptional activity of their respec-

tive nuclear receptor.

However, the identity of endogenous ligands for PPARa
and HNF4a has been elusive. Clearly, dietary LCFA reg-

ulate activity of PPARa and HNF4a to induce transcription

of genes encoding enzymes and proteins of LCFA and

carbohydrate metabolism in cells [14–20] and animals [21],

but until recently it was not clear whether LCFA them-

selves versus their metabolites LCFA-CoA exhibit the

requisite characteristics generally acknowledged as hall-

marks of physiologically significant ligands: (i) presence in

the nucleus, but at levels sufficiently low not to saturate the

nuclear receptors, (ii) high affinity binding, with Kds in the

range of physiological concentrations of the ligands in

nuclei; (iii) ligand-induced conformational change in the

nuclear receptor; and (iv) ligand-induced alterations in

coregulator recruitment to the nuclear receptor [7, 22–25].

Further, until recently little was known regarding how

hydrophobic ligands [e.g. LCFA, LCFA-CoA, retinoic acid

(RA)] could be transported to the nucleus.

Since elevated levels of LCFA and LCFA-CoA are

characteristic of several chronic metabolic disorders,

including obesity, diabetes mellitus, hyperlipidemia, and

cardiovascular disease [26], it is important to resolve

mechanism(s) that regulate intracellular and nuclear LCFA/

LCFA-CoA concentrations for optimal LCFA and glucose

metabolic homeostasis [27]. This review focuses on recent

evidence supporting one hypothesis, ‘‘exemplified for liver,

that transfer and channeling of LCFA to PPARa in the

nucleus can be mediated by L-FABP’’ (Fig. 1).

Dietary LCFA Activate Nuclear Receptors PPARa
and HNF4a: Functional Data

Early studies of PPARa and HNF4a ligand specificity

illustrate the difficulty in determining the nature of the

endogenous ligands of these ligand-activated nuclear

receptors. High-fat diets increase PPARa-activated gene

expression, especially of L-FABP and b-oxidative

enzymes, stimulating LCFA b-oxidation, regardless of

whether dietary LCFA are polyunsaturated,

Fig. 1 Selective cooperation between L-FABP and PPARa in

branched-chain fatty acid signaling to the nucleus. BCFA,

branched-chain fatty acid; L-FABP, liver fatty acid binding protein;

RXRa, retinoic acid X receptor a; 9 cis-RA, 9 cis-retinoic acid
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monounsaturated, or saturated [13, 16, 21]. While straight-

chain LCFA (unsaturated [ saturated) stimulate PPARa
transactivation [14, 16, 18, 23, 28], they are relatively non-

selective and effective on all three PPAR isoforms (a, b, c)

[29]. In contrast, branched-chain LCFA (pristanic acid,

phytanic acid) selectively activate only PPARa [29], par-

ticularly in liver [30], and more effectively than any other

dietary LCFA or synthetic peroxisome proliferator drugs

[29, 31]. Plasma of healthy individuals contains \10 lM

phytanic and \3 lM pristanic acid, levels that activate

PPARa in cultured cells [29]. In patients with peroxisomal

disorders (Refsum, Zellweger, and other peroxisomal

abnormalities), plasma phytanic and pristanic acid levels

rise to 8,000 and 80 lM, respectively [29, 32].

While together these data suggest that the LCFA acti-

vate PPARa, nutritional studies and activation assays do

not discriminate whether dietary LCFA are themselves

PPARa ligands, induce endogenous PPARa ligands, or are

metabolized to active PPARa ligands [16]. Early studies

with radioligand binding assays indicated that saturated

LCFA and VLCFA (except for arachidonic acid) were very

poorly or not bound by PPARa (see below). However, this

apparent contradiction of dietary saturated LCFA and very

long chain fatty acids (VLCFA) directly activating PPARa
[21] was recently resolved by showing that metabolites of

saturated LCFA and VLCFA (LCFA-CoA and VLCFA-

CoA) are the actual high-affinity PPARa ligands [2, 3].

Mouse studies lend further support for the potential

importance of LCFA-CoA in regulating PPARa: (i) per-

oxisome proliferators induce expression of acyl-CoA

oxidase (AOX) and bifunctional protein (BPE), the first

two enzymes of the b-oxidation pathway [33], and increase

the level of CoA thioesters of peroxisome proliferators [34,

35]; (ii) 2-bromopalmitate, a general inhibitor of fatty acid

thioesterification, inhibits bezafibrate induction of peroxi-

somal proliferation [36]; (iii) AOX gene ablation increases

serum VLCFA, and since VLCFA-CoA are not b-oxidized

in AOX-null mice, they accumulate and hyperactivate

PPARa [37]. Conversely, ablation of the adrenoleukodys-

trophy gene (prevents VLCFA and/or VLCFA-CoA from

being transported to peroxisomes) increases VLCFA (but

not VLCFA-CoA) levels and does not alter PPARa activity

[38]. These data show that gene alterations resulting in

high acyl-CoA elicit PPARa activation, while gene alter-

ations leading to reduced acyl-CoA result in PPARa
inactivation.

With HNF4a activation, dietary saturated fatty acids

increase plasma levels of lipid rich lipoproteins (VLDL,

LDL, HDL) and their constituent apolipoproteins, while

dietary unsaturated fatty acids decrease plasma levels of

these lipoproteins and their apolipoproteins [39]. This fatty

acid nutrient regulation of serum lipids and lipoproteins has

been ascribed to transcriptional modulation of HNF4a

activated genes encoding apolipoproteins (AI, AII, B, CIII)

[40, 41]. Dietary fatty acids modulate HNF4a transactiva-

tion in a highly selective manner, consistent with LCFA-

CoA representing the activating ligand rather than LCFA

(rev. in [42–45]). Mutations in HNF4a form the basis of

mature onset diabetes of the young (MODY-1), while

agonist LCFA-CoA ligands rescue MODY-1 mutants of

HNF4a in transactivation assays [45].

In summary, the above data show that dietary LCFA

regulate the PPARa- and HNF4a-mediated transcription of

genes involved in LCFA and glucose metabolism. How-

ever, it was not clear from earlier studies whether LCFA

and their acyl CoA represented the endogenous ligands of

these nuclear receptors. For LCFA and LCFA-CoA to

represent physiologically significant endogenous ligands

they must meet the classical criteria of ligand-activated

nuclear receptors (summarized in Table 1). These criteria

provide a mechanistic framework accounting for current

observations, and establish LCFA and LCFA-CoA as

physiologically relevant ligands for these nuclear receptors.

LCFAs and LCFA-CoAs must be Present Within

the Nucleus

Serum LCFA levels exceed the solubility of LCFA (1–

100 lM) by several orders of magnitude: 200–600 lM

under normal conditions, 1 mM under fasting, and up to

8 mM in Refsum’s disease, diabetes, cancer, and sepsis

(rev. in [29, 32, 46]). Because LCFA are potent detergents

and thus toxic at higher concentrations, serum LCFA are

almost completely bound by albumin such that the con-

centration of free unbound LCFA available for uptake into

cells is quite low, 2–67 nM, depending on the assay (rev. in

[46]). Still, cultured cells can generally take up unbound

LCFA from media very rapidly (t1/2 of minutes) into the

cytoplasm (rev. in [46]). Because of their potent detergent

action at high concentration, once taken up the LCFA are

rapidly (sec to min) converted to LCFA-CoA by fatty acyl

Table 1 Essential criteria for LCFA or LCFA-CoA activated nuclear

receptors: PPARs and HNF4a

Criterion

1 LCFA or LCFA-CoA levels in nuclear

envelope and nucleoplasm are low

(nM range)

2 Nuclear receptors have high affinity

(nM Kds) for LCFAs or LCFA-CoAs

3 LCFA or LCFA-CoA binding alters

nuclear receptor conformation

4 LCFA or LCFA-CoA binding alters

cofactor recruitment
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CoA synthase activity at the plasma membrane—a process

that can be facilitated by certain fatty acid binding proteins

in the cytoplasm (rev. in [46, 47]). While LCFA-CoA are

less potent detergents than LCFA, cellular LCFA-CoA

levels are generally 10–100 fold lower than LCFA levels

because the LCFA-CoA are more rapidly utilized for

metabolism (esterification, oxidation), regulation of

receptor/enzyme activity, and/or transport to nuclei to

potentially regulate transcriptional activity of LCFA-CoA

dependent nuclear receptors (rev. in [27, 48, 49]).

However, to be physiologically significant ligands and

regulators of nuclear receptors, these LCFA and/or their

LCFA-CoA metabolites must: (i) be able to enter nuclei

and (ii) nucleoplasmic concentrations of these ligands must

be in the same affinity range as the nuclear receptors for

these ligands. Whether these ligands enter nuclei was

originally addressed by purifying nuclei through subcellu-

lar fractionation, in which it was determined that LCFA

and LCFA-CoA were detectable [50–54]. However, such

experiments could not discriminate contributions from

contaminating adherent endoplasmic reticulum (ER) frag-

ments and ligand binding to nuclear membranes, versus

actual distribution into nucleoplasm. These potential

problems were resolved by real-time confocal and/or

multiphoton imaging of a naturally-occurring fluorescent,

slowly metabolizable LCFA (cis-parinaric acid) as well as

non- and poorly-metabolizable synthetic fluorescent LCFA

(NBD-stearic acid, BODIPY-C16, BODIPY-C12) and a

non-hydrolyzable fluorescent synthetic LCFA-CoA (BO-

DIPY-C16-S-S-CoA) in intact living cells [55–57]. While

much of the fluorescent LCFA and LCFA-CoA was present

outside the nucleus, significant amounts also colocalized

with a nucleic acid dye such that the intracellular distri-

bution was of the order: outside the nucleus � nuclear

membrane[more dense structures within the nucleoplasm

[ diffuse nucleoplasm [56]. Thus LCFA and LCFA-CoA

are indeed present in nuclei and, more importantly, dis-

tributed throughout the nucleoplasm of both fixed and live

cells.

Secondly, measurement of LCFA and LCFA-CoA con-

centrations within the nucleus was initially also addressed

by chemical analysis of nuclei isolated by subcellular

fractionation, in which nuclear LCFA and LCFA-CoA

concentrations were measured in the high lM range (rev. in

[55, 56]). Such experiments could not discriminate con-

tributions due to esterase activity on LCFA-CoA and more

complex lipids to release LCFA, redistribution of LCFA

and LCFA-CoA from other intracellular sites, or differ-

ences in the proportion of LCFA and LCFA-CoA in the

nuclear envelope versus nucleoplasm. In later experiments,

real-time confocal and multiphoton imaging of naturally-

occurring and synthetic fluorescent LCFA and LCFA-CoA

in living cells measured nucleoplasmic LCFA levels at 39–

69 nM [55, 56] and nucleoplasmic LCFA-CoA levels at

\10 nM [56], levels consistent with earlier calculations

[48, 49].

PPARa and HNF4a must Exhibit Specific, High Affinity

(nM Kds) for LCFA and/or LCFA-CoA

While LCFA are currently considered putative, physio-

logically significant endogenous ligands of PPARa, earlier

data did not support this hypothesis. As initially measured

by radioligand competition and indirect binding assays,

PPARa had a low affinity for unsaturated LCFA (10–

50 lM Kds), and did not bind saturated LCFA or LCFA-

CoA [15, 17]. These lM Kds would be several orders of

magnitude higher than nuclear LCFA and LCFA-CoA

concentrations. Unanswered was whether LCFA or LCFA-

CoA alter conformation of PPARa and/or alter coactivator

binding, both hallmarks of ligand-activated nuclear recep-

tors (rev. in [1, 2]). More recent data utilizing new assays

not requiring separation of bound from free lipidic ligands

(LCFA, LCFA-CoA) showed that radioligand binding

assays produce significant levels of non-specific binding

[15] and underestimate PPARa affinities for LCFA [46]

and LCFA-CoA [58, 59]. The newer fluorescence-based

assays showed that PPARa has high affinity (1–20 nM Kds)

for unsaturated LCFA, saturated LCFA-CoA, unsaturated

LCFA-CoA, unsaturated and saturated VLCFA-CoA, and

branched-chain BCFA-CoA, as well as similar or some-

what weaker affinity for fibrates and branched-chain fatty

acids (both PPARa agonists) [1–3, 60]. In contrast, satu-

rated LCFA, saturated VLCFA, and unsaturated VLCFA

(PPARa agonists) as well glitazones (PPARc agonists) do

not or only weakly bind to PPARa [2, 3, 61, 62]. LCFA-

CoA binding to PPARa did not require hydrolysis of

LCFA-CoA to the free acid form (LCFA), since PPARa
bound non-hydrolyzable S-hexadecyl-CoA (S-C16-CoA)

with high affinity (Kd = 10 nM) [2, 3].

In the case of HNF4a, earlier studies on the HNF4a ligand

binding domain (LBD) suggested that HNF4a did not con-

tain a ligand binding site for either LCFA or LCFA-CoA

[63]. Indeed, initial studies using radioligand competition

and indirect binding assays showed that the full-length

HNF4a had low affinity for unsaturated LCFA-CoA (1–

4 mM Kds) and did not bind saturated LCFA [24, 42, 64].

Further, LCFA, but not LCFA-CoA, was bound by truncated

HNF4a ligand binding domain (LBD) constructs that were

missing both the N-terminal domains and more importantly

the C-terminal F domain (52.5% of the protein) [64]. This

reversal of ligand specificity was primarily due to deletion of

the C-terminal F domain since deletion of the N-terminal

domains had little effect on ligand affinity or specificity [64].

Confirming the effect of C-terminal F-domain truncation on
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ligand specificity, X-ray crystallography of truncated

HNF4a constructs detected only bound LCFA [64]. Since

LCFA-CoA are very unstable under conditions necessary for

crystallization of HNF4a (i.e. several weeks at room tem-

perature) [65], lack of the terminal F domain, instability of

LCFA-CoA under crystallization conditions, and the fact

that HNF4a exhibits thioesterase activity [65, 66] could

account for LCFA-CoA not being observed by x-ray crys-

tallography [24, 65, 67, 68]. Interestingly, the LCFA binding

site identified by X-ray crystallography is located within a

classic LBD [66–68], has weak affinity for LCFA [24, 45, 64]

and does not alter its conformation in response to LCFA

binding [24, 66–68]. More recent fluorescence data have

shown that both unsaturated and saturated LCFA-CoA are

bound in a second site with high affinity (i.e. low nM Kds) by

full-length HNF4a [24, 45, 64, 66]. LCFA-CoA binding was

subsequently confirmed by mass spectrometry of full-length

HNF4a [66]. Mass spectrometry also detected a second

ligand binding site which was discrete from the LCFA-CoA

binding site, bound only LCFA, and bound LCFA in this site

were not displaced by adding exogenous LCFA [66]. While

X-ray crystallography studies also showed that the bound

LCFA could not be displaced by exogenous LCFA, it is not

known if the LCFA binding site determined by mass spec-

trometry is identical to that determined by X-ray

crystallography. Since LCFA bound to HNF4a did not alter

structure, and LCFA that are poorly metabolized to LCFA-

CoA do not affect HNF4a transactivation [42, 45], the

physiological function if any of the LCFA bound within the

HNF4a second ligand site remains to be shown.

In summary, PPARa (exhibits high affinity for unsatu-

rated LCFA and nearly all LCFA-CoA and VLCFA-CoA,

but not saturated LCFA or VLCFA. Thus select LCFA and

all LCFA-CoA/VLCFA-CoA satisfy the high affinity and

location requirements for physiologically significant

ligands that activate PPARa [1]. These data help to explain

why dietary or exogenous saturated LCFA and both satu-

rated and unsaturated VLCFA alter transcriptional activity

of PPARa even though they are weak ligands. In contrast,

select LCFA-CoA (but not unsaturated or saturated LCFA)

satisfy the high affinity requirements for ligands that

enhance or inhibit full-length HNF4a transactivation [45,

66]. What remains to be shown, however, is whether LCFA

or LCFA-CoA directly bind with PPARa or HNF4a in

nuclei of living cells.

LCFA and LCFA-CoA Binding must Alter PPARa
and HNF4a Conformation

Recent studies by circular dichroism, quenching of intrinsic

aromatic amino acid fluorescence, and protease suscepti-

bility have all demonstrated that LCFA and/or LCFA-CoA

alter the conformation of PPARa and HNF4a (rev. in [2, 3,

66]). All high affinity (but not low/no affinity) endogenous

or synthetic ligands alter PPARa conformation [2, 3].

Likewise, high affinity (but not low/no affinity) endoge-

nous or synthetic ligands alter conformation of full-length

HNF4a [24, 64] as well as HNF4a constructs retaining the

C-terminal F-domain, which is the largest F domain (near

80aa) of any nuclear receptor examined to date [64].

Finally, circular dichroism studies of HNF-4a in the

absence and presence of various acyl-CoA ligands dem-

onstrated that saturated versus polyunsaturated acyl-CoA

differentially altered HNF-4a secondary structure confor-

mation [64], suggesting that different lipid ligands could

modulate HNF-4a activity by inducing conformational

changes in the structure of HNF-4a [64].

LCFA and LCFA-CoA Alter Cofactor Recruitment

to PPARa and HNF4a

It has been shown that high affinity (but not low/no affin-

ity) endogenous or synthetic LCFA and LCFA-CoA alter

PPARa coactivator binding [2, 3]. Conversely, select

LCFA-CoA but not LCFA alter DNA binding and/or co-

activator recruitment to HNF4a (rev. in [42, 43, 45]).

Potential Roles of LCFA and LCFA-CoA Binding

Proteins in Regulating Nuclear Receptors

Fatty acid binding proteins represent a large family of

soluble proteins that bind LCFA and, in most cases LCFA-

CoA, with high affinity (rev. in [46]). Although these

proteins were generally named after the tissue in which

they were first discovered, most occur in multiple tissues.

For example, liver fatty acid binding protein (L-FABP) is

expressed at highest amounts in liver and intestine, as well

as in lower quantities in kidney and several other tissues

(rev. in [4, 46, 69–75]). All tissues examined to date

express one or more FABP (L-FABP, adipose A-FABP,

intestine I-FABP, heart H-FABP, brain B-FABP), often at a

relatively high level, representing as much as 2–5% of

cytosolic protein and concentrations of 200–1,000 lM

depending on genetic status [76], sex (rev. in [46, 69]),

physiological status (rev. in [46]), and induction by per-

oxisome proliferators (rev. in [46]). In addition, all tissues

examined contain the ubiquitous acyl CoA binding protein

(ACBP), usually present at several fold-lower levels than

the FABPs in the same tissue (rev. in [27, 48, 49, 77, 78]).

ACBP and various FABPs are generally expressed at

highest levels in tissues that exhibit the highest LCFA

metabolic activity, such as liver and heart (rev. in [27, 48,

49, 77, 78]). ACBP in combination with select FABPs may
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regulate the nuclear concentration of LCFA and LCFA-

CoA by one or more of the following mechanisms.

ACBP and FABPs have Ligand Affinities in the Same

Range as those of Nuclear Receptors

To effectively transport and donate bound LCFA and/or

LCFA-CoA, ACBP and FABPs must have affinities in the

same range or slightly weaker than those exhibited by

nuclear receptors, such as PPARa and HNF4a described

previously, and indeed this parallel affinity is the case. For

example, native liver L-FABP exists in two isoforms which

exhibit high affinity for LCFA (Kds of 8–60 nM, depending

on the isoform) and LCFA-CoA (Kds of 14–110 nM,

depending on the isoform) [59]. L-FABP binds unsaturated

LCFA with 2–3 fold higher affinity than saturated LCFA,

while affinities for both types of LCFA-CoA are more

similar (rev. in [59, 79]). ACBP exhibits a higher affinity,

but only for LCFA-CoA (Kds of 0.6–7 nM) [48, 49, 80].

ACBP binds LCFA-CoA with the following order of

affinities: saturated [ unsaturated [ polyunsaturated [80,

81]. However, it must be noted that some studies based on

titration microcalorimetry, a method that uses relatively

high concentrations of proteins and ligands (e.g.

130,000 nM), yields Kds of 1–10 nM for ACBP (rev. in

[48, 49, 82]) while Kds for L-FABP are 1,000 nM [83]. The

reasons for the discrepancy are not clear but may be related

to the fact that fluorescence binding assays use very low

concentrations of proteins and ligands (e.g. 180 nM) below

the critical micellar concentration of the LCFA-CoA ligand

[59, 80], while titration microcalorimetry uses relatively

high concentrations of proteins and ligands (e.g.

130,000 nM) above the critical micellar concentration of

LCFA-CoA ligand (rev. in [48, 49, 82]). While LCFA-CoA

levels above the critical micelle concentration apparently

do not affect calculation of binding affinities for proteins

with very high affinities such as with ACBP for LCFA-

CoA, titration microcalorimetry with lower LCFA-CoA

binding affinity proteins such as L-FABP results in

underestimation of the binding affinity by one to two orders

of magnitude. These data indicate that while ACBP is a

higher LCFA-CoA affinity protein than L-FABP, the dif-

ference is not 1,000-fold, but rather in the range of 10–50

fold depending on the ligand. Further, the physiological

significance of both proteins in LCFA-CoA metabolism

was confirmed by a variety of studies indicating that not

only ACBP, but also L-FABP [27, 79, 84] enhance acyl

transferase enzymes (GPAT, ACBP) in vitro (rev. in [85]).

Additionally, studies with livers of gene targeted mice

indicate that, while ACBP alters both fatty acyl CoA pool

size and acyl chain distribution [81], L-FABP alters cyto-

solic fatty acyl CoA binding capacity, albeit not fatty acyl

CoA pool size [86]. Thus, both L-FABP and ACBP exhibit

physiologically significant LCFA-CoA affinities, slightly

weaker or in the same range as PPARa and HNF4a-con-

sistent with these proteins being able to effectively donate

bound LCFA and LCFA-CoA to the nuclear receptors.

FABPs Enhance LCFA Uptake into the Cell:

Role in LCFA-CoA Pool Size

Studies with transfected cells overexpressing FABPs (L-

FABP, I-FABP, A-FABP, H-FABP) and with cultured

primary hepatocytes from L-FABP null mice show that

FABP enhance LCFA uptake 1.5–5 fold (rev. in [46, 79,

87–92]). FABPs may enhance LCFA uptake either by

acting as acceptors from plasma membrane LCFA trans-

port/translocase proteins and/or by enhancing intracellular

metabolism of LCFA (rev. in [46, 79, 87–92]).

Since FABPs enhance LCFA uptake, they may thereby

increase intracellular LCFA pool size and thus increase

intracellular availability of LCFA for targeting to the

nucleus. Consistent with this possibility are: (i) FABPs can

extract LCFA from membranes and increase their solubility

in aqueous buffer (rev. in [46, 79, 87–89]). (ii) The LCFA

binding sites of native L-FABP isolated from liver are 76%

occupied by LCFA (rev. in [79]). (iii) Studies with L-FABP

gene-ablated mice indicate that L-FABPs accounts for 90%

of the cytosolic LCFA binding capacity in liver (rev. in [46,

93]). Despite these findings, however, studies with gene-

targeted mice indicate that L-FABP gene ablation does not

decrease liver LCFA pool size [93] or LCFA-CoA pool size

[86]. L-FABP gene ablation did alter LCFA-CoA acyl chain

distribution [86]. The lack of effect on LCFA and LCFA-

CoA pool sizes may be explained by the fact that L-FABP

enhances the activities of both catabolic (oxidative) and

anabolic (esterification) pathways of LCFA metabolism—

thereby maintaining the respective pool sizes. For example,

tissue levels of FABPs correlate with LCFA oxidative

activity [94–97] and L-FABP expression enhances LCFA

(via LCFA-CoA) oxidation with isolated liver mitochondria

[98, 99], in transfected cells overexpressing L-FABP [92],

and in wild-type as compared to L-FABP null mice [86, 91,

93, 100–102]. Furthermore, L-FABP stimulates LCFA

esterification (via LCFA-CoA) with isolated liver micro-

somes [79, 85, 89, 103], in transfected cells overexpressing

L-FABP (rev. in [46, 104]), and in wild-type as compared to

L-FABP null mice [86, 91, 93, 102]. In contrast to L-FABP,

ACBP increases LCFA-CoA pool size by extracting LCFA-

CoA from membranes (rev. in [81]), in yeast overexpressing

ACBP [105], and in transgenic mice overexpressing ACBP

[81]. Interestingly, ACBP also enhances LCFA catabolic

(oxidation) and anabolic (esterification) pathways of LCFA

metabolism in vitro [58, 81, 87, 106, 107] and in vivo [81].
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In summary, since tissue total (cytosol plus membranes)

LCFA-CoA concentrations are generally 10–100 fold

lower than LCFA concentrations, these studies indicate that

hepatic L-FABP and ACBP levels are sufficient to extract

almost all available LCFA and LCFA-CoA from mem-

branes and from cytosol (rev. in [46, 48, 49, 79]).

Furthermore, ACBP expression increases LCFA-CoA pool

size, while L-FABP expression does not alter either LCFA

or LCFA-CoA pool size, likely due to its higher affinity for

LCFA-CoA as compared to L-FABP.

FABPs Enhance LCFA Intracellular Trafficking

Studies with a variety of cultured cell lines overexpressing

L-FABP [46, 108–112] and with hepatocytes from wild-

type and L-FABP gene-ablated mice [91] indicate that

several members of the FABP family (L-FABP, I-FABP)

enhance LCFA intracellular diffusion/trafficking. There

have been no published reports, to our knowledge, exam-

ining the effect of FABPs or ACBP on LCFA-CoA

diffusion/transport through the cytoplasm. Thus, based on

the finding that FABPs facilitate intracellular transport and

trafficking of bound LCFA, the possibility that FABPs may

facilitate LCFA trafficking to/into nuclei for interaction

with nuclear receptors must be considered. By analogy it

may be predicted that the LCFA-CoA binding proteins

(e.g. L-FABP, ACBP) may likewise facilitate trafficking of

this ligand into nuclei.

FABPs Enhance LCFA and LCFA-CoA Distribution

into Nuclei, both Nuclear Membrane and Nucleoplasm

LCFA binds to purified nuclei only in the presence of L-

FABP [113]. However, such in vitro studies do not dis-

criminate whether L-FABP only transfers bound LCFA to

the cytoplasmic face of the nuclear envelope or actually

facilitates LCFA transport into nuclei. This issue was

recently addressed by use of confocal and multiphoton

microscopy of naturally-occurring, slowly-metabolizable

fluorescent LCFA (cis-parinaric acid) and non- or very

poorly-metabolizable synthetic fluorescent LCFA (NBD-

stearic acid, BODIPY-C16, BODIPY-C12) and LCFA-

CoA (BODIPY-C16-S-S-CoA) [55–57]. Real-time imag-

ing of these probes in live L-cell fibroblasts overexpressing

L-FABP and in cultured primary hepatocytes from L-

FABP null mice demonstrated that L-FABP enhances

distribution of: (i) LCFA into nuclei, both into nucleoplasm

and within the nuclear envelope, and (ii) LCFA-CoA into

nuclei, primarily diffuse in nucleoplasm with less within

the nuclear membrane. Thus, L-FABP distributes LCFA

and LCFA-CoA to and into nuclei, but unknown is whether

L-FABP cotransfers bound LCFA/LCFA-CoA through the

nuclear envelope into the nucleoplasm (Fig. 2, Pathway 1),

or just to the nuclear envelope for subsequent release and

diffusion of LCFA/LCFA-CoA into the nucleoplasm (Fig.

2, Pathway 2). Nuclear pores are sufficiently large to

accommodate diffusion not only of the LCFA and LCFA-

CoA ligands (\1 kDa) but also of 14 kDa L-FABP com-

plexes with these ligands (rev. in [56]).

FABPs, ACBP, and CRABP-2 Enter Nuclei

(Fig. 2, Pathway 1): Role of Ligands

Several members of the FABP family have been detected

in nuclei and nucleoplasm, as shown by confocal imaging

of living cells expressing GFP-tagged FABPs, indirect

immunofluorescence confocal imaging of fixed cells, and

immunogold electron microscopy of fixed cells: L-FABP in

nuclei of hepatocytes as well as transfected cells (L-cells,

ES cells) [56, 85, 114], H-FABP in cardiac myocytes as

well as in transfected CV1 and 3T3-L1 cells [115, 116] K-

FABP in transfected CV1, 3T3–L1, and COS1 cells [116,

117], and CRABP-2 in MCF7 cells [118, 119]. In L-cell

fibroblasts overexpressing L-FABP (0.4% of cytosolic

protein, 10 fold lower than in liver), L-FABP exhibited

punctate and clustered distribution in the nucleoplasm [56].

However, when transfected into adipocytes, L-FABP is not

detected in nuclei—suggesting that nuclear localization of

some members of the FABP family may be cell type spe-

cific (rev. in [4]). Furthermore, the localization of FABPs

in nuclei as well as cytoplasm is specific for select mem-

bers of the FABP family, since another member of the

FABP family, CRABP-1, is not detected in nuclei [118].

Similarly, a member of a separate LCFA-CoA binding

protein family, i.e. ACBP, has also been detected in nuclei.

Immunofluorescence microscopy, confocal microscopy and

immunogold electron microscopy detect significant

amounts of ACBP in nuclei of fixed transfected cells (CV1,

3T3-L1, COS7) overexpressing ACBP [117, 120, 121], rat

and mouse hepatoma cells that normally express high

amounts of ACBP [120, 121], as well as normal rat and

mouse liver hepatocytes [120, 121]. This pattern of distri-

bution was also detected by immunofluorescence confocal

microscopy of endogenous ACBP in mouse hepatoma cells

(Fig. 3e–h). To assure that this distribution was not due to a

fixation or immunolabeling artifacts, a recently developed

approach was used for real-time imaging of ACBP in living

cells [122]. Purified recombinant ACBP was chemically

labeled with small (\1 kDa) fluorescent tags such as Cy5,

incorporated into living cells, and intracellular distribution

was examined by confocal microscopy (Fig. 3e–h) [123].

ACBP (Fig. 3e) and the nuclear marker Hoechst 33342

(Fig. 3f) were then simultaneously imaged through
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separate photomultipliers. When only colocalized pixels

were shown (Fig. 3g), it was apparent that ACBP was

significantly colocalized with the DNA binding dye in

nuclei of living cells. A pixel fluorogram indicated that

22% of ACBP was colocalized with nuclei (Fig. 3f). These

results in living cells confirm the findings of immunoflu-

orescence and immunogold labeling of fixed cells and

indicate that significant amounts of ACBP are distributed

to nuclei.

While these data clearly show that many members of the

FABP family can enter nuclei, it is less clear whether

ligands enhance FABPs targeting/transport into the nucle-

oplasm (Fig. 2, Pathway 1). Some fluorescence imaging

studies have shown that ligands enhanced distribution of

GFP-A-FABP, GFP-K-FABP, and GFP-CRABP-2 (but not

GFP-CRABP-1) into nuclei of living COS1 cells [116,

118]. In contrast, another study using immunolabeling

fluorescence microscopy and confocal microscopy showed

that ligands did not alter the distribution of ACBP, A-

FABP, and K-FABP into nuclei of fixed transfected CV1 or

3T3–L1 cells [117]. The reasons for the discrepancy are not

known, but may relate to the cell type, FABP expression

level, use of live versus fixed cells, use of GFP vs anti-

bodies to decorate the FABPs, or other as yet unresolved

factors.

In summary, several members of the FABP family as

well as ACBP are present at significant levels in nuclei and

nucleoplasm—consistent with these small sized proteins

being able to enter nuclei through the nuclear pores. A

cluster of basic amino acids in some FABPs (e.g. C-ter-

minal region of A-FABP and K-FABP) and a cluster of

lysine residues (far C-terminal region) of ACBP, both

apparent only in the respective three-dimensional folded

protein structures, have been suggested to resemble a

nuclear localization signal [117]. However, the fact that

yeast ACBP does not contain such a region, but never-

theless is significantly localized to nuclei suggests that

additional as yet unresolved factors are involved [117].

Finally, several, but not all, studies indicate that ligands

can enhance the distribution of the FABPs into nuclei

under at least some conditions—suggesting cotransport of

FABP-ligand complexes through the nuclear pores into the

nucleoplasm.

FABPs Directly Bind Nuclear Receptors

Growing evidence indicates that multiple members of the

FABP family interact directly with nuclear receptors,

especially PPARs and RAR (Table 2). For example, co-

immunoprecipitation, immunofluorescence colocalization,

and transactivation assays (despite some disagreement

regarding enhancement or inhibition of transactivation

[116, 117]) suggest that several members of the FABP

family interact with nuclear receptors to transfer bound

ligands: CRABP-2 with RAR [116, 118, 119, 124]; A-

FABP and K-FABP with PPARc and b isoforms, respec-

tively, but not PPARa [116, 117]; H-FABP with PPARa
[116]; ILBP with farnesoid X receptor (FXR), an interac-

tion augmented by bound bile acid [125]. Likewise,

transactivation, coimmunoprecipitation, two-hybrid assay,

and immunofluorescence colocalization indicate that L-

FABP binds with both PPARa (Fig. 2, L-FABP/PPARa
complex) and PPARc [18, 56, 126]. However, such indirect

assays do not provide direct proof of physical association

between the FABP family of proteins with their respective

nuclear receptors. The finding that L-FABP does not con-

tain an LXXLL domain characteristic of proteins bound by

PPARa [18] suggests that L-FABP either interacts with

PPARa through an unidentified domain, or that these

Fig. 2 Mechanisms of LCFA

transfer from L-FABP to

PPARa within the nucleus.

Suggested pathways by which

L-FABP may deliver LCFAs to

PPARa: (A) diffusional and (B)

collisional/complex
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assays do not demonstrate direct molecular interaction.

With the latter possibility, positive results with the above

assays could arise from L-FABP interacting with inter-

mediary protein(s) that in turn bind to PPARa, L-FABP

enhancing release of endogenous PPARa ligands [16], and/

or L-FABP enhancing formation of additional LCFA

metabolite(s) which binds PPARa as exemplified by

LCFA-CoAs [2, 3, 47, 127–129].

Despite these reservations, several recent studies have

provided molecular details of FABP/nuclear receptor

interaction, including intermolecular distance between the

proteins, affinity of the proteins for each other, conforma-

tional changes upon interaction, and the mechanism(s)

whereby ligand cargo is transferred between these proteins.

Physical interaction between purified CRABP-2 and RAR

proteins was indicated by coimmunoprecipitation [118].

Likewise, physical interaction between purified A-FABP

and PPARc as well as between K-FABP and PPARb has

been shown by coimmunoprecipitation [116]. Circular

dichroism has shown that interaction of purified L-FABP

and PPARa alters protein conformation [57]. Likewise, a

fluorescence resonance energy transfer (FRET) demon-

strated that purified L-FABP binds PPARa with high

affinity [57]. Finally, FRET between purified L-FABP and

PPARa showed these proteins interacting with very close

intermolecular distance, i.e. a few angstroms [57]. This was

confirmed by immunofluorescence and immunogold elec-

tron microscopy. Although L-FABP overexpressed in

transfected L-cell fibroblasts has been detected in nuclei,

most of this distribution appeared distinct from that of

PPARa [56]. However, subsequent double immunogold

electron microscopic observations in cultured primary he-

patocytes indicate that significant amounts of L-FABP and

PPARa in the punctuately distributed regions of the

nucleoplasm are in close proximity [57].

In summary, both indirect (coimmunoprecipation, two

hybrid, transactivation) and direct (circular dichroism,

FRET-based Kds, FRET-based intermolecular distance in

fixed cells, immunogold EM) binding assays show that

FABPs interact with select nuclear receptors (PPAR iso-

forms, RAR, and HNF4a). The ligand-dependence of these

Fig. 3 Intracellular localization of exogenous ACBP in living COS-7

cells, and endogenous ACBP in fixed mouse hepatoma cells. a–d Live

COS-7 cells were incubated with Cy5-ACBP/Pep-1 and counter-

stained with nuclear marker Hoechst 33342 before LSCM imaging. a
Fluorescence image of Cy5-labeled ACBP. b Fluorescence image

overlay of Cy5-ACBP (red) and nuclear marker (green). c Colocal-

ized pixels are shown in yellow. d Fluorograph of colocalization

analysis of image in panel b. e–h Mouse hepatoma cells were

preincubated with nuclear marker Hoechst 33342, then fixed and

labeled with primary antibody against ACBP and Texas-Red-labeled

secondary antibody. e Indirect immunofluorescence image of ACBP. f
Overlay of fluorescence images from ACBP (green) and nuclear

marker (red). g Colocalized pixels from panel f are shown in yellow. h
Fluorograph of colocalization analysis of image in panel f

Table 2 Cytoplasmic LCFA and LCFA-CoA binding proteins and

nuclear receptors

Cytoplasmic protein Acronym Nuclear receptor

FABP family

Liver FABP L-FABP PPARa, PPARc

Heart FABP H-FABP PPARa

Adipocyte FABP A-FABP PPARc

Keratinocyte FABP K-FABP PPARb

Cellular retinoic acid

binding protein-2

CRABP-2 RAR

Ileal lipid binding proteina ILBP FXR

ACBP family

Acyl CoA binding protein ACBP HNF4a

Cytoplasmic LCFA and LCFA-CoA binding proteins enter nuclei,

bind with nuclear receptors with high affinity for LCFA/LCFA-CoA,

and thereby regulate transcriptional activity of nuclear receptors
a Interaction augmented by bound bile acid
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interactions remains to be elucidated. Taken together, these

studies indicate that the FABPs may selectively cooperate

with the respective nuclear receptors in providing a sig-

naling pathway for LCFA metabolism. However,

molecular mechanisms and physiological impact of these

interactions remain to be resolved.

ACBP Directly Binds Nuclear Receptors: HNF4a

ACBP, a member of a separate LCFA-CoA binding protein

family, interacts directly with the nuclear receptor HNF4a
(Table 2). A model similar to that for the L-FABP/PPARa
interaction (Figs. 1, 2) is illustrated in Fig. 4. In this model,

ACBP interacts with the ligand binding domain of HNF4a
to elicit a conformational change and/or transfer bound

LCFA-CoA ligand to elicit a conformational change which

in turn alters coregulator recruitment and transactivation.

Whether other LCFA-CoA binding proteins compete with

ACBP for binding and differentially modulating tran-

scriptional activity of this nuclear receptor is not known

(Fig. 4). This model is supported by both indirect and

direct interaction assays.

Indirect assays such as coimmunoprecipitation, mam-

malian two hybrid, and transactivation indicate that ACBP

directly interacts with HNF4a [120]. It has been reported

that HNF4a transactivation is stimulated by saturated acyl-

CoAs like C14:0- and C16:0-CoA, and inhibited by poly-

unsaturated C18:2-, C18:3-, C20:5-CoA thioesters [130].

Thus, depending on the LCFA-CoA species bound to

ACBP, the type of ACBP/LCFA-CoA complex may reg-

ulate the type of interaction/activation observed.

While such indirect assays do not provide direct proof of

physical association between ACBP with this nuclear

receptor, perhaps the strongest direct evidence to date that

these lipid binding proteins may physically interact with

nuclear receptors has been obtained for the ACBP/HNF4a
complex [120, 122]: (i) interaction of pure ACBP and

HNF4a proteins significantly altered the protein secondary

structure; (ii) HNF4a bound ACBP with high affinity (Kd

*60–110 nM); (iii) the intermolecular distance between

HNF4a and bound ACBP determined by FRET was 73 Å;

(iv) double immunofluorescence labeling confocal

microscopy FRET demonstrated an intermolecular distance

of 53Å between HNF4a and bound ACBP in fixed cells; (v)

double immunogold electron microscopy showed an in-

termolecular distance of 43 Å between HNF4a and bound

ACBP [120]. These molecular interactions were specific,

since ACBP did not interact with/bind b-galactosidase (a

cytosolic enzyme), Sp1 (a coregulator of nuclear receptors)

and GR (glucocorticoid receptor in the nucleus). However,

recent evidence from our laboratory indicates that HNF-4a
interacts with multiple LCFA-CoA binding proteins, not

just ACBP, as demonstrated by in vitro FRET between

fluorescent tagged L-FABP and HNF4a as well as between

ACBP and HNF4a (not shown).

In summary, both indirect (coimmunoprecipation, yeast

two hybrid, mammalian two hybrid, transactivation) and

direct (circular dichroism, FRET-based Kds, FRET-based

intermolecular distance in fixed cells, immunogold EM)

binding assays show that ACBP interacts with select

nuclear receptors (HNF4a). Again, the ligand-dependence

of these interactions remains to be elucidated. Taken

together, these studies indicate that ACBP may also

selectively cooperate with a nuclear receptor (HNF4a),

analogous to FABPs cooperating with nuclear receptors

(PPARs), in providing a signaling pathway for LCFA

metabolism.

Interaction Between Nuclear Receptors (HNF4a, PPARa)

and ACBP/FABP in Liver

If FABP/ACBP directly channel ligands to nuclear recep-

tors, this could represent a significant mechanism of gene

regulation. This direct association of ACBP with HNF-4a
would ensure HNF-4a binding to LCFA-CoA while pre-

cluding the availability of LCFA-CoA for interaction with

Fig. 4 Suggested modulation of HNF-4a transactivation by specific

acyl-CoA ligands, and acyl-CoA-binding proteins ACBP and L-

FABP. The DNA sequence shown in the diagram is a specific

response element in promoters of HNF-4a target genes. AF-1, DBD,

AF2, LBD, F are HNF-4a activation function 1 (ligand-independent),

DNA-binding domain, activation function-2 (ligand-dependent),

ligand binding domain, and F-regulatory domain at the C-terminus

of HNF-4a molecule, respectively. L, ACBP, L-FABP are denotations

for ligands (saturated-round shape, or polyunsaturated-square shape),

acyl-CoA binding protein and liver fatty acid binding protein,

respectively. SRC-1/p300 are complexes of coactivators which

contribute to increasing the transcription when recruited by HNF-4a
to the target gene promoter. SREBP-1 is a transcription factor

reported to negatively regulate HNF-4a transcription activity. In this

model, it is assumed that depending on the structure of HNF-4a ligand

or on the interaction of HNF-4a with ligand binding proteins like

ACBP and L-FABP, the conformation of HNF-4a is significantly

altered—thereby resulting in recruiting of either coactivator com-

plexes (such as SRC-1/p300) or corepressor transcriptional factors

like (SREBP-1)
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PPARa. Since LCFA-CoA are endogenous, high-affinity

ligands of both HNF-4a [24] and PPARa [2, 3], this would

shift the balance of transcriptional regulation to HNF-4a.

The binding of saturated LCFA-CoA to HNF-4a would

result in increased HNF-4a activity [24] and decreased

PPARa activity (due to lack of availability for binding and

activation) [2], while unsaturated LCFA-CoA would

decrease HNF-4a activity and possibly increase or decrease

PPARa activity. Similarly, L-FABP binding to either

PPARa or HNF-4a could provide a direct route of transport

for both LCFA and LCFA-CoA, while ensuring that these

ligands interacted exclusively with one nuclear receptor

and preventing their interaction with the other.

Moreover, interaction of ACBP with HNF-4a, both in the

presence and absence of ligands, directly stimulates HNF-4a
transactivation [120], while ACBP inhibits PPARa transac-

tivation [62, 117]. Since HNF-4a and PPARa both regulate

downstream transcription through the binding of similar

DR1 sequences [43, 131], ACBP may again shift the tran-

scriptional control to HNF-4a, rather than PPARa, by

allowing preferential DNA binding by HNF-4a. Given that

HNF-4a and PPARa compete for the same co-activators and

co-repressors (rev in [132]), cross-talk between these nuclear

receptors could represent a pertinent tool for maintaining

energy homeostasis in the liver, and FABP/ACBP may

function to regulate this cross-talk.

Interaction of Proteins within Nuclear Receptor/

Coregulator Complexes: HNF4a, Coactivators,

and Corepressors

The interaction of HNF-4a with ACBP (Fig. 4) and PPARa
with L-FABP (not shown) is thought to elicit downstream

alterations in coactivator and corepressor protein associa-

tion (Fig. 4). To date, however, there are very few if any

data directly demonstrating the individual interactions

between specific proteins in such complexes. A first

approach to study multi-protein nuclear receptor complexes

by triple immunolabeling confocal fluorescence microscopy

and FRET (fluorescence resonance energy transfer) was

applied to HNF4a. Rat hepatoma cells in culture were

demonstrated to express detectable amounts of HNF-4a,

coactivators of HNF4a (SRC-1, p300) and corepressors of

HNF4a (SREBP-1) by Western blotting (not shown). Rat

hepatoma cells were fixed and labeled with primary anti-

bodies (rabbit anti-HNF-4a, mouse anti-p300, mouse

SBEBP-1, goat anti-SRC-1) and with fluorescent dye-

labeled secondary antibodies (i.e. FITC-anti-mouse IgG,

Cy3-anti-rabbit IgG, Cy5-anti-goat IgG). If three proteins

are closely bound into a complex, by this technique it would

be possible to detect Cy5 sensitized emission at 680 nm by

excitation of FITC at 488 nm, as excitation of FITC at

488 nm could result in FRET from FITC to Cy3, which in

turn would be followed by FRET from Cy3 to Cy5. Two

examples demonstrate the feasibility of this approach.

First, triple immunolabeling confocal FRET imaging of

fixed cells demonstrated specific physical complex forma-

tion between HNF4a and coactivators (SRC-1 and p300) in

fixed cells (Fig. 5). Excitation of FITC/p300 at 488 nm,

resulted in: (i) a fluorescence image with emission at

530 nm from p300 molecules inside hepatoma cells

(Fig. 5a); (ii) a FITC ? Cy3 FRET image with emission at

600 nm, from HNF-4a molecules (Fig. 5b) due to close

interaction of HNF-4a with p300; (iii) a Cy3 ? Cy5 FRET

image with emission at 680 nm from SRC-1 molecules

closely associated to HNF-4a molecules (Fig. 5c). Images

obtained with excitation of Cy3 at 568 nm and Cy5 at

647 nm are shown in Fig. 5d–i; by direct excitation of Cy3/

HNF-4a both HNF-(a and SRC-1 molecules were detected,

being associated within a FRET distance of less than 100 Å.

Second, triple immunolabeling confocal FRET imaging

of fixed cells demonstrated that, in contrast to the coac-

tivator p300, the corepressor SREBP-1 was not detected

within a complex of HNF4a with SRC-1 (Fig. 6). Thus,

excitation of FITC/SREBP-1 resulted in a fluorescence

emission image of SREBP-1 (Fig. 6a), a FRET image of

Cy3/HNF-4a (Fig. 6b) but not a further FRET image of

Cy5/SRC-1 (Fig. 6c) suggesting that the cells contained

HNF-4a molecules that were complexed with SREBP-1,

but these complexes did not contain SRC-1. Excitation of

Cy3/HNF-4a resulted in emission fluorescence image of

HNF-4a (Fig. 6e) and FRET image of SRC-1, indicating

that a subpopulation of HNF-4a molecules were associ-

ated with SRC-1; the fact that no FITC ? Cy3 ? Cy5

FRET image from SREBP-1 ? HNF-4a ? SRC-1

(Fig. 6a–c) was detected in panel C even though there

were HNF-4a/SRC-1 complexes, strongly indicates that

SREBP-1 was not associated with HNF-4a that was

complexed with SRC-1. This was in agreement with

previous publications reporting SREBP-1 as a negative

coregulator of HNF-4a, by reporter gene assays [133].

These triple-immunolabeling confocal imaging FRET

studies illustrate for the first time the direct physical

proximities of coactivators and corepressors with a nuclear

receptor (HNF4a) involved in fatty acid and glucose

metabolism. What remains to be done is to apply these

approaches to resolve the effects of the LCFA-CoA binding

proteins (ACBP, FABPs) on these intermolecular

interactions.
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Direct Channeling of Ligands between FABPs

and Nuclear Receptors

Several studies with purified proteins indicate that by

binding to nuclear receptors, different FABPs may directly

channel bound ligands to the receptors. For example,

CRABP-2 transfers bound retinoic acid (a poorly soluble

nuclear regulatory ligand) to the nuclear receptor RAR

in vitro [116] via transient collisional interactions (rev. in

[4, 118, 119, 124]). Likewise, A-FABP directly channels

Fig. 5 Interaction of HNF-4a
with coactivators p300 and

SRC-1. T-7 cells were labeled

with primary antibodies against

p300, HNF-4a and SRC-1 and

secondary antibodies

conjugated to FITC, Cy3 and

Cy5, respectively. a FITC/p300

detected with excitation at

488 nm; b Cy3/HNF-4a
detected with excitation of FITC

at 488 nm, due to FRET; c Cy5/

SRC-1 detected with excitation

of FITC at 488 nm, due to

double FRET. d–f show images

in green, red and blue channels,

respectively, when excited at

568 nm (for Cy3); fluorescence

Cy5 in F is due to FRET; g–i
show fluorescence images in

channels green, red and blue
channels, when excited at

647 nm (for Cy5)

Fig. 6 Interaction of HNF-4a
with coactivator SRC-1 and

corepressor SREBP-1. T-7 cells

were labeled with primary

antibodies against SREBP-1,

HNF-4a and SRC-1 and

secondary antibodies

conjugated to FITC, Cy3 and

Cy5, respectively. a FITC/

SREBP-1 detected with

excitation at 488 nm; b Cy3/

HNF-4a detected with

excitation of FITC at 488 nm,

due to FRET; c Cy5/SRC-1

detected with excitation of FITC

at 488 nm, due to double FRET.

d–f show images in green, red
and blue channels, respectively,

when excited at 568 nm (for

Cy3); fluorescence of Cy5 in F

is due to FRET; g–i show

fluorescence images in channels

green, red and blue channels,

when excited at 647 nm (for

Cy5)
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bound ligands to PPARc, but K-FABP does not [116].

However, complexes of these proteins all appeared to be

transient collisional interactions. Whether this is the case

for interactions between other FABPs or ACBP with

nuclear receptors remains to be shown.

Summary/Conclusions

The past few years have seen great advances in our under-

standing of potential contributions of FABPs and ACBP to

nuclear signaling mediated through PPARs, RAR, and

HNF4a. The overall picture that is emerging is illustrated by

Fig. 2, Pathway 1. In this proposed scheme, FABPs and

ACBP enhance uptake of lipidic ligands (LCFA, RA, and/or

LCFA-CoA), bind these ligands with high affinity in the

cytoplasm, cotransport this cargo to nuclei and through the

nuclear pores into the nucleoplasm, form complexes with

nuclear receptors exhibiting even higher affinity for the

respective ligands, and directly channel this cargo to the

respective nuclear receptors to regulate receptor activation.

Thus, the FABPs and ACBP may act as nutrient sensors [1, 4,

5]. For example, LCFA-mediated PPARa activation

enhances L-FABP transcription (rev. in [23]) while PPARa
gene ablation reduces L-FABP expression, especially during

fasting [13, 134, 135]. These data suggest that by trans-

porting LCFA (or LCFA-CoA) to PPARa in the nucleus, L-

FABP may in part regulate its own expression (rev. in [5,

18]). These data suggest that other FABPs and ACBP may

also in part regulate their own expression.
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Abstract Whether neurosteroids regulate the synthesis of

long chain polyunsaturated fatty acids in brain cells is

unknown. We examined the influence of 17-b-estradiol

(E2) on the capacity of SH-SY5Y cells supplemented with

a-linolenic acid (ALA), to produce eicosapentaenoic acid

(EPA), docosapentaenoic acid (DPA) and docosahexaenoic

acid (DHA). Cells were incubated for 24 or 72 h with

ALA added alone or in combination with E2 (ALA + E2).

Fatty acids were analyzed by gas chromatography of

ethanolamine glycerophospholipids (EtnGpl) and phos-

phatidylcholine (PtdCho). Incubation for 24 h with ALA

alone increased EPA and DPA in EtnGpl, by 330 and 430%

compared to controls (P \ 0.001) and DHA by only 10%

(P \ 0.05). Although DHA increased by 30% (P \ 0.001)

in ALA + E2-treated cells, the difference between the

ALA and ALA + E2 treatments were not significant after

24 h (Anova-1, Fisher’s test). After 72 h, EPA, DPA and

DHA further increased in EtnGpl and PtdCho of cells

supplemented with ALA or ALA + E2. Incubation for 72 h

with ALA + E2 specifically increased EPA (+34% in

EtnGpl, P \ 0.001) and DPA (+15%, P \ 0.001) com-

pared to ALA alone. Thus, SH-SY5Y cells produced

membrane EPA, DPA and DHA from supplemental ALA.

The formation of DHA was limited, even in the presence of

E2. E2 significantly favored EPA and DPA production in

cells grown for 72 h. Enhanced synthesis of ALA-elonga-

tion products in neuroblastoma cells treated with E2

supports the hypothesis that neurosteroids could modulate

the metabolism of PUFA.

Keywords Docosahexaenoic acid �
Eicosapentaenoic acid � Docosapentaenoic acid �
Estradiol � Long-chain PUFA synthesis �
Ethanolamine-glycerophospholipids �
Phosphatidylcholine � Neuroblastoma cells

Abbreviations

DHA Docosahexaenoic acid (22:6n-3)

DPA n-3 Docosapentaenoic acid (22:5n-3)

E2 17-b estradiol

EPA Eicosapentaenoic acid (20:5n-3)

ER Estrogen receptors

EtnGpl ethanolamine glycerophospholipids

ALA a-Linolenic acid

MUFA Monounsaturated fatty acids

PPAR Peroxisome proliferator-activated receptors

PtdCho Phosphatidylcholine

PtdSer Phosphatidylserine

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

TEFA Trienoic fatty acids

THA Tetracosahexaenoic acid (24:6n-3)

Introduction

Clinical and epidemiological studies suggest that both n-3

polyunsaturated fatty acids (PUFA) [1] and estrogens [2]

influence memory and cognition and protect neurons from

degenerative or inflammatory processes. Neonatal neuro-

nal cells synthesize neurosteroids, in which they promote

the dendritic growth, spinogenesis and synaptogenesis [3].

Steroid hormones also act as trophic factors in the brain
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under a variety of normal and pathological conditions [4].

On the other hand, studies using stable isotope tracer

methods in men and women (reviewed in Ref. [5]) and

clinical studies in steroid-treated subjects [6, 7] have

suggested that estrogens regulate the metabolic fate of the

essential PUFA, 18:3n-3 (a-linolenic acid, ALA) and

18:2n-6 (linoleic acid, LA), i.e., their b-oxidation to

acetylCoA or their conversion into long-chain derivatives.

The end product of ALA metabolic conversion, docosa-

hexaenoic acid (DHA, 22:6n-3) is the major structural and

functional n-3 PUFA in the membranes of brain and

retinal cells (reviewed in Ref. [8, 9]). One notable effect

of DHA at the cellular level, comparable to that of neu-

rosteroids, is to activate the expression of neuronal

differentiation genes and to stimulate the neurite out-

growth [10, 11].

DHA is supplied directly by dietary fats rich in long-

chain n-3 PUFA (fat fishes and marine oils), or by hepatic

synthesis [12] through successive desaturations and elon-

gations of ALA. Upstream of DHA, the conversion of

ALA produces two major membrane long-chain deriva-

tives, eicosapentaenoic acid (EPA, 20:5n-3) and n-3

docosapentaenoic acid (n-3 DPA or DPA, 22:5n-3). In

normal physiological conditions, EPA and DPA do not

accumulate in the brain, contrary to DHA. It has been

demonstrated in rodents that the extent to which the liver

produces and delivers ALA-derived DHA to the brain (and

other tissues) depends on the concentration of DHA in the

diet [13, 14]. Brain endothelial cells and glial cells may

also provide neurons with newly formed DHA, suggesting

that synthesis of long-chain n-3 PUFAs is a constitutive

process in the brain [15–17]. Whether estrogens and

neurosteroids regulate the brain lipid metabolism and the

balance of long-chain PUFA in neural membranes is

unknown.

The extent to which dietary ALA contributes to the n-3

long-chain PUFA status in brain tissue throughout a

human’s life remains to be clarified. Stable isotope tracer

studies in human adults suggest that only a small per-

centage of the ingested ALA that is not stored or oxidised

is available for conversion to DHA [18–20]. In this respect,

gender-related differences may be particularly informative

since less ALA appeared to be converted to DHA in men

than in women [21–23]. This is supported by the obser-

vation that there are compositional differences in the blood

lipids of men and women that are not due to dietary habits;

women have higher DHA concentrations in plasma phos-

phatidylcholine, triacylglycerol and non-esterified fatty

acids than do men [24]. Actually, EPA and DPA are the

principal metabolic products of orally-administered ALA

in the blood of young men [21]. Moreover, differences in

DHA status of pregnant women at varying gestational ages

suggest that changes in the hormonal status may produce

variations in metabolic capacity for long-chain PUFA

synthesis [25, 26]. Changes in the blood lipid fatty acid

compositions of human adults after steroid treatment also

suggest that estrogens promote the metabolic conversion of

PUFA [6, 7]. In summary, it is suggested that steroid

hormones like estrogen regulate the metabolic fate of ALA

through its partitioning between anabolic and catabolic

pathways (reviewed in Ref. [5].

We have shown that n-3 PUFA metabolism in human

neuroblastoma SH-SY5Y cells reflects the physiological

limitation of DHA synthesis [27]. This study uses the same

model to determine whether 17-b-estradiol (E2), the most

potent biological form of estrogen, promotes ALA con-

version into membrane long-chain derivatives. We

examined the effect of E2 on the incorporation of ALA-

elongation products in phospholipids of growing cells.

Neuroblastoma cells in culture are spontaneously depleted

in DHA, and they respond to graded concentrations of non-

esterified DHA by increasing their membrane DHA to

physiological values [28]. These cells also increase their

membrane EPA, DPA and DHA in response to supple-

mental ALA, though the maximum incorporation of ALA-

derived DHA into phospholipids is 70% lower than that of

supplemental DHA dosed at matched concentrations [27].

Since the SH-SY5Y cells can produce membrane EPA,

DPA and DHA from supplemental ALA, this model is

convenient for studying the regulation of long-chain n-3

synthesis. In this study, we examined the capacity of E2 to

modulate the restoration of long-chain n-3 PUFAs in the

membrane phospholipids of growing cells supplemented

with ALA.

Experimental Procedure

Culture

SH-SY5Y cells were obtained from the European Col-

lection of Animal Cell Culture (Porton Down, Salisbury,

UK). Cells were plated out on 75-cm2 flasks, grown for

3 days in DMEM with 10% FCS, and incubated for 24 or

72 h with 10 ml of this medium containing the E2-vehicle

(CTRL), 10 nM E2 alone (E2), 30 lM ALA alone

(ALA), or E2 plus 30 lM ALA (ALA + E2). In the group

ALA + E2, E2 was dosed at two concentrations, 0.5 or

10 nM. The sodium salts of ALA (Nu-Chek Prep, Ely-

sian, MN, USA) were directly dissolved in the medium at

37 �C [28, 29]. E2 in the parent solution was dissolved in

ethanol (vehicle); the final concentration of ethanol in all

batches was equal to 0.1% (preliminary trials with control

cultures in 10% FCS showed that ethanol had no effect at

this concentration on cell growth and phospholipid fatty

acid composition).
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Lipid Analysis

Membrane fatty acid compositions were analyzed on trip-

licate flasks. The composition of each flask was determined

by capillary gas chromatography of the ethanolamine-

glycerophospholipids (EtnGpl) and the phosphatidylcholine

(PtdCho). The phosphatidylserine (PtdSer) was also ana-

lyzed in control cells. The cells were trypsinized, harvested

by centrifugation and washed with phosphate buffer saline

(PBS) containing 50 lM fatty acid-free albumin (Sigma

Chimie, Saint Quentin Fallavier, France) to remove free

fatty acids. The total lipids were extracted from one volume

of cell homogenate with four volumes of chloroform/

methanol (2:1, by vol) in the presence of 0.005 % (by

weight) butyl-hydroxytoluene (BHT). The lipid bottom

phase was washed, dried, solubilized in chloroform and

stored at –80 �C until separation of phospholipid classes by

solid-phase extraction on 500 mg-prepacked aminopropyl

cartridges (J.T. Baker, Deventer, The Netherlands) [28, 29].

The cartridges were equilibrated beforehand with eluent I

(isopropanol/chloroform, 1:2, by vol). Each sample of total

lipids was dried under nitrogen, resolubilized in 250 ll of

eluent I and deposited onto a single-use cartridge, which

was immediately eluted successively with 3 ml of eluent I,

3 ml of diethylether/acetic acid (98:2, by vol), 1 ml of

acetonitrile, 8 ml of acetonitrile/n-propanol (3:1, by vol) to

recover the phosphatidylcholine (ChoGpl) fraction, and

then with 2 ml of acetonitrile/n-propanol (1:1, by vol) and

3 ml of methanol to recover the EtnGpl fraction (the latter

consisted in a mixture of phosphatidylethanolamine and

1-O-alkylenyl-2-acyl glycerophosphoethanolamine). The

PtdSer fraction was recovered by eluting with isopropanol/

methanolic HCl (4:1, vol/vol). The three phospholipid

fractions were dried under a nitrogen flux and transmethy-

lated by methanol at 90�C in the presence of BF3. The fatty

acid methyl esters were extracted, washed and injected

through the on-column injector of a gas chromatograph

equipped with a retention gap and a CP-WAX 52 CB bon-

ded fused-silica capillary column of a 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 fatty acid

methyl esters (excluding dimethylacetals) were automati-

cally integrated in proportion to their masses, and their

factor response and Kovats’s equivalent chain length (ECL)

were compared with standard compounds. The fatty acid

methyl ester of 20:3n-9 (ECL = 20.6 ± 0.05) was identified

by reference to the peak specifically found in liver

phospholipids of n-3 deficient rats (routinely reared in

our laboratory). The corresponding elongation product,

22:3n-9, was identified in the cell phospholipids by com-

paring the ECL value of this peak to the ECL of 20:3n-9

incremented by two points (ECL of 22:3n-9 = 22.6 ± 0.05).

Statistical Analysis

We used ‘‘Statview + Graphics’’ software (Abacus Con-

cepts Inc., Berkeley, CA, USA). Means were compared by

one way-analysis of variance followed by post hoc analy-

sis. Fisher multiple comparison test was used to compare

differences in fatty acid contents among the eight treat-

ments, each of the different group defining one item of one

category, the treatment category (anova-1), i.e., CTRL, E2,

ALA and ALA + E2 at 24 and 72 h, respectively.

Results

Distribution of n-3 Long-chain PUFA

in Cell Phospholipids

The concentrations of EPA, DPA and DHA in the EtnGpl,

PtdSer and PtdCho fractions of cells grown for 72 h in

standard conditions are reported in Fig. 1. The sum

EPA + DPA + DHA accounted for 140 ± 8 mmol/mol of

EtnGpl, 75.5 ± 8.6 mmol/mol of PtdSer and 15.3 ± 1.6

mmol/mol of PtdCho. Thus, the EtnGpl fraction from

control cells contained 1.8- and 9.1-times more n-3 long

chain PUFAs than PtdSer and PtdCho. DHA was the major

n-3 long-chain PUFA in EtnGpl (95 ± 8.7 mmol DHA/mol

of EtnGpl, or 4.75 ± 0.4 mol DHA %). In the PtdSer

fraction, EPA (25 mmol/mol PtdSer or 1.25 mol %), DPA

(21 mmol/mol PtdSer or 1.05 mol %) and DHA (29 mmol/

mol PtdSer or 1.45 mol %) were distributed almost equally

(Fig. 1). Thus, the EtnGpl fraction of SH-SY5Y cells

contained 1.8-time more n-3 long-chain PUFAs and three

times more DHA than PtdSer. Owing to this specific

composition, we focused on the impact of E2 and ALA

supplementation within the EtnGpl fraction.

Effect of Culture Stage on the Standard Phospholipid

Fatty Acid Composition

The duration of culture changed the fatty acid composition

in non-supplemented cells cultured for 24 or 72 h with

10% FCS. In the EtnGpl fraction (Table 1, CTRL-72 h vs.

CTRL-24h), there was a significant increase of 18:1n-9

(+29%), 18:1n-7 (+18%) and of the n-9 long-chain trienoic

fatty acids (TEFA), 20:3n-9 (+115%) and 22:3n-9 (+20%).

The total n-6 fatty acids decreased by 24%, mainly 22:4n-6

(–39%) and 22:5n-6 (–33%). The n-3 fatty acids also ten-

ded to decrease with the duration of culture (not significant

at P \ 0.001). In the PtdCho fraction (Table 2, CTRL-72 h

vs. CTRL-24 h), the 18:1n-9 content also increased by

29%, and that of 16:1n-9 by 12%, while the n-6 fatty acids

decreased by 39%. The increase of MUFA in PtdCho was
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mainly compensated by a decrease of the major saturated

fatty acids, 16:0 (–15%) and 18:0 (–7%). These data show

that, in the absence of ALA supplementation, the status in

EPA, DPA and DHA did not ‘‘spontaneously’’ improved

with the duration of culture. However, it is noteworthy that

the n-9 TEFA increased, indicating that the SH-SY5Ycells

have the constitutive capacity to produce D6- and D5-de-

saturated long-chain fatty acids.

Response of Cells to ALA Alone

Cells responded to 24 h incubation with 30 lM ALA by

increasing EtnGpl the two main elongation-products of

ALA, EPA (+330%, P \ 0.001) and DPA (+430%,

P \ 0.001) (Table 1, ALA-24 h vs. CTRL-24h). The DHA

content also increased by 10% (significant only at

P \ 0.05, not reported in Table 1). After 72 h of incuba-

tion with 30 lM ALA alone, EPA had increased by 780%

(P \ 0.001), DPA by 850% (P \ 0.001) and DHA by 65%

(P \ 0.001) (Table 1, ALA-72 h vs. CTRL-24 h). Thus,

the growing cells had markedly increased their production

of membrane EPA, DPA and DHA throughout the 72 h

incubation with supplemental ALA. The increase of EPA,

DPA and DHA mainly occurred at the expense of the n-9

TEFA (–38 and –51% at 24 and 72 h, respectively, com-

pared with CTRL-24 h) and of n-6 PUFA (–20 and –55%).

The same significant changes were observed in the PtdCho

fraction (Table 2); in comparison with control cells cul-

tured for 24 h, EPA increased in the PtdCho of ALA-

supplemented cells by 900 and 1,000% at 24 and 72 h,

respectively, DPA by 567 and 1,130%, and DHA by 22 and

67%. These data clearly indicate that SH-SY5Y cells are

able to synthesize all the long-chain n-3 fatty acids from

the precursor ALA and strongly suggest that the production

of neoformed DHA is limited in comparison with that of

EPA and DPA.

Effect of E2 on the Response of Cells to ALA

The incubation of cells for 24 or 72 h with 0.5 nM E2 (data

not shown) or 10 nM E2 alone had no effect on EPA, DPA

and DHA (Table 1, E2-24 h vs. CTRL-24 h, and E2-72 h

vs. CTRL-72 h). By itself, E2 had no significant impact on

the fatty acid profile in non-supplemented cells.

The incubation with 30 lM ALA and 10 nM E2 during

24 h led to a significant increase (+30%, P \ 0.001) of

DHA in EtnGpl (Table 1, ALA + E2-24 h vs. E2-24 h). As

stated in the above paragraph, DHA increased by only 10%

(P \ 0.05) upon incubation with ALA alone (Table 1,

ALA-24 h vs. CTRL-24 h, not significant at P \ 0.001).

Thus, E2 produced a small gain of neoformed DHA upon

the 24 h treatment with ALA + E2, though the difference

in DHA between the two groups (ALA + E2 vs. ALA

alone) was not significant at P \ 0.001 (Table 1). In brief,

the sole effect of E2 after 24 h was to improve the statis-

tical level of significance of the DHA increase observed in

cells supplemented with ALA compared to non-supple-

mented cells.

The incubation with ALA + E2 resulted after 72 h in a

further increase of EPA (+34%) and DPA (+15%) com-

pared to cells incubated with ALA alone (Table 1,

ALA + E2-72 h vs. ALA-72 h). However, there was no

additional effect on DHA upon incubation with ALA + E2

compared to incubation with ALA alone (Table 1,

ALA + E2-72 h vs. ALA-72 h). Therefore, E2 differen-

tially promoted the production of the different ALA-

derived long-chain fatty acids. E2 mainly increased EPA

and DPA after 72 h.

The individual data of EPA, DPA and DHA are pre-

sented under a piled form in Fig. 2. The upper panel of

Fig. 2 shows that incubation of cells for 72 h with 30 lM

ALA and 10 nM E2 induced the sum EPA + DPA + DHA

to increase (P \ 0.001) in comparison with incubation with

ALA alone. This gain in n-3 long-chain PUFAs affected

EPA and DPA, not DHA. The same trend was observed at

72 h with the dose of 0.5 nM E2, although it did not reach

a significant level. The lower panel of Fig. 2 shows that the

TEFAs decreased with ALA supplementation and further

decreased in the presence of 0.5 or 10 nM E2 (P \ 0.04),
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PtdSer and PtdCho fractions of SH-SY5Y cells grown for 72 h in a

medium containing 10% FCS. Values are expressed in mmol of fatty

acid/mol of phospholipid
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which indicated that cells responded to ALA + E2 treat-

ment by decreasing the production of n-9 TEFAs and by

increasing that of ALA-elongation products. Since

ALA + E2 modified in an opposite manner the production

of long-chain n-3 PUFAs and that of n-9 TEFAs, we used

the ratio of the sum [EPA + DPA + DHA] to the sum

[20:3n-9 + 22:3n-9] as a biochemical marker of the pro-

pensity of ALA-supplemented cells to produce membrane

long-chain n-3 PUFAs. The values of the Rn-3/RTEFA

ratio are reported in Fig. 3. The figure shows that com-

bining ALA supplementation, incubation with E2 and

prolongation of treatment produced the greatest increase

(P \ 0.005) of this ratio, both in EtnGpl and PtdCho.

Discussion

We studied the effect of estradiol on the conversion of

ALA to long-chain products by neuroblastoma cells. The

results on ALA supplementation in growing SH-SY5Y

cells support our previous data that ALA is efficiently

converted into EPA, DPA and DHA [27]. We had previ-

ously shown that the formation of membrane DHA occurs

only within a very restricted range of concentration of its

upstream precursors (either ALA, EPA or DPA), whereas

that of DPA from ALA or EPA follows a saturating dose-

response pattern [27]. Moreover, it has been shown in

primary culture that rat astrocytes dosed with ALA incor-

porate DPA into their membranes, not DHA [30]. The

response of SH-SY5Y cells to ALA is thus particularly

efficient, although their membrane incorporation of neo-

formed DHA is readily limited in comparison with that of

DPA. We suggested that the formation of DHA in these

cells is constitutively limited, or possibly submitted to

down-regulation [27].

In physiological conditions, endogenous DPA is pro-

duced in the endoplasmic reticulum by successive

desaturations and elongations of ALA. DPA is further

Table 1 Fatty acid composition (mol%) in EtnGpl of cells incubated for 24 or 72 h with vehicle, 30 lM ALA, 10 nM E2, or 30 lM ALA plus

10 nM E2 (mean ± SD; n = 3 flasks per treatment)

24 h 72 h

CTRL E2 ALA ALA + E2 CTRL E2 ALA ALA + E2

14:0 0.9 ± 0.1 0.9 ± 0.05 0.9 ± 0.2 0.7 ± 0.3 1.5 ± 0.5 1.0 ± 0.1 0.8 ± 0.05 0.7 ± 0.04

16:0 8.3 ± 0.4 7.9 ± 0.3 8.1 ± 0.8 7.8 ± 0.6 9.6 ± 0.8 7.8 ± 0.9 7.6 ± 0.2 7.5 ± 1.1

18:0 18.9 ± 0.2 bc 18.6 ± 0.2 bc 19.8 ± 0.9 c 19.3 ± 0.2 bc 16.8 ± 1.4 ab 15.9 ± 0.5 a 18.4 ± 0.6 bc 18.7 ± 0.9 bc
P

SFA 28.8 ± 0.8 b 27.9 ± 0.2 ab 29.3 ± 0.4 b 28.3 ± 0.5 ab 28.2 ± 2.5 ab 24.9 ± 1.2 a 26.7 ± 0.8 ab 26.7 ± 0.7 ab

16:1n-9 2.1 ± 0.1 2.1 ± 0.1 1.8 ± 0.1 1.8 ± 0.1 2.5 ± 0.6 3.6 ± 0.5 a 1.7 ± 0.1 1.6 ± 0.2

16:1n-7 1.3 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 1.4 ± 0.2 1.4 ± 0.2 1.7 ± 0.1 1.3 ± 0.1 1.3 ± 0.1

18:1n-9 16.0 ± 0.1 ab 16.6 ± 0.1 b 15.2 ± 0.5 a 15.9 ± 0.1 ab 20.6 ± 0.3 c 21.4 ± 0.4 c 16.4 ± 0.7 ab 15.1 ± 0.6 a

18:1n-7 3.3 ± 0.1 b 3.3 ± 0.1 b 3.1 ± 0.1 b 3.1 ± 0.1 b 3.9 ± 0.1 c 3.9 ± 0.1 c 2.6 ± 0.1 a 2.4 ± 0.1 a
P

MUFA 24.7 ± 0.4 bc 25.3 ± 0.2 c 22.7 ± 0.6 ab 23.5 ± 0.4 bc 28.9 ± 0.5 d 31.0 ± 1.0 d 23.1 ± 0.9 ab 21.1 ± 0.9 a

20:3n-9 2.6 ± 0.05 bc 2.9 ± 0.06 c 2.0 ± 0.1 ab 2.1 ± 0.04 ab 5.6 ± 0.4 d 5.9 ± 0.3 d 1.9 ± 0.2 a 1.5 ± 0.1 a

22:3n-9 5.5 ± 0.04 c 5.6 ± 0.1 c 3.0 ± 0.1 b 3.1 ± 0.1 b 6.6 ± 0.9 cd 6.9 ± 0.3 d 2.1 ± 0.3 ab 1.6 ± 0.2 a
P

TEFA 8.1 ± 0.05 c 8.5 ± 0.2 c 5.0 ± 0.2 b 5.2 ± 0.1 b 12.2 ± 1.3 d 12.8 ± 0.4 d 4.0 ± 0.5 ab 3.1 ± 0.3 a

18:2n-6 1.3 ± 0.1 b 1.3 ± 0.1 b 1.3 ± 0.1 b 1.3 ± 0.1 b 0.6 ± 0.1 a 0.5 ± 0.1 a 0.4 ± 0.1 a 0.3 ± 0.1 a

18:3n-6 1.5 ± 0.3 1.4 ± 0.1 1.5 ± 0.3 1.1 ± 0.5 0.7 ± 0.2 0.6 ± 0.2 0.5 ± 0.1 0.5 ± 0.1

20:2n-6 1.2 ± 0.3 c 1.2 ± 0.2 c 0.9 ± 0.03 c 0.9 ± 0.1 c 0.5 ± 0.1 b 0.5 ± 0.05 b 0.1 ± 0.03 a 0.1 ± 0.05 a

20:4n-6 14.5 ± 0.2 cd 15.4 ± 0.3 d 12.0 ± 0.3 b 13.4 ± 0.1 bc 13.7 ± 1.0 c 14.0 ± 0.5 cd 8.0 ± 0.5 a 7.2 ± 0.5 a

22:4n-6 8.4 ± 0.1 e 7.6 ± 0.2 de 6.1 ± 0.2 c 5.8 ± 0.1 bc 5.1 ± 0.5 b 5.2 ± 0.4 b 3.3 ± 0.3 a 2.9 ± 0.1 a

22:5n-6 2.7 ± 0.02 c 2.6 ± 0.07 c 1.7 ± 0.04 b 1.7 ± 0.01 b 1.8 ± 0.1 b 1.8 ± 0.2 b 1.0 ± 0.1 a 0.9 ± 0.1 a
P

n-6 29.6 ± 0.7 c 29.6 ± 0.4 c 23.8 ± 0.6 b 24.3 ± 0.6 b 22.4 ± 1.4 b 22.6 ± 0.8 b 13.2 ± 0.9 a 11.9 ± 0.7 a

18:3n-3 0.4 ± 0.1 0.4 ± 0.2 0.6 ± 0.3 0.3 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.8 ± 0.2 1.0 ± 0.3

20:5n-3 0.6 ± 0.1 a 0.7 ± 0.02 a 2.6 ± 0.5 b 2.4 ± 0.2 b 0.6 ± 0.06 a 0.7 ± 0.02 a 5.3 ± 0.7 c 7.1 ± 0.9 d

22:5n-3 1.8 ± 0.03 a 1.9 ± 0.01 a 9.6 ± 0.6 b 8.7 ± 0.2 b 1.6 ± 0.01 a 1.5 ± 0.1 a 17.1 ± 1.3 c 19.6 ± 1.2 d

22:6n-3 5.8 ± 0.1 ab 5.7 ± 0.2 ab 6.4 ± 0.6 bc 7.4 ± 0.1 c 4.7 ± 0.4 a 4.5 ± 0.5 a 9.6 ± 0.3 d 9.5 ± 0.9 d
P

n-3 8.7 ± 0.1 a 8.7 ± 0.1 a 19.2 ± 0.7 b 18.8 ± 0.3 b 7.6 ± 0.2 a 7.3 ± 0.7 a 32.9 ± 2.1 c 37.2 ± 1.5 d

Values with different superscripts are significantly different (Anova-1 and Fisher’s test, P \ 0.001)

SFA saturated fatty acids, MUFA monounsaturated fatty acids, TEFA trienoic fatty acids
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elongated and desaturated into tetracosahexaenoic acid

(THA, 24:6n-3) that moves to peroxisomes and is short-

ened into DHA by one cycle of b-oxidation (Sprecher’s

pathway) [31, 32]. We have suggested that limitation of the

peroxisomal step of DHA synthesis could account for the

membrane accretion of its upstream metabolites, EPA and

DPA [27]. In contrast, the incorporation of supplemental

DHA into SH-SY5Y cell phospholipids follows a dose-

response saturation curve that is comparable to the curve of

DHA repletion in the brain of newborn rats deprived of n-3

fatty acids and fed after weaning a diet enriched in mic-

roalgal DHA [28]. Therefore, the uptake and phospholipid

acylation of preformed DHA is fully operational in SH-

SY5Y cells, whereas the terminal synthesis of DHA is

limited, possibly at the peroxisomal step. The present study

addressed the question of the estrogen action on the con-

version pathway.

In cells incubated with ALA alone compared to non-

supplemented cells, DHA increased in EtnGpl by 10%

(P \ 0.05) after 24 h and by 104% (P \ 0.001) after 72 h.

In the presence of 10 nM E2, the neoformed DHA

increased in comparison with matched control cells by 30

and 110%, at 24 and 72 h, respectively (P \ 0.001,

Table 1). In the PtdCho fraction, DHA increased after 24 h

by 22 and 44%, in the absence and in the presence of E2,

respectively, and by 200 and 325% after 72 h. Thus, E2

slightly enhanced the formation of ALA-derived DHA in

cells cultured for 24 h, though the combination of ALA

with E2 did not produce a greater content in membrane

DHA compared to supplementation with ALA alone.

Moreover, the impact on DHA was weak and transient,

since E2 did not favor higher DHA content after 72 h. It

clearly appeared that prolongation of incubation (from 24

to 72 h) with ALA resulted by itself in a more marked

increase of membrane DHA. However, the prolongation of

incubation also resulted in the membrane accretion of EPA

and DPA, and E2 at 10 nM augmented this time-dependent

effect. In parallel, the n-9 TEFAs decreased with the

Table 2 Fatty acid composition (mol%) in PtdCho of cells incubated for 24 or 72 h with vehicle, 30 lM ALA, 10 nM E2, or 30 lM ALA plus

10 nM E2 (mean ± SD; n = 3 flasks per treatment)

24 h 72 h

CTRL E2 ALA ALA + E2 CTRL E2 ALA ALA + E2

14:0 4.2 ± 0.2 4.0 ± 0.1 4.0 ± 0.1 4.1 ± 0.03 4.0 ± 0.3 4.0 ± 0.1 3.8 ± 0.1 3.8 ± 0.2

16:0 36.7 ± 0.5 cd 35.2 ± 0.3 b 36.9 ± 0.6 d 36.7 ± 0.1 cd 31.2 ± 0.2 a 31.2 ± 0.1 a 35.1 ± 0.5 b 35.5 ± 0.3 bc

18:0 7.1 ± 0.7 bc 5.6 ± 0.1 a 6.5 ± 0.6 ab 5.9 ± 0.1 a 6.6 ± 0.1 ab 6.6 ± 0.1 ab 8.0 ± 0.2 cd 8.5 ± 0.4 d
P

SFA 48.4 ± 1.3 c 45.1 ± 0.2 b 47.9 ± 1.1 c 47.0 ± 0.2 bc 42.2 ± 0.5 a 42.1 ± 0.2 a 47.3 ± 0.7 bc 48.2 ± 0.7 c

16:1n-9 6.5 ± 0.1 c 6.8 ± 0.1 cd 5.3 ± 0.1 b 5.4 ± 0.1 b 7.3 ± 0.2 d 7.0 ± 0.1 cd 4.3 ± 0.1 a 4.3 ± 0.5 a

16:1n-7 2.3 ± 0.1 a 2.4 ± 0.1 a 2.9 ± 0.1 b 2.9 ± 0.1 b 2.2 ± 0.1 a 2.2 ± 0.1 a 2.2 ± 0.1 a 2.3 ± 0.1 a

16:1n-5 1.2 ± 0.05 b 1.2 ± 0.05 b 1.2 ± 0.05 b 1.3 ± 0.05 b 0.8 ± 0.1 a 0.7 ± 0.1 a 0.8 ± 0.1 a 0.9 ± 0.1 a

18:1n-9 25.3 ± 0.7 ab 27.3 ± 0.1 bc 24.5 ± 0.6 a 25.3 ± 0.3 ab 32.7 ± 0.5 d 33.3 ± 0.2 d 27.8 ± 1.1 c 26.1 ± 1.0 abc

18:1n-7 7.0 ± 0.2 bc 7.5 ± 0.05 c 6.4 ± 0.2 ab 6.7 ± 0.1 b 7.9 ± 0.1 c 7.9 ± 0.1 c 6.5 ± 0.3 ab 6.0 ± 0.3 a

other 0.5 ± 0.3 0.8 ± 0.1 0.6 ± 0.03 0.7 ± 0.1 0.8 ± 0.02 0.7 ± 0.01 0.5 ± 0.1 0.4 ± 0.1
P

MUFA 42.9 ± 1.1 ab 46.0 ± 0.05 b 40.9 ± 0.9 a 42.4 ± 0.4 a 51.7 ± 0.3 c 51.9 ± 0.2 c 42.2 ± 1.4 a 40.1 ± 1.7 a

20:3n-9 0.9 ± 0.1 b 1.0 ± 0.1 b 0.5 ± 0.05 a 0.6 ± 0.05 a 1.1 ± 0.1 b 1.1 ± 0.1 b 0.5 ± 0.05 a 0.4 ± 0.05 a

22:3n-9 0.9 ± 0.1 b 0.9 ± 0.03 b 0.5 ± 0.03 a 0.5 ± 0.01 a 0.9 ± 0.01 b 0.9 ± 0.02 b 0.4 ± 0.06 a 0.3 ± 0.01 a
P

TEFA 1.8 ± 0.2 b 1.9 ± 0.1 b 1.0 ± 0.06 a 1.1 ± 0.02 a 2.0 ± 0.02 b 2.0 ± 0.02 b 0.9 ± 0.1 a 0.8 ± 0.1 a

18:2n-6 0.4 ± 0.04 0.4 ± 0.03 0.6 ± 0.1 0.6 ± 0.03 0.4 ± 0.03 0.4 ± 0.03 0.5 ± 0.04 0.6 ± 0.04

20:4n-6 2.8 ± 0.1 c 2.9 ± 0.01 c 2.5 ± 0.1 b 2.7 ± 0.02 c 1.3 ± 0.05 a 1.3 ± 0.03 a 1.4 ± 0.04 a 1.3 ± 0.01 a

22:4n-6 1.1 ± 0.1 b 1.1 ± 0.1 b 0.9 ± 0.1 b 1.0 ± 0.1 b 0.7 ± 0.01 a 0.7 ± 0.01 a 0.6 ± 0.02 a 0.5 ± 0.01 a

22:5n-6 0.4 ± 0.02 c 0.4 ± 0.01 c 0.3 ± 0.01 b 0.3 ± 0.01 b 0.2 ± 0.01 a 0.2 ± 0.01 a 0.2 ± 0.01 a 0.2 ± 0.01 a
P

n-6 5.4 ± 0.1 b 5.5 ± 0.4 b 5.5 ± 0.6 b 5.5 ± 0.04 b 3.3 ± 0.2 a 3.2 ± 0.2 a 3.2 ± 0.1 a 3.1 ± 0.1 a

18:3n-3 0.2 ± 0.05 0.1 ± 0.05 0.5 ± 0.2 0.2 ± 0.05 0.1 ± 0.05 0.1 ± 0.05 0.2 ± 0.05 0.3 ± 0.06

20:5n-3 0.1 ± 0.05 a 0.1 ± 0.03 a 1.0 ± 0.3 b 0.9 ± 0.1 b 0.1 ± 0.01 a 0.1 ± 0.01 a 1.1 ± 0.2 b 1.4 ± 0.4 b

22:5n-3 0.3 ± 0.1 a 0.3 ± 0.01 a 2.0 ± 0.2 b 1.8 ± 0.07 b 0.2 ± 0.02 a 0.2 ± 0.02 a 3.7 ± 0.5 c 4.5 ± 0.6 c

22:6n-3 0.9 ± 0.03 b 0.9 ± 0.04 b 1.1 ± 0.07 c 1.3 ± 0.04 c 0.5 ± 0.1 a 0.4 ± 0.06 a 1.5 ± 0.1 d 1.7 ± 0.03 d
P

n-3 1.5 ± 0.1 a 1.4 ± 0.1 a 4.7 ± 0.6 b 4.1 ± 0.2 b 0.9 ± 0.1 a 0.8 ± 0.01 a 6.5 ± 0.8 c 8.0 ± 1.0 c

Values with different superscripts are significantly different (Anova-1 and Fisher’s test, P \ 0.001)

SFA saturated fatty acids, MUFA monounsaturated fatty acids, TEFA trienoic fatty acids
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prolongation of incubation with ALA, and E2 accentuated

this decrease. We propose to use the ratio of the sum of n-3

long-chain products to the sum of n-9 TEFAs as a bio-

chemical marker of the restoration of the n-3 status in

cultured cells. The ratio values were almost identical in

EtnGpl and PtdCho (insert of Fig. 3); therefore it may be

supposed that changes of this ratio in membranes reflect

sizeable metabolic changes in cells. The data reported in

Fig. 3 clearly show that incubation with ALA restored the

n-3 PUFAs status in a time-dependent manner and that the

combination of ALA with E2 produced the highest ‘‘ratio

of restoration’’. With a ratio value of 1, the non-supple-

mented cells must be considered as being deficient in n-3

long-chain PUFAs; the ratio increased four times after 24 h

of incubation with ALA, eight times after 72 h (time

effect) or 12-times when cells were exposed to ALA + E2

during 72 h. In summary, the increase of EPA and DPA

was the major change induced by E2 after 72 h incubation

of cells with ALA and E2. Although E2 favored the pro-

duction of membrane EPA and DPA, its effect was not

sufficient to complete that of DHA. Mitochondrial oxida-

tion of ALA could not account for the limited production of

neoformed DHA since supplemental ALA was efficiently

converted into EPA and DPA (ALA was not more degra-

ded in the presence of E2 than in its absence). The whole

data suggest that E2 mainly produced the progressive

membrane accumulation of the major upstream metabolic

precursors of DHA, EPA and DPA.

The growing SH-SY5Y cells are able to incorporate

preformed (non-esterified) DHA in their phospholipids. We

previously showed that the maximum incorporation of

preformed DHA into neuroblastoma cell phospholipids

matches that of rat brain membranes [28]. Therefore, the

limitation in membrane DHA production does not seem to

be due to alteration of acylCoA synthesis or to impairment

of esterification into phospholipids. We assume that pro-

duction of membrane DHA is limited at the stage of DHA

terminal synthesis, possibly at the peroxisomal step. The

peroxisomal shortening of THA to DHA involves complex

trafficking of the very long-chain acylCoA between the

endoplasmic reticulum and the peroxisomes [32], which

could be impaired in SH-SY5Y cells. We have previously

0

5

10

15

20

25

30

35

40

22:6n-3 (DHA)
22:5n-3 (DPA)
20:5n-3 (EPA)

M
ol

 %
 o

f 
to

ta
l F

A
 in

 E
tn

G
pl

M
ol

 %
 o

f 
to

ta
l F

A
 in

 E
tn

G
pl

30 µM ALA
E2 (nM) 

-
-

24 h

-
10

+
-

+
10

-
-

-
10

+
-

+
10

+
0.5

72 h

a a

b

c

c
cd

d

P < 0.001

0

2

4

6

8

10

12

14

20:3n-9

22:3n-9

-
-

24 h

-
10

+
-

+
10

-
-

-
10

+
-

+
10

+
0.5

72 h

30 µM ALA
E2 (nM) 

a

b

P < 0.04

d
e
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TEFA (lower panel) in EtnGpl of SH-SY5Y cells cultured for 24 or

72 h in a medium containing 10% FCS and 30 lM ALA used alone or

in combination with 0.5 or 10 nM E2. Values are expressed in mol%

of total fatty acids in EtnGpl (see Table 1 for individual mean values
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shown that the SH-SY5Y cells express the mRNAs

encoding for the main enzymes of peroxisomal b-oxida-

tion, though the mRNA abundances of the L- and D-

bifunctional peroxisomal proteins were particularly low in

standard conditions of culture [27]. We suggested that the

low expression of proteins or enzymes related to the per-

oxisomal function could form a ‘‘metabolic bottleneck’’. In

this respect, hormonal, coactivators or other environmental

signals including stimulants of peroxisomal activities

would be necessary for completing the DHA synthesis in

these cells.

Putative Mode of Action of E2

Estrogens exert their action on cell functions through

genomic and non-genomic pathways. E2 binds to specific

nuclear receptors (estrogen receptors, ER) which dimerize

and directly bind to response elements of DNA; E2 may

also interact with membrane receptors coupled to the

activation of protein G-dependent kinases, producing

changes in gene expression through the recruitment of

other transcription factors (reviewed in [33]). A broad

range of E2-responsive genes can be regulated by these

mechanisms, including those involved in brain functions

(reviewed in [34]). Our hypothesis is that changes in the

transcription of lipid metabolism genes could account for

the effect of E2 on the production of membrane n-3 long-

chain PUFAs in ALA-supplemented cells. The transcrip-

tion of most of these genes, notably those encoding

desaturases [35, 36] and peroxisomal enzymes [37–39], are

regulated by nuclear receptors which are recruited to the

target promoters upon the binding of exogenous com-

pounds (peroxisome proliferators) or of endogenous

ligands (PUFA and PUFA-derived signaling molecules).

We have shown that the mRNAs of the three peroxisome

proliferator-activated receptors (PPAR) isotypes (a, b/d
and c) are expressed in SH-SY5Y cells [27], and unpub-

lished results from our laboratory indicated to us that the

ERb isotype (ESR2 human gene) is also expressed in these

cells. Numerous studies have shown that complex cros-

stalks exist between the PPAR and ER signaling pathways,

depending on the gender [40–42] and on tissue or cell

specificity [43–45]. There is also evidence that transcrip-

tion of PPARa itself can be triggered by E2 [46]. On the

other hand, chemical agonists of PPARa have been shown

to alter the expression of estrogen-metabolizing enzymes,

notably the 17-b-hydroxysteroid dehydrogenase type IV

(17BHSD-4 human gene) [47]. It must be emphasized that

the 17BHSD-4 gene product, also known as D-bifunctional

protein or multifunctional protein-2, is that involved in the

peroxisomal b-oxidation of both estradiol and very long-

chain fatty acids [48, 49], and precisely in the b-oxidation

of THA to DHA [50–52]. It is tempting to speculate that an

E2-dependent stimulation of the PPAR-signaling pathway

may modulate the membrane fatty acid composition

through changes in the expression of PUFA metabolizing

genes. In conclusion, our data suggest that estradiol is able

to modulate the upstream production of membrane n-3

long-chain PUFA by neural cells in culture.
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Abstract Healthy term infants (n = 244) were random-

ized to receive: (1) control, soy-based formula without

supplementation or (2) docosahexaenoic acid–arachidonic

acid (DHA + ARA), soy-based formula supplemented with

at least 17 mg DHA/100 kcal (from algal oil) and 34 mg

ARA/100 kcal (from fungal oil) in a double-blind, parallel

group trial to evaluate safety, benefits, and growth from 14

to 120 days of age. Anthropometric measurements were

taken at 14, 30, 60, 90, and 120 days of age and 24-h

dietary and tolerance recall were recorded at 30, 60, 90,

and 120 days of age. Adverse events were recorded

throughout the study. Blood samples were drawn from

subsets of 25 infants in each group. Capillary column gas

chromatography was used to analyze the percentages of

fatty acids in red blood cell (RBC) lipids and plasma

phospholipids. Compared with the control group, percent-

ages of fatty acids such as DHA and ARA in total RBC and

plasma phospholipids were significantly higher in infants in

the DHA + ARA group at 120 days of age (P \ 0.001).

Growth rates did not differ significantly between feeding

groups at any assessed time point. Supplementation did not

affect the tolerance of formula or the incidence of adverse

events. Feeding healthy term infants soy-based formula

supplemented with DHA and ARA from single cell oil

sources at concentrations similar to human milk signifi-

cantly increased circulating levels of DHA and ARA when

compared with the control group. Both formulas supported

normal growth and were well tolerated.

Keywords Soy-based formula � Term infants �
Infant formula � Docosahexaenoic acid � Arachidonic acid �
LCPUFA � Infant growth

Introduction

Docosahexaenoic acid (22:6x3; DHA) and arachidonic

acid (20:4x6; ARA) are long-chain polyunsaturated fatty

acids (LCPUFAs) that accumulate rapidly in the brain from

the last trimester of fetal gestation until at least 2 years of

age [1, 2]. Human breast milk provides DHA and ARA for

growth as well as retinal and central nervous system

development and function [3–7]. Infants unable to breast-

feed or weaned from breastfeeding now benefit from

supplementation of DHA and ARA in many commercial

infant formulas. Supplementation of DHA and ARA from

single cell algal and fungal sources at median worldwide

human milk levels [8–10] in both premature and term

infants has resulted in red blood cell (RBC) concentrations

of the LCPUFAs comparable to those of breast-fed infants

[11–13]. Clinical evidence of improved visual acuity and

cognitive development in term infants up to 18 months of

age [12, 14–18] and enhanced growth in premature infants

[19, 20] has resulted from inclusion of DHA and ARA at

worldwide human milk levels in milk-based formulas. In

addition, a follow-up study of 4-year-olds who received

formula supplemented with DHA and ARA at those levels

as infants, demonstrated visual and IQ maturation similar

to that of breast-fed subjects [7].
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Not all infants can tolerate a cow’s milk-based formula,

and some parents prefer a vegetarian product. Primary

clinical indications for discontinued use of cow’s milk-

based formula include immunoglobulin E-mediated milk

allergy (commonly associated with eczema), documented

lactose intolerance following infectious diarrhea, lactase

deficiency, and galactosemia [21, 22]. In such instances,

soy-based formulas have been endorsed by The American

Academy of Pediatrics as a safe and effective alternative

[21]. An estimated 25–36% of formula-fed infants in the

United States receive a soy-based infant formula at some

time in the first year of life [21, 22].

To date, no published data are available for supple-

mentation of soy-based infant formula with DHA and

ARA. Given the extensive use of soy-based formulas and

the developmental advantages afforded by routine supply

of exogenous DHA and ARA in cow’s milk-based for-

mulas, we felt it prudent to examine the growth,

tolerance, and possible benefits of supplementation in a

soy-based matrix. In this study we examined the effects of

a soy-based formula supplemented with single cell oil

sources of DHA and ARA at worldwide human milk

levels on growth, tolerance, and the percentage of DHA

and ARA (i.e., vegetarian sources) in RBCs and plasma

phospholipids when fed to term infants from 14 to

120 days of age.

Experimental Procedure

Subjects

Healthy term infants were recruited at 13 pediatric centers

in the United States for a double-blind, randomized, con-

trolled parallel group study. Eligible participants were

12–16 days of age, had a minimum birth weight of 2,500 g,

and solely received formula at least 24 h prior to ran-

domization. Exclusion criteria included: history of

underlying disease or malformation that could interfere

with growth and development; large-for-gestational-age

infants whose mothers were diabetic; breastfeeding within

24 h prior to randomization; evidence of formula intoler-

ance or poor intake at time of randomization; weight at

randomization less than 98% of birth weight; enlarged liver

or spleen; or plans to move outside of the study area within

the study time frame (120 days).

Parents or guardians provided written informed consent

prior to enrollment. The research protocol and informed

consent forms adhered to the Declaration of Helsinki

(including the October 1996 amendment) and were

approved by the institutional review board/ethics commit-

tee of each participating institution. The study was

conducted in compliance with good clinical practices.

Study Protocol

Two hundred and forty-four infants (control, n = 120;

DHA + ARA, n = 124) enrolled in the study were strati-

fied by gender and randomized to receive one of two

formulas: (1) control, soy formula without supplementation

(Enfamil ProSobee1, Mead Johnson & Company, Evans-

ville, IN) or (2) DHA + ARA, soy formula supplemented

with a minimum of 17 mg DHA/100 kcal from algal oil

and 34 mg ARA/100 kcal from fungal oil (Enfamil ProS-

obee1 LIPIL1, Mead Johnson & Company, Evansville,

IN). Aside from the addition of DHA and ARA, the for-

mulas were identical in all other respects. The

supplemented levels of DHA and ARA were similar to

reported median amounts of DHA (*0.3% by weight of

fatty acids) and ARA (*0.6%) found in human milk

worldwide [8–10].

Infants received study formulas from 14 to 120 days of

age. Body weight and length, head circumference, and

atopic dermatitis scores were recorded at 14, 30, 60, 90,

and 120 days of age. Evidence of atopic dermatitis was

determined using the SCORAD index [23] which quantifies

the extent, distribution, and severity of rashes and the

presence and severity of associated itching and sleep loss.

Parents or guardians completed a family history of allergy

and a survey of possible factors in the home and child care

environments that might affect the infant’s risk of atopy,

such as cigarette smoke, pets, dust, and mold. At each

study visit following initial enrollment at 14 days of age,

parents or care givers completed a questionnaire on dietary

intake and tolerance from the previous 24 h. Adverse

events were monitored throughout the study period.

Blood Sample Analysis

At five investigative sites, blood samples from a subset of

infants (25 per group) were collected by venipuncture into

EDTA Vacutainer tubes at 14 and 120 days of age. Only

sites with experience handling clinical blood samples and

appropriate sample storage facilities provided blood sam-

ples. For fatty acid analysis, plasma and RBC were

separated by centrifugation and frozen. Samples were

shipped on dry ice to the Retina Foundation of the

Southwest (Dallas, TX) where lipids were isolated, frac-

tionated, and analyzed by capillary column gas

chromatography as previously described [12]. Fatty acid

methyl esters from RBC lipids and plasma phospholipid

fractions were expressed as a percentage of total fatty acids

by weight. Outcomes were expressed as percentages of

DHA, ARA, and other fatty acids in RBC phosphatidyl-

ethanolamine (PE) and phosphatidylcholine (PC) fractions,

total RBC lipids, and plasma phospholipids. A portion of
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the blood sample was also used for comprehensive meta-

bolic panel of blood chemistry analyses including glucose,

cholesterol, triglycerides, electrolytes, and kidney, liver,

and pancreas function markers.

Statistical Analysis

Statistical comparisons were made between control and

DHA + ARA formula groups. Analyses were performed

using SAS version 8 (Cary, NC). Weight gain from 14 to

120 days was the primary outcome used to establish that

formulas supported adequate growth. The sample size was

chosen to be able to detect a 3 g/day difference in weight gain

with 80% power (a = 0.05; one-tailed). For all subsequent

comparisons, P values are based on two-tailed tests. Analysis

of variance was used to analyze formula intake, stool fre-

quency and characteristics, anthropometrics (achieved

growth, length, and head circumference), SCORAD grade,

and blood lipid and chemistry data. Analysis of covariance

was used to analyze growth rate. Race, gender, family history

of allergy, home and child care environments, study dis-

continuation rate, and adverse events were analyzed by

Fisher’s Exact test. The van Elteren test, stratified by study

site, was used to analyze metabolic blood panel results.

Results

Infants

Of the original 244 infants enrolled, three infants (control,

n = 2; DHA + ARA, n = 1) did not receive study formula

and were excluded from subsequent analyses. At study

entry (14 days of age) infants in the control group were

significantly heavier and longer than those in the DHA +

ARA group (Table 1), although head circumference did not

differ significantly between groups. Groups were similar

for race and gender distribution, family history of allergy,

and home and child care environments (data not shown). A

total of 182 infants (control, n = 86; DHA + ARA, n = 96)

completed the study.

Growth and Tolerance

Growth rate, as assessed by mean daily gains of weight,

length, and head circumference, did not differ statistically

between groups from 14 to 120 days of age (Table 2). The

mean achieved weight was significantly higher for infants

in the control versus the DHA + ARA group at 30 and

90 days of age (P \ 0.05; data not shown). The mean

achieved weight for males (Fig. 1, upper panel) and

females (lower panel) in both formula groups, however,

fell between the 25th and 75th percentile of normal infant

weight-for-age when plotted on the US Centers for Disease

Control (CDC) standard growth chart [24]. Mean achieved

length was higher for infants in the control group at all time

points (P \ 0.05; data not shown) and mean achieved head

circumference did not differ significantly between groups

at any assessed time point (data not shown).

Formula intake, stool frequency, and stool characteris-

tics were similar for infants in both groups (data not

shown). Both formulas were well tolerated as reported by

parental assessment of fussiness, diarrhea, and constipa-

tion, with the only difference between groups being a

higher incidence of excessive gas in the control group than

the DHA + ARA group at 60 days of age (15% vs. 5%;

P = 0.026). Minimal incidence of atopic dermatitis, as

assessed by mean SCORAD indices, was noted for infants

in each study group at all time points. For example, at

120 days of age mean SCORAD values were 2.9 ± 0.76

for the control group (n = 85) versus 2.3 ± 0.72 for the

DHA + ARA group (n = 93, P = 0.374). Given the SCO-

RAD index range of 0–103 with disease severity indicated

by a higher score, mean values from this study signified a

very low occurrence of atopic dermatitis.

There were no significant differences between groups for

total discontinuation rates (control, n = 32 [27%] vs.

DHA + ARA, n = 27 [22%]; P = 0.37) or for discontinu-

ation due to feeding-related issues (control, n = 23 [19%]

vs. DHA + ARA, n = 19 [15%]; P = 0.615). The most

common reasons for discontinuation were diarrhea (control,

DHA + ARA: n = 8, n = 5), vomiting (n = 8, n = 4), and

fussiness (n = 6, n = 6). Significant differences between

groups in adverse events included gastroesophageal reflux

Table 1 Infant characteristics at study entry

Control DHA + ARA

Total number of subjects 118 123

Number of male/female 66/52 67/56

Weight (g)a 3,677.8 ± 45 3,575.4 ± 44*

Length (cm)a 52.3 ± 0.2 51.8 ± 0.2*

Head circumference (cm)a 36.1 ± 0.1 35.8 ± 0.1

a Mean ± standard error

* Significant difference between groups, P \ 0.05

Table 2 Mean weight, length, and head circumference growth rates

from 14 to 120 days of age

Control DHA + ARA

Total number of subjects 86 93

Weight (g/day)a 27.8 ± 0.8 27.3 ± 0.7

Length (cm/day)a 0.10 ± 0.002 0.10 ± 0.002

Head circumference (cm/day)a 0.05 ± 0.001 0.05 ± 0.001

a Mean ± standard error
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(control, n = 13 vs. DHA + ARA, n = 3; P = 0.009) and

incidence of metabolic or nutritional difficulties (control:

weight loss, n = 3; poor weight gain, n = 2; Type 1 Glutaric

Acidemia, n = 1 vs. DHA + ARA: n = 0 for any category;

P = 0.013). Serious adverse events were reported for 12

infants (control, n = 6; DHA + ARA, n = 6). In each of

these cases, the investigator stated that the serious adverse

event was unrelated to the study product.

Blood Lipids and Blood Chemistry

No significant differences in mean fatty acid percentages

were detected between groups for total RBC lipids or

plasma phospholipids at 14 days of age in a subset of

infants (control, n = 25; DHA + ARA, n = 22; data not

shown). Results from infants at 120 days of age are

reported in Table 3. In the x3 fatty acid family, the per-

centage of DHA in total fatty acids was significantly higher

in total RBC lipids from infants in the DHA + ARA group

versus the control (6.23 vs. 2.47%, P \ 0.001; Table 3).

DHA was also significantly higher in plasma phospholipids

in infants from the DHA + ARA group (5.04 vs. 1.67%,

P \ 0.001). Percentages of a-linolenic acid (18:3x3; ALA)

and docosapentaenoic acid (22:5x3) in total RBC lipids

(P = 0.019 and P \ 0.001, respectively) and plasma

phospholipids (P \ 0.001 for both fatty acids) were sig-

nificantly lower in the DHA + ARA group.

In the x6 fatty acid family, ARA as a percentage of total

fatty acids was significantly higher in total RBC lipids from

infants in the DHA + ARA group versus the control (16.27

vs. 13.97%, P \ 0.001). ARA was also significantly higher

in plasma phospholipids in infants in the DHA + ARA

group (13.46 vs.7.33%, P \ 0.001). Mean percentages of

linoleic acid (18:2x6), c-linolenic acid (18:3x6), eicos-

adienoic acid (20:2x6), dihomo-c-linolenic acid (20:3x6),

and docosapentaenoic acid (22:5x6) were significantly

lower in total RBC lipids and plasma phospholipids from

infants in the DHA + ARA group as compared with the

control (see individual P values in Table 3). Fatty acid

profiles of RBC PE and PC fractions were not reportable

due to technical problems during analysis. There were no

statistical differences in blood chemistry profiles between

groups at 14 or 120 days of age (data not shown).

Discussion

The present study showed that a soy-based infant formula

supplemented with DHA and ARA supported growth rates

and tolerance of term infants as well as commercially

available soy-based formula without these fatty acids, and

increased DHA and ARA status similar to milk-based

formulas with similar levels of added DHA and ARA. The

American Academy of Pediatrics Task Force on Clinical

Testing of Infant Formulas [25] stated that rate of weight

gain (g/day) is the most beneficial component of the clin-

ical evaluation of infant formula and recommended that a

difference in weight gain of more than 3 g/day over 3–

4 months be considered nutritionally significant. Our study

found no differences in rate of weight gain over the 4-

month study. Daily gains in length and head circumference

(cm/day) also did not differ between the formula groups. In

addition, weights in both groups, when compared with

CDC infant reference data [24], fell between the 25th and

75th percentiles of both male and female weight-for-age

growth curves. Although achieved weight means were

significantly higher at 30 and 90 days of age and achieved

Fig. 1 Mean achieved weights of male participants (upper panel) and

female participants (lower panel) with CDC reference percentiles (3–

97) from 14 to 120 days of age. Control formula group, diamonds;

DHA + ARA formula group, squares
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length means were higher in the control group at all time

points, these differences were consistent with those upon

study entry, when the control group was significantly

heavier and longer on average than the DHA + ARA

group.

Questions have been raised as to how some other

components of soy formulas (e.g., phytoestrogens) affect

growth and long-term health [21, 22]. Previous clinical

reports, however, have demonstrated that soy-based for-

mulas promoted normal growth in term infants [21, 22, 26–

28]. In addition, a study of adults found that long-term

growth, health, and reproductive outcomes are comparable

between individuals who received soy- or cow’s milk-

based formula as infants [29]. The American Academy of

Pediatrics has concluded that soy based formulas are safe

and effective feedings for infants whose nutritional needs

are not met by human milk or cow’s milk formula [21].

Our study adds further support to this conclusion and

demonstrates that the addition of DHA and ARA at levels

similar to those found in worldwide breast milk does not

negatively influence growth [29].

Both the marketed control and the DHA + ARA sup-

plemented soy-based formulas were well tolerated by

infants in this study as evidenced by similarities in parental

assessment of tolerance, formula intake, stool frequency

and characteristics, and low occurrence of atopic dermatitis

throughout the study. Serum chemistry values for a wide

variety of metabolic parameters were similar for infants in

both groups at 14 and 120 days of age. Rates of study

discontinuation and adverse events were similar between

formula groups and incidence of serious adverse events

was low and deemed unrelated to the study products by

participating physicians. Previous clinical evidence also

indicates infant tolerance of soy-based formulas, with

favorable comparison to cow’s milk-based formula [22, 30,

31]. Our study demonstrated that the soy-based control

formula and soy-based formula supplemented with DHA

and ARA were equally well tolerated by infants, with very

low incidence of allergic manifestations.

Concentrations of DHA and ARA in RBC and plasma

phospholipids have been widely evaluated as outcomes in

studies of milk-based formula-fed and breast-fed infants [3,

6, 11–17, 32–34]. In the current study, mean fatty acid

percentages were similar between control and DHA +

ARA groups at 14 days of age. Similar to trials with term

infants fed milk-based formulas [12, 32–34], infants fed a

soy-based formula supplemented with DHA and ARA had

significantly higher percentages of fatty acids as DHA and

ARA in RBC lipids and plasma phospholipids at 120 days

of age than infants fed an unsupplemented soy-based for-

mula. Previously published levels of RBC and plasma

phospholipid DHA and ARA from a clinical trial of term

infants fed a control milk-based formula without DHA or

ARA [12] were similar to those of infants fed the control

Table 3 Fatty acid levels (percent of total fatty acids) in infant blood lipid fractions at 120 days of age

Fatty acid Total RBC Plasma phospholipids

Control DHA + ARA Control DHA + ARA

n-3 Fatty acids

18:3n-3 0.23 ± 0.02 0.18 ± 0.01*** 0.19 ± 0.01 0.15 ± 0.01*

18:4n-3 0.10 ± 0.01 0.10 ± 0.01 0.03 ± 0.01 0.04 ± 0.01

20:3n-3 0.01 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 0.02 ± 0.00

20:5n-3 0.79 ± 0.04 0.75 ± 0.04 0.40 ± 0.14 0.68 ± 0.13

22:5n-3 1.12 ± 0.05 0.66 ± 0.04* 0.44 ± 0.02 0.21 ± 0.02*

22:6n-3 2.47 ± 0.18 6.23 ± 0.16* 1.67 ± 0.14 5.04 ± 0.13*

n-6 Fatty acids

18:2n-6 15.28 ± 0.42 12.58 ± 0.39* 27.48 ± 0.52 21.49 ± 0.48*

18:3n-6 0.10 ± 0.01 0.07 ± 0.01** 0.12 ± 0.01 0.08 ± 0.01*

20:2n-6 0.45 ± 0.01 0.39 ± 0.01* 0.40 ± 0.01 0.36 ± 0.01***

20:3n-6 1.97 ± 0.08 1.26 ± 0.07* 2.50 ± 0.10 1.62 ± 0.10*

20:4n-6 13.97 ± 0.33 16.27 ± 0.30* 7.33 ± 0.32 13.46 ± 0.29*

22:2n-6 0.14 ± 0.02 0.11 ± 0.02 0.04 ± 0.00 0.04 ± 0.00

22:4n-6 3.88 ± 0.12 3.61 ± 0.11 0.45 ± 0.01 0.43 ± 0.01

22:5n-6 1.23 ± 0.5 0.75 ± 0.05* 1.14 ± 0.06 0.66 ± 0.06*

Least square mean ± SE Control group, n = 15; DHA + ARA group, n = 16

* Significant difference between groups, P £ 0.001

** Significant difference between groups, P = 0.01

*** Significant difference between groups, P = 0.019
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soy-based formula in this study. For example, mean total

RBC DHA and ARA percentages for infants fed control

soy-based formula in the current study were 2.47 and

13.97%, respectively, compared with 2.52 and 13.9%,

respectively, for control milk-based formula in the earlier

study [12]. Likewise, the RBC and plasma phospholipid

DHA and ARA values for infants fed milk-based formulas

supplemented with 0.32–0.36% of fatty acids as DHA and

0.64–0.72% as ARA [12, 13] were similar to concentra-

tions measured in those blood fractions in the DHA + ARA

group in the current study. Blood levels of DHA and ARA

measured in infants in the DHA + ARA group at 120 days

of age also were similar to those demonstrated in breast-fed

infants where representative breast milk contained 0.29%

DHA and 0.56% ARA [12]. For example, total RBC DHA

and ARA were 6.23% and 16.27%, respectively, for the

DHA + ARA group in the current study, compared with

4.97% and 15.9%, respectively, for the breast-fed group

and 6.77% and 17.1%, respectively, for the supplemented

milk-based formula in the earlier study [12]. Thus, the

addition of DHA and ARA to soy-based formula produces

similar responses in blood DHA and ARA as addition of

similar levels to milk-based formula, as well as similar

responses as comparable levels of breast milk DHA and

ARA. The significant increase at 120 days of age in the

DHA + ARA group further suggests that feeding term

infants a soy-based formula supplemented with preformed

DHA and ARA increases the levels of circulating DHA and

ARA available for brain and retinal development and

functions similarly to breast-fed infants [12, 18].

Significant differences in percentages of other PUFA in

RBC lipids and plasma phospholipids seen in the DHA +

ARA group compared with control also parallel, for the

most part, changes seen in previous studies of milk-based

formulas [12, 13, 16, 17, 32–34]. Lower blood levels of

DHA precursors ALA (18:3x3) and docosapentaenoic

(22:5x3), and ARA precursors linoleic (18:2x6), c-lino-

lenic (18:3x6), and dihomo-c-linolenic (20:3x6), as well as

eicosadienoic (20:2x6) and docosapentaenoic (22:5x6)

acids in the DHA + ARA group were consistent with sup-

plemental feeding or feeding higher levels of DHA and

ARA, as previously noted [13, 16, 17, 34]. Breast-fed infants

have also been shown to have lower percentages of linoleic

acid and ALA in total RBC and plasma phospholipids [12]

and lower linoleic acid in RBC PC and PE [32] than infants

fed control milk-based formula without added DHA and

ARA. Blood levels of linoleic acid and ALA were compa-

rable among infants fed human milk with 0.29% DHA and

0.56% ARA and infants fed milk-based formula with 0.36%

DHA and 0.72% ARA in the earlier study [12], and infants

fed soy-based formula with 0.32% DHA and 0.64% ARA in

the current study; mean total RBC and plasma phospholipid

linoleic acid across the three groups ranged from 10.9% to

12.58% and 20.2% to 21.49%, respectively, and mean ALA

values for both blood fractions across all three groups were

less than 0.2%. Our data demonstrate that the addition of

DHA and ARA to soy-based formula results in similar

responses in blood PUFA levels at similar levels of DHA

and ARA in milk-based formulas and in breast milk [12],

and provide further evidence that the conversion of ALA

and linoleic acid to DHA and ARA, respectively, does not

compensate for lack of dietary DHA and ARA [13].

Supplementation of formulas with DHA and ARA is

now a widely accepted method of attempting to reproduce

concentrations typical of human breast milk and to parallel

developmental benefits. The current study is unique in

comparing growth, tolerance, and blood chemistry out-

comes between infants who received commercially

available soy-based formulas with or without DHA and

ARA supplementation. Both formulas supported normal

growth of infants, and tolerance for each formula was

similar between groups. Supplementation of soy-based

formula with preformed DHA and ARA from single cell oil

sources also resulted in circulating levels of DHA and

ARA comparable to previous clinical data from breast-fed

infants and infants who received cow’s milk-based formula

supplemented with median worldwide levels of DHA and

ARA. These results demonstrate that feeding soy-based

formulas supplemented with DHA and ARA supports

infant growth and achieves increased levels of circulating

DHA and ARA.
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Abstract Disorders of the metabolism of essential fatty

acids (EFAs) are related to atopic dermatitis (AD). Con-

centrations of dihomo-c-linolenic acid (DGLA), an EFA, in

the serum of AD patients are lower than those in healthy

volunteers. Recently we developed a fermented DGLA oil,

and examined whether oral administration of DGLA pre-

vents development of dermatitis in NC/Nga mice, which

spontaneously develop human AD-like skin lesions. NC/

Nga mice were fed a diet either containing or not con-

taining DGLA for 8 weeks under in air-uncontrolled

conventional circumstances. Clinical skin severity scores

were significantly lower in mice fed DGLA than in mice

not fed it. Scratching behavior and plasma total IgE levels

were also reduced in the DGLA group, in association with

histological improvement. DGLA suppressed clinical

severity of skin lesions dose-dependently, with an increase

in DGLA contents in phospholipids of skin, spleen, and

plasma. Discontinuation of DGLA administration resulted

in the onset of dermatitis and a decrease in DGLA contents

in skin, spleen, and plasma. These findings indicate that

oral administration of DGLA effectively prevents the

development of AD in NC/Nga mice, and that DGLA in

phospholipids is a compound of key importance in the

development and prevention of dermatitis.

Keywords Atopic dermatitis � NC/Nga �
Dihomo-c-linolenic acid � DGLA � Arachidonic acid �
Essential fatty acid

Introduction

Atopic dermatitis (AD) is a chronic and relapsing skin

disorder associated with allergic inflammation, and is

related to disorders of polyunsaturated fatty acid metabo-

lism. Among these fatty acids, dihomo-c-linolenic acid

(DGLA, 8,11,14-eicosatrienoic acid) may be a compound

of key importance, since DGLA concentration in the serum

of AD patients was significantly lower than in that of

healthy volunteers [1], and DGLA is metabolized to anti-

inflammatory eicosanoids such as those of the prostaglan-

din (PG) 1-series and 15-hydroxyeicosatrienoic [2–4].

With the goal of increasing the DGLA level in AD patients,

clinical trials have been performed using oil containing c-

linolenic acid (GLA, 6,9,12-octadecatrienoic acid), the

precursor of DGLA, and some have found that GLA was

effective for AD [5, 6]. However, GLA was sometimes not

effectively converted to DGLA in AD patients, resulting in

insufficient increases in DGLA concentration and an

insufficient therapeutic effect [7, 8].

Although DGLA exists widely in the human body and

daily animal-source foods, it had not been available previ-

ously. Therefore, there were only a few pioneering studies in

which DGLA ethyl ester were fed to rats and rabbits [9, 10].

Recently, a new fermentation technique using an oleaginous

fungus Mortierella alpina has recently been established,

enabling industrial production of DGLA-containing oil [11].
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DGLA oil consists almost entirely of triglycerides, in which

the proportion of DGLA is approximately 40%. As expec-

ted, DGLA contents of liver and serum were increased much

more effectively in rats fed DGLA oil than in those fed GLA

oil [12]. These findings suggest the possibility that oral

intake of DGLA may increase DGLA contents in skin and

prevent AD. In the present study, the effects of oral

administration of DGLA on AD were examined using NC/

Nga mice, which spontaneously develop AD-like skin

lesions that are pathologically and immunologically quite

similar to those found in human AD [13–15]. We also

determined the DGLA content in skin, and examined whe-

ther it is related to the severity of AD in NC/Nga mice.

Experimental Procedures

Mice

We used male and female NC/Nga mice maintained in air-

uncontrolled conventional circumstances. These mice

manifested severe skin lesions very similar to those of

human AD [13]. The mice were fed a defined diet with or

without DGLA from 5 to 12 weeks of age. The care and

handling of the animals were in accordance with the

‘Tokyo University of Agriculture and Technology Animal

Experiment Guidelines, April 2001’.

Diet and Reagents

The mice were given a pellet diet and water ad libitum. The

diet was a modified AIN-76A containing 5% (w/w) lipids,

which consisted of a mixture of DGLA oil, corn oil, lard, or

olive oil. DGLA oil is a triglyceride oil extracted from the

fungus Mortierella alpina. In brief, the oil was extracted

from the biomass of M. alpina obtained by fermentation

[11], and purified by traditional edible oil refining proce-

dures to obtain an oil containing approximately 40%

DGLA. The fatty acid composition of each diet adminis-

tered is shown in Table 1. Fatty acid compositions of diets

were adjusted to be similar to each other, for the amounts

of total n - 6 fatty acids (LA + GLA + DGLA) to be

approximately 40%. The DGLA content in DGLA diet was

0.6 g/kg diet, while DGLA contents in the high-, medium-,

low-, and very-low-DGLA diets were 0.5, 0.24, 0.13, and

0.06 g/kg diet, respectively. Mice (n = 7) were fed diet for

8 weeks, from 5 to 12 weeks of age. In the discontinuation

experiment, mice were fed high-DGLA diet from 5 to 10

weeks of age, and the control or high-DGLA diet for the

final 2 weeks, i.e., from 66 to 79 days of age. All chemicals

used were purchased from Sigma-Aldrich, unless otherwise

indicated. The experimental designs of the diets and the

digestion period are summarized in Fig. 1.

Clinical Skin Severity Score and Scratching Analysis

Clinical features of dermatitis were scored two to four

times a week, from 10 to 12 weeks of age, according to

criteria described previously [13], which consisted of five

major clinical signs and symptoms of AD: itching, ery-

thema/hemorrhage, edema, excoriation/erosion, and

scaling/dryness. The scratching behavior of the mice was

recorded and analyzed at 10 and 12 weeks of age using a

SCLABA system (Noveltec Inc., Kobe, Japan), a novel

analyzer that quantifies the scratching behavior of mice for

a fixed period of time [16]. Scratching behavior was

quantified as the frequency and duration of scratching per

20 min in the double-blind evaluation.

Table 1 Fatty acid composition of lipids in each experimental diet

Diet Fatty acid composition (%)a

16:0 18:0 18:1 18:2 18:3 20:3 Others

Control 15.1 6.4 34.5 39.5 nd nd 4.5

DGLA 14.9 6.3 32.8 26.9 1.0 12.5 5.6

High-DGLA 15.8 6.2 32.3 28.4 0.7 10.5 6.1

Medium-DGLA 16.0 6.3 33.0 34.6 0.4 4.8 4.9

Low-DGLA 15.8 6.3 31.3 39.7 0.6 2.5 3.8

Very-low-DGLA 15.9 6.4 32.7 39.8 0.5 1.2 3.5

nd not detected
a Fatty acids are indicated by number of carbons:number of double

bond(s): 16:0 palmitic acid, 18:0 stearic acid, 18:1 oleic acid, 18:2
linoleic acid, 18:3 c-linolenic acid, 20:3 dihomo-c-linolenic acid.

Others include a-linolenic acid and small amounts of saturated fatty

acids

Fig. 1 Experimental designs of the diets and the digestion period.

The fatty acid composition of each diet is indicated in Table 1
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Histological Examination and Plasma IgE

Determination

Dorsal skin specimens were fixed in 10% formalin. The

fixed specimens were embedded in paraffin, and sliced

sections were stained with hematoxylin and eosin. Total

plasma IgE was measured by a sandwich ELISA (Yamasa

Co., Chiba, Japan).

Fatty Acid Analysis

Dorsal skin, spleen, and plasma were stored in a freezer

(-80 �C), and analyzed as soon as possible. Lipids in these

specimens were extracted by chloroform/methanol

according to the Folch methods [17], and separated into

neutral lipids and phospholipids by thin-layer chromatog-

raphy with silica gel 60 (Merck, Darmstadt). The solvent

system consisted of hexane/diethyl ether (7:3, by vol).

Fatty acid residues in the phospholipid fractions were

analyzed as described previously [18]. In brief, each frac-

tion with an additional internal standard (pentadecanoic

acid) was incubated in methanolic HCl at 50 �C for 3 h for

transmethylation of fatty acid residues. Fatty acid methyl

esters were extracted with n-hexane and analyzed by cap-

illary gas-liquid chromatography.

Statistical Analyses

The clinical skin severity scores were analyzed by two-way

analyses of variance (ANOVA), and followed by Dunnett

multiple comparison test. The other data were analyzed by

Dunnett multiple comparison test or two-tailed unpaired

Student’s t-test.

Results

Clinical Severity of Skin Lesions of NC/Nga Mice

Fed DGLA

Neither body weight nor weight gain differed between the

two groups (data not shown). Clinical signs of dermatitis

were effectively prevented by oral intake of DGLA

(Fig. 2a, b). Although the score gradually increased, and

reached 9.14 ± 1.03 (mean ± SEM) at day 84 in control

mice fed no DGLA, it seldom increased and was in fact

Fig. 2 Prevention of dermatitis

by DGLA in NC/Nga mice.

Typical overall status of control

(a) and DGLA-fed (b) mice at

84 days of age (Blue pigment

was applied to quantify

scratching.) (c) Clinical skin

severity scores for control

(closed circles) and DGLA-fed

(open circles) mice. (d)

Frequency of scratching per

20 min of control (closed bars)

and DGLA-fed (open bars)

mice. Each value represents the

mean ± SEM of seven mice.

*P \ 0.05, **P \ 0.01 versus

control

Lipids (2008) 43:37–43 39
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significantly lower in mice fed DGLA (1.57 ± 0.43 at day

84) (Fig. 2c) (P \ 0.01 by ANOVA). Since itching is one

of the most important unpleasant symptoms of AD, we

attempted to quantify itching by analyzing the scratching

behavior using an SCLABA system. Scratching behaviors

were recorded as frequency and duration of scratching per

20 min, and were significantly reduced at 70 and 84 days of

age in mice fed DGLA (Fig. 2d). Histological examination

at 84 days of age revealed that oral intake of DGLA pre-

vented epidermal hyperplasia, dermal edema, and

infiltration of inflammatory cells in dorsal skin (Fig. 3a, b).

At 84 days of age, total plasma IgE levels were very high in

control mice (64.2 ± 15.1 lg/ml) and significantly lower

in mice fed DGLA (15.6 ± 1.4 lg/ml).

Dose-dependency of Effects of DGLA

and Incorporation of DGLA in Skin

Neither body weight nor weight gain differed among

groups (data not shown). The decrease in clinical severity

of skin lesions caused by DGLA was dose-dependent

(Fig. 4), and the clinical skin severity was significantly

reduced only in the high-DGLA group (P \ 0.05 by

ANOVA). Scores were relatively low in the medium- and

low-DGLA groups, though they were not significantly

reduced. The score in the very-low-DGLA group was

almost the same as that in the control group.

We quantified fatty acids in phospholipids of the dorsal

skin to determine whether the DGLA content in skin was

increased by oral intake of DGLA (Fig. 5). The DGLA

content in phospholipids was 0.75 ± 0.10% (mean ± SEM)

Fig. 3 Prevention by DGLA of

histological skin lesions and

elevation of total plasma IgE

levels in NC/Nga mice.

Hematoxylin and eosin-stained

sections of dorsal skin

specimens of control (a) and

DGLA-fed (b) mice (9100).

c Total plasma IgE levels of

control (closed bars) and

DGLA-fed (open bars) mice.

Each value represents the

mean ± SEM of seven mice.

**P \ 0.01 versus control

Fig. 4 Clinical skin severity scores of mice in the control (closed
circles) and high- (open circles), medium- (open rhombuses), low-

(open squares) and very-low-DGLA (open triangles) groups. Each

value represents the mean ± SEM of seven mice
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of total fatty acids in the control group, and increased dose-

dependently to reach 3.89 ± 0.20% in the high-DGLA

group. The ARA content was 13.95 ± 0.48% in the control

group, and also increased gradually to reach 17.45 ±

0.58% in the high-DGLA group. The content of LA, which

was decreased in diets with DGLA supplementation,

decreased dose-dependently with the dose of DGLA. The

proportions of other fatty acids in skin were unchanged by

DGLA ingestion (data not shown). In the spleen, fatty acid

composition differed from that in skin, e.g., the proportion

of ARA was relatively high. However, the effects of DGLA

ingestion were similar to those in skin; the DGLA content

increased drastically, the ARA content increased slightly,

the LA content decreased, and the DHA content remained

unchanged with DGLA ingestion. The effects of DGLA on

fatty acids in plasma were also similar, though the ARA

level was rather low in the control group and increased

drastically with an increase in the DGLA content in the

diet.

Effects of Discontinuation of DGLA Ingestion

Neither body weight nor weight gain differed among the

groups (data not shown). The clinical skin severity score in

the discontinuation group was low at first, but increased

soon after and was significantly higher than that in the

continuation group after day 72 (Fig. 6) (P \ 0.05 by

ANOVA). DGLA contents in skin, spleen, and plasma

were significantly decreased in the discontinuation group,

to almost the same level as in control mice fed no DGLA

throughout the experiment. The LA content increased

significantly, while changes in ARA and DHA levels were

rather small (Fig. 7).

Discussion

Oral administration of DGLA markedly suppressed the

development of dermatitis in NC/Nga mice under air-

uncontrolled conventional circumstances. DGLA reduced

not only the clinical skin severity of dermatitis, but also

scratching behavior and plasma total IgE levels. DGLA

decreased the clinical severity of skin lesions in dose-

dependent fashion, with an increase in DGLA contents in

phospholipids of skin, spleen, and plasma. Furthermore,

discontinuation of DGLA administration resulted in the

onset of dermatitis and the decrease in DGLA contents in

skin, spleen, and plasma. These findings show that oral

administration of DGLA is very effective in preventing the

development of dermatitis in NC/Nga mice, and that

DGLA in phospholipids is a compound of key importance

in both the development and prevention of dermatitis.

Although the efficacy of DGLA in preventing dermatitis

was strong, the mechanism by which it does so is unclear.

Fig. 5 Fatty acid composition of phospholipids of dorsal skin (a),

spleen (b), and plasma (c) in control (closed bars) and very-low-

(hatched bars), low- (wavy-lined bars), medium- (gray bars), and

high-DGLA (open bars) groups. Each value represents the mean ±

SEM of seven mice. *P \ 0.05, **P \ 0.01 versus control

Fig. 6 Clinical skin severity scores of mice fed DGLA until day 79

(continuation group, closed circles), or fed DGLA until day 66 and no

DGLA from days 66 to 79 (discontinuation group, closed triangles).

Each value represents the mean ± SEM of seven mice
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One of mediators related to the effects of DGLA may be

the unique eicosanoids derived from DGLA, since various

eicosanoids have been found to affect the immune system.

PGE1 and 15-hydroxyeicosatrienoic acid, which have

unique functions, including anti-inflammatory effects [3]

and inhibition of leukotriene B4 production [5], are can-

didate mediators of the effects of DGLA. Indeed, both were

detected in the skin in guinea pigs fed GLA [19]. It will be

of great interest to determine whether these eicosanoids are

involved in mediating the prevention of dermatitis in NC/

Nga mice. The existence and involvement of the candidate

mediators in various tissues were examined at the next

stage.

DGLA was incorporated and increased in contents not

only in skin and plasma, but also in the spleen. In a previous

study, DGLA levels were increased in liver and serum in

rats fed DGLA [12]. These findings suggest that oral

administration of DGLA increases systemic concentrations

of DGLA. Although the increase in DGLA in skin is clearly

of greatest importance, systemic increases in DGLA con-

centration may have systemic effects as well, such as the

suppression of the plasma total IgE level. Determination of

fatty acid profiles showed that ARA contents in skin, spleen,

and plasma were also increased dose-dependently by

DGLA, and were higher in the high-DGLA group, in which

AD was prevented the most effectively. This indicates that a

portion of DGLA must be metabolized to ARA in mice,

which is thought to be reasonable because DGLA is the

direct precursor of ARA in the biosynthetic pathway of

essential fatty acids. However, the increase in ARA did not

trigger allergy or inflammation here, although n - 6 fatty

acids are reported to trigger inflammation [20]. This is

interesting evidence that the increase in omega-6 fatty acids

does not always induce inflammation.

Since NC/Nga mice are widely considered to be a

suitable model for human AD, oral administration of

DGLA may be useful for preventing human AD. If this

DGLA oil is useful, it must be ingested because its DGLA

content is high, i.e., approximately 40% of this oil consists

of DGLA. Another important finding of the present study is

that both the DGLA content in skin and efficacy in pre-

vention of dermatitis were related to the DGLA content in

plasma. This suggests that the DGLA content in skin and

expected efficacy in preventing dermatitis can be estimated

by monitoring the DGLA content in plasma. The kinetics

of absorption of DGLA in humans needs to be determined.

In this study, we have demonstrated the marked efficacy

of DGLA in preventing dermatitis in NC/Nga mice. Human

studies and examination of the mechanisms by which

DGLA exerts these effects are needed.
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Abstract A blood biomarker of omega-3 fatty acid intake

and tissue status could serve as a modifiable risk factor for

cardiovascular disease. The percentage of omega-3 highly

unsaturated fatty acid (HUFA C 20 carbons and C3 double

bonds) in the total HUFA pool (the n-3 HUFA score) was

examined as a potential blood biomarker of omega-3 fatty

acids in tissues. The fatty acid composition of total lipid

extracts (TLE) and phospholipid (PL) fractions were

determined for plasma and erythrocytes samples of human

subjects (n = 20) and the n-3 HUFA score and the sum of

eicosapentaenoic acid (EPA) and docosahexaenoic acid

(DHA) were compared. Omega-3 fatty acids in blood and

tissues of rats (n = 31) and pigs (n = 48) were also deter-

mined and the associations were compared. The n-3 HUFA

score is more consistent across plasma and erythrocytes,

with strong correlations between TLE and PL in plasma

(r = 0.93) and erythrocytes (r = 0.94). The n-3 HUFA

score was less variable and blood levels correlated strongly

with various animal tissues. The n-3 HUFA score is a

useful blood biomarker that does not require the isolation

of the PL class thereby supporting high throughput analy-

ses. The strength of association between the n-3 HUFA

score and disease risk needs to be examined.

Keywords Omega-3 fatty acids � Docosahexaenoic acid �
Eicosapentaenoic acid � Biomarker � Plasma � Erythrocyte

Introduction

Dietary supplementation with omega-3 fatty acids from fish

oil has been demonstrated to significantly reduce the risk of

death from coronary heart disease (CHD) and sudden car-

diac death in secondary prevention trials [1]. Higher dietary

intake and higher blood levels of omega -3 fatty acids,

specifically eicosapentaenoic acid (20:5n-3, EPA) and do-

cosahexaenoic acid (22:6n-3, DHA), are associated with

decreased risk of sudden cardiac death in western popula-

tions [2–4]. The mechanism of the prevention of sudden

cardiac death has not been fully elucidated but is likely

related to anti-arrhythmic [5] and lowered resting heart rates

[6]. EPA and DHA mediated triacylglycerol-lowering, anti-

hypertensive, and anti-inflammatory effects may also

reduce CHD risk [7, 8]. This mounting evidence has led to

several recommendations for the intake of omega-3 fatty

acids for optimal heart health [9].

The fatty acid composition of adipose tissue is consid-

ered to be the best choice for the assessment of long-term

dietary intake of fatty acids due to a slow turnover rate,

with blood fractions reflecting shorter-term intakes [10].

Given the invasiveness of adipose tissue biopsies, a blood

based biomarkers would be preferred for large observa-

tional and clinical trials. Recently it has been proposed that

the level of EPA + DHA in erythrocyte membranes (the

Omega-3 Index) could be used as a new risk factor for

CHD mortality [11]. The selection of the Omega-3 Index

over other blood based biomarkers is based largely on a

single study demonstrating a significant correlation

between erythrocytes and cardiac tissue [12] as compared

with plasma but other measures of assessing these omega-3

long-chain polyunsaturated fatty acids (LCPUFA) or

highly unsaturated fatty acids (HUFA, C20 carbons and C3

carbon-carbon, double bonds) in blood do exist and are
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untested. In particular, the use of the percentage of omega-

3 HUFA in the total HUFA pool as a biomarker of omega-3

fatty acid status has been defined previously [13] and has

been demonstrated to have the potential to have smaller

coefficient of variation and better correlate with plasma and

erythrocytes [14]. This is based on the competition between

these fatty acids for the sn-2 position of phospholipids (PL)

and the use of the term HUFA over LCPUFA tends to

emphasize the important physiological difference from

other PUFA in addition to the longer chemical carbon

chain length. The HUFA pool is largely dominated by

arachidonic acid (AA, 20:4n-6) in Western diets. Increased

omega-3 fatty acid intake increases tissue levels of EPA

and DHA and decreases other HUFA, an antagonistic

effect that was observed originally by Mohrhauer and

Holman [15].

In the present study, the use of EPA + DHA as a marker

for omega-3 fatty acid status is compared to the use of the

percentage of omega-3 HUFA in total HUFA (n-3 HUFA

score) in human blood samples. As these biomarkers have

the potential to be developed into a risk factor for chronic

disease, total lipid extracts (TLE) and PL fractions were

examined. A fatty acid risk factor derived from TLE would

be advantageous as it would facilitate high throughput

analyses to a much greater extent than a specific lipid

fraction such as PL. The ability of omega-3 fatty acid blood

biomarkers to correlate with omega-3 fatty acid levels in

various tissues was also examined in rat and in pig tissues.

Methods

Human Blood Samples

Blood samples were obtained at Wayne State University in

Detroit, MI as previously described [16]. The study was

approved by the Wayne State University Human Investi-

gations Committee and informed consent was obtained

from all participants. Briefly, fasting blood samples

(15 ml) were collected by venipuncture into heparinized

tubes. Samples were kept cold (4 �C) until centrifuged

(5 min 9 2,000g) to separate plasma from erythrocytes

and each fraction was frozen and stored at -75 �C until

analysis. Women with known fatty acid metabolism dis-

orders and diabetics were excluded from the study.

Twenty-five samples from non-pregnant women were

analyzed. TLE were prepared from plasma [17] and

erythrocyte [18] with an internal standard (23:0, or 22:3n-

3; Nu-Check Prep, Elysian, MN, USA). An aliquot of TLE

from each sample was taken and PL fractions were isolated

by thin layer chromatography using a mixture of heptane/

diethyl ether glacial acetic acid (60:40:2 by volume) as

described previously [19]. Both the TLE and PL

preparations were then methylated with boron trifluoride in

methanol (14% wt./vol.; Alltech Assoc., Deerfield, IL,

USA) [20]. The fatty acid methyl esters were analyzed by

capillary gas chromatography according to Salem et al.

[21] on an Agilent 6890N gas chromatograph (Agilent,

Palo Alto, CA, USA) with a 0.25 mm 9 30 m DB-FFAP

column (J&W Scientific, La Palma, CA, USA).

Rat Tissue Samples

Animal tissues were obtained from male Long-Evans rats

raised on diets either adequate or deficient in omega-3 fatty

acids as described previously [22–24]. Experimental pro-

cedures were approved by the Animal Care and Use

Committee of the National Institute on Alcohol Abuse and

Alcoholism, NIH. Briefly, pregnant (3-day gestation) Long

Evans rats were purchased from Charles River (Portage,

MI, USA) and placed on an essential fatty acid adequate

diet and raised in an animal facility under conventional

conditions. At 2-day post-natal males pups from 10 litters

were randomly allocated to one of five groups containing

ten pups each. The control group was allowed to be dam-

reared while the other four groups were hand-reared on

artificial milk. The fat content of the artificial milk con-

sisted of hydrogenated coconut oil/medium chain

triglyceride fat supplemented with ethyl esters of specific

fatty acids (Nu-Check Prep) including 18:1n-9 ethyl ester,

18:2n-6 ethyl ester, 22:6n-3 ethyl ester, and 22:5n-6 ethyl

ester. All four of the milks contained 18:2n-6 while the

others were supplemented with 1% DHA, 1% docosapen-

taenoic acid (DPA, 22:5n-6), 1% DHA : DPA (2:1).

Therefore, three of the diets (including dam-reared) were

adequate in omega-3 fatty acid content, while two were

omega-3 fatty acid deficient. Rats were raised and even-

tually transferred to a pelleted diet containing the same fat

profile. The adult male rats were then sacrificed at

approximately 20 weeks of age. Plasma, erythrocytes,

liver, heart, brain, and adipose tissues were collected fol-

lowing decapitation and frozen at -80 �C until fatty acids

from TLE were analyzed as described above. Detailed fatty

acid compositions will be presented elsewhere. Samples for

each and every tissue were successfully collected and

analyzed for 31 rats. Seven of these rats were dam-reared

with another 14 of these rats consuming adequate amounts

of omega-3 fatty acids as DHA. Ten rats were on omega-3

fatty acid deficient diets.

Pig Tissue Samples

Tissues from pigs fed varying levels of fatty acids as

described elsewhere [25, 26] were examined according to
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omega-3 fatty acid biomarkers. The study methods and

procedures were approved by the Shur-Gain Agresearch

Animal Care Committee. Pregnant Yorkshire-Landrace

sows (Maple Leaf Foods Agresearch, Burford, ON, Canada)

were randomly fed either a control diet or a diet high in a-

linolenic acid (18:3n-3) from *1 week prior to parturition

until weaning. The diets consisted of base commercial pig

feed (Shur-Gain Feed # 694, Guelph, ON, Canada)

containing 477 g/kg of corn, 270 g/kg of soy bean meal,

75 g/kg of wheat middlings, 74 g/kg of whey powder,

36.2 g/kg of fish meal, 10 g/kg of limestone, 7 g/kg of

dicalcium phosphate, 3.3 g/kg of salt, and 17.6 g/kg of a

vitamin/mineral supplement. The control diet consisted of

the base pig feed supplemented with 50 g/kg of sunflower

oil, while the high-a-linolenic acid diet consisted of the

same base pig feed supplemented with 15 g/kg of sunflower

oil and 35 g/kg of flaxseed oil. The feeds were similar in

levels of saturates and monounsaturates and varied with

respect to linoleic and a-linolenic acid (1.9% vs. 17.8%

and 61.9% vs. 45.4% of total fatty acids for a-linolenic acid

in the low- and high-a-linolenic acid and linoleic acid

(18:2n-6) in the low- and high-a-linolenic acid feeds,

respectively). The piglets in the present study suckled from

their respective sows consuming either the control or high-

a-linolenic acid. At 14 days old, suckling pigs per dietary

treatment were randomly allocated to several different

nurseries. After weaning, pigs consumed diets with the

same a-linolenic acid content as their respective sows until

the end of the study. Pigs were anesthetized and killed at 14,

35, or 49 days old for tissue fatty acid analysis. Blood

samples were anti-coagulated with citrate. Liver, brain, and

carcass from which the viscera were removed were com-

pletely homogenized four times using a Hobart Grinder

with 0.12 cm dye. Total lipids of plasma and portion of

homogenized liver, carcass, and brain were extracted into

chloroform–methanol (2:1, v/v). Non-esterified heptadeca-

noic acid (Sigma, St. Louis, MO, USA) was added as an

internal standard to an aliquot of the total fatty acid extract

to quantitate total lipids. Total lipids were then recovered

and saponified in methanolic potassium hydroxide (60 g

potassium hydroxide/L-methanol) for 1 h at 100 �C and the

fatty acids were converted to fatty acid methyl esters using

14% boron trifluoride-methanol at 100 �C for 30 min

(Sigma) under nitrogen. Fatty acid methyl esters were

analyzed by gas liquid chromatography using a capillary

column (J&W Scientific DB-23, 30 m 9 0.25 mm, ID), in

a Hewlett-Packard 5890A gas liquid chromatograph (Palo

Alto, CA, USA) with automated sample delivery and

injection (Hewlett-Packard 7671A) and peak integration

(Hewlett-Packard 3393 integrator). Total lipid fatty acids

were quantified on the basis of the proportion in each

chromatogram of the corresponding internal standard added

to each sample.

Data Analysis and Statistics

Individual fatty acids were determined and ratios and sums

of interest were calculated. These included the sum of

20:5n-3 + 22:6n-3, the ratio of total n-3 PUFA divided by

total n-6 PUFA, and the percentage of n-3 HUFA in total

HUFA. The impact of including 22:5n-3 (DPAn-3) in the

summation of 20:5n-3 + 22:6n-3 was also examined.

HUFAs were considered to be fatty acids with C20 carbons

in length and C3 carbon-carbon, double bonds. The equa-

tion for calculation was: (20:3n-3 + 20:5n-3 + 22:5n-3 +

22:6n-3)/(20:3n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3 + 20:

3n-6 + 20:4n-6 + 22:4n-6 + 22:5n-6 + 20:3n-9) 9 100. A

comparison of TLE and PL fractions in plasma and

erythrocytes were compared by two-way ANOVA. Mean

comparisons for the rat and pig tissues were made by

ANOVA. Tukey’s Honestly Significantly Different (HSD)

test was used for individual mean comparisons when sig-

nificant F-values were determined. Pearson’s correlations

were also determined to examine the association of the n-3

HUFA score in blood fractions with other blood measures

of omega-3 fatty acid status, and the associations between

blood fractions and various tissues in rats and pigs. The

corresponding n-3 HUFA score and EPA + DHA correla-

tions between blood and animal tissues were compared by

Fisher’s Exact Z-test. All statistics were completed with

SPSS for Windows statistical software (release 11.5.1;

SPSS Inc., Chicago, IL, USA).

Results

Comparison of the Omega-3 Status of Different Blood

Fractions in Humans

The percentage of EPA and DHA in blood of the present

study participants was low with a relatively low level of

variance in each fraction and as determined by various

indices (Table 1). The percentages of EPA and DHA were

compared according to plasma versus erythrocytes and

TLE versus PLs by two-way ANOVA. The percentage of

EPA in plasma was significantly higher (P \ 0.001) as

compared with erythrocytes with no significant effect of

the TLE versus the PL isolate. A significant interactive

effect (P \ 0.001) was determined for the percentage of

DHA with all four individual means significantly different

by Tukey’s HSD (P \ 0.05) testing. Plasma TLE contained

the lowest percentage of DHA followed by plasma PL,

erythrocyte PL, and erythrocyte TLE containing the high-

est. The interactive effect observed for DHA persisted for

the EPA + DHA values, EPA + DPAn-3 + DHA, the n-3

HUFA score and the ratio of total n-3 PUFA to total n-6

PUFA (P \ 0.001 for all except P = 0.016 for the n-3
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HUFA score). The EPA + DHA values were significantly

lower in plasma TLE and the highest in erythrocyte TLE

with plasma PL and erythrocyte PL demonstrating no dif-

ference. Including DPAn-3 in the sum of EPA + DHA

resulted in each mean being significantly different by

Tukey’s HSD as the mean values all increased (approxi-

mately 20% in plasma to 2.14 ± 0.63 in TLE and

3.16 ± 0.80 in PL, and approximately 33% in erythrocytes

to 5.08 ± 0.73 in TLE and 4.30 ± 0.6 in PL). The indi-

vidual means were also significantly different for each ratio

of n-3/n-6. The individual mean differences for the n-3

HUFA scores were restricted to erythrocyte TLE being

significantly higher than plasma TLE and PL (P \ 0.001)

but not erythrocyte PL (P = 0.075).

The n-3 HUFA scores from plasma and erythrocyte TLE

were significantly correlated with other measured markers

of omega-3 status except the % EPA in erythrocyte PL

(Table 1). Correlations between TLE and PL fractions

within a blood fraction were particularly strong with

r = 0.93 for plasma TLE and PL n-3 HUFA scores and

r = 0.94 for erythrocyte TLE and PL n-3 HUFA scores.

Corresponding correlation coefficients within a biomarker

were: r = 0.94 for plasma TLE EPA + DHA and PL

EPA + DHA and r = 0.92 for erythrocyte TLE EPA +

DHA and PL EPA + DHA; r = 0.93 for plasma TLE

EPA + DPAn-3 + DHA and PL EPA + DPAn-3 + DHA

and r = 0.92 for erythrocyte TLE EPA + DPAn-3 + DHA

and PL EPA + DPAn-3 + DHA; and r = 0.92 for plasma

TLE n-3/n-6 and PL n-3/n-6 and r = 0.92 for erythrocyte

TLE n-3/n-6 and PL n-3/n-6.

Associations of Blood n-3 HUFA Scores to Tissue

Levels of Omega-3 Fatty Acids in Animals

The n-3 HUFA score and the EPA + DHA sum both vary

in magnitude across various tissue and organs in the control

animals (Figs. 1, 2). In the TLE of tissues analyzed from

dam reared rats, the n-3 HUFA score and the EPA + DHA

values were the highest in brain at 51.3 ± 1.3 and

12.18 ± 0.62%, respectively. Liver, heart, and adipose

TLE had similar n-3 HUFA scores, but different omega-3

indices. Plasma and erythrocytes were statistically similar

by both the n-3 HUFA score and EPA + DHA, but a larger

sample size would likely elicit a difference between plasma

and erythrocytes by EPA + DHA values as a post hoc

paired t-test between plasma and erythrocyte EPA + DHA

values indicate a significant difference (P \ 0.05). These

observations were reflected in the tissues of the pigs on the

control diet; however there were smaller differences

between the various tissues particularly when the omega-3

status was expressed as the n-3 HUFA score (Fig. 2). The

pig brain tissue had the highest n-3 HUFA score and

EPA + DHA-value (27.4 ± 2.9 and 6.7 ± 1.3%, respec-

tively). In the pig, the n-3 HUFA scores for plasma, liver,

and carcass were all significantly lower than the brain

score, but did not differ from each other, while the

EPA + DHA-values were all significantly different from

Table 1 Biomarkers for omega-3 fatty acid status in human blood

Biomarker Mean ± SD

(n = 25)

CV% n-3 HUFA score

Plasma TLE Erythrocyte

TLE

Pearson’s r

20:5n-31

Plasma TLE2 0.45 ± 0.16a 35.6 0.66** 0.46*

Erythrocyte TLE 0.36 ± 0.16ab 44.4 0.48* 0.51**

Plasma PL3 0.45 ± 0.19a 42.2 0.63** 0.47*

Erythrocyte PL 0.29 ± 0.06b 20.7 0.27 0.40

22:6n-31

Plasma TLE 1.27 ± 0.46a 36.2 0.72** 0.70**

Erythrocyte TLE 3.07 ± 0.60b 19.5 0.69** 0.86**

Plasma PL 2.03 ± 0.63c 31.0 0.70** 0.71**

Erythrocyte PL 2.57 ± 0.52d 20.2 0.61** 0.83**

EPA + DHA4

Plasma TLE 1.72 ± 0.57a 33.1 0.77** 0.70**

Erythrocyte TLE 3.43 ± 0.67c 19.5 0.73** 0.89**

Plasma PL 2.49 ± 0.74b 29.7 0.76** 0.72**

Erythrocyte PL 2.87 ± 0.55b 19.2 0.61** 0.83**

n-3 HUFA Score5

Plasma TLE 16.63 ± 2.72a 16.4 – 0.76**

Erythrocyte TLE 20.17 ± 2.26b 11.2 0.76** –

Plasma PL 17.35 ± 2.85a 16.4 0.93** 0.79**

Erythrocyte PL 18.44 ± 2.08ab 11.3 0.67** 0.94**

Totals n-3/n-6

Plasma TLE 0.07 ± 0.02a 23.4 0.84** 0.62**

Erythrocyte TLE 0.17 ± 0.03d 14.1 0.75** 0.89**

Plasma PL 0.10 ± 0.03b 25.8 0.77** 0.65**

Erythrocyte PL 0.15 ± 0.02c 14.0 0.65** 0.96**

Means within a biomarker with different alphabetical superscripts

were significantly different by Tukey’s HSD after significant F-tests

were determined by two-way ANOVA, P \ 0.05

HUFA highly unsaturated fatty acid (C20 carbons, C3 carbon-carbon

double-bonds), TLE total lipid extract, PL phospholipid fraction

* P \ 0.05

** P \ 0.01
1 Expressed as % by weight of total fatty acids
2 Total lipids from Folch extraction were methylated and analyzed by

gas chromatography
3 Phospholipid fraction was methylated and analyzed by gas chro-

matography after isolation from total lipid extraction by thin layer

chromatography
4 EPA + DHA = 20:5n-3 + 22:6n-3
5 n-3 HUFA Score = % of omega-3 HUFA in total HUFA
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each other with carcass EPA + DHA having the lowest

value (0.19 ± 0.12%). The sum of EPA + DPAn-

3 + DHA reflected the sum of EPA + DHA statistically for

tissues from both rats and pigs (data not shown). The ratio

of n-3/n-6 for individual tissues tended to resemble the

pattern of n-3 HUFA score, except adipose n-3/n-6 was

significantly less than n-3/n-6 in liver and heart and similar

to n-3/n-6 in plasma and erythrocytes in the rat and liver n-

3/n-6 was significantly higher than plasma and carcass

(data not shown).

The amount of omega-3 fatty acids in plasma and

erythrocyte can correlate well with various organ tissues by

the n-3 HUFA score, the EPA + DHA sum and the ratio of

total n-3 to n-6 PUFA (Tables 2, 3). Correlations between

n-3 HUFA score blood markers with the various tissues

tended to be more robust than those determined by

EPA + DHA and to a lesser extent the ratio of n-3/n-6. In a

sample of rats that included both omega-3 deficient and

omega-3 adequate rats, both plasma, and erythrocytes were

significantly correlated with liver, heart, brain, and adipose

tissue. The correlations between blood n-3 HUFA scores

and liver were significantly greater than the corresponding

EPA + DHA values by Fisher’s exact Z-test (P \ 0.001).

The correlations between n-3 HUFA scores in blood and

adipose were also significantly greater than corresponding

n-3/n-6 correlations.

Removing the omega-3 deficient animals from the

analysis results in increased error in correlation determi-

nation as evidenced by increased SD for slope and

Y-intercepts (Fig. 3) and resulted in generally lower cor-

relations between omega-3 status in blood markers and

tissues. In the omega-3 adequate rats, all of these n-3

HUFA score correlations remained significant (P \ 0.05)

except for plasma n-3 HUFA score and heart n-3 HUFA

score (r = 0.42, P = 0.06). For the EPA + DHA-values,

heart and adipose indices correlated to neither plasma nor

erythrocytes, and plasma and liver EPA + DHA did

not correlate. Correlations based on the sum of EPA +

DPAn-3 + DHA (not shown) resulted in slight but not

significant increases in selected correlations as compared to

EPA + DHA. However, the significant differences between

correlations for EPA + DHA and the n-3 HUFA score for

plasma-heart and erythrocyte–adipose in the omega-3

adequate rats disappeared when DPAn-3 was added to EPA

and DHA. There was no increase in the correlation between

plasma and liver EPA + DHA when DPAn-3 was added.

Also in the omega-3 adequate rats, the n-3/n-6 ratio cor-

relations were slightly more robust than the sum of

EPA + DHA. The n-3/n-6 correlation between erythrocyte

and heart was lower than the corresponding n-3 HUFA

score correlation (P \ 0.05 by Fisher’s exact Z-test). The

n-3/n-6 correlations for blood and adipose tended to be

stronger than the n-3 HUFA score correlations, but did not

reach significance (plasma–adipose, P = 0.052, and eryth-

rocyte–adipose, P = 0.070 by Fisher’s exact Z-test).

Correlations for the omega-3 biomarkers between

plasma TLE and liver, carcass, and brain TLE from pigs

feed varying amounts of omega-3 fatty acids were also

determined and compared. The n-3 HUFA score and n-3/n-

6 ratio correlations were similar and tended to be higher

than the correlations based on the sum of EPA + DHA

(Table 3) with the inclusion of DPAn-3 in the sum making

no difference (not shown). Plasma correlated with all

Fig. 1 The n-3 HUFA scores and EPA + DHA values of total lipid

extracts from tissues of dam-reared rats. Mean ± SD, n = 7. Different
alpha superscripts indicate significantly different values (P \ 0.05)

by Tukey’s Honestly Significant Difference Test following signifi-

cance by one-way ANOVA (P \ 0.05). EPA eicosapentaenoic acid

(20:5n-3), DHA docosahexaenoic acid (22:6n-3), HUFA highly

unsaturated fatty acid (C20 carbons, C3 carbon-carbon double-bonds)

Fig. 2 The n-3 HUFA scores and EPA + DHA-values of total lipid

extracts from tissues of pig raised on a control diet. Mean ± SD,

n = 25. Different alpha superscripts indicate significantly different
values (P \ 0.05) by Tukey’s Honestly Significant Difference Test

following significance by one-way ANOVA (P \ 0.05). EPA eico-

sapentaenoic acid (20:5n-3), DHA docosahexaenoic acid (22:6n-3),

HUFA highly unsaturated fatty acid (C20 carbons, C3 carbon-carbon

double-bonds)
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values except brain by EPA + DHA (r = 0.10, P = 0.50)

and EPA + DPAn-3 + DHA (r = 0.13, P = 0.37).

Although the n-3 HUFA score and n-3/n-6 correlations

tended to be stronger than the EPA + DHA correlations

(with and without DPAn-3), the differences did not reach

significance by Fisher’s Exact Z-test.

Discussion

The n-3 HUFA score is a suitable biomarker for omega-3

status in human blood and appears to offer several

advantages over the sum of EPA + DHA. The present

study demonstrates that (1) the differences between TLE

and PL lipid classes of blood fractions are minimal when

omega-3 fatty acid status is expressed as the n-3 HUFA

score as compared with EPA + DHA and n-3/n-6; (2) the

association between omega-3 fatty acid status in blood with

various tissues was more robust when predicted by the n-3

HUFA score for liver, heart and brain as compared to

EPA + DHA and for heart when compared to n-3/n-6.

Plasma and erythrocytes tend to be the blood fractions

analyzed most often, although whole blood, platelets and

leukocytes have been analyzed as well. Platelets and leu-

kocytes require extra isolation steps that limit their utility

as potential biomarkers. Erythrocytes, due to a longer half-

life, have been considered to reflect diet intakes over a

longer period as compared with plasma. However, this

assumption fails to account for the short half-lives of fatty

acids in erythrocyte membranes (7–9 h) [27]. Consistent

with the short half-lives of erythrocyte fatty acid mem-

branes, recent evidence suggests that erythrocytes respond

to dietary interventions in a similar time course as do

plasma pools, possibly through active fatty acid exchange

[28]. Differences in fatty acid composition between blood

fractions as observed in the EPA + DHA values in plasma

TLE (1.72 ± 0.57%) and erythrocyte TLE (3.43 ± 0.67%)

in the present study are reflective of the lipid class char-

acteristics of the blood fraction. The lipid classes of tissues

have been presented previously [29]. Erythrocytes contain

*32% phosphatidyl choline, 21% phosphatidyl ethanol-

amine, and have a large cholesterol component (30%),

while plasma tends to be dominated by triacylglycerols

(49%) with 24% phosphatidyl choline, 16% cholesteryl

esters, and minor contributions from phosphatidyl

ethanolamine.

Expressing the plasma and erythrocyte omega-3 status

in TLE as the n-3 HUFA score reduces the differences

between the different blood fractions by focusing on the

HUFA pool. Glycerolipid synthesis typically results in a

saturated fatty acid (14:0, 16:0, 18:0) in the sn-1 position

and a 16 or 18 carbon unsaturated fatty acid (16:1n-7,

18:1n-7, 18:1n-9, 18:2n-6, and 18:3n-3) in the sn-2 position

of the molecule. HUFA such as EPA, DHA, and AA are

not extensively incorporated in triacylglycerols. HUFA

tend to be trans-esterified into the sn-2 position of PLs,

reflecting their structural and cell-signaling roles in mem-

branes. In addition, phosphatidyl ethanolamine has a

tendency to have greater amounts of DHA trans-esterified

into the sn-2 position as compared with phosphatidyl

choline [30]. While the isolation of the PL class of plasma

Fig. 3 The n-3 HUFA score of total lipid extract of erythrocytes versus

plasma. a Omega-3 deficient and adequate rats (n = 31). Slope =

0.9197 ± 0.04807, Y-intercept = 0.4874 ± 0.5743. b Omega-3

adequate rats only (n = 21). Slope = 0.5716 ± 0.1157, Y-intercept =

5.685 ± 1.673. HUFA highly unsaturated fatty acid (C20 carbons, C3

carbon-carbon double-bonds)

50 Lipids (2008) 43:45–53

123



and various tissues is preferred for examining cell mem-

brane composition, this requires an extra analytical step

that would prove difficult to automate for high-throughput

analyses. Examining the amount of omega-3 HUFA in the

total HUFA pool in TLE is a good reflection of the status of

the sn-2 position of PLs. The correlations between the n-3

HUFA score in plasma TLE and PL was 0.93 and in

erythrocyte TLE and PL was 0.94 in the present study.

There is significant evidence to conclude that omega-3

HUFAs are important for supporting optimal brain and

heart function, likely at the level of cellular membrane

structure [6, 11, 31]. The ability to predict omega-3 HUFA

levels in these tissues is highly relevant for determining the

utility of a biomarker. In the present study, the associations

between various tissues and blood fractions tended to be

stronger when expressed as n-3 HUFA score as compared

with EPA + DHA. This was particularly evident when

omega-3 deficient animals were excluded from the analy-

ses (Table 2) as predicting the linear relationship is more

variable with the smaller range in the data (Fig. 3). Asso-

ciations as determined by n-3 HUFA scores tend to be

more robust and are well-suited for examinations in

humans given that the minimum n-3 HUFA score in

plasma TLE in the present human sample was 12.99%.

As presently described, the n-3 HUFA score is more

inclusive than EPA + DHA as DPAn-3 is part of the

equation. Evidence for DPAn-3 specific health benefits is

very limited and impossible to isolate from EPA and DHA

[32, 33]. However the content of DPAn-3 can be equivalent

and often higher than EPA with the notable exception

being plasma [24] and increased DPAn-3 can decrease the

production of AA-derived eicosanoids [33]. The inclusion

of DPAn-3 in the sum of EPA + DHA resulted in minor

but non-significant increases in the correlations between

blood and tissues. The stronger correlations between tis-

sues with the n-3 HUFA score appears to be attributed less

Table 2 Biomarkers for

Omega-3 fatty acid status in rat

tissues

Significantly different than

corresponding n-3 HUFA score

correlation by Fisher’s Exact

Z-test, *P \ 0.05

** P \ 0.01

*** P \ 0.001

Tissue Omega-3 deficient and omega-3 adequate rats (n = 31) Omega-3 adequate rats (n = 21)

Pearson’s r P-value

Plasma Erythrocytes Plasma Erythrocytes

n-3 HUFA score

Plasma – 0.96 \0.001 – 0.75 \0.001

Liver 0.98 \0.001 0.99 \0.001 0.89 \0.001 0.85 \0.001

Heart 0.93 \0.001 0.97 \0.001 0.42 0.06 0.68 0.001

Brain 0.93 \0.001 0.96 \0.001 0.55 0.01 0.79 \0.001

Adipose 0.93 \0.001 0.97 \0.001 0.47 0.03 0.70 \0.001

EPA + DHA

Plasma – 0.96 \0.001 – 0.64 0.002

Liver 0.76*** \0.001 0.76*** \0.001 0.43** 0.06 0.58 0.006

Heart 0.87 \0.001 0.94 \0.001 -0.22* 0.34 -0.11** 0.96

Brain 0.95 \0.001 0.99* \0.001 0.46 0.04 0.62 0.003

Adipose 0.88 \0.001 0.93 \0.001 -0.08 0.74 -0.05** 0.84

Totals n-3/n-6

Plasma – 0.97 \0.001 – 0.82 \0.001

Liver 0.96 \0.001 0.97 \0.001 0.72 \0.001 0.72 \0.001

Heart 0.88 \0.001 0.93 \0.001 -0.12 0.61 0.04* 0.85

Brain 0.93 \0.001 0.97 \0.001 0.52 0.02 0.73 \0.001

Adipose 0.77* \0.001 0.74*** \0.001 0.82 \0.001 0.90 \0.001

Table 3 Biomarkers for omega-3 fatty acid status in pig tissues

Tissue Pigs (n = 48)

Pearson’s r P-value

Plasma

n-3 HUFA score

Liver 0.83 \0.001

Carcass 0.76 \0.001

Brain 0.44 0.002

EPA + DHA

Liver 0.71 \0.001

Carcass 0.54 \0.001

Brain 0.10 0.50

Totals n-3/n-6

Liver 0.83 \0.001

Carcass 0.79 \0.001

Brain 0.48 0.001
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to the inclusion of DPAn-3 and more to the use of a relative

expression as the ratio of n-3 to n-6 PUFA also appeared

more robust than the summation of EPA + DHA.

The EPA + DHA blood levels in the present human

sample are at the low end of the range observed in humans

[34]. This is a reflection of the low and homogeneous

intake of omega-3 fatty acids in the present population [14]

even as compared with other North Americans [35, 36].

Although the present findings are limited to a small and

tightly defined human sample, the observations are sup-

ported by similar observations in rat and pig studies. While

the present evidence for the use of the n-3 HUFA score is

far from conclusive, it is substantial enough to provoke

further comparisons in larger studies; in particular, asso-

ciations with disease risk are required. However,

determining the n-3 HUFA score is easily completed on

new and existing fatty acid composition data, and as

demonstrated by the present study, is not dependent on a

specific blood fraction.
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Abstract This study examined the dietary effects of enzy-

matically modified sesame oil with caprylic acid (structured

lipids, SL) and phytosteryl esters (PE) on blood lipid profiles

and cardiovascular parameters of spontaneously hypertensive

rats (SHR) fed high-fat and high-cholesterol (HFHC) diets.

The dietary groups were: normal diet (control), sesame oil

(SO), SL, SO fortified with PE (SOP), and SL fortified with

PE (SLP). After 9 weeks of feeding, the body weights, liver

weights, and liver weight/body weight ratios in all HFHC-fed

groups were higher than controls. Plasma total and LDL

cholesterol levels in all HFHC-fed groups were similar to one

another but higher than those in controls. Plasma HDL cho-

lesterol levels in rats fed SOP and SLP were higher than those

in controls or rats fed SO and SL. Plasma HDL/total choles-

terol ratios in rats fed SOP and SLP were similar to those in

controls and were higher than those in rats fed SO and SL.

There was no difference in plasma lipid profiles between rats

fed SO and SL. Arterial blood pressures (BP) in conscious

HFHC-fed rats were similar to those in controls whereas heart

rates (HR) in all HFHC-fed groups were similar to one

another but were higher than that in controls. These findings

demonstrate that (1) the dietary effects of SL on plasma lipid

profiles and resting BP and HR are similar to those of SO, (2)

PE had positive effects on plasma lipid profiles, and (3) 9-

week intake of SL and PE did not have pronounced effects on

resting BP but induced tachycardia in SHR.

Keywords Sesame oil � Structured lipids �
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Abbreviations

BP Arterial blood pressures

DBP Diastolic arterial blood pressures

HDL High density lipoprotein

HFHC High-fat and high-cholesterol

HR Heart rates

LCT Long chain triacylglycerol

LDL Low density lipoprotein

MAP Mean arterial blood pressures

MLM-

type

Type of triacylglycerols containing medium

chain fatty acids esterified at sn-1,3 positions

and long chain fatty acids at sn-2 position

PE Phytosteryl esters

PP Arterial pulse pressures

SBP Systolic arterial blood pressures

SHR Spontaneously hypertensive rats

SL Structured lipids

SLP Structured lipids fortified with phytosteryl

esters

SO Sesame oil

SOP Sesame oil fortified with phytosteryl esters

Introduction

Structured lipids are triacylglycerols that have been

restructured by incorporation of new fatty acids to

change the composition and positional distribution of
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fatty acids from the native state by chemical or enzy-

matic methods [1]. Among several types of structured

lipids, MLM-type structured lipids are triacylglycerols

comprising medium chain fatty acids esterified at sn-1,3

positions and long chain fatty acids at sn-2 position of

the glycerol backbone. MLM-type structured lipids can

be synthesized by attaching medium chain fatty acids

into long chain triacylglycerols (LCT) with the help of

sn-1,3 regiospecific lipases. These MLM-type structured

lipids are expected to have different physiological attri-

butes from LCT, the typical triacylglycerol forms of

many edible fats and oils, because of the presence of

both medium chain and long chain fatty acids in the

same triacylglycerol molecules. For example, when

compared to LCT, they are expected to deliver the

energy more rapidly via oxidation of the more hydro-

philic medium chain fatty acids and less likely to be

deposited in the adipose tissue due to the predominant

transportation of medium chain fatty acids via the portal

vein to the liver rather than through the lymphatic system

[1–5]. Therefore, MLM-type structured lipids with proper

balance of medium chain fatty acids and long chain fatty

acids, such as essential fatty acids (e.g., linoleic acid) and

hypocholesterolemic fatty acids (e.g., oleic acid [6]),

might have positive effects on blood lipid profiles and

cardiovascular status of humans as well as meeting

essential fatty acid requirements while providing the

benefits of medium chain fatty acids described above.

Although MLM-type structured lipids are expected to

have different physiological attributes from LCT, there

are few studies evaluating the dietary effects of MLM-

type structured lipids, especially their effects on cardio-

vascular status of animals and humans.

On the other hand, phytosterols are known to have

hypocholesterolemic effects by lowering plasma total and

low density lipoprotein (LDL) cholesterol levels without

affecting plasma high density lipoprotein (HDL) choles-

terol levels in humans and some animals, such as rabbits

[7–10]. The cholesterol-lowering mechanisms of phytos-

terols in humans are still not known in detail. Recently, the

inhibited absorption of cholesterol in intestine arising from

chemical structure similarities between phytosterols and

cholesterol is believed to be the main mechanism of their

hypocholesterolemic effects [11]. Besides, other mecha-

nisms such as competition with cholesterol for

solubilization in dietary mixed micelles, co-crystallization

with cholesterol to form insoluble mixed crystals, and

interference with the hydrolysis process by lipases and

cholesterol esterases are suggested to be responsible for

their hypocholesterolemic effects [11]. However, phytos-

terols have limitations as dietary supplements because they

have very poor solubilities in edible oil and have very high

melting points. To overcome such physical problems of

free phytosterols, phytosteryl esters (fatty acid ester forms

of phytosterols) are preferred in food formulation. Because

phytosteryl esters have much enhanced solubility in oils

and much lower melting point compared to their corre-

sponding phytosterols, they can be easily incorporated into

a wide variety of diets and fat/oil-based diets and food

products. Moreover, many recent studies have shown that

phytosteryl esters can also effectively reduce plasma total

and LDL cholesterol levels similar to phytosterols in

humans [12–15].

The aim of our study was to investigate the dietary

effects of sesame oil-based MLM-type structured lipids

and phytosteryl esters on the blood lipid profiles and car-

diovascular parameters of spontaneously hypertensive rats

(SHR), a widely studied animal model of cardiovascular

disorders (e.g., essential hypertension) of humans [16, 17].

The principal hypotheses of our study were: (1) the dietary

effects of the structured lipids (MLM-type triacylglycerols)

on the blood lipid profiles and cardiovascular status of

SHR would be different from those of original sesame oil

(LCT; i.e., LLL-type); and (2) dietary phytosteryl esters

would have positive effects on the blood lipid profiles in

SHR.

Materials and Methods

Materials

Sesame oil was purchased from Spectrum Organic Product,

Inc. (Petaluma, CA, USA). Caprylic acid (C8:0, purity

[98%) was obtained from Aldrich Chemical Company

(Milwaukee, WI, USA). Phytosteryl esters (from vegetable

oil deodorizates) were donated by Cargill Inc. (Minneap-

olis, MN, USA). Lipozyme RM IM, an sn-1,3 regiospecific

immobilized lipase from Rhizomucor miehei was provided

by Novozymes North America, Inc. (Franklinton, NC,

USA).

Structured Lipids Synthesis

The sesame oil-based structured lipids (MLM-type) were

synthesized by Lipozyme RM IM-catalyzed acidolysis

reaction of sesame oil with caprylic acid as described

previously [18].

Fatty Acid Profiles of Fat Source

Total and positional fatty acid profiles of fat sources of

experimental diets were analyzed according to the proce-

dures described previously [18].
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Rats

All animal studies were performed according to the

National Institutes of Health Guide for the Care and Use

of Laboratory Animals (NIH Publications No. 80–23)

revised in 1996. All protocols were approved by the

Animal Care and Use Committee of the University of

Georgia. Four-week-old male SHR (n = 30) were

obtained from Harlan (Madison, WI, USA). They were

randomly assigned to one of five different dietary groups

described below (n = 6 per group). The rats were indi-

vidually housed in cages under controlled temperature

(21 ± 1 �C) and lighting (12 h light/dark cycle). The rats

were fed diets and water ad libitum for 9 weeks. Diet

intakes were recorded daily and body weights were

measured weekly. After the cardiovascular measurements

described below, the rats were killed by decapitation and

then their organs (liver, heart, and kidney) were removed

and weighed.

Diets

Normal diet for the control rats was purchased from Lab-

diet (Brentwood, MO, USA). The fat and cholesterol

contents of the normal diet were 4.5 and 0.02% of total diet

weight, respectively. The high-fat and high-cholesterol

(HFHC) diets were prepared and pelleted by Research

Diets (New Brunswick, NJ, USA). Four different kinds of

HFHC diets were made for four different dietary groups:

sesame oil (SO), structured lipids (SL), sesame oil fortified

with phytosteryl esters (SOP), and structured lipids forti-

fied with phytosteryl esters (SLP) (Table 1). The four

formulations for HFHC dietary groups were identical in

composition, except for the type of fat. The HFHC diets

contained SO, SL, SOP, or SLP as a fat source (20% of

total diet weight), respectively. Dietary cholesterol

was adjusted to 0.56% of total diet weight in all HFHC

diets. The amount of phytosteryl esters added in the HFHC

diets for the groups SOP and SLP was adjusted to 0.54%

of total diet weight (2.4 g/2,000 kcal) approximately

corresponding to a therapeutic level (1.5–3.0 g/day) for

hypocholesterolemic effects in humans [14, 15, 19–25]. All

HFHC diets were almost isoenergetic (diets for groups

SO and SL, 4.54 kcal/g; diets for groups SOP and SLP

4.50 kcal/g).

Surgeries, Blood Collection and Cardiovascular

Measurements

Twelve hours before the surgeries were performed, all rats

were deprived of food. Water was freely available. All rats

were anesthetized with pentobarbital sodium (50 mg/kg,

i.p.) and a catheter (PE-50) was placed in a femoral artery

to record systolic arterial blood pressure (SBP), diastolic

arterial blood pressure (DBP), pulse pressure (PP), and

mean arterial blood pressure (MAP) [26, 27]. The catheters

were exteriorized to the back of the neck and all wounds

were liberally coated with triple antibiotic (neomycin,

polymixin B, and bacitracin) ointment (Fougera, NY,

USA) and then sutured. The arterial catheter was connected

to a pressure transducer that was coupled to a computerized

data acquisition system (PowerLab Chart, version 4.0.4,

ADI Instruments, Colorado Springs, CO, USA) to record

resting arterial blood pressures and heart rate (HR), which

was derived from PP by way of an internal cardiota-

chometer in the data acquisition system [26, 27]. Once the

resting cardiovascular parameters were recorded, 2 mL of

blood was taken via the arterial catheter for subsequent

determination of plasma lipid profiles described below. The

rats were returned to their home cages in a room main-

tained on a 12 h light/dark cycle. Food and water were

freely available. The rats were given 2 days to recover

from the above surgeries. On the day of data recording, the

arterial catheter of each conscious rat was connected to the

pressure transducer and recording equipment as described

above.

Plasma Lipid Profiles

Blood plasma samples were analyzed to determine total,

HDL, and LDL cholesterols, and triacylglycerol levels.

Total and HDL cholesterol levels were determined by the

cholesterol oxidase method with Equal reagents (Equal

Diagnostics, Exton, PA, USA), respectively. Plasma tria-

cylglycerols levels were determined by the glycerol

phosphate oxidase method with Amresco reagents (Amre-

sco Inc., Solon, OH, USA). The measurements were

conducted using a Roche/Hitachi 717 analyzer (Roche

Diagnostics, Indianapolis, IN, USA). Plasma LDL choles-

terol level was calculated using the Friedwald calculation,

LDL cholesterol = total cholesterol - (triacylglycerol/

5 + HDL cholesterol).

Statistical Analysis

The data are presented as mean ± SEM and were analyzed

by one-way or repeated-measures analysis of variance

(ANOVA) [28] followed by Student’s modified t test with

the Bonferroni correction for multiple comparisons

between means using the error mean square (EMS) terms

from the ANOVA [29]. A value of P \ 0.05 denoted sta-

tistical significance.
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Results

Fatty Acid Compositions of Fat Sources

Total and positional fatty acid compositions of fat sources

of experimental diets are given in Table 2. Major fatty

acids of control diet were oleic acid (27.2 mol%), linoleic

acid (26.5 mol%), palmitic acid (20.2 mol%), and lino-

lenic acid (17.6 mol%). Accordingly, the fat in the control

diet originated from a mixture of animal fat and vegetable

oil (see Table 1 legend). Two major fatty acids of sesame

oil were oleic acid (37.0 mol%) and linoleic acid (48.4

mol%). The total content of palmitic acid in sesame oil

was 10.0 mol%. Whereas, structured lipids presented

reduced total contents of palmitic acid (3.1 mol%), oleic

acid (19.4 mol%), and linoleic acid (30.0 mol%),

respectively, compared to the original sesame oil. Total

caprylic acid content of structured lipids was 45.8 mol%.

The content of caprylic acid found at sn-2 position of the

structured lipids was 3.7 mol%. Major fatty acids present

at the sn-2 position of original sesame oil (oleic acid, 40.2

mol%; linoleic acid, 57.3 mol%) remained almost intact

at that position in the structured lipids (oleic acid, 36.4

mol%; linoleic acid, 57.2 mol%). The incorporation of

caprylic acid into sn-1,3 positions, as we intended by

using Lipozyme RM IM (an sn-1,3 regiospecific lipase) in

the synthesis of structured lipids, reached 66.8 mol%.

These results demonstrate that MLM-type structured lip-

ids were successfully produced from sesame oil and

caprylic acid.

Table 1 Composition of experimental diets

Ingredient High-fat and high-cholesterol (HFHC) diet

Control SO SL SOP SLP

Weight

(g/kg)

Calorie

(%)

Weight

(g/kg)

Calorie

(%)

Weight

(g/kg)

Calorie

(%)

Weight

(g/kg)

Calorie

(%)

Weight

(g/kg)

Calorie

(%)

Protein 234 28 227 20 227 20 227 20 227 20

Carbohydrate 499 60 459 40 459 40 459 41 459 41

Fat 45 12 200 40 200 40 194.6 39 194.6 39

(kcal/g) (3.34) (4.54) (4.54) (4.50) (4.50)

Casein 224 224 224 224

L-Cystine 3 3 3 3

Corn starch Laboratory Rodent Diet 5001

(Labdiet, Brentwood, MO, USA)a
112 112 112 112

Maltodextrin 112 112 112 112

Sucrose 224 224 224 224

Cellulose 56 56 56 56

Sesame oil 200 194.6

Structured lipids 200 194.6

Phytosteryl esters 5.4 5.4

Cholesterol 0.2 5.6 5.6 5.6 5.6

Mineralsb 50 50 50 50

Vitaminsc 13 13 13 13

SO sesame oil, SL structured lipids, SOP sesame oil fortified with phytosteryl esters, SLP structured lipids fortified with phytosteryl esters
a Ingredients: ground corn, dehulled soybean meal, dried beet pulp, fish meal, ground oats, brewers dried yeast, cane molasses, dehydrated

alfalfa meal, dried whey, wheat germ, porcine meat meal, wheat middlings, animal fat preserved with BHA, salt, calcium carbonate, choline

chloride, cholecalciferol, vitamin A acetate, folic acid, pyridoxine hydrochloride, DL-methionine, thiamin mononitrate, calcium pantothenate,

nicotinic acid, DL-alpha tocopheryl acetate, cyanocobalamin, riboflavin, ferrous sulfate, manganous oxide, zinc oxide, ferrous carbonate, copper

sulfate, zinc sulfate, calcium iodate, cobalt carbonate
b Composed of RD-96 Salt Mix without calcium, phosphorus, and potassium, 11 g/kg; dicalcium phosphate, 14 g/kg; calcium carbonate, 6 g/kg;

potassium citrate monohydrate, 19 g/kg. RD-96 Salt Mix without calcium, phosphorus, and potassium contains the following (g/kg): sodium

chloride, 259.0; magnesium oxide, 41.9; magnesium sulfate, 257.6; chromium potassium sulfate, 1.925; cupric carbonate, 1.05; sodium fluoride,

0.2; potassium iodate, 0.035; ferric citrate, 21.0; manganous carbonate, 12.25; ammonium molybdate, 0.3; sodium selenite, 0.035; zinc car-

bonate, 5.6; sucrose, 399.105
c Composed of Vitamin Mix for AIN-76A Rodent Diet, 11 g/kg; choline bitartrate 2 g/kg. Vitamin Mix for AIN-76A Rodent Diet contains the

following (g/kg): vitamin A palmitate (500,000 IU/g), 0.8; vitamin D3 (100,000 IU/g), 1.0; vitamin E acetate (500 IU/g), 10.0; menadione

sodium bisulfite, 0.08; biotin (1%), 2.0; cyancocobalamin (0.1%), 1.0; folic acid, 0.2; nicotinic acid, 3.0; calcium pantothenate, 1.6; pyridoxine

HCl, 0.7; riboflavin, 0.6; thiamin HCl, 0.6; sucrose, 978.42
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Diet Intake, Weight Gain and Food Efficiency Ratio

The total diet intakes, weight gains and food efficiency

ratios (FER, weight gain for 9 weeks/diet intake for

9 weeks) in the five dietary groups are summarized in

Table 3. The diets began when the rats were 4 weeks old

and continued until they were 13 weeks old. Although the

rats in each group ate similar (P [ 0.05, for all compari-

sons) amounts of food, the HFHC dietary groups, i.e., the

rats fed SO, SL, SOP, and SLP put on more (P \ 0.05, for

all comparisons) weight, and accordingly had higher

(P \ 0.05, for all comparisons) FER values than the con-

trol group.

Body and Organ Weights

After 9 weeks of feeding, the body weights, organ (liver,

heart, and kidney) weights, and organ weights to body

weight ratios of HFHC dietary groups were compared to

those of control rats fed normal diet. The body weights

(BW) of the groups SO (333 ± 7 g), SL (339 ± 12 g),

SOP (319 ± 7 g), and SLP (338 ± 7 g) were substantially

greater than that of control group (304 ± 4 g), respectively

(P \ 0.05, for all comparisons). The liver weights (LW)

and liver weight to body weight ratios (LW/BW 9 1,000)

of the rats fed SO (LW = 17.1 ± 0.6 g; LW/BW 9

1,000 = 51.3 ± 1.1), SL (LW = 16.6 ± 0.7 g; LW/

BW 9 1,000 = 48.9 ± 0.6), SOP (LW = 16.5 ± 0.7 g;

LW/BW 9 1,000 = 51.5 ± 1.3), and SLP (LW = 17.3 ±

0.7 g; LW/BW 9 1,000 = 51.2 ± 1.9) were substantially

greater than those of control rats (LW = 9.6 ± 0.5 g; LW/

BW 9 1,000 = 31.6 ± 3.1), respectively (P \ 0.05, for all

comparisons). Whereas, the heart weights, heart weight to

body weight ratios, kidney weights, and kidney weight to

body weight ratios of the rats fed SO, SL, SOP, and SLP

were similar to those of control rats (data are not shown;

P [ 0.05, for all comparisons).

Table 2 Total and positional fatty acid compositions of sesame oil and structured lipids (mol%)

Fatty acid Total sn-2 sn-1,3a

Control SO SL Control SO SL Control SO SL

C8:0 NDb ND 45.8 ± 0.2 ND ND 3.7 ± 0.1 ND ND 66.8 ± 0.2

C10:0 ND ND ND ND ND ND ND ND ND

C12:0 ND Traceb ND ND ND ND ND Trace ND

C14:0 1.8 ± 0.1 Trace ND ND ND ND 2.7 ± 0.1 Trace ND

C14:1 ND ND ND ND ND ND ND ND ND

C16:0 20.2 ± 0.4 10.0 ± 0.0 3.1 ± 0.1 34.7 ± 1.1 1.1 ± 0.0 1.5 ± 0.0 12.9 ± 0.1 14.4 ± 0.0 4.0 ± 0.1

C16:1 3.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 ND 0.1 ± 0.0 Trace 4.4 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

C18:0 3.7 ± 0.1 3.6 ± 0.0 1.1 ± 0.0 3.7 ± 0.3 0.3 ± 0.0 0.4 ± 0.1 3.6 ± 0.3 5.3 ± 0.0 1.5 ± 0.0

C18:1n-9 27.2 ± 0.4 37.0 ± 0.0 19.4 ± 0.1 19.2 ± 1.2 40.2 ± 0.4 36.4 ± 0.0 31.3 ± 0.0 35.4 ± 0.2 11.0 ± 0.1

C18:2n-6 26.5 ± 0.6 48.4 ± 0.0 30.0 ± 0.0 34.5 ± 0.3 57.3 ± 0.5 57.2 ± 0.1 22.5 ± 0.8 44.0 ± 0.2 16.3 ± 0.0

C18:3n-3 17.6 ± 1.6 0.9 ± 0.0 0.5 ± 0.0 7.9 ± 2.2 1.0 ± 0.0 0.8 ± 0.0 22.5 ± 1.2 0.8 ± 0.0 0.3 ± 0.0

SFAd 25.6 ± 0.6 13.6 ± 0.0 50.1 ± 0.1 38.4 ± 0.8 1.5 ± 0.1 5.6 ± 0.1 19.2 ± 0.5 19.7 ± 0.0 72.3 ± 0.1

USFAe 74.4 ± 0.6 86.4 ± 0.0 49.9 ± 0.1 61.6 ± 0.8 98.5 ± 0.1 94.4 ± 0.1 80.8 ± 0.5 80.3 ± 0.0 27.7 ± 0.1

Data are presented as mean ± SEM, n = 2

See Table 1 legend for description of abbreviations

SFA saturated fatty acid, USFA unsaturated fatty acid, ND not detected
a sn-1,3 (mol%) = [3 9 Total (mol%)-sn-2 (mol%)]/2
b \0.05 mol%

Table 3 Total diet intake, weight gain and food efficiency ratio

Dietary group

Control SO SL SOP SLP

Diet intake
(g/day)

16 ± 1 15 ± 1� 15 ± 1� 15 ± 1 16 ± 1

Weight gain
(g/9 weeks)

263 ± 4 303 ± 8*,� 296 ± 9*,� 284 ± 7* 296 ± 7*

FERa 16 ± 1 36 ± 1*,� 35 ± 1*,� 35 ± 1* 34 ± 1*

Data are presented as mean ± SEM, n = 6

See Table 1 legend for description of abbreviations
a Food efficiency ratio; FER = (weight gain for 9 weeks/diet intake

for 9 weeks) 9 100

* P \ 0.05, versus control
� P [ 0.05, SO versus SL
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Plasma Lipid Profiles

Plasma lipid profiles in the five dietary groups are shown

in Fig. 1. The plasma total and LDL cholesterol levels and

LDL to total cholesterol ratios were similar (P [ 0.05, for

all comparisons) in all HFHC dietary groups but were

higher (P \ 0.05, for all comparisons) than those in the

control group. However, the plasma HDL cholesterol

levels in the rats fed phytosteryl esters, i.e., the groups

SOP and SLP were higher than those in the control group

and the other HFHC dietary groups such as SO and SL

(P \ 0.05, for all comparisons). Furthermore, the plasma

HDL to total cholesterol ratios in the groups SOP and SLP

were also higher (P \ 0.05, for all comparisons) than

those in the groups SO and SL and were similar

(P [ 0.05, for all comparisons) to that in the control

group. The plasma triacylglycerol levels were similar

(P [ 0.05, for all comparisons) in all HFHC dietary

groups but were lower (P \ 0.05, for all comparisons)

than that in the control group. On the other hand, no

distinct differences were found in the overall plasma lipid

profiles between groups SO and SL (P [ 0.05, for both

comparisons).

Resting Cardiovascular Parameters in Anesthetized

Rats

Resting values for the cardiovascular parameters in the

five dietary groups recorded under pentobarbital anesthe-

sia are summarized in Fig. 2. Resting parameters in the

control group were similar to those reported previously

[30–32]. As can be seen, resting SBP values in the HFHC

dietary groups were lower than those in the control group

(P \ 0.05, for all comparisons). Resting DBP value in the

rats fed SL was lower than that in the control group

(P \ 0.05, for both comparisons). The PP values in the

rats fed SOP or SLP were lower than that in the control

group (P \ 0.05, for both comparisons). Resting HR

value of the rats fed SO was higher than that of the

control rats (P \ 0.05, for both comparisons). On the

other hand, all resting arterial blood pressures, i.e., SBP,

DBP, PP, and MAP and resting HR in the rats fed SL

tended to be slightly lower than those in the rats fed SO

but the differences were not significant (P [ 0.05, for

both comparisons).

Resting Cardiovascular Parameters in Conscious Rats

Resting values for the cardiovascular parameters in the

five dietary groups of conscious rats are summarized in

Fig. 3. Resting parameters in the control rats were similar

to those reported previously [33–35]. As can be seen,

resting HR values in all HFHC dietary groups were

substantially higher than that in the control rats (P \ 0.05,

for all comparisons). However, resting arterial blood

pressures, i.e., SBP, DBP, PP, and MAP in all HFHC

dietary groups were similar to those in the control group

(P [ 0.05, for all comparisons), with one exception.

Specifically, the PP value for the rats fed SLP was lower

than that of the control rats (P \ 0.05, for both compar-

isons). On the other hand, all resting arterial blood

pressures tended to be slightly lower in the group SL than

in the group SO; whereas, resting HR tended to be

slightly higher in the group SL than in the group SO.

However, the differences were not significant (P [ 0.05,

for both comparisons).

Fig. 1 Dietary effects on

plasma lipid profiles: total

cholesterol; LDL cholesterol:

LDL/total cholesterol ratio;

HDL cholesterol; HDL/total

cholesterol ratio;

triacylglycerol. Treatment

groups: CON, control; SO,

sesame oil; SL, structured lipids;

SOP, sesame oil fortified with

phytosteryl esters; SLP,

structured lipids fortified with

phytosteryl esters. The data are

presented as mean ± SEM.

*P \ 0.05, versus control.
�P [ 0.05, SO versus SL
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Discussion

Effects of Dietary MLM-Type Structured Lipids

The present study showed that the dietary effects of MLM-

type structured lipids produced from sesame oil and

caprylic acid on the plasma lipid profiles in SHR were not

different from those of original sesame oil. The major

rationale for MLM-type structured lipids development is

based on (1) the difference in the metabolic aspects of long

chain fatty acids by their positional distribution in triac-

ylglycerol and (2) the rapid metabolism of medium chain

fatty acids in triacylglycerol. The long chain fatty acids at

the sn-2 position of the triacylglycerol are preferentially

absorbed and stored in humans compared to the long chain

fatty acids located at the sn-1,3 positions since triacylgly-

cerols are hydrolyzed into free fatty acids and sn-2

monoacylglycerols by lipoprotein lipase, and sn-2

monoacylglycerols readily form mixed micelles with bile

salts [36, 37]. The medium chain fatty acids are poorly

transported through the lymphatic system [38]. Instead,

they are readily absorbed and transported through the

portal system especially when they are at the sn-1,3 posi-

tions in triacylglycerol and this leads to more rapid

absorption of MLM-type structured lipids compared to

LCT [4, 37–39]. The total contents of the principal long

chain fatty acids (e.g., palmitic, oleic, and linoleic acids) of

original sesame oil were reduced in the structured lipids

due to their replacement with caprylic acid. However, their

sn-2 positional contents were similar in both sesame oil and

Fig. 2 Dietary effects on

resting cardiovascular

parameters in anesthetized rats:

systolic arterial blood pressure

(SBP); diastolic arterial blood

pressure (DBP); pulse pressure

(PP); mean arterial blood

pressure (MAP); heart rate (HR).

Treatment groups: CON,

control; SO, sesame oil; SL,

structured lipids; SOP, sesame

oil fortified with phytosteryl

esters; SLP, structured lipids

fortified with phytosteryl esters.

The data are presented as

mean ± SEM. *P \ 0.05,

versus control. �P [ 0.05, SO

versus SL

Fig. 3 Dietary effects on

resting cardiovascular

parameters in conscious rats:

systolic arterial blood pressure

(SBP); diastolic arterial blood

pressure (DBP); pulse pressure

(PP); mean arterial blood

pressure (MAP); heart rate (HR).

Treatment groups: CON,

control; SO, sesame oil; SL,

structured lipids; SOP, sesame

oil fortified with phytosteryl

esters; SLP, structured lipids

fortified with phytosteryl esters.

The data are presented as

mean ± SEM. *P \ 0.05,

versus control. �P [ 0.05, SO

versus SL
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structured lipids because most caprylic acids were incor-

porated at sn-1,3 positions in the structured lipids.

Therefore, the similarity in sn-2 positional fatty acid pro-

files between sesame oil and structured lipids as well as

more efficient absorption of structured lipids compared to

sesame oil might be the reasons for the lack of difference in

their dietary effects on plasma lipid profiles.

On the other hand, the effects of sn-1,3 positional fatty

acid profiles of both oils on plasma lipid profiles were also

shown to be comparable to each other. Cater et al. [40]

suggested that medium chain fatty acids including caprylic

acid might be hypercholesterolemic and hypertriglyceri-

demic. They found that a medium chain triacylglycerol

diet, where 43% of total dietary calories were provided as

caprylic acid and capric acid tended to increase plasma

LDL cholesterol and triacylglycerol levels in humans

compared to a high oleic acid oil diet even though the

medium chain triacylglycerol diet slightly lowered plasma

LDL cholesterol level compared to a high palmitic acid oil

diet [40]. Accordingly, the structured lipids should have

been more hypercholesterolemic and more hypertriglycer-

idemic than original sesame oil because of their reduced

content of oleic acid and considerable high content of

caprylic acid. However, the present study showed that both

SHR fed sesame oil and those fed structured lipids pre-

sented similar plasma total and LDL cholesterol levels as

well as similar plasma triacylglycerol levels. It is very

complicated to distinguish between the dietary effects of

total and individual fatty acids. Nevertheless, the possible

explanations are: first, the caprylic acid contents of our

experimental diets containing structured lipids (i.e., diets

for structured lipids dietary group and structured lipids

fortified with phytosteryl esters dietary group) were

approximately 18% of total dietary calories, which was

considerably lower than the caprylic acid levels in their

diets [40]; and second, the effects of caprylic acid, which

are mostly located at sn-1,3 positions in the structured

lipids were counterbalanced by the reduced contents of

major long chain fatty acids, such as palmitic, oleic, and

linoleic acids present at the same positions even though the

individual fatty acids would have different effects.

Effects of Dietary Phytosteryl Esters

The present study showed that the plasma HDL cholesterol

levels were distinctly increased in the rats fed phytosteryl

esters (i.e., the rats fed sesame oil fortified with phytosteryl

esters and those fed structured lipids fortified with phyt-

osteryl esters) compared to control rats or those fed sesame

oil or structured lipids alone. Moreover, the plasma HDL/

total cholesterol ratios in the rats fed phytosteryl esters

were similar to that in control rats. These results indicate

that dietary phytosteryl esters have positive effects on

blood cholesterol profiles in SHR, as reported in humans

and rabbits by others [8–10]. However, the phytosteryl

esters-fed rats presented higher plasma total and LDL

cholesterol levels as well as higher plasma LDL to total

cholesterol ratios than control rats. These results are

probably related to the fact that the diets containing phyt-

osteryl esters have higher dietary fat and/or dietary

cholesterol levels than control diets. In the case that the

phytosteryl esters-fed rats are administered with the same

levels of dietary fat and/or dietary cholesterol to those of

the control diets, they are expected to present reduced

plasma total and LDL cholesterol levels compared to the

levels reported in the present study. The effects of high

dietary fat levels in SHR are additionally discussed below.

Effects of High Dietary Fat Levels

The body weights, liver weights and liver weight to body

weight ratios were higher in all HFHC dietary groups

compared to the controls. In addition, the HFHC diets

increased plasma total and LDL cholesterol levels com-

pared to normal diets. As such, it appears that high dietary

fat and/or cholesterol levels induce obesity and fatty liver

in SHR. In contrast, heart and kidney weights and their

weights to body weight ratios in the HFHC dietary groups

were similar to those of the controls. The heart weights of

SHR are higher than in normotensive control rats and this

hypertrophy is a direct result of the higher blood pressures

in SHR [16, 41]. Accordingly, the lack of effect of the

HFHC diets on heart weights in the SHR is in line with the

lack of major effects of the diets on resting arterial blood

pressures in conscious SHR (see below).

The finding that resting systolic blood pressures of the

HFHC dietary groups were lower than in controls under

pentobarbital anesthesia suggests that arterial compliance

was increased by these diets. This is a provocative finding

and suggests that the timing and duration of high-fat

feeding as well as the state of consciousness of the animal

plays a major role in the expression of the changes in

cardiovascular status. The finding that resting arterial

pressures of the conscious HFHC dietary groups were not

different to the control group is also provocative since there

is evidence that high-fat diets increase arterial pressures in

normotensive rats [42, 43]. The finding that the resting

heart rates of the HFHC dietary groups were higher than in

the controls suggests that these diets affect cardiac pace-

maker activity. Whether this is due to direct effects on

pacemaker cells (i.e., effects on intrinsic pacemaker

activity) or changes in the release of sympathetic and

parasympathetic neurotransmitters and/or their signaling

mechanisms remains to be determined.
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Summary

The present study demonstrates that the dietary effects of

sesame oil-based MLM-type structured lipids on the

plasma lipid profiles and cardiovascular parameters (rest-

ing arterial blood pressures and heart rates) of SHR are not

different from those of original sesame oil (LCT). Dietary

phytosteryl esters have positive effects on the plasma

cholesterol profiles in SHR. However, our findings have the

limitation of applicability to humans because the rat

models have traditionally not been as ideal as other rodent

models (e.g., hamsters and guinea pigs) for testing the

effects of dietary lipids on blood lipid and lipoprotein lipid

profiles [44]. Despite the lack of obvious effects of 9-week

intake of structured lipids and phytosteryl esters on resting

arterial blood pressures, lower or higher dietary intakes of

these compounds may have positive effects on cardiovas-

cular status of SHR. However, these different diets elicit

tachycardia in SHR. Moreover, it is important to recognize

the distinct possibility that the effect of high fat diets on

blood pressure, heart rate and other cardiovascular

parameters may differ in SHR compared with normoten-

sive rats.
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Abstract Abnormal distribution of plasma fatty acids and

increased inflammation are prominent features of meta-

bolic syndrome. We tested whether these components of

metabolic syndrome, like dyslipidemia and glycemia, are

responsive to carbohydrate restriction. Overweight men

and women with atherogenic dyslipidemia consumed

ad libitum diets very low in carbohydrate (VLCKD)

(1504 kcal:%CHO:fat:protein = 12:59:28) or low in fat

(LFD) (1478 kcal:%CHO:fat:protein = 56:24:20) for

12 weeks. In comparison to the LFD, the VLCKD resulted

in an increased proportion of serum total n-6 PUFA, mainly

attributed to a marked increase in arachidonate (20:4n-6),

while its biosynthetic metabolic intermediates were

decreased. The n-6/n-3 and arachidonic/eicosapentaenoic

acid ratio also increased sharply. Total saturated fatty acids

and 16:1n-7 were consistently decreased following the

VLCKD. Both diets significantly decreased the concen-

tration of several serum inflammatory markers, but there

was an overall greater anti-inflammatory effect associated

with the VLCKD, as evidenced by greater decreases in

TNF-a, IL-6, IL-8, MCP-1, E-selectin, I-CAM, and PAI-1.

Increased 20:4n-6 and the ratios of 20:4n-6/20:5n-3 and

n-6/n-3 are commonly viewed as pro-inflammatory, but

unexpectedly were consistently inversely associated with

responses in inflammatory proteins. In summary, a very

low carbohydrate diet resulted in profound alterations in

fatty acid composition and reduced inflammation compared

to a low fat diet.

Keywords Arachidonic acid � Palmitoleic acid �
Ketogenic diet � Saturated fat � Metabolic syndrome

Abbreviations

VLCKD Very low carbohydrate ketogenic diet

LFD Low fat diet

PL Phospholipid

CE Cholesteryl ester

CVD Cardiovascular disease

RDA Recommended daily allowance

BMI Body mass index

IL Interleukin

TNF-a Tumor necrosis factor-a
VEGF Vascular endothelial growth factor

IFN-c Interferon-c
EGF Epidermal growth factor

MCP-1 Monocyte chemotactic protein-1

ICAM-1 Intracellular cellular adhesion molecule-1

VCAM-I Vascular cellular adhesion molecule-I

NF-jB Nuclear factor-kappa B
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CRP C-reactive protein

TAG Triglycerides

Introduction

Development of metabolic syndrome (insulin resistance

syndrome) is associated with altered composition of cir-

culating fatty acids characterized by higher saturated fatty

acids (14:0, 16:0), higher palmitoleic acid (16:1n-7, the

MUFA product derived from palmitic acid), higher diho-

mo-c-linolenic acid (20:3n-6, the precursor of arachidonic

acid), and lower levels of linoleic acid (18:2n-6) [1]. The

effect of dietary fatty acid composition on circulating fatty

acids [2] is not well understood. Two recent studies dem-

onstrated that consumption of a diet higher in saturated fat

resulted in lower circulating palmitic acid (16:0) in cho-

lesteryl ester compared to a diet low in saturated fat [3, 4],

a paradox likely explained by the level of carbohydrate [5]

whose increase is known to be associated with de novo

fatty acid synthesis [6] and decreased fatty acid oxidation.

We have previously described a comparison between a

very low carbohydrate diet (VLCKD) and a low fat diet

(LFD) in subjects with features of metabolic syndrome. A

notable finding was an inverse relationship between dietary

and plasma saturated fatty acids (SFA). The VLCKD, with

three-fold greater dietary SFA than the LFD, showed a

consistently greater reduction in plasma SFA compared to

the LFD [7].

Metabolic syndrome is generally defined by high fasting

glucose, triglycerides (TG), blood pressure and waist cir-

cumference, and low HDL cholesterol. Resistance to the

effects of insulin provides a metabolic basis for changes in

these disparate physiologic markers as well an increasing

number of associations that extend beyond the original

description of the syndrome almost 20 years ago [8]. New

features that appear to be associated with metabolic syn-

drome include disturbed circulating fatty acid composition,

perturbed lipid metabolism and increased oxidative stress

and inflammation [9]. Fatty acids contribute to overall

inflammatory balance by several mechanisms. In macro-

phages, SFA activate toll-like receptor signaling leading to

activation of nuclear factor-kappa B (NF-jB) and expres-

sion of cyclooxygenase-2 [10, 11]. NF-jB is a transcription

factor that regulates over 100 genes, many with an estab-

lished role in inflammatory responses and atherosclerosis,

and may therefore represent a crucial link between fatty

acids, metabolic syndrome and atherogenesis [12]. Ara-

chidonic acid (20:4n-6) in membranes is commonly

assumed to have a deleterious effect on overall inflamma-

tory balance because of its enzymatic conversion to

proinflammatory, proaggregative, and vasoconstrictive

eicosanoids (e.g., prostaglandin E2, thromboxane A2, leu-

kotrienes B4). Arachidonic acid is also capable of non-

enzymatic conversion to other proinflammatory bioactive

products (F2-isoprostanes) via interaction with molecular

oxygen. In contrast, eicosanoids derived from the 20-car-

bon n-3 PUFA, eicosapentaenoic acid (20:5n-3), have less

potent inflammatory effects [13]. A recent report showed a

marked increase in the plasma 20:4n-6/20:5n-3 ratio in

subjects consuming a VLCKD, while CRP, a marker of

constitutive inflammation, decreased slightly [14]. The

relations between inflammatory markers and arachidonic

acid metabolism are complex [15], and may be further

modified by the level of dietary carbohydrate.

Carbohydrate restriction is generally effective at ame-

liorating those physiologic markers associated with

metabolic syndrome: high fasting glucose and insulin, and

particularly the atherogenic dyslipidemia characterized by

high TG and low HDL [16–19]. The effects are presumed

to be attributed to better regulation of plasma glucose and

insulin levels and improvement in the hyperinsulinemia/

insulin resistance that are fundamental features of meta-

bolic syndrome. Here we evaluated circulating fatty acid

composition in three lipid fractions as well as a large

number of inflammatory makers and show that a VLCKD

results in profound alterations in fatty acid composition and

reduced inflammatory markers to a greater extent than a

low fat diet.

Materials and Methods

Study Design and Subjects

Details of this investigation have been described previously

[7]. In brief, 40 overweight men and women aged

18–55 year with a BMI [25 kg/m2 participated in this

12 week randomized, controlled, dietary intervention trial

comparing a VLCKD to a LFD. All participants were

required to have atherogenic dyslipidemia defined by

moderately elevated TG (150 to 500 mg/dl) and low HDL

[\40 (men) or \50 (women) mg/dl]. The two dietary

groups were balanced for gender, age and BMI. Exclusion

criteria were any metabolic and endocrine disorders, use of

glucose-lowering, lipid-lowering or vasoactive prescrip-

tions or supplements, consumption of a VLCKD, or weight

loss [5.0 kg in the past 3 months. Habitual physical

activity was maintained throughout the study intervention

and was documented daily. Blood was drawn at baseline

and after 12 week of diet intervention in the morning after a

12 h overnight fast and a 24 h abstinence from alcohol and

strenuous exercise. All procedures were approved by the

Institutional Review Board of the University of Connecti-

cut, and all participants provided written informed consent.
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Dietary Intervention

Subjects received individual and personalized dietary

counseling from Registered Dietitians during the dietary

intervention. No explicit instructions were provided

regarding caloric intake for either diet to allow expression

of any non-cognitive aspects on food intake. Subjects

received weekly follow-up counseling during which body

mass was measured, compliance was assessed, and further

dietetic education was provided. Dietary intake and com-

pliance was assessed with detailed and weighed 7-day food

records at baseline, during weeks one, 6, and 12, and was

analyzed for energy and macro/micronutrient content using

NUTRITIONIST PROTM (Version 1.5, First Databank Inc,

The Hearst Corporation, San Bruno, CA, USA). The

nutrient analysis program had no missing values for the

nutrients reported and the database was extensively upda-

ted with new foods and individualized recipes. All subjects

were given a multi-vitamin/mineral complex that provided

micronutrients at levels B100% of the RDA.

The main goal of the VLCKD was to restrict carbohy-

drate to a level that induced a low level of ketosis. Subjects

monitored their level of ketosis daily using urine reagent

strips. In this diet there were no restrictions on the intake of

fat from saturated and unsaturated sources or the intake of

cholesterol. Examples of foods consumed by the subjects

included unlimited amounts of beef, poultry, fish, eggs, oils

and heavy cream; moderate amounts of hard cheeses, low

carbohydrate vegetables and salad dressings; and small

amounts of nuts, nut butters and seeds. Subjects restricted

fruit and fruit juices, dairy products (with the exception of

heavy cream and hard cheese), breads, grains, pasta, cereal,

high carbohydrate vegetables, and desserts. Subjects were

instructed to avoid all low carbohydrate breads and cereal

products, and were limited to a maximum of one sugar

alcohol-containing, low carbohydrate snack per day.

The LFD was designed to provide \10% of total calo-

ries from saturated fat and \300 mg cholesterol. Foods

encouraged included whole grains (breads, cereals, and

pastas), fruit/fruit juices, vegetables, vegetable oils, low-fat

dairy and lean meat products. Standard diabetic exchange

lists were used to ensure a macronutrient balance of protein

(*20% energy), fat (*25% energy), and carbohydrate

(*55% of energy).

Blood Analyses

Whole blood was collected into tubes with no preservative

or EDTA and centrifuged at 15009g for 15 min and 4�C,

and promptly aliquoted into separate storage tubes which

were stored at 75 �C until analyzed for serum fatty acid

composition and plasma inflammatory markers. An aliquot

of anti-coagulated whole blood (*3 ml) was sent to a

certified medical laboratory (Quest Diagnostics, Walling-

ford, CT, USA) for a white blood cell differential count.

Inflammatory Biomarkers

The Evidence InvestigatorTM Biochip Array technology

(Randox Laboratories Ltd, UK) that uses sandwich chemi-

luminescent immunoassays to simultaneously detect

multiple analytes from a single sample was used to determine

the following serum cytokines and adhesion molecules:

IL-6, IL-8, vascular endothelial growth factor (VEGF), TNF-

a, IFN-c, epidermal growth factor (EGF), monocyte che-

motactic protein-1 (MCP-1), intracellular cellular adhesion

molecule-1 (ICAM-1), vascular cellular adhesion molecule-

I (VCAM-I), E-selectin, P-selectin and L-selectin. In addi-

tion, serum C-reactive protein (CRP) was determined on an

IMMULITE Automated Analyzer using the commercially

available immulite chemiluminescent enzyme immuno-

metric assay (Immulite1, Diagnostic Products Corp, Los

Angeles, CA, USA) and plasma plasminogen-activator

inhibitor-1 (PAI-1) was determined utilizing the Luminex

200 analyzer (Luminex Corp, Austin, TX, USA) using an

immunoassay kit from LINCO Research.

Fatty Acid Composition

Serum lipids were extracted according to the method of

Bligh–Dyer whereby mixtures of plasma, methanol, chlo-

roform and water were prepared such that lipid is recovered

in a chloroform layer. The resulting lipid extracts were

maintained under an atmosphere of nitrogen following

extraction and kept frozen prior to additional processing.

Immediately prior to lipid class separation, lipid samples

were dried under a gentle stream of nitrogen, rediluted in

50 ll of chloroform and prepared for lipid class separation.

Lipid classes including total TAG, PL and CE were sepa-

rated on commercial silica gel G plates (AnalTech,

Newark, DE, USA). The chromatographic plates were

developed in a solvent system consisting of distilled

petroleum ether (bp 30–60 �C):diethyl ether:acetic acid

(80:20:1, by vol). Following development, the silica gel

plates were sprayed with a methanolic solution containing

0.5% 2,7-dichlorofluorescein which was then used to

visualize lipid classes under ultraviolet light. Desired cor-

responding lipid bands were then scraped into Teflon line

screw cap tubes. The samples were then transesterified with

boron trifluoride (10%) in excess methanol (Supelco,

Bellefonte, PA, USA) in an 80 �C water bath for 90 min.

Resulting fatty acid methyl esters were extracted with

water and petroleum ether and stored frozen until gas

chromatographic analysis was performed.
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Lipid class fatty acid methyl ester composition was

determined by capillary gas chromatography. Methyl ester

samples were blown to dryness under nitrogen and resus-

pended in hexane. Resulting fatty acid methyl esters were

separated and quantified with a Shimadzu capillary gas

chromatograph (GC17) utilizing a 30 m Restek free fatty

acid phase (FFAP) coating and EZChrom software. The

instrument temperature was programmed from 190 to

240 �C at 7�C/min with a final hold of 10 min, separating

and measuring fatty acid methyl esters ranging from 12:0 to

24:1. The detector temperature was 250 �C. Helium carrier

gas was used at a flow rate of 1.4 ml/min. and a split ratio of

1:25. Chromatographic data was collected and processed

with EZChrom software (Scientific Products, CA, USA).

Fatty acids were identified by comparison to authentic fatty

acid standards and quantitated with peak area and internal

standard. Resulting data are expressed in percent compo-

sition. Individual peaks, representing as little as 0.05% of

the fatty acid methyl esters, were distinguished.

Statistical Analyses

All statistical analyses were done with Statistica software

(StatSoft Inc, Tulsa, OK, USA). A 2 9 2 ANOVA with

one between effect (VLCKD vs. LFD) and one within

effect (Week 0 vs. Week 12) was used to compare bio-

chemical responses over time in both groups. Significant

main or interaction effects were further analyzed using a

Fishers LSD post hoc test. Relationships among selected

variables were examined using Pearson’s product-moment

correlation coefficient. The alpha level for significance was

set at 0.05.

Results

Dietary Intake and MetS Responses

Dietary nutrient intake and responses of MetS biomarkers

will be presented elsewhere [7]. In brief, subjects in both

groups reduced energy intake to approximately 1500 kcal/

day, but the diets had markedly different macronutrient

distributions based upon the analysis of individual diet

records (VLCKD, %CHO:fat:protein = 12:59:28) and

(LFD, %CHO:fat:protein = 56:24:20) (Table 1). Dietary

saturated fat and cholesterol intake were significantly

higher during the VLCKD than the LFD. The LFD led to

improvements in some metabolic markers, but subjects

following the VLCKD had consistently greater weight loss,

Table 1 Daily nutrient intake and serum cholesterol responses of men and women who consumed low carbohydrate and low fat diets

Variables VLCKD (n = 20) LFD (n = 20) 2 9 2 ANOVA

Baseline Intervention Baseline Intervention Time T 9 G

Energy (kcal) 2351 ± 617 1504 ± 494 2082 ± 445 1478 ± 435 0.000 0.154

Protein (g) 94.6 ± 28.5 104.8 ± 33.6 82.3 ± 17.6 71.5 ± 21.3 0.756 0.009

Protein (%) 16.2 ± 3.1 28.1 ± 4.4 15.8 ± 2.6 19.6 ± 4.4 0.000 0.000

Carbohydrate (g) 270.3 ± 67.2 44.8 ± 18.9 266.8 ± 74.7 208.3 ± 69.6 0.000 0.000

Carbohydrate (%) 46.6 ± 7.7 12.4 ± 5.2 50.9 ± 10.1 55.8 ± 7.9 0.000 0.000

Total Fat (g) 97.0 ± 35.2 100.2 ± 37.9 78.5 ± 29.5 40.0 ± 17.5 0.004 0.001

Total Fat (%) 36.2 ± 6.7 58.9 ± 5.4 33.0 ± 9.8 23.8 ± 6.8 0.000 0.000

Saturated Fat (g) 34.2 ± 14.3 36.4 ± 12.9 26.0 ± 11.1 11.7 ± 5.9 0.012 0.002

Monounsaturated Fat (g) 19.2 ± 6.5 26.4 ± 11.1 18.0 ± 9.6 8.9 ± 4.7 0.830 0.000

Polyunsaturated Fat (g) 12.4 ± 7.4 12.4 ± 7.8 10.6 ± 7.4 5.1 ± 3.1 0.064 0.019

18:1n-9 (g) 14.0 ± 5.0 20.9 ± 9.5 11.6 ± 6.9 6.5 ± 3.8 0.289 0.000

18:2n-6 (g) 7.4 ± 6.0 7.7 ± 5.1 5.8 ± 4.7 2.9 ± 2.0 0.215 0.042

18:3n-3 (mg) 989 ± 1199 879 ± 746 575 ± 398 325 ± 198 0.139 0.439

20:5n-3 (mg) 8 ± 10 46 ± 81 32 ± 50 32 ± 58 0.047 0.050

22:6n-3 (mg) 24 ± 24 117 ± 184 83 ± 116 82 ± 154 0.049 0.052

Alcohol (%) 0.9 ± 1.8 0.7 ± 1.4 0.3 ± 0.5 0.9 ± 2.0 0.232 0.056

Cholesterol (mg) 354 ± 120 605 ± 262 267 ± 111 144 ± 80 0.044 0.000

Dietary Fiber (g) 13.1 ± 3.5 9.4 ± 4.9 15.8 ± 6.6 17.3 ± 9.6 0.083 0.021

Serum total cholesterol (mg/dl) 208.0 ± 26.0 196.5 ± 34.9 204.0 ± 31.5 194.5 ± 34.0 0.016 0.816

Serum LDL-C (mg/dL) 130.4 ± 21.8 135.4 ± 31.4 127.9 ± 31.3 125.9 ± 32.1 0.357 0.357

Serum HDL-C (mg/dl) 35.8 ± 6.9 40.4 ± 9.6 38.7 ± 6.2 38.4 ± 5.5 0.001 0.000

Values are mean ± SD calculated from 7 days of weight food records at baseline (week 0) and 7 days during weeks 1, 6, and 12 (Intervention)
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decreased adiposity, improved glycemic control and insulin

sensitivity and more favorable TAG, HDL-C and total

cholesterol/HDL-C ratio responses. In addition to these

markers for MetS, the VLCKD subjects showed more

favorable responses in alternative indicators of atherogenic

dyslipidemia and cardiovascular risk: postprandial lipemia,

apo B, apo A-1, the apo B/Apo A-1 ratio, LDL particle

distribution and postabsorptive and postprandial vascular

function. Most striking, we reported that despite a three-

fold higher intake of dietary saturated fat during the

VLCKD compared to the LFD, circulating saturated fatty

acids in TAG and CE were significantly decreased, as was

16:1n-7, an endogenous marker of lipogenesis. There were

profound changes, as well, in other fatty acids in circulat-

ing TG, PL, and CE fractions (Tables 2–4).

Circulating Triglyceride Fatty Acids

Compared to the LFD, consumption of the VLCKD

resulted in a significantly greater increase in TG n-6 PUFA,

mainly attributed to a marked increase in arachidonic acid:

17 of 20 subjects in VLCKD showed marked increases

while only 7 of 20 subjects on LFD showed increases in

20:4n-6 and these were more modest in amplitude

(Table 2). In both groups, n-3 PUFA was decreased due

largely to lower a-linolenic acid (18:3n-3) and 20:5n-3.

The n-6/n-3 and arachidonic/eicosapentaenoic acid ratios

were, on average, nearly doubled in response to the

VLCKD and virtually unchanged by the LFD: 15 of 20

subjects on VLCKD showed increases in the n-6/n-3 ratios,

while only 8 of 20 of the LFD showed increases. In contrast

to the response in 20:4n-6, the metabolic intermediates in

the biosynthetic pathway, especially 20:3n-6, were

decreased after the VLCKD. As previously reported, total

MUFA was unchanged but 16:1n-7 and total SFA was

significantly decreased in response to the VLCKD.

Circulating Phospholipid Fatty Acids

The pattern of fatty acid changes seen in the TAG fraction

was also found in circulating phospholipids: consumption

of the VLCKD was associated with an increase in n-6

PUFA, again primarily due to a distinct increase in 20:4n-6

(Fig 1a), whereas 18:3n-6 and 20:3n-6 were markedly

decreased (Table 3). The VLCKD was associated with a

significant reduction in 18:3n-3, 18:4n-3, 20:4n-3, and

20:5n-3. However docosahexaenoic acid (22:6n-3) was

increased so that total n-3 PUFA was not significantly

changed. Compared to the LFD, ingestion of the VLCKD

resulted in a significant increase in total PUFA and the ratio

of n-6/n-3 (Fig. 1b) and arachidonic/eicosapentaenoic acid

(Fig. 1c). In comparison to the LFD, total MUFA was

significantly decreased in response to the VLCKD due to

significant decreases in the most abundant MUFA, 18:1n-9,

and a consistent reduction in 16:1n-7.

Circulating Cholesteryl Ester Fatty Acids

The patterns of CE fatty acid responses to diet resembled

that in TG and PL, and in general were more dramatic in

this lipid fraction (Table 4). Total n-6 PUFA was signifi-

cantly increased in response to the VLCKD due to a large

increase in 18:2n-6 and a smaller increase in 20:4n-6: most

of the VLCKD group showed a significant increase in

20:4n-6 while only five of the LFD group showed an

increase. On the other hand total n-3 PUFA was signifi-

cantly decreased due to a reduced proportion of 18:3n-3

and 20:5n-3 in response to the VLCKD but, similar to other

fractions, there was an increase in 22:6n-3. The n-6/n-3 and

arachidonic/eicosapentaenoic acid ratios were unchanged

in response to the LFD but increased sharply after con-

sumption of the VLCKD. Total MUFA decreased in

response to the VLCKD, again due to a reduced proportion

of 18:1n-9 and a striking decrease in 16:1n-7.

Inflammatory Markers

Both diets led to a similar significant reduction in the acute

phase reactant C-reactive protein (-23%), VEGF (-21%),

P-selectin (-11%), and a trend for EGF (-38%), and

V-CAM (-6%); however, there was an overall greater

anti-inflammatory effect associated with the VLCKD as

evidenced by significantly greater decreases in the proin-

flammatory cytokine TNF-a (-32 vs. -12%), the

chemokines IL-8 (-33 vs. 4%) and MCP-1 (-24 vs.

-5%), and the adhesion molecules E-selectin (-34 vs.

-14%) and I-CAM (-17 vs. -3%) (Table 5). There was

also a trend for a greater reduction in IL-6 (-35%) in

response to the VLCKD (P = 0.07). Plasminogen-activator

inhibitor-1 (PAI-1) has antifibrinolytic functions, and was

also reduced more in subjects consuming the VLCKD

compared to LFD (-34 vs. -8%). There was no effect of

the interventions on leukocyte subpopulations.

Correlations

The results described above are surprising in that con-

sumption of the VLCKD showed substantially greater

increases in arachidonic acid and the arachidonic/eicosa-

pentaenoic acid and n-6/n-3 ratios that are commonly

viewed as contributing to an overall proinflammatory state,
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Table 2 Serum triglyceride fatty acid responses of men and women who consumed low carbohydrate and low fat diets

Variables VLCKD (n = 20) Low Fat (n = 20) 2 9 2 ANOVA

Week 0 Week 12 Week 0 Week 12 Time T 9 G

Total TG (mg/dl) 210.9 ± 57.9 103.7 ± 44.1 187.1 ± 57.6 151.2 ± 38.0 0.000 0.000

SFA

12:0 0.09 ± 0.09 0.04 ± 0.06 0.06 ± 0.10 0.06 ± 0.13 0.271 0.108

14:0 1.94 ± 0.61 1.02 ± 0.40 1.86 ± 0.88 1.71 ± 0.61 0.000 0.001

15:0 0.27 ± 0.07 0.25 ± 0.05 0.28 ± 0.10 0.28 ± 0.08 0.478 0.527

16:0 27.07 ± 4.14 24.26 ± 1.65 24.86 ± 2.31 23.99 ± 1.86 0.002 0.092

18:0 3.66 ± 1.06 3.45 ± 0.66 3.32 ± 1.09 2.86 ± 0.48 0.051 0.466

20:0 0.06 ± 0.03 0.05 ± 0.04 0.04 ± 0.03 0.04 ± 0.03 0.354 0.901

22:0 0.03 ± 0.03 0.05 ± 0.03 0.03 ± 0.03 0.04 ± 0.03 0.079 0.584

24:0 0.01 ± 0.02 0.02 ± 0.04 0.00 ± 0.01 0.00 ± 0.00 0.514 0.155

Total SFA 33.13 ± 5.03 29.15 ± 1.39 30.45 ± 3.98 28.98 ± 2.45 0.000 0.086

MUFA

14:1 0.22 ± 0.15 0.06 ± 0.09 0.18 ± 0.17 0.17 ± 0.13 0.000 0.004

15:1 0.04 ± 0.03 0.04 ± 0.05 0.03 ± 0.02 0.04 ± 0.04 0.627 0.659

16:1n-7 4.53 ± 1.07 3.10 ± 0.69 4.54 ± 0.98 4.53 ± 1.10 0.000 0.000

17:1 0.29 ± 0.06 0.26 ± 0.08 0.29 ± 0.10 0.29 ± 0.07 0.248 0.264

18:1n-9 36.31 ± 3.18 38.67 ± 2.73 38.91 ± 2.75 39.50 ± 2.90 0.015 0.132

20:1n-7 0.07 ± 0.03 0.05 ± 0.02 0.07 ± 0.02 0.07 ± 0.03 0.015 0.100

20:1n-9 0.27 ± 0.07 0.27 ± 0.08 0.31 ± 0.07 0.31 ± 0.07 0.912 0.672

22:1n-9 0.05 ± 0.03 0.05 ± 0.03 0.04 ± 0.03 0.03 ± 0.03 0.454 0.352

Total MUFA 41.78 ± 3.51 42.50 ± 2.99 44.37 ± 2.92 44.93 ± 3.25 0.292 0.900

n-6 PUFA

18:2n-6 19.04 ± 3.58 22.19 ± 3.09 19.36 ± 4.36 19.99 ± 3.09 0.010 0.078

18:3n-6 0.45 ± 0.19 0.38 ± 0.17 0.38 ± 0.18 0.41 ± 0.23 0.517 0.102

20:2n-6 0.20 ± 0.07 0.18 ± 0.07 0.21 ± 0.08 0.21 ± 0.09 0.616 0.259

20:3n-6 0.34 ± 0.10 0.26 ± 0.06 0.33 ± 0.07 0.33 ± 0.08 0.001 0.003

20:4n-6 1.17 ± 0.35 1.70 ± 0.55 1.04 ± 0.27 1.16 ± 0.35 0.000 0.002

22:4n-6 0.18 ± 0.04 0.21 ± 0.06 0.17 ± 0.04 0.17 ± 0.04 0.040 0.049

22:5n-6 0.14 ± 0.07 0.27 ± 0.18 0.15 ± 0.10 0.13 ± 0.07 0.033 0.004

Total n-6 21.51 ± 3.59 25.18 ± 2.86 21.64 ± 4.24 22.39 ± 3.13 0.004 0.048

n-3 PUFA

18:3n-3 1.10 ± 0.44 0.90 ± 0.51 1.04 ± 0.35 1.13 ± 0.60 0.494 0.080

18:4n-3 0.39 ± 0.21 0.27 ± 0.17 0.46 ± 0.20 0.44 ± 0.18 0.009 0.042

20:3n-3 0.04 ± 0.03 0.02 ± 0.02 0.03 ± 0.02 0.03 ± 0.04 0.054 0.051

20:4n-3 0.06 ± 0.04 0.02 ± 0.03 0.04 ± 0.03 0.04 ± 0.04 0.019 0.005

20:5n-3 0.15 ± 0.05 0.12 ± 0.04 0.13 ± 0.06 0.16 ± 0.11 0.696 0.025

22:5n-3 0.24 ± 0.06 0.29 ± 0.09 0.25 ± 0.08 0.28 ± 0.10 0.011 0.497

22:6n-3 0.31 ± 0.16 0.42 ± 0.16 0.27 ± 0.11 0.33 ± 0.23 0.019 0.486

Total n-3 2.30 ± 0.57 2.05 ± 0.63 2.22 ± 0.44 2.41 ± 0.72 0.790 0.039

n-9 PUFA

20:3n-9 0.09 ± 0.04 0.12 ± 0.05 0.12 ± 0.06 0.13 ± 0.09 0.012 0.455

Total PUFA 23.90 ± 3.91 27.35 ± 3.11 23.97 ± 4.34 24.94 ± 3.56 0.006 0.106

Total HUFA 4.66 ± 0.73 4.98 ± 0.75 4.41 ± 0.64 4.74 ± 0.97 0.034 0.986

Total n-9 36.85 ± 3.24 39.05 ± 2.77 39.44 ± 2.68 40.02 ± 2.84 0.023 0.170

n-6/n-3 9.74 ± 2.20 13.16 ± 3.49 10.04 ± 2.47 9.74 ± 2.26 0.002 0.000

20:4n-6/20:5n-3 7.69 ± 1.82 14.76 ± 6.21 8.73 ± 3.44 9.33 ± 6.05 0.000 0.002

Values are weight percent (mean ± SD)
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while simultaneously there was a significant decrease in

many inflammatory markers. An analysis of these data

bears out the idea that changes in the fatty acid proxies

were consistently inversely associated with responses in

most of the inflammatory markers we measured (Fig. 2).

The fatty acid with the most consistent positive association

with changes in inflammatory markers was palmitoleic acid

(16:1n-7). The correlations between weight loss and

changes in inflammatory markers were generally small and

not significant. As shown in Fig. 3 for two of the more

important markers TNF-a and IL-8, there is essentially no

correlation.

Discussion

Because of the continued emphasis on dietary recommen-

dations for cardiovascular disease and general health, the

relation between dietary fat intake and plasma fatty acids

and inflammatory markers is of great importance. The

findings presented here support our hypothesis that the

components of metabolic syndrome are distinctly those that

respond favorably to reduction in dietary carbohydrate

[19]. Responses in fatty acid composition to the VLCKD in

this study were exactly opposite to the fatty acid profile

recently shown to be associated with development of

metabolic syndrome over a 20 year period in previously

healthy men (i.e., higher circulating 14:0, 16:0, 16:1n-7,

18:1n-9, 18:3n-6, and 20:3n-6, and lower levels of 18:2n-6)

[1]. Abnormal fatty acid composition and inflammatory

status are now recognized as prominent features of meta-

bolic syndrome, and are reliably improved in subjects

consuming a low carbohydrate diet compared to a low fat

diet.

Acute ingestion of carbohydrate clearly induces an

increase in reactive oxygen species and activation of pro-

inflammatory pathways [9], and isocaloric high carbohy-

drate [20] and high glycemic [21] diets are associated with

increased biomarkers of inflammation. In the context of

hypocaloric diets, we showed that reducing dietary total
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Fig. 1 Individual responses in serum phospholipid arachidonic acid

(20:4n-6) (a), the n-6/n-3 ratio (b) and the arachidonic/eicosapenta-

enoic acid ratio (20:4n-6/20:5n-3) (c) in subjects who consumed a

very low carbohydrate ketogenic diet (VLCKD) or a low fat diet for

12 weeks. Shaded bars indicate mean responses
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Table 3 Serum phospholipid fatty acid responses of men and women who consumed low carbohydrate and low fat diets

Variables VLCKD (n = 20) Low fat (n = 20) 2 9 2 ANOVA

Week 0 Week 12 Week 0 Week 12 Time T 9 G

Total phospholipids (mg/dl) 196 ± 25 170 ± 33 183 ± 28 173 ± 30 0.001 0.135

SFA

14:0 0.34 ± 0.12 0.28 ± 0.12 0.35 ± 0.13 0.36 ± 0.15 0.186 0.094

15:0 0.16 ± 0.03 0.17 ± 0.03 0.18 ± 0.06 0.18 ± 0.05 0.224 0.681

16:0 26.62 ± 1.64 26.87 ± 1.52 26.46 ± 1.59 27.02 ± 1.49 0.107 0.512

18:0 13.83 ± 1.25 12.76 ± 0.97 14.20 ± 1.58 13.56 ± 1.22 0.000 0.217

20:0 0.13 ± 0.04 0.18 ± 0.04 0.13 ± 0.03 0.13 ± 0.03 0.000 0.001

22:0 0.41 ± 0.11 0.57 ± 0.21 0.36 ± 0.11 0.35 ± 0.07 0.000 0.000

24:0 0.35 ± 0.11 0.48 ± 0.21 0.27 ± 0.12 0.26 ± 0.10 0.006 0.001

Total SFA 41.84 ± 1.30 41.31 ± 1.45 41.94 ± 1.17 41.88 ± 1.00 0.127 0.231

MUFA

14:1 0.03 ± 0.06 0.07 ± 0.09 0.09 ± 0.09 0.10 ± 0.09 0.134 0.331

15:1 0.35 ± 0.11 0.54 ± 0.21 0.25 ± 0.16 0.29 ± 0.14 0.001 0.035

16:1n-7 0.92 ± 0.23 0.60 ± 0.17 0.86 ± 0.18 0.86 ± 0.23 0.000 0.000

17:1 0.28 ± 0.10 0.41 ± 0.17 0.26 ± 0.10 0.27 ± 0.08 0.002 0.007

18:1n-9 10.95 ± 1.60 9.88 ± 1.17 11.38 ± 0.94 11.67 ± 1.26 0.122 0.009

20:1n-7 0.05 ± 0.03 0.03 ± 0.01 0.04 ± 0.02 0.04 ± 0.02 0.011 0.020

20:1n-9 0.10 ± 0.02 0.12 ± 0.03 0.12 ± 0.05 0.13 ± 0.03 0.000 0.244

22:1n-9 0.05 ± 0.06 0.06 ± 0.04 0.06 ± 0.06 0.06 ± 0.05 0.754 0.654

24:1 0.42 ± 0.13 0.58 ± 0.22 0.37 ± 0.11 0.42 ± 0.11 0.000 0.041

Total MUFA 13.14 ± 1.68 12.29 ± 1.14 13.43 ± 1.09 13.84 ± 1.37 0.392 0.015

n-6 PUFA

18:2n-6 22.99 ± 3.09 23.74 ± 2.69 22.66 ± 3.09 22.13 ± 2.74 0.807 0.162

18:3n-6 0.17 ± 0.06 0.10 ± 0.02 0.14 ± 0.04 0.14 ± 0.03 0.000 0.002

20:2n-6 0.29 ± 0.05 0.25 ± 0.07 0.34 ± 0.09 0.32 ± 0.08 0.008 0.234

20:3n-6 3.67 ± 0.82 2.29 ± 0.55 3.78 ± 0.76 3.50 ± 0.72 0.000 0.000

20:4n-6 11.54 ± 2.05 13.70 ± 1.82 11.31 ± 2.05 11.48 ± 1.97 0.000 0.001

22:4n-6 0.44 ± 0.08 0.40 ± 0.09 0.43 ± 0.10 0.42 ± 0.09 0.023 0.222

22:5n-6 0.41 ± 0.13 0.39 ± 0.11 0.38 ± 0.10 0.36 ± 0.13 0.379 0.883

Total n-6 39.50 ± 2.17 40.86 ± 2.04 39.04 ± 1.53 38.34 ± 1.53 0.246 0.001

n-3 PUFA

18:3n-3 0.20 ± 0.08 0.15 ± 0.06 0.15 ± 0.07 0.19 ± 0.13 0.684 0.015

18:4n-3 0.13 ± 0.04 0.08 ± 0.04 0.13 ± 0.05 0.13 ± 0.07 0.000 0.003

20:3n-3 0.03 ± 0.02 0.03 ± 0.02 0.04 ± 0.03 0.04 ± 0.04 0.752 0.999

20:4n-3 0.12 ± 0.06 0.03 ± 0.02 0.10 ± 0.02 0.09 ± 0.05 0.000 0.000

20:5n-3 0.61 ± 0.20 0.42 ± 0.15 0.60 ± 0.27 0.68 ± 0.48 0.264 0.009

22:5n-3 0.81 ± 0.15 0.74 ± 0.16 0.87 ± 0.22 0.86 ± 0.20 0.044 0.104

22:6n-3 2.43 ± 0.84 2.80 ± 0.81 2.48 ± 0.62 2.71 ± 0.83 0.023 0.592

Total n-3 4.33 ± 0.90 4.24 ± 0.89 4.37 ± 0.80 4.69 ± 1.19 0.419 0.164

n-9 PUFA

20:3n-9 0.09 ± 0.03 0.06 ± 0.03 0.10 ± 0.06 0.10 ± 0.05 0.048 0.092

Total PUFA 43.92 ± 1.89 45.17 ± 1.76 43.51 ± 1.11 43.14 ± 1.16 0.073 0.001

Total HUFA 20.64 ± 2.58 21.19 ± 1.90 20.51 ± 2.50 20.68 ± 2.32 0.323 0.599

Total n-9 11.55 ± 1.59 10.71 ± 1.16 12.02 ± 0.98 12.38 ± 1.29 0.341 0.021

n-6/n-3 9.55 ± 2.29 10.11 ± 2.46 9.24 ± 1.75 8.58 ± 1.84 0.879 0.062

20:4n-6/20:5n-3 21.59 ± 11.05 37.41 ± 16.28 21.86 ± 8.52 20.52 ± 8.20 0.000 0.000

Values are weight percent (mean ± SD)
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Table 4 Serum cholesteryl ester fatty acid responses of men and women who consumed low carbohydrate and low fat diets

Variables VLCKD (n = 20) Low fat (n = 20) 2 9 2 ANOVA

Week 0 Week 12 Week 0 Week 12 Time T 9 G

Total cholesteryl ester (mg/dl) 224 ± 35 224 ± 47 215 ± 42 199 ± 31 0.337 0.308

SFA

14:0 0.79 ± 0.18 0.51 ± 0.13 0.69 ± 0.23 0.59 ± 0.24 0.000 0.010

15:0 0.17 ± 0.07 0.15 ± 0.05 0.14 ± 0.07 0.13 ± 0.09 0.274 0.475

16:0 11.23 ± 1.13 10.40 ± 0.84 10.79 ± 1.03 10.67 ± 0.88 0.011 0.052

18:0 1.15 ± 0.28 1.00 ± 0.22 1.29 ± 0.64 1.24 ± 0.69 0.268 0.596

20:0 0.05 ± 0.05 0.06 ± 0.03 0.05 ± 0.04 0.09 ± 0.09 0.009 0.035

22:0 0.01 ± 0.03 0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.01 0.222 0.501

24:0 0.01 ± 0.01 0.00 ± 0.01 0.02 ± 0.09 0.01 ± 0.05 0.737 0.863

Total SFA 13.41 ± 1.48 12.13 ± 0.91 12.98 ± 1.29 12.74 ± 1.21 0.002 0.028

MUFA

14:1 0.79 ± 0.59 0.71 ± 0.56 0.94 ± 0.66 0.94 ± 0.63 0.785 0.779

15:1 0.05 ± 0.03 0.04 ± 0.05 0.02 ± 0.02 0.04 ± 0.09 0.606 0.218

16:1n-7 3.28 ± 0.90 1.84 ± 0.46 3.02 ± 1.01 2.98 ± 1.20 0.000 0.000

17:1 0.17 ± 0.09 0.14 ± 0.08 0.18 ± 0.08 0.16 ± 0.08 0.154 0.829

18:1n-9 17.77 ± 2.89 16.47 ± 1.69 17.52 ± 1.77 17.97 ± 1.44 0.290 0.034

20:1n-9 0.06 ± 0.06 0.04 ± 0.03 0.10 ± 0.10 0.11 ± 0.12 0.653 0.499

22:1n-9 0.02 ± 0.05 0.01 ± 0.03 0.04 ± 0.16 0.01 ± 0.03 0.260 0.583

24:1 0.00 ± 0.00 0.00 ± 0.02 0.03 ± 0.12 0.00 ± 0.00 0.444 0.263

Total MUFA 21.95 ± 2.47 22.22 ± 1.71 22.14 ± 3.65 19.26 ± 2.06 0.015 0.004

n-6 PUFA

18:2n-6 52.41 ± 4.90 56.44 ± 4.08 53.23 ± 4.52 53.05 ± 3.60 0.014 0.008

18:3n-6 1.05 ± 0.40 0.50 ± 0.16 0.95 ± 0.33 0.92 ± 0.28 0.000 0.000

20:2n-6 0.07 ± 0.10 0.04 ± 0.03 0.05 ± 0.06 0.04 ± 0.05 0.093 0.483

20:3n-6 0.90 ± 0.23 0.59 ± 0.13 0.89 ± 0.17 0.85 ± 0.17 0.000 0.000

20:4n-6 7.39 ± 1.73 7.78 ± 1.73 7.57 ± 1.73 7.74 ± 1.75 0.001 0.008

22:4n-6 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.00 0.672 0.173

22:5n-6 0.05 ± 0.03 0.04 ± 0.04 0.09 ± 0.18 0.08 ± 0.16 0.855 0.997

Total n-6 61.87 ± 5.22 66.57 ± 2.89 62.79 ± 3.23 62.69 ± 2.47 0.003 0.002

n-3 PUFA

18:3n-3 0.60 ± 0.15 0.45 ± 0.14 0.51 ± 0.11 0.53 ± 0.21 0.056 0.009

18:4n-3 0.14 ± 0.05 0.08 ± 0.04 0.14 ± 0.04 0.10 ± 0.09 0.001 0.363

20:3n-3 0.03 ± 0.03 0.03 ± 0.05 0.04 ± 0.07 0.02 ± 0.03 0.169 0.320

20:4n-3 0.05 ± 0.07 0.01 ± 0.03 0.03 ± 0.04 0.02 ± 0.03 0.002 0.128

20:5n-3 0.50 ± 0.16 0.37 ± 0.10 0.57 ± 0.26 0.61 ± 0.37 0.154 0.017

22:5n-3 0.03 ± 0.08 0.01 ± 0.01 0.02 ± 0.02 0.03 ± 0.06 0.759 0.165

22:6n-3 0.40 ± 0.12 0.45 ± 0.14 0.37 ± 0.12 0.44 ± 0.18 0.012 0.520

Total n-3 1.74 ± 0.27 1.39 ± 0.23 1.67 ± 0.33 1.75 ± 0.52 0.015 0.000

Total PUFA 63.61 ± 5.15 67.96 ± 2.85 64.46 ± 3.15 64.44 ± 2.37 0.004 0.004

Total HUFA 1.13 ± 1.58 11.48 ± 1.88 11.17 ± 1.98 11.35 ± 1.84 0.308 0.743

Total n-9 18.64 ± 3.18 17.25 ± 1.78 18.63 ± 1.83 19.02 ± 1.37 0.280 0.057

n-6/n-3 36.69 ± 8.46 49.59 ± 10.34 39.24 ± 9.32 38.26 ± 9.35 0.000 0.000

20:4n-6/20:5n-3 16.24 ± 6.80 26.56 ± 11.83 15.63 ± 7.87 14.59 ± 4.94 0.001 0.000

Values are weight percent (mean ± SD)
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and saturated fat only had a small effect on circulating

inflammatory markers whereas reducing carbohydrate led

to considerably greater reductions in a number of

proinflammatory cytokines, chemokines, and adhesion

molecules. These data implicate dietary carbohydrate

rather than dietary fat as a more significant nutritional

factor contributing to inflammatory processes; although

increased fat in the presence of high carbohydrate may be

particularly deleterious. Dietary carbohydrate also has a

fundamental role in determining fatty acid composition of

lipids and membranes, and it is the endogenous fatty acids

(as opposed to the exogenous dietary fatty acids) that

influence inflammation by acting as ligands for receptors or

transcription factors that regulate inflammatory signaling

cascades or serving as substrates for proinflammatory

bioactive products.

Table 5 Inflammatory responses of men and women who consumed low carbohydrate and low fat diets

Variables VLCKD (n = 20) Low fat (n = 20) 2 9 2 ANOVA

Week 0 Week 12 Week 0 Week 12 Time T 9 G

WBC (9109/l) 6.2 ± 1.4 5.9 ± 1.4 5.9 ± 1.8 5.9 ± 2.2 0.471 0.427

Neutrophils (9109/ll) 3507 ± 877 3460 ± 1172 3368 ± 1500 3428 ± 1460 0.971 0.783

Lymphocytes (9109/ll) 2039 ± 648 1741 ± 439 1899 ± 509 1892 ± 668 0.076 0.090

Monocytes (9109/ll) 402 ± 135 451 ± 215 506 ± 274 422 ± 153 0.659 0.106

Eosinophils (9109/ll) 210 ± 169 176 ± 130 184 ± 105 164 ± 81 0.297 0.785

Basophils (9109/ll) 26 ± 21 21 ± 17 24 ± 13 27 ± 17 0.752 0.310

CRP (mg/dl) 0.6 ± 0.6 0.5 ± 0.5 0.4 ± 0.5 0.3 ± 0.4 0.028 0.858

IL-6 (pg/ml) 8.4 ± 9.3 5.5 ± 7.6 6.3 ± 8.7 6.3 ± 9.0 0.064 0.073

IL-8 (pg/ml) 8.5 ± 4.4 5.7 ± 2.8 9.4 ± 9.7 9.8 ± 11.0 0.033 0.007

VEGF (pg/ml) 162 ± 130 122 ± 96 129 ± 130 109 ± 113 0.004 0.293

TNF-a (pg/ml) 2.8 ± 1.6 1.9 ± 2.0 2.6 ± 1.8 2.3 ± 1.7 0.000 0.017

IFN-c (pg/ml) 2.2 ± 1.5 1.7 ± 1.9 2.0 ± 1.4 2.2 ± 1.5 0.543 0.261

EGF (pg/ml) 12.6 ± 11.6 6.9 ± 8.1 20.7 ± 22.4 13.7 ± 22.9 0.060 0.841

MCP-1 (pg/ml) 380 ± 134 288 ± 120 323 ± 102 307 ± 123 0.002 0.023

I-CAM (ng/ml) 360 ± 84 299 ± 64 338 ± 69 328 ± 57 0.001 0.008

V-CAM (ng/ml) 549 ± 101 512 ± 113 567 ± 139 536 ± 135 0.060 0.874

E-selectin (ng/ml) 18.9 ± 9.2 12.4 ± 5.0 16.7 ± 5.3 14.4 ± 4.1 0.000 0.014

P-selectin (ng/ml) 125 ± 27 107 ± 27 122 ± 28 112 ± 28 0.002 0.301

L-selectin (ng/ml) 1148 ± 210 1091 ± 197 1081 ± 167 1098 ± 126 0.398 0.128

PAI-1 (ng/ml) 45.0 ± 20.7 29.5 ± 10.1 38.3 ± 11.5 35.2 ± 12.6 0.001 0.026

Values are mean ± SD
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Fig. 2 Associations between changes in markers of inflammation and changes in PL arachidonic acid (a), and the 20:4n-6/20/5n-3 ratio (b).

Individual bars represent Pearson correlation coefficients *(P \ 0.05)
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Despite the two diet groups consuming roughly the same

caloric intake and all losing at least some weight, there

were larger reductions in the VLCKD group in TNF-a,

IL-8, MCP-1, PAI-1, E-selectin and I-CAM, while these

markers showed little change on low fat suggesting that it

is the macronutrient composition not weight loss or caloric

reduction that is key. Most of the inflammatory markers did

not correlate with weight loss. A correlation would not

have proved that weight loss caused change in inflamma-

tory markers but the lack of correlation makes it extremely

unlikely. As shown in Fig. 3, there is essentially no cor-

relation and if anything the associations tend to go in the

opposite direction of what is expected if weight loss caused

change in markers. In both cases, individuals with the

largest reductions in inflammatory markers tended to be in

the middle of the weight-loss range. The question of weight

loss as a stimulus versus a response has been raised before

with regard to other effects of carbohydrate restriction. Our

group [22] and others [16, 18, 23] have consistently shown

that there is a benefit to atherogenic dyslipidemia, glycemic

control, and insulin from reduction in carbohydrate inde-

pendent of weight loss. We therefore suggest that reduction

in carbohydrate is primary, and weight loss (more precisely

caloric restriction) is not the controlling variable.

One of the most striking responses in fatty acid com-

position was the increase in arachidonic acid and total n-6

PUFA in subjects consuming a VLCKD. Rather than being

a negative factor within lipid membranes, increased ara-

chidonic acid appears to be a beneficial outcome of weight-

reducing diets associated with greater lipolysis [24]. The

increase in plasma arachidonic acid only in response to the

low carbohydrate diet is best explained by decreased de-

gradation presumably due to less interaction with reactive

oxygen species [25]. Increased production from 18:2n-6

was unlikely since the metabolic intermediates 18:3n-6 and

20:3n-6 were reduced in all three circulating fractions and

there was no increase in 20:3n-9, which typically occurs in

cases where PUFA anabolism is increased [13, 25]. Since

arachidonic acid was elevated in all circulating fractions, a

shift from other pools is unlikely. This is supported by the

fact that fat loss was only moderately greater on the

VLCKD compared to the LFD (-5.6 vs. -3.7 kg), and by

week 12, the rate of weight loss on both diets was low.

Given that daily dietary contribution of arachidonic acid is

on the order of 0.5% of the total body pool [26] also

suggests reduced degradation as the major explanation.

Thus, an increase in the proportion of arachidonic acid

resulting from a diet that restricts carbohydrate may be due

to lower catabolism (i.e. better preservation) and therefore

reduced formation of proinflammatory products. The con-

sistent inverse associations between changes in arachidonic

acid and responses in inflammatory markers indicate that

the adverse effects of arachidonic acid are due to meta-

bolites produced subsequent to its release from membranes

rather than the proportion of the intact fatty acid.

The 19% rise in PL arachidonic acid in the low carbo-

hydrate group (from 11.54 to 13.70 wt%) is consistent with

the change seen after 12 weeks of a very low calorie diet in

a more obese population (e.g,, from 9.16 to 11.77 wt%)

[24]. Given the regulatory role of arachidonic acid as a

ligand for PPAR and in gene expression (e.g., fatty acid

synthase) [27], this degree of rise in 20:4n-6 has the

potential to influence fuel partitioning. In the obese Zucker

rat, the increase in liver PL arachidonic acid from 22.68 to

25.23 wt% (an 11% change) induced by feeding 18:3n-6

was associated with significant reductions in food intake

and body fat content [28].

Scenarios associated with less oxidative stress should

result in better preservation of the substrate arachidonic

acid, due to the interaction of free radicals with several

steps in its metabolism. Inflammatory cytokines are known

to increase production of hydroxyl radicals which in turn

initiate arachidonic acid release and breakdown. The

VLCKD in this study resulted in significantly greater

reductions in several proinflammatory markers including

TNF-a, E-selectin, ICAM-1, and IL-8, that were related to

Fig. 3 Associations between

weight loss and changes in

TNF-a and IL-8
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the increase in arachidonic acid. The significantly greater

reduction in TNF-a in subjects following the VLCKD is of

interest in that it is one of the agents known to activate

NF-jB a major transcription factor regulating cytokines,

chemokines and adhesion molecules (TNF-a, MCP-1, IL-8,

E-selectin, and ICAM-1) [12, 29]. The reduction in all of

these agents by the VLCKD suggests that the antiinflam-

matory effects of carbohydrate restriction may be mediated

via down regulation of NF-jB expression [30]. We have

previously found that guinea pigs fed high-cholesterol

atherogenic diets demonstrated significant increases in

aortic TNF-a, an effect that was attenuated by reduction in

dietary carbohydrate [31].

Hypercaloric high carbohydrate feeding stimulates the

production of several fatty acids including 16:0, the major

lipogenic product, and palmitoleic acid (16:1n-7), the

product of D9 desaturase. Palmitoleic acid is a minor

constituent in dietary fat and its increase is a marker of

lipogenesis [32] and its presence has been linked to higher

levels of adiposity [33, 34]. In this study, the VLCKD

resulted in concurrent reductions in both 16:0 and 16:1n-7

in both TG and CE lipid fractions despite an increase in

dietary saturated fat load. The significant reduction in

dietary saturated fat in the LFD led to little decrease in total

saturates and essentially no change in 16:1n-7, with one

subject actually showing a drastic increase. The greater

decrease in circulating SFA in response to carbohydrate

restriction may have contributed to the larger decline in

several inflammatory markers that are regulated by NF-jB

[10, 11]. The decrease in circulating saturated fatty acids

on the VLCKD is likely due to greater oxidation of the

saturated fat from both diet and endogenous lipolysis, and a

reduction in de novo lipogenesis.

In summary, carbohydrate restricted diets that are pro-

portionately high in saturated fatty acids show very

different results from what might be expected [7, 18]. A

VLCKD significantly increases arachidonic acid levels,

presumably due to a better preservation as a result of

reduced oxidative stress and decreased inflammation.

Sparing of arachidonic acid (by reducing its degradation to

oxy-lipids) may provide a signaling mechanism by which

dietary carbohydrate restriction favorably alters lipid

metabolism and inflammatory processes [27].
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Abstract Antigen tumor markers employed in monitor-

ing therapeutical approaches are limited by their specificity

(Sp) and sensitivity (Se). The aim of this study was to

investigate the suitability of a lipid tumor marker derived

from ether-linked phospholipids and to compare it with

others usually assayed in clinical practice. Complex lipids

from normal and pathological breast, lung, and prostate

tissue were isolated and analyzed by TLC and c-GLC

methods. Results were compared as pooled samples, or by

means of the averaged percent changes with respect to the

composition observed in the normal tissue of the same

patient. Sp, Se, negative-predictive (NPV) and positive-

predictive values (PPV) were established for conventional

markers and for the proposed lipid-derived marker. Results

demonstrated that the content of monoenoic fatty acyl

chains was significantly increased in total lipids, phos-

phatidylethanolamine, and especially in ethanolamine-

containing ether lipids of neoplastic tissues with respect to

their corresponding normal ones. Major changes were

observed in the plasmalogen sub-fraction where the ratio

monoenoic/saturated fatty acids can distinguish with high

Se normal tissues from either benign or neoplastic tissues

from breast, lung, or prostate lesions. Analyses of fatty acyl

chains from ethanolamine-containing plasmalogens pro-

vided a reliable tumor marker that correlated with high Se

and linearity with metastases spreading. This fact may be

useful in prognosis of the most frequently observed human

cancers.

Keywords Ether-lipids � Breast � Lung � Prostate �
Tumor markers � Human
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ADAG Alkyldiacylglycerols

BL Benign (lesions or tissues)

C Normal

CEA Carcinoembryonic antigen

ChoGpl Choline glycerophospholipids

EtnGpl Ethanolamine glycerophospholipids

FAs Fatty acids

FAMEs Fatty acid methyl esters

GEDE-A 1-O-alkyl-2,3-diacyl-sn-glycerol

GEDE-E 1-O-alkenyl-2,3-diacyl-sn-glycerol

NEO Neoplastic (lesions or tissues)

NPV Negative-predictive value
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PakCho Plasmanylcholine (1-O-alkyl-2-acyl-sn-

glycero-3-phosphocholine)

PakEtn 1-O-alkyl-2-acyl-sn-glycero-3-

phosphoethanolamine

(plasmanylethanolamine)

PlsCho Plasmenylcholine (1-O-alk-10-enyl-2-acyl-

sn-glycero-3-phosphocholine)

PlsEtn 1-O-alk-10-enyl-2-acyl-sn-glycero-3-

phosphoethanolamine

(plasmenylethanolamine)

PtdEtn Diacyl-sn-glycero-3-phosphoethanolamine

PtdCho Diacyl-sn-glycero-3-phosphocholine

PPV Positive-predictive value

PSA Prostatic specific antigen

PUFAs Polyunsaturated fatty acids

Se Sensitivity

Sp Specificity

Introduction

Plasmalogens make up approximately 18% of the total

phospholipid mass in humans; however, their content varies

widely among tissues. The bulk of the 1-O-alk-10-enyl-2-

acyl-sn-glycero-3-phosphoethanolamine (plasmenyletha-

nolamine or PlsEtn) pool may represent up to 70% of

the ethanolamine phospholipids depending on the tissue

analyzed [1]. 1-O-alkyl-2-acyl-sn-glycero-3-phosphoetha-

nolamine (plasmanylethanolamine or PakEtn) and diacyl-

sn-glycero-3-phosphoethanolamine (PtdEtn) represent the

other species present in the ethanolamine glycerophospho-

lipids (EtnGpl) [1]. Concerning neutral lipids, several

authors proposed alkyldiacylglycerols (ADAG) as a lipid

class marker for malignant tissues. Important contributions

in this field were made by Snyder et al. [2, 3], Mangold and

Paltauf [4], and Nagan and Zoeller [1] among others. Tra-

ditionally, an excess of 1% ADAG in neutral lipids may

indicate malignant degeneration, and values observed may

be as high as 6% [4]. As a general rule, amounts of

PakEtn + PlsEtn over 4% of total phospholipids correlated

with neoplastic transformation [4]. However, this reference

parameter was obtained comparing lipid compositions from

neoplastic and normal tissue samples (of the same type)

obtained from donors or normal subjects free from cancer

lesions. A meaningful comparison should only be plausible

between tumorous and healthy tissue samples of the same

patient [4]. Lin et al. [5] performed a study in which hepa-

tocellular carcinomas were compared with the residual

hepatic tissue free from tumor cells. They found that ADAG

in the neutral lipid fraction exhibited an increased concen-

tration of hexadecyl-glycerol and lower proportions of

C18-glyceryl ethers in hepatocellular carcinomas with

respect to non-malignant liver tissue. In spite of the fact that

higher concentrations of neutral ADAG and cholesterol

were found in this kind of tumor, no differences between

levels of ether-linked phosphoglycerides, triacylglycerides,

and lipid phosphorous were observed [3, 5]. So far, no

similar studies have been carried out. Thus, no information

concerning PakEtn and PlsEtn content and their fatty acid

composition has been reported for normal and pathological

samples from the same patient. This may be due to problems

with surgical protocols, since the collection of cancer and

normal tissues from the same patient is not easy. We

explored in detail if there was a compositional marker

derived from the fatty acyl pattern of polar and/or neutral

lipids and if it correlated with the metastatic dissemination

of the most prevalent cancers in our country (and probably

in most industrialized nations). Several samples of lung,

breast, and prostate cancer tissues were taken and studied in

comparison with normal tissues obtained from the same

patient in order to investigate which lipid profile (if any)

correlated better with histopathological characteristics of

cancer tissues and/or predicted metastatic spreading of the

primary tumor. Tumor markers usually employed in clinical

practice were also determined and compared with the results

obtained from lipid analyses.

Experimental Procedure

Chemicals

All solvents used were HPLC grade from Carlo Erba,

Milan, Italy. Standards for thin-layer chromatography

(TLC) and capillary gas-liquid chromatography (c-GLC)

were purchased from Nu-Check-Prep., Elysian, MN. 20,70-
Dichlorofluorescein, boron trifluoride in methanol (14%),

phospholipase C from Bacillus cereus (type IV, 1,500 U/

mg protein), b-mercaptoethanol, sphingomyelin, PtdCho,

PtdEth, inorganic salts and other chemicals used in sample

preparation and processing were from Sigma Chem. Co.,

St. Louis, MO.

Patients and Tissue Samples

Lung, breast, and prostate tissues were obtained by surgical

procedures and analyzed with the written consent of the

patients. This study followed the Helsinki protocol for

handling human specimens. Patients were recruited from

five public and private health institutions and the survey

involved a total of 677 paired samples (C: normal, BL:

hyperplastic-displastic, and NEO: malignant tissues from

the same patient) collected for 6 years. In most cases

samples were obtained surgically. Other samples were
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obtained by performing a 3-mm needle disposable punch

biopsy using a ultrasound guide. This procedure provides

approx. 9 mg of tissue, enough for performing all the

analyses. Two portions of tissue from each patient were

analyzed, one from a pathological lesion and the other from

(assumed) normal tissue. Each portion was divided into

two sub-portions. One of them was processed for histopa-

thological examination (PBS with 10% formalin) and the

other for lipid analyses. Normal tissue surrounding the

lesion was checked for any infiltration of abnormal cells.

Suspicious normal samples were excluded from the study

together with the corresponding paired (pathological)

sample. Each sample was identified with an encrypted code

which did not include any information concerning the

origin and/or characteristics of the tissues examined.

Thus, pathologists, biochemists, and laboratory technicians

processed the samples under a blind protocol. At the end

of the study, histopathological classification, biochemical

determinations, and clinical stage of the samples were

revealed and correlated with lipid analyses. For each type

of pathological tissue the clinical state of patients and also

the criteria for classification of samples (benign or neo-

plastic) were evaluated following international scores such

as those recommended by the American Joint Committee

on Cancer Staging, World Health Organization, or Gleason

scale [6–8]. Presence and localization of metastases were

explored by specific medical studies such as magnetic

resonance, X-ray computed tomography, and radioisotopic

densitography. Table 1 shows a summary of the main

characteristics of patients and samples.

Blood Samples and Biochemical Markers

Morning fasting blood samples were obtained from the

antecubital vein on the day of tissue collection. Plasma was

separated by centrifugation in the cold at 600 9 g (15 min),

aliquoted, frozen at -20 �C (no more than one week), and

Table 1 Main characteristics of subjects and samples analyzed

Tissue

Breast Lung Prostate

Mean age (years)a 61 (53–76) 64 (49–81) 74 (55–86)

n 222 226 229

Sex (nF; %F) (nM; %M)b (222; 100) (78; 32.9) (148; 67.1) (229; 100)

Body weight (kg)c 68.4 ± 3.1 75.1 ± 2.0 78.0 ± 4.2

Body mass index (kg/m2)c 26.0 ± 1.5 24.3 ± 1.1 25.8 ± 2.3

Weight loss (kg; %)d (3.1 ± 0.2; 4.5 ± 0.1) (6.7 ± 0.8; 8.9 ± 0.4) (4.9 ± 0.5; 6.6 ± 0.3)

Tumor histopathologyb,e

Squamous cell carcinoma (26; 11.5) (54; 23.9)

Undifferentiated large-cell carcinoma (3; 1.3) (11; 4.9)

Adenocarcinoma (ADC) (148; 66.6) (14; 6.2) (31; 13.7) (173; 75.5)

Small cell ADC (21; 9.3) (26; 11.5)

Intraductal ADC (41;18.5)

Ductal ADC (90; 40.5)

Lobulillar ADC (13; 5.9)

Medullary ADC (4; 1.7)

Extracapsular ADC (C1,C2) (27; 11.8)

Metastasized ADC (D1,D2) (146; 63.7)

Fibrous degeneration (33; 14.9)

Localized adenoma (41; 18.5) (56; 24.5)

Mesenchymal tumor (6; 2.7) (11; 4.9)

Hamartoma (8; 3.5) (15; 6.6)

At the time of recruitment most patients (71%) were hospitalized for medical tests and/or antitumor treatment (chemotherapy, surgery, radiation,

or a combination of these procedures). The meanings of the superscript letters is as follows:
a Mean age (range)
b (nF:female; % female with respect to total sample) (nM:males; % males with respect to total sample)
c At the time of sampling, expressed as the mean ± 1SD (standard deviation)
d Weight loss (cancer patients) within the preceding 6 months expressed as (mean ± 1SD; percentage with respect to initial weight)
e Classification based on the American Joint Committee on Cancer Staging, World Health Organization, or Gleason Score
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used for tumor marker determinations. Marker antigens

assayed were (cut-off in parenthesis): total PSA (\5 ng/ml),

CA-125 (\35 UI/ml), CA-15.3 (\30 UI/ml), CA-19.9

(\25 UI/ml), and CA-27.29 (\38 UI/ml). Determinations

were performed according to the procedures recommended

by manufacturers of the commercial kits (streptavidin

technology of ELISA from Boehringer-Mannheim Im-

munodiagnostics, Germany, ES-300 BM auto-analyzer), or

Abbott Lab., Buenos Aires, Argentina (AXSYM auto-ana-

lyzer). CEA (\5 ng/ml) was also determined by enzyme

immunoassay (SRL, Fukuoka, Japan). Sensitivity (Se),

specificity (Sp), positive predictive value (PPV), and nega-

tive-predictive values (NPV) were defined and calculated as

described in detail by Kuralay et al. [9]. Briefly, for all

samples correctly or incorrectly identified by the histologi-

cal, laboratory, or other complementary studies as being

malignant or benign (nonmalignant) were defined as true

positive (TP), false positive (FP), true negative (TN), and

false negative (FN). The term ‘‘positive’’ was referred to

histological by proven malignant sample while benign tis-

sues were referred as ‘‘negative’’ histological findings. Se

was defined as TP/(TP + FN), Sp as TN/(TN + FP), PPV

as TP/(TP + FP), and NPV as TN/(FN + TN).

Lipid Analyses

Samples were homogenized on ice with PBS (pH: 7.4,

100 ll per mg wet tissue) using a Potter-Elvejehm glass-

Teflon homogenizer. An aliquot of 20 ll was taken for

protein measurement [10] and the remainder was treated

with Folch reactive [11]. After processing the samples

according to Folch methodology, an aliquot of the final

extract was taken to determine total lipid content gravi-

metrically [12] on a XP56-Delta Range Mettler Toledo

balance. The evaporated residue was used for quantitative

phosphorus determination according to Chen et al. [13].

Another aliquot was analyzed as described by Park et al.

[14] in order to separate neutral ether lipids (ADAG)

into their components, 1-O-alkyl-2,3-diacyl-sn-glycerol

(GEDE-A), 1-O-alkenyl-2,3-diacyl-sn-glycerol (GEDE-E),

and triacylglycerides (TAG). The remainder of the total

lipid extract was separated into various phospholipid sub-

classes using thin-layer chromatography (TLC) with a

biphasic solvent system [15]. TLC was performed in her-

metic pre-equilibrated cubes (Sigma Chem. Co., St. Louis,

MO) on pre-coated silica gel 60 plates from Merck

(Darmstadt, Germany). Phospholipid bands were visual-

ized under ultraviolet light after spraying with 20,70-
dichlorofluorescein solution and exposure to ammonia

vapor. Lipids were identified comparing them with pure

standards run in the same plate. In order to separate plas-

malogens and DAG components from the PtdCho and

PtdEth fractions the spots were scrapped-off and quanti-

tatively eluted with chloroform/methanol (1:2, by vol).

Isolated PtdCho and PtdEth were incubated with phos-

pholipase C following the method of Mangold and Totani

[16]. The resulting diacylglycerides were then acetylated

with acetic anhydride/pyridine (10:5, by vol), and the

products were separated by TLC using hexane/diethyl

Table 2 Marker antigens in plasma samples from patients with breast, lung, and prostate tumors

Tissue Breast Lung Prostate

Histopathology BL NEO BL NEO BL NEO

n 74 148 40 186 56 73

CA-125a 160 ± 34 873 ± 202* 83 ± 14 1037 ± 244* ND ND

CA-15.3b 96 ± 21 919 ± 195* ND ND 38 ± 6 318 ± 64*

CA-19.9c ND ND 31 ± 8 505 ± 191* ND ND

CA-27.29d 111 ± 29 1006 ± 197* ND ND ND ND

CEAe 40 ± 17 477 ± 165* 46 ± 7 355 ± 106* 13 ± 5 425 ± 113*

PSAe ND ND ND ND 37 ± 9 306 ± 170*

Data correspond to date of tissue collection and they were expressed as the mean of the number of samples indicated as n ± 1 SD. Patients were

studied periodically after diagnose to correlate results with tumor progression and/or spreading

ND Non determined
* Significantly different (P \ 0.01) compared with BL samples

Cut-off values and units for each marker are indicated with a superscript letter as follows:
a \35 UI/ml
b \30 UI/ml
c \25 UI/ml
d \38 UI/ml
e \5 ng/ml
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ether/acetic acid (90:10:1, by vol) as first solvent system

and toluene as second developing solvent [17]. Bands were

scrapped-off the plate and transmethylated using F3B (14%

in methanol) under nitrogen atmosphere for 45 min at

80 �C. Monopentadecanoin was added to all the tubes as an

internal standard. Fatty acid methyl esters (FAMEs) from

the ether lipid species were separated from the aldehyde

derivatives by TLC using toluene as a solvent and quan-

titatively analyzed using a Hewlett Packard HP 6890 Series

GC System Plus (Avondale, PA) equipped with a terminal

computer integrator [18].

Graphic Software and Statistical Treatment of Data

Data were reported as the mean ± 1 standard deviation

(SD). Statistical significance was tested by student t-test or

by ANOVA (analysis of variance) plus Bonferroni test.

Correlation and regression analyses and data plotting were

performed with the aid of Systat (version 12.0 for Win-

dows) from SPSS Science (Chicago, IL), Sigma Scientific

Graphing Software (version 8.0) from Sigma Chem. Co.

(St. Louis, MO), and/or GB-STAT Professional Statistics

Program (version 4.0) from Dynamic Microsystems Inc.

(Silver Springs). Multivariable regression analyses were

performed as described by Kleinbaum and Kupper [19].

Results and Discussion

Patients and Tumor Markers

Our study was carried out with a representative (char-

acteristic) population of neoplastic samples, composed

of a typical distribution of cancer types (Table 1). His-

topathological data were in agreement with previous

Fig. 1 Correlation between

number of confirmed metastases

(NCM) and various antigen

markers for breast, lung and

prostate. Number of neoplastic

samples processed was smaller

than the total number of patients

studied since only those cases

with confirmed number of

metastases were included (101,

129, and 73 for breast, lung, and

prostate, respectively)
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studies performed in Western countries [20]. Tumor

marker levels (Table 2) were also in accordance with

data previously reported for each kind of tumor [21–24].

These values of tumor markers are often useful for

monitoring the evolution of patients; however, some of

them may not be helpful in detecting recurrence. For

example, we found that CA-125, CA-19.9, CA-27.29,

CEA, and total PSA remained unaltered in a significant

proportion of cases in which large spreading of primary

tumors was detected by other tests such as radioisotopic

and/or X-ray scanning (data not shown). Total PSA was

the antigen that showed the best correlation with clinical

status. Notwithstanding, it was within normal values in

12% patients with prostate cancer detected by digital

rectal and scanner exams, and then corroborated by his-

tological studies after needle punch biopsy. Moreover,

spreading of primary prostatic or breast tumors with bone

metastases was not correlated with a significant raise in

any of the antigen markers tested in 22 and 31% of the

samples analyzed, respectively. In addition, approxi-

mately 25% of patients with metastatic dissemination of

primary lung cancer (especially in central nervous system

and liver) showed no significant changes with respect to

the starting level of the antigenic markers.

Sp and Se of tumor markers are topics under continuous

evaluation. The ideal marker would be a molecule which

only appears in patients with a specific malignancy, and it

would correlate directly with stage and response to treat-

ment. Up till now, no tumor marker has met this

requirement. Thus, establishment of a biochemical index

for either diagnosis of cancer, or management of patients

with neoplastic diseases remains as one of the important

goals to be achieved in cancer research. It is accepted that

measurement of one antigen concentration in plasma is not

recommended as a useful diagnostic tool in malignancy.

In this regard, multivariable regression analyses of data

in relation to tumor marker concentrations and clinical

status of patients (summarized in Figs. 1 and 2, and in

Tables 2 and 3) led us to these conclusions: (1) high levels

of conventional markers did not directly correlate

(r2 \ 0.80) with both stage and /or spreading of the pri-

mary tumor. (2) simultaneous determinations of two or

more antigenic tumor markers did not improve PPV and

NPV values (0.58 \ r2 \ 0.73), and (iii) specifically,

tumor markers CA-15.3 and CA-27.29 were directly pro-

portional between them (r2 = 0.97). Thus, simultaneous

determinations of these two antigens do not offer advan-

tages over the measurement of each marker alone. These

statements confirm previous suggestions and findings made

by other researchers [25–30] and answered the question

raised by Klee et al [31]. It is important to remark that

even the association of two or three of these markers

(CA-125 + CA-15.3 + CEA; CA-125 + CA-19.9 + CEA;

or PSA + CEA for breast, lung, and prostate cancers,

respectively) could not significantly improve PPV and

NPV values compared with prognosis or spreading pre-

dictions based on determinations of the primary marker

alone (Table 3).

The optimal interpretation of tumor markers requires

knowledge about both methodological limitations and the

course of the disease in a particular patient. Even in those

cases where these conditions were met, the correlation with

clinical status was poor. For that reason we explored the

usefulness of other tumor markers derived from ether lipid

Fig. 2 Linear correlation between plasma levels of antigens CA-15.3

and CA-27.29 was determined as described in ‘‘Experimental

Procedure’’ for 148 patients with breast cancer

Table 3 Sensitivity (Se), specificity (Sp), and negative- and positive-

predictive values (NPV; PPV) of marker antigen levels tumors from

human breast, Lung, and Prostate

Tissue Parameters

Se Sp NPV PPV

CA-125 Breast 84 90 90 95

Lung 89 92 96 89

CA-15.3 Breast 66 91 88 93

CA-19.9 Lung 87 96 94 95

CA-27.29 Breast 64 91 89 93

CEA Breast 46 80 68 76

Lung 53 75 77 72

Prostate 38 89 65 70

PSA Prostate 93 92 100 94

CA-125 + CA-15.3 + CEA Breast 91 90 92 95

CA-125 + CA-19.9 + CEA Lung 99 97 98 97

PSA + CEA Prostate 100 93 100 96

Values were calculated as indicated in the experimental part. For

simplicity only three types of associations between markers were

shown. Data were calculated on the day of tissue collection. Patients

were studied periodically after diagnosis to correlate results with

tumor progression and/or spreading
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compositional analysis of biopsy samples to perform his-

topathological studies.

Lipids and Fatty Acyl Composition of Ether Lipids

as Tumor Markers

As a first approach in searching for a new lipid marker for

human tumor tissues, we followed the strategy employed in

this kind of investigation, that is, to compare pooled results

between normal and malignant tissues classified according

to their histopathological criteria and obtained from dif-

ferent patients. Table 4 shows data obtained from the

analyses of neutral and polar ether lipid subclasses among

normal, BL and NEO samples from breast, lung, and

prostate human tissues. Results corresponded to absolute

amounts of lipids (lg per mg tissue protein). They were

pooled and averaged as a function of their histopatholo-

gical classification on the day of collection. In agreement

with previous studies from other researchers we found that

tumor tissues were significantly enriched in GEDE-A and

GEDE-E [4, 32–34]. Interestingly, concerning lung, no

differences were found between normal and BL samples.

Similar conclusions can be obtained examining the data

obtained from PakEtn, PlsEtn, PakCho and PlsCho. Not-

withstanding, the EtnGpl sub-fraction exhibited higher Se

than ChoGpl since changes observed in ethanolamine-

containing plasmalogens were more pronounced than those

of choline. Drastic modification of data interpretation

occurred when the results were separately compared. We

calculated the amount of each lipid subclass with respect to

the content of the same lipid in normal sample from the

same patient. Table 5 shows the mean values obtained after

these calculations. Data were expressed as ratios of the

absolute amount of lipids (lg/mg protein). In the tumors

studied, we found significant differences between normal,

BL, and NEO samples. Moreover, differences observed

among groups were even more evident than those observed

Table 4 Absolute amounts of lipids of normal (C), benign (BL), and neoplastic (NEO) samples from human breast, lung, and prostate tissues

Tissues Breast Lung Prostate

Histopathology C BL NEO C BL NEO C BL NEO

n 222 74 148 226 40 186 229 56 173

GEDE-A 0.5 ± 0.1 1.9 ± 0.3* 4.6 ± 0.5*,** 1.3 ± 0.2 1.8 ± 0.5 2.8 ± 0.3* 0.6 ± 0.1 0.9 ± 0.2 1.7 ± 0.3*,**

GEDE-E 0.7 ± 0.1 1.6 ± 0.4 3.3 ± 0.8* 0.7 ± 0.1 0.9 ± 0.2 1.3 ± 0.3* 0.5 ± 0.1 0.8 ± 0.2 2.2 ± 0.7*

PakEtn 0.7 ± 0.1 1.6 ± 0.2* 3.9 ± 0.4*,** 4.6 ± 0.3 6.6 ± 0.6 8.9 ± 0.5* 0.8 ± 0.2 0.8 ± 0.3 1.5 ± 0.4*,**

PlsEtn 1.1 ± 0.2 2.4 ± 0.3 5.8 ± 0.4*,** 11.5 ± 2.4 19.8 ± 3.0 24.1 ± 2.9* 3.3 ± 0.4 6.0 ± 1.8* 12.5 ± 3.0*

PakCho 0.5 ± 0.1 0.6 ± 0.1 2.1 ± 0.3*,** 1.0 ± 0.2 1.5 ± 0.4 2.9 ± 0.3* 0.6 ± 0.1 0.5 ± 0.3 1.6 ± 0.2*,**

PlsCho 0.8 ± 0.2 1.2 ± 0.3 3.5 ± 0.7* 2.3 ± 0.3 3.3 ± 0.7 4.4 ± 0.4* 0.8 ± 0.2 1.1 ± 0.3 3.6 ± 0.3*,**

Results were expressed as lg of each lipid subclass per mg protein, and they correspond to the mean ± SD of the number of samples indicated as n

Statistically different (P \ 0.01) *compared with C, **compared with BL

Table 5 Mean values of ratios between the content of ether lipids in benign (BL) or neoplastic (NEO) and normal (C) samples in human breast,

lung, and prostate tissues

Tissues Breast Lung Prostate

Histopathology BL NEO BL NEO BL NEO

n 74 148 40 186 56 173

GEDE-A 4.2 ± 0.2* 10.1 ± 0.3*,** 1.9 ± 0.1* 3.9 ± 0.2*,** 1.5 ± 0.1* 4.7 ± 0.1*,**

GEDE-E 3.5 ± 0.4* 5.8 ± 0.2*,** 1.8 ± 0.2* 3.2 ± 0.1*, ** 2.4 ± 0.2* 4.8 ± 0.2*,**

PakEtn 4.1 ± 0.1* 7.0 ± 0.2*,** 2.0 ± 0.2* 4.5 ± 0.2*,** 1.9 ± 0.1* 5.6 ± 0.1*, **

PlsEtn 2.7 ± 0.1* 6.9 ± 0.1*,** 3.1 ± 0.2* 6.3 ± 0.3*,** 3.5 ± 0.2* 7.8 ± 0.1*,**

PakCho 1.8 ± 0.1* 4.7 ± 0.2*,** 1.5 ± 0.1* 3.9 ± 0.1*,** 2.1 ± 0.1* 3.9 ± 0.2*,**

PlsCho 2.0 ± 0.2* 5.4 ± 0.1*,** 2.0 ± 0.2* 4.2 ± 0.2*,** 3.0 ± 0.2* 5.1 ± 0.2*,**

Results were expressed as the mean of ratios between the absolute amount (lg/mg protein) of each lipid subclass in BL or NEO samples and the

content measured in normal tissues from the same patient ± 1SD of the number of analyses indicated as n. SD of normal samples was between 8

and 19% of the mean value depending on the group of samples analyzed

Statistically significant (P \ 0.01) *compared with control, **compared with BL
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in the previous analyses (Table 4). Thus, using this type of

analysis all the groups were statistically different from

each other.

As reported by other authors [4, 32–34], pooled sam-

ples had a lower proportion of PakEtn or PakCho than

PlsEtn or PlsCho. We calculated the relative proportion of

GEDE-A to GEDE-E, and the PakEtn/PlsEtn and PakCho/

PlsCho ratios. The content of GEDE-A compared to

GEDE-E decreased in NEO samples from the three tissues

studied, while the proportion between plasmanyl- and

plasmenyl-derived compounds (in both PE and PC)

increased in BL and in NEO sample tissues with respect to

the normal ones. An important conclusion was that

changes in EtnGpl were more pronounced than those in

ChoGpl. Analytical ratios shown in Table 6 would be

useful for the classification of samples according to their

histopathological characteristics. However, there were two

major problems with these calculations: (a) except in the

case of plasmalogen ratios, no differences were found

between BL and normal samples, and (b) they did not

reflect the fact that individual samples may not differ from

the mean values obtained for the corresponding histopa-

thological group and, consequently, they would be

misclassified. Considering PakEtn/PlsEtn and PakCho/

PlsCho ratios as the most discriminating biomarkers, 31.4,

26.2 and 12.5% of NEO samples from breast, lung and

prostate (respectively) were classified as normal samples

when compared with the means shown in Table 4. How-

ever, they became malignant when comparisons were

made against those values obtained from normal tissue

from the same patient. Using the same strategy of com-

parison, BL samples from breast, lung and prostate were

25.0, 20.1 and 11.3% misclassified. These records were

similar to those obtained using the conventional primary

antigenic tumor markers as discriminators.

As a second approach to find a more reliable lipid tumor

marker, analyses of fatty acyl composition of each ether

lipid subclass isolated from normal and pathological

samples were carried out. Significant changes in fatty acyl

composition were easily observed directly on the chro-

matograms even without ulterior calculations of peak areas

(data not shown). This pattern represented a ‘‘finger print’’

and it was a constant finding in the samples analyzed. The

main changes observed involved the proportion of mono-

enoic to saturated fatty acids and also the relative amount

of PUFAs to saturated fatty acids. For these reasons, the

absolute amount (nmoles per mg protein) of fatty acyl

chains in each lipid subclass from normal, BL and NEO

samples was calculated and used to obtain several analyt-

ical ratios. A few selected (statistically significant) ratios

were presented in Table 7. They were expressed as the

percent change calculated by comparing the absolute

content of fatty acyl chains of BL or NEO samples with the T
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amount measured in the normal tissue of the same patient.

Similar calculations were made concerning the fatty acyl

composition of GEDE-A, GEDE-E, and DAG. However, in

those cases the statistical differences, though significant,

were of lesser extension. Thus, we focused our attention in

fatty acyl composition of PakEtn and PlsEtn sub-fractions.

Ratios allowed the differentiation not only of NEO samples

from normal tissue, but also of BL from NEO samples with

high Se and Sp. These statistical differences almost dis-

appeared when ratios were calculated in pooled samples

since values of SD were notoriously increased. This fact

can be attributed to a marked variability observed in the

baseline contents of fatty acyl chains among patients under

different nutritional conditions, concomitant pathologies,

therapeutical approaches, hormonal status, gender, age, and

other factors which are not easily controlled. In agreement

with this, reports from other laboratories have attempted to

characterize plasma fatty acyl profile in patients undergo-

ing benign and/or neoplastic illness with a variable success

[35–37].

From the data reported in Table 7 we calculated Se, Sp,

NPV, and PPV for the different lipid markers studied. The

best results were obtained for R monoenoic/R saturated fatty

acids in PlsEtn showing major changes with minor disper-

sion together with an excellent correlation with clinical

status of patients. Se and Sp were between 96 and 100%, and

NPV and PPV values were both over 97%. Figure 3 shows

correlation studies between the lipid marker and the

spreading capacity of primary tumors. Interestingly, in all of

the tumors studied we found a linear correlation,

(0.96 \ r2 \ 0.98) that agreed with the clinical prognosis of

each kind of damage. It seems that this lipid marker does not

depend on the nature of the tumor, but it clearly reflects the

mestastatic potential of the primary cancer even when an

accurate quantification of this condition is so difficult to

obtain. Extrapolation of the regression lines to zero metas-

tases yielded values of percent change (R monoenoic/

Rsaturated) PlsEtn FAs which would correspond to a tumor

with a hypothetically null spreading capacity. These values

were similar to those obtained for BL samples (Table 7).

Thus, the proposed marker has an excellent correlation with

clinical status of the patient, especially number of metasta-

ses. Probably, it may be limited to the follow-up of the

patient and to distinguish between BL and NEO samples in

conflicting histopathological examinations in which com-

plementary studies would be required. A population study at

large scale may confirm the utility of the marker in prog-

nosis, but our results are promising. We demonstrated that

this highly sensitive marker is, at least, equally or even better

than the existing clinical chemistry tumor markers.

Table 7 Analytical markers of fatty acyl composition of lipids from benign (BL) and neoplastic (NEO) samples of human breast, lung and

prostate

Histopathology Breast Lung Prostate

BL NEO BL NEO BL NEO

n 74 148 40 186 56 173

Total lipids

R Monoethylenic/R Saturated 66 ± 7* 144 ± 17*,** 39 ± 6* 127 ± 15*,** 51 ± 4* 185 ± 19*,**

18:2n - 6 + 18:3n - 3/20:4 (n - 6) 54 ± 8* 196 ± 21*,** 27 ± 5* 222 ± 17*,** 36 ± 5* 193 ± 12*,**

18:2n - 6/R PUFAs 43 ± 5* 232 ± 25*,** 31 ± 7* 204 ± 21*,** 49 ± 4* 209 ± 15*,**

R (n - 3)/R (n - 6) -21 ± 2* -39 ± 4*,** 11 ± 3 -40 ± 5*, ** -8 ± 2 -53 ± 4*, **

EtnGpl

R Monoethylenic/R Saturated 58 ± 3* 195 ± 13*,** 30 ± 3* 193 ± 13*,** 65 ± 7* 303 ± 25*,**

18:2n - 6 + 18:3n - 3/20:4 (n - 6) 49 ± 4* 107 ± 14*, ** 36 ± 4* 131 ± 19*,** 57 ± 6* 148 ± 17*,**

18:2n - 6/R PUFAs 33 ± 5* 121 ± 27*,** 27 ± 2* 97 ± 6*,** 38 ± 4* 106 ± 12*,**

R (n - 3)/R (n - 6) -7 ± 2 -11 ± 3 4 ± 1 -13 ± 2 -5 ± 1 -16 ± 4

PlsEtn

R Monoethylenic/R Saturated 74 ± 5* 303 ± 18*,** 28 ± 2* 298 ± 21*,** 76 ± 8* 355 ± 20*,**

18:2n - 6 + 18:3n - 3/20:4 (n - 6) 31 ± 3* 90 ± 6*, ** 19 ± 2 49 ± 3*,** 27 ± 3* 67 ± 5*,**

18:2n - 6/R PUFAs 35 ± 4* 76 ± 7*,** 15 ± 3 34 ± 5*,** 19 ± 3 46 ± 6*,**

R (n - 3)/R (n - 6) -6 ± 1 -5 ± 1 11 ± 2 10 ± 3 -7 ± 1 -12 ± 3

Data were calculated as percent change with respect to normal tissue of each individual sample

total lipids unfractionates (neutral plus polar) lipids, EtnGpl ethanolamine glycerophospholipids (PtdEtn + PakEtn + PlsEtn), PlsEtn plas-

malogen fraction of ethanolamine phospholipids

Calculations were averaged and expressed as the mean ± 1SM. n Indicates the number of samples within each category

Statistical differences (P \ 0.01) were noted as * for BL or NEO vs. control, and ** for NEO vs. BL
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Surprisingly, the early findings reported in this field on lipid

biochemistry have not been further developed for decades.

So, we expect that our contribution may stimulate future

research in this area.

Conclusions

To the best of our knowledge, this is the first time that a

biochemical marker derived from composition studies of

ethanolamine-containing plasmalogens provides a reliable

index capable of distinguishing between BL and NEO

tissues, and it correlates linearly with metastases spreading

in vivo. Lipid analyses were performed with minor

amounts of tissue and may be carried out with a relatively

low number of complex instruments. Samples could be

obtained during punch needle biopsy for histopathological

examination. Results displayed high Se and excellent

clinical correlation, and they would have interesting

applications in prognosis of the most frequently observed

human cancers.
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Abstract The effect of unsaturated fatty acids on the

abundance of D6 desaturase (D6D) mRNA and the fatty

acid composition of HepG2 cell membranes was examined.

Supplementation of HepG2 cells with oleic acid (18:1n-9,

OA), linoleic acid (18:2n-6, LA), a-linolenic acid (18:3n-3,

ALA), arachidonic acid (20:4n-6, AA) or eicosapentaenoic

acid (20:5n-3, EPA) reduced D6D mRNA abundance by

39 ± 6.6, 40 ± 2.2, 31 ± 5.2, 55 ± 4.8, and 52 ± 5.0%,

respectively, compared with control cells. Despite the

reduction in D6D mRNA abundance, the level of D6D

conversion products (20:3n-9, EPA and AA) in OA, ALA

and LA supplemented cells, respectively, was elevated

above that in control cells. Our results suggest that

although unsaturated fatty acids decrease the abundance of

D6D mRNA by as much as 50%, the conversion of

polyunsaturated fatty acids and accumulation of long chain

polyunsaturated fatty acids (LCPUFA) in HepG2 cell

phospholipids continues to occur.

Keywords Fatty acid synthesis �
Long chain polyunsaturated fatty acids �
Peroxisome proliferators-activated receptor (PPAR)

Abbreviations

AA Arachidonic acid

ALA a-Linolenic acid

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

LA Linoleic acid

OA Oleic acid

D6D D6 Desaturase

cDNA Complementary DNA

SE Standard error

Introduction

D6 desaturase (D6D) is the first and rate-limiting enzyme

involved in the desaturation and elongation of 18 carbon

polyunsaturated fatty acids (PUFA) to long chain PUFA

(LCPUFA). Dietary studies indicate that hepatic D6D mRNA

expression is induced by diets low in linoleic acid (18:2n-6,

LA) and a-linolenic acid (18:3n-3, ALA) and suppressed by

diets rich in vegetable or marine oils [1–3]. D6D mRNA

expression may be used as a surrogate marker for the activity

of the enzyme as some studies in rodent have shown that the

suppression of D6D mRNA expression by dietary PUFA is
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associated with reduced D6D activity [3, 4]. Nuclear run-on

analysis suggests that the suppression of D6D mRNA

expression by PUFA is due to regulation at the transcriptional

level [3], supposedly via peroxisome proliferators-activated

receptors (PPARs), which bind to peroxisome proliferator-

activated receptor response elements (PPRE) on the D6D

gene [5–7]. There appears to be species differences in

response to PPAR agonists. PPAR agonists cause hepatic

peroxisome proliferation, hepatomegaly and, with prolonged

administration, hepatocarcinogenesis, in rodents [8] yet

human hepatocytes and HepG2 cells do not exhibit peroxi-

some proliferators-dependent peroxisome proliferation or

induction of peroxisome proliferator-associated genes [9].

While D6D appears to be the rate-limiting step in the desat-

uration–elongation pathway, the overall regulation of the

pathway and the correlation between D6D mRNA expression

and the fatty acid composition of cell lipids is unclear and

may involve several points of metabolic control. This study

aimed to examine the effect of fatty acid supplementation on

the mRNA abundance of D6D and fatty acid composition of

HepG2 cells, a human cell line commonly used to study

LCPUFA metabolism.

Materials and Methods

Materials

DMEM, FBS, penicillin, streptomycin and trypsin were

purchased from JRH Biosciences (Victoria, Australia).

FFA and authentic lipid standards were obtained from

Nu-Check-Prep Inc (Elysian, MN, USA). BSA was from

Sigma (St Louis, MO, USA). All other chemicals and

reagents were of analytical grade.

Cell Culture

HepG2 cells (human hepatoma cell line) were obtained from

American Type Culture Collection (Rockville, MD, USA)

and cultured in DMEM supplemented with 10% FBS, 2 mM

L-glutamine, 50 U/ml penicillin and 37.5 U/ml streptomy-

cin. A series of experiments were performed to determine the

cell culture conditions that produced the greatest accumu-

lation of DHA in HepG2 cell phospholipids following

supplementation with ALA, without a significant reduction

in cell number or viability (data not shown). These condi-

tions are described herein. Cells were grown and seeded into

6-well plates and supplemented with fatty acids bound to

BSA as described previously [10]. Stock solutions of FFA

were prepared in ethanol at a concentration of 10 mg/ml and

diluted in serum free medium to achieve final concentrations

of 71 lM OA, 71 lM LA, 72 lM ALA, 66 lM AA or

66 lM EPA. These concentrations effectively elevated the

accumulation of the supplemented fatty acid above that

observed in control cells whilst maintaining cell viability.

The final concentration of ethanol in the media was 0.2%.

Control cells were cultured in serum-free medium supple-

mented with an equivalent concentration of ethanol and

BSA. After 48 h incubation with fatty acid-supplemented

media, the cells were harvested for fatty acid or RNA

extraction. Cells were used between passage 15 and 20. Cell

viability was assessed by trypan blue exclusion.

Fatty Acid Analysis

Lipids were extracted from cells with chloroform/methanol

(2:1, by vol) according to the method of Folch et al. [11].

Phospholipids were separated from other lipid classes by

TLC (Silica Gel 60 H Merck Darmstadt, Germany) and

transesterified by methanolysis to form fatty acid methyl

esters (FAME). The resulting FAME were separated and

quantified by gas chromatography as described previously

[10].

RNA Extraction

Total RNA was isolated using a commercially available kit

(Qiagen, CA, USA). Real-time quantitative PCR analysis

(Corbett Rotorgene, Sydney, Australia) using SYBR1 green

fluorescence was used to determine the abundance of D6D

mRNA relative to the house keeping gene, cyclophilin A

using the comparative CT (Threshold cycle) method. Two lg

of total RNA was reverse transcribed with random hexamers

according to the manufacturers instructions (Ambion, Aus-

tin, TX, USA). Each amplification mixture (20 ll) contained

0.5 ll of cDNA, 90 nM forward D6D primer (50-CTG

CCAACTGGTGGAATCATC), 90 nM reverse D6D primer

(50-ACAAACACGTGCAGCATGTTC) and PCR master

mix (Stratagene, La Jolla, CA, USA). Published primer

sequences were used for the forward and reverse D6D

primers [12]. The forward and reverse cyclophilin A primers

were 50-GGTTGGATGGCAAGCATGTG and 50-TGCTGG

TCTTGCCATTCCTG, respectively. DNA sequences of the

amplification products were determined by direct sequenc-

ing to confirm their identities with reported cDNA sequences

of corresponding proteins [13] (GenBank Accession Num-

ber AF084559).

Statistical Analysis

Fatty acid analyses were performed on means of at least

three separate replicates. Mean D6D mRNA abundance
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was compared from at least five separate replicates.

ANOVA and Bonferroni post hoc statistical tests (SPSS

Inc. Chicago, IL, USA) were used to compare means fol-

lowing fatty acid supplementation. Statistical significance

was defined as (P \ 0.05). Data are expressed as

mean ± standard error (SE).

Results

D6 Desaturase mRNA Abundance

In cells supplemented with OA, LA, ALA, AA or EPA, the

abundance of D6D mRNA was significantly (P \ 0.05)

reduced by 39 ± 6.6, 40 ± 2.2, 31 ± 5.2, 55 ± 4.8 and

52 ± 5.0%, respectively (Fig. 1) compared with control

cells maintained in serum-free media with BSA. Analysis

of D6D mRNA abundance before fatty acid supplementa-

tion and then at 1, 2, 6, 12, 24 and 48 h following

supplementation with 72 lM ALA showed a significant

reduction in D6D mRNA abundance at 24 h (data not

shown). However, following 48 h supplementation, the

time after which the medium was refreshed, the D6D

mRNA abundance was equivalent to that observed in cells

harvested immediately prior to supplementation. The sup-

pression of D6D mRNA was not specific to any particular

class of fatty acid as all fatty acids tested suppressed D6D

mRNA abundance. Western blot analysis of HepG2 whole

cell protein lysates using polyclonal rat antibodies [14] did

not adequately identify the D6D protein in HepG2 cells

(data not shown).

Fatty Acid Analysis

The fatty acid composition of HepG2 cell phospholipids

following supplementation with fatty acids is shown in

Table 1. Despite the reduction in D6D mRNA abundance

by all fatty acids examined, the concentration of D6D

conversion products (20:3n-9, AA and EPA), in respective

OA, LA and ALA supplemented cells were elevated above

that observed in control cells. There was a significant

increase in the level of OA and its product, 20:3n-9, in cells

supplemented with 71 lM OA. In HepG2 cells supple-

mented with 71 lM LA, the level of LA and AA in cell

phospholipids increased significantly (P \ 0.05) compared

with control cells. In ALA-supplemented cells, the level of

ALA, EPA, DPA and DHA in cell phospholipids was

increased. Following supplementation with 66 lM AA, the

level of AA in HepG2 cell phospholipids increased dra-

matically, as did the level of 22:5n-6, which increased

tenfold from 0.17 ± 0.01% total fatty acids in control cells

to 1.73 ± 0.10% total fatty acids. In HepG2 cells supple-

mented with 66 lM EPA, the level of EPA in cell

phospholipids increased from 0.14 ± 0.02% total fatty

acids in control cells to 14.95 ± 0.51% total fatty acids.

The level of DPA and DHA also increased significantly

(P \ 0.05) (Table 1).

Discussion

The mRNA abundance of D6D in HepG2 cells was sig-

nificantly reduced following supplementation with OA,

LA, ALA, AA or EPA compared with control. Dietary

PUFA is reportedly a major regulator of D6D mRNA

expression [15] which may influence the accumulation of

LCPUFA in cell membranes. The suppression of D6D

mRNA abundance by PUFA has been described previously

in human neuroblastoma cells [16] and HepG2 cells [3].

However, these studies did not correlate D6D mRNA

expression with the fatty acid composition of cell lipids.

Nara et al. [12] showed that the abundance of D6D mRNA

was reduced by approximately 50% in HepG2 cells sup-

plemented with AA, EPA and DHA for 24 h whereas OA

had no effect. The difference in the effect of OA between

our study and that of Nara et al. [12] may be due to their

inclusion of insulin and dexamethasone, two hormones that

influence the expression of PPAR [17] and indeed, D6D

[18].

In vivo studies also demonstrate that dietary OA does

not affect D6D mRNA expression [1–3, 19], which may be

attributed to mechanisms in vivo that are not apparent in

vitro. One study suggests that D6D mRNA expression may

be modulated indirectly by the metabolic state of the ani-

mal. In rats supplemented with the PPARa agonist

Fig. 1 Relative abundance of D6 desaturase mRNA compared with

the housekeeping gene, cyclophilin A, in HepG2 cells following 48 h

supplementation with oleic acid (18:1n-9, OA), linoleic acid (18:2n-6,

LA), a-linolenic acid (18:3n-3, ALA), arachidonic acid (20:4n-6, AA)

and eicosapentaenoic acid (20:5n-3, EPA) compared with control

cells (BSA). Values are means ± SE of at least five replicates. Values

with different symbols are significantly different (P \ 0.05) from

each other by one-way ANOVA with Bonferroni post-hoc analysis
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WY14643, the fatty acid oxidation enzymes, acyl CoA

oxidase, L-bifunctional protein and cytochrome P450 4A1

were all significantly induced within 4 h of treatment, with

maximum induction occurring at 28 h [20]. D6D mRNA

abundance was not significantly elevated at 4 h and it was

only after 28 h that significance was reached [20]. The

increased expression of D6D mRNA after 28 h suggests

that its induction was secondary to the induction of the

oxidation enzymes by WY1463 and may be compensatory.

Interestingly, the level of OA in liver phospholipids was

elevated [20] following treatment with WY14643 and may

indicate an increased synthesis of OA de novo, as occurs in

essential fatty acid deficient states. Moreover, PPAR ago-

nists induce peroxisome proliferation in rodents [21].

Therefore, changes in fatty acid metabolism may also be

attributable to the increased demand for fatty acids as

constituents of phospholipids in the expanding peroxisome

population [9]. It is questionable whether the changes in

the fatty acid composition of cell lipids is directly attrib-

utable to the increased mRNA expression of D6D by

WY14643 but rather the increased demand for fatty acid

oxidation as a result of PPAR activation. The effect of D6D

mRNA expression on the fatty acid composition of cell

lipids is still unclear.

Despite a reduction in D6D mRNA abundance by up to

50%, the accumulation of fatty acid conversion products

was increased compared with control cells. The fatty acid

composition of cell lipids may be influenced by various

parameters and highlights the need to examine D6D

mRNA expression concurrent with the expression of oxi-

dation enzymes and enzyme activity. Further studies that

examine the effect of D6D overexpression by transfection

of a D6D expression vector or the effect of knockdown of

D6D mRNA by short interfering RNA, on the fatty acid

composition of cell lipids, may help in describing a rela-

tionship between the two.
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METHODS

Fourier Transform Near Infrared Spectroscopy:
A Newly Developed, Non-Invasive Method To Measure Body Fat

Non-invasive body fat content measurement using FT-NIR
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Abstract An FT-NIR technique is reported to provide a

fast, accurate and low cost method of determining in-vivo

human body fat content. The body fat content of 353

healthy subjects (154 males and 199 females) of various

height, weight, and age were measured by FT-NIR and

compared to 420 subjects investigated by magnetic reso-

nance imaging (MRI). The procedure involved scanning

each subject’s upper ear that provided a necessary reflec-

tance surface and proved representative of the subject’s

subcutaneous fat content. The average FT-NIR spectrum

was compared to a reference mixture with known and

similar fat content and composition to that of humans. The

FT-NIR response was incorporated into an empirical

equation using the ratio of subcutaneous to total body fat

from MRI data, taking into account the subject’s gender,

height, weight and age. The results on the two data sets

were similar and demonstrated that the FT-NIR technique

can be used to obtain a measure of the body fat content of

individuals, similar to that using MRI. In addition, the

FT-NIR was used to more accurately monitor the fat con-

tent of sleep apnea patients.

Keywords Body fat � Fourier transform near

infrared spectroscopy � Obstructive sleep apnea �
Human � Magnetic resonance imaging � Obesity

Introduction

According to a recent Statistics Canada Report 57% of men

and 40% of women in Canada are considered overweight

or obese1 [1]. Overweight is defined by a body mass index

(BMI) of [25, and obesity [30, and it is linked to several

diseases, including hypertension, diabetes mellitus, hyper-

lipidemia, coronary artery disease, obstructive sleep apnea,

and cancers of the breast, uterus, prostate and colon [1, 2].

The BMI guidelines assume that body mass is closely

associated with body fatness [3]. However, some over-

weight individuals are not necessarily overfat (e.g.,

bodybuilders), while others having a normal BMI have a

high percentage of their body weight as fat [3]. This sug-

gests that we need a more reliable indicator of obesity for

actual body fat measurement.

BMI is one of several ways to determine body fat or

monitor obesity. Other techniques include skinfold thick-

ness, circumference, bioelectrical impedance, dual energy

X-ray absorptiometry, underwater weighing, computed

tomography, and near-infrared interactance. The vast

majority of these measurements are indirect and based on
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assumptions and models. Magnetic resonance imaging

(MRI) has been used as a more reliable technique, but it is

expensive and inaccessible. As a result, we have developed

a new technique to directly scan and evaluate subcutaneous

body fat content in humans using Fourier Transform near

infrared (FT-NIR) spectroscopy. The FT-NIR response can

be compared to reference materials with known fat content

and composition or used in an empirical equation with

height, weight, gender and age as covariates.

The use of near infrared spectroscopy to determine fat

content in humans was first reported in 1984 [4]. Ruchti

et al. [5] reported the use of bovine fat as a reference

material in their NIR determinations of the human fat

content. We have shown that there are significant differ-

ences between bovine and human fat in composition, and

since the FT-NIR signal is based on the fatty acid profile of

the fat, a more appropriate reference material was devel-

oped that more closely resembled the human fatty acid

composition [6]. Recent improvements in the resolution of

FT-NIR spectroscopy coupled with chemometric analysis

has allowed for the complete fatty acid profiling of fats and

oils including trans fatty acids [7–9].

Methods

Subjects

Data were obtained from five different locations in Ontario:

Mississauga City Hall, Mississauga South Common Mall,

Mississauga River Grove Community Centre, Mississauga

Meadowvale Community Centre, and Fitness Corner, Port

Elgin. A total of 353 subjects (199 females and 154 males)

were scanned, and their height, weight, and age recorded

(as provided by the subjects). All subjects were required to

read the information sheet describing the procedure and

then sign a consent form.

FT-NIR Methods and Procedures

A Matrix-F FT-NIR Spectrometer equipped with a standard

fibre optic probe from Bruker Optics in combination with

OPUS (Optics Users Software) software was used to obtain

the spectra. Several body parts were examined to obtain

reliable and intense spectra. Most abdominal and arm

measurements proved unusable because of high dispersion

and low signal to noise ratio. It was found that the upper ear

yielded the best spectral characteristics for this study with

the least amount of background noise and water interfer-

ence, and strong reflectance signal. The resulting absorption

spectra were a composite of different components in the

sample. The fibre optic probe carrying the near infrared

light was held against the back of the subjects’ upper ear to

avoid eye contact; see demonstration of technique in [10].

On average five measurements of five scans each per subject

were taken (for a total scan time of 25 s) and the resulting

absorption spectra were averaged. The averaged spectrum

was then integrated focusing on the frequencies associated

with the fat peaks to obtain the FT-NIR response. This

response proved to be related to subcutaneous fat of the

subjects, and was matched against the FT-NIR response of

the reference material with a known fat content [6].

FT-NIR Reference Material

Preliminary results indicated that bovine fat used by Ruchti

et al. [5] did not resemble human body fat composition and

hence could not be used as a FT-NIR reference. Figure 1

shows the second derivative spectra of human, reference

material and bovine fat; the latter showed a more pro-

nounced peak for saturated fatty acids and less unsaturated

fatty acids compared to human fat. In addition, a clear

chemical shift of about 8 cm–1 wavenumbers was evident

in the bovine fat at 5,777 cm–1 compared to human fat

spectrum at 5,785 cm–1. This chemical shift and the profile

differences have a significant effect on the quantitative

determination in near infrared spectroscopy. A more suit-

able reference material was prepared consisting of water,

fat, and protein, which more closely resembled human

body fat profile (Fig. 1). To generate a calibration curve,

the FT-NIR response of increasing amounts of fat in the

reference material was measured (Fig. 2). These results

were used to obtain the calibration curve (Fig. 3). The

underlying protein signal from the cartilage was estab-

lished by purchasing pig’s ears and measuring the FT-NIR

Fig. 1 Second derivative spectra for bovine, human, and the

reference material: dashed line, bovine; dotted line, reference 24%;

solid line, human 23.5%
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spectra with the skin plus fat layer, and after removal of the

outer layers, recording the signal of the cartilage.

FT-NIR Empirical Equation

The fat content measurement results using the reference

material with known fat content were verified by devel-

oping an empirical equation. This equation was based on

the existing body surface area equations [11, 12] and the

ratio of subcutaneous to total fat content from MRI studies

taking gender and age into consideration, which were

combined with the FT-NIR response. It was assumed that

the total body fat volume could be determined by mea-

suring the body surface area multiplied by the thickness of

subcutaneous fat layer. The values of the FT-NIR response

were substituted for the thickness of subcutaneous fat layer

in these equations.

Magnetic Resonance Imaging Methods and Procedures

Methods and procedures for the collection of MRI data

were published [13].

Results

Representative values for both female and male subjects

are shown in Table 1. Their body fat content was measured

by FT-NIR spectroscopy and determined using the cali-

bration curve (Fig. 3).

A number of subjects were compared according to height,

weight, age, BMI and fitness level to observe differences in

their fat content (Table 2). One pair is shown in Fig. 4, which

shows the second derivative spectrum for male subjects 1007

and 1010. Subject 1007 was involved in bodybuilding

activities, while subject 1010 is an average male. Both sub-

jects were of a similar weight and height with a similar BMI.

The FT-NIR spectrum for subject 1010 in Fig. 4 shows more

intense fat peaks than that for subject 1007, indicating a

higher body fat content. The data in Table 2 demonstrate that

BMI is an unreliable measure of body fat content, and con-

firms the findings by other that fat percentage measurements

are more informative than BMI [3].

An empirical equation was developed based on the

assumption that subcutaneous fat thickness, substituted by

FT-NIR response and multiplied by body surface area

generates subcutaneous fat volume. The surface area was

determined using existing body surface area equations

[11, 12]. The ratio of subcutaneous to total adipose tissue

was obtained from MRI data that was necessary to convert

the FT-NIR response (subcutaneous) to total body fat

content. Figure 5 shows the MRI data for subcutaneous/

total adipose tissue ratio with respect to age and gender. As

can be seen, at a younger age, almost 95% of the adipose

tissue for males and 97% for females is stored subcutane-

ously. A separate empirical equation for males and females

was developed using the body surface area equations and

MRI ratio of subcutaneous to total adipose tissue, and

incorporating a factor for the FT-NIR response. These

equations are shown below:

Female TBF ¼ 64:719N�W0:51456 � H0:42246

ð�0:001Aþ 0:989ÞW

Male TBF ¼ 64:719N�W0:51456 � H0:42246

ð�0:003Aþ 0:997ÞW

TBF total body fat; N NIR response; W weight in kg; H

height in cm; A age in years.

The scanned data for 353 subjects were re-analyzed for

body fat content using the FT-NIR empirical equations, and

Fig. 2 FT-NIR response in the fat region of the reference materials

containing 0–51% fat: solid line 0%; dotted line 5%; dashed line 10%;

solid line 24%; dotted line 33%; dashed line 41%; solid line 51%

Fig. 3 Calibration curve for fat content determination

Lipids (2008) 43:97–103 99

123



comparing the results to those using the FT-NIR reference

material. Setting the intercept at 0, a significant linear cor-

relation was found (R2 = 0.94) tested using a two-tailed

paired t test (P \ 0.0001), as shown in Fig. 6 (all data).

Table 1 includes the determination of percent (%) body fat

using the reference material and the empirical equation for

each of the representative male and female subjects (the last

two columns). The results using the empirical equation were

dependent upon subjects accurately reporting their height

and weight, which may explain some minor discrepancies

between the two data sets. These equations are very sensitive

to age, weight and the NIR response. For example a change

of 0.02 in the NIR response would result in 1% drop in body

fat %, and in some minor cases up to 2% drop in both female

and male subjects. The same is true for the age coefficient.

Switching the empirical equation for males and females

Table 1 Body fat content of

representative female or male

subjects using FT-NIR

spectroscopy

Mean and standard deviations

for all females were: age

43 ± 14 years; height

163 ± 7 cm; weight

64 ± 10 kg; FT-NIR response

0.39 ± 0.11; BMI 24 ± 4; body

fat content by FT-NIR 29 ± 8%.

Mean and standard deviations

for all males were: age

39 ± 16 years; height

178 ± 7 cm; weight

82 ± 13 kg; FT-NIR response

0.22 ± 0.09; BMI 26 ± 3; body

fat content by FT-NIR 16 ± 7%.

The percent (%) body fat

content for each of the subjects

was calculated using the

equations and the reference

material

ID

No.

Gender Age Height

(cm)

Weight

(kg)

FT-NIR

response

BMI FT-NIR

Fat %

equation

FT-NIR

Fat %

reference

1002 F 24 165 61.4 0.46 23 36 33

1006 F 21 163 67.3 0.38 25 28 27

1009 F 27 163 72.0 0.26 27 19 18

1011 F 47 156 60.5 0.35 25 28 25

1020 F 43 165 68.0 0.71 25 54 52

1022 F 56 168 85.9 0.45 30 31 33

1025 F 48 173 68.2 0.50 23 39 36

1027 F 39 165 72.7 0.38 27 28 27

1033 F 46 163 62.0 0.64 23 51 47

1036 F 44 155 59.1 0.24 25 19 17

1038 F 37 170 61.4 0.50 21 40 36

1039 F 51 155 72.7 0.41 30 30 30

1001 M 49 174 79.1 0.26 26 19 19

1005 M 21 183 79.5 0.14 24 10 9

1007 M 25 188 93.0 0.07 26 5 4

1010 M 23 191 95.0 0.28 26 19 20

1014 M 22 185 90.0 0.23 26 16 16

1018 M 24 170 63.6 0.20 22 16 14

1019 M 24 178 95.4 0.31 30 20 22

1023 M 40 178 75.0 0.29 24 22 21

1029 M 42 198 78.8 0.31 20 24 22

1031 M 31 175 77.3 0.23 25 17 16

1034 M 21 185 88.6 0.29 26 20 21

1042 M 60 173 78.0 0.20 26 15 14

Table 2 Effect of physical activity on subject’s body fat content

ID No. Gender Age Height (cm) Weight (kg) Activity level FT-NIR fat

response

BMI FT-NIR Fat %

1007 M 25 188 93 High—body building 0.07 26 4

1010 M 23 191 95 Average 0.28 26 20

1005 M 21 183 80 High—body building 0.14 24 10

1131 M 18 183 80 Active 0.24 24 17

1156 M 22 175 82 High—fitness training 0.12 27 8

1132 M 23 173 80 Active 0.23 27 16

1201 F 26 165 61 Active 0.29 22 21

1002 F 24 165 61 Average 0.46 22 34

1211 F 25 157 55 Active 0.26 22 19

1015 F 24 158 55 Average 0.43 22 32
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result in a fat % difference of up to 2%. This is due to the

difference in the slope of subcutaneous to total ratio in males

and females (see Fig. 5). Figure 6 also shows that the

majority of male subjects are located at the lower end of the

scale, whereas female subjects are located at the higher end

of the scale confirming that, on average, females have more

body fat than males [3].

A comparison between the FT-NIR data for 353 subjects

in Ontario and MRI data for 420 subjects from the St.

Luke’s-Roosevelt Hospital in New York was subsequently

performed. The FT-NIR and MRI data for 39 pairs of

subjects were matched according to gender, age, height and

weight. Table 3 shows representative comparisons for 10

female pairs and 10 male pairs. The R2 value for all 39

pairs was 0.96 with a two-tailed P value of P = 0.0468.

The last two columns in Table 3 show the % fat content

measured by the FT-NIR and MRI for the paired subjects.

The only discrepancies would be similar to the example

provided in which a body builder is compared to an aver-

age person with similar weight and height (Table 2).

Although the two subject groups were measured using two

different techniques (FT-NIR and MRI) the results show a

remarkable resemblance in body fat content. The compar-

ison of these two groups was to some extent justified since

both groups were from North America with similar life

styles and diets.

The FT-NIR technique was recently applied to also

monitor body fat content of sleep apnea patients. The

patient was diagnosed with obstructive sleep apnea having

an Apnea Hypopnea Index (AHI) of 15.2 (event/h); below

10 is considered normal. The person’s weight was 81.8 kg

and height 1.74 m for a BMI of 27.0. The patient then

underwent a weight loss program losing 6.8 kg, which

corresponded to a 9% drop in body fat content as measured

by FT-NIR (25–16%), or a decrease in BMI from 27.0–

24.8. A subsequent obstructive sleep apnea test showed a

marked improvement in the AHI down from 15.2 to 2.5

(event/h).

Discussion

The body fat content of 353 subjects was measured by

FT-NIR spectroscopy and determined using the calibration

curve. The results were confirmed by calculating the fat

volume using an empirical equation that was developed

based on substituting the FT-NIR response for the subcu-

taneous fat thickness and the body surface area. A

comparison between FT-NIR and MRI data for 39 pairs of

subjects were matched according to gender, age, height and

weight (R2 = 0.96, P = 0.0468). Both groups were from

North America with similar life styles and diets.

Fig. 4 Second derivative comparisons for two subjects with the same

BMI but different body fat content: dotted line, volunteer 1007; Solid
line, volunteer 1010

Fig. 5 Subcutaneous to total fat ratio with respect to age for males

and females as determined by MIR: SAT, Subcutaneous Adipose

Tissue; TAT, Total Adipose Tissue; MRI, magnetic resonance

imaging

Fig. 6 Comparison of two FT-NIR methods for determining fat

content for males and females
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The newly developed method based on FT-NIR shows

the potential for a quick, accurate and relatively inexpensive

determination of human body fat content. Previous NIR

studies were not successful since dispersive NIR technology

and inappropriate reference materials were used [4, 5]. The

discovery of using the back of the upper ear providing a

suitable reflectance surface for the NIR light, as well as, the

finding that the fat layer was representative of the subcu-

taneous fat in the human subjects proved to be important

steps in this research. The reflectance of NIR light could

not be obtained by measuring other body parts due to

dispersion of the NIR light. The MRI data established that

a high percentage of body fat was stored subcutaneously

(Fig. 5), which was used to correlate the subcutaneous fat

layer on the back of the upper ear to the whole body fat

content. The significant correlation of the FT-NIR to the

MRI data suggests that the upper ear was representative of

the whole body fat content when measured using FT-NIR

spectroscopy.

Although, the FT-NIR and MRI tests were performed on

different subjects at different locations and times, the

correlation between the results of the two techniques is

notable and the similarities are gender neutral with no

obvious differences for scanning male or female subjects.

The similarity of life styles and diets between the two study

groups allowed for a comparison of the two techniques.

The ultimate test of acceptance for the FT-NIR technique

would be a direct validation using both techniques and

several groups of male and female subjects, old and young,

normal and obese.

These results demonstrate the potential of using FT-NIR

to measure the body fat content of human subjects rapidly

and accurately providing data comparable to the more costly

and less accessible MRI technique. The FT-NIR technique is

a low cost, portable and safe method that could prove valu-

able to determine the fat content of individuals being treated

for obesity and sleep apnea and to more accurately monitor

weight loss. The FT-NIR method has already been used for

fatty acid profiling of fats and oils and there is the potential of

doing the same for humans.
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EDITORIAL

Editorial

Eric J. Murphy
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� AOCS 2008

Dear Readers:

In their Letter to the Editor in this issue of Lipids, Drs.

Bosetti and Toscano highlight an important issue: the need

for the persons involved as reviewers in the peer-review

system to disclose potential conflicts of interest regarding

the manuscript or the authors.

Certainly someone who has a financial stake in the area

of research presented in a submitted manuscript should

declare potential conflicts of interest without regard to

which side of the peer-review system that individual

belongs. For instance, if someone from a competing com-

pany is asked to review a manuscript that could impact the

reviewer’s own projects and downstream drug revenue, the

reviewer should declare that conflict to the assigned

Associate Editor. The Associate Editor will consult with

either the assigning Senior Associate Editor or me to

determine whether that person should continue in the

review of the said manuscript. Although this is a clear-cut

issue, what about those of us who reside primarily in the

academic arena? Here, people can be ruthless if they per-

ceive that another person’s work intrudes into their domain.

In short, I have just been scooped! Under this circum-

stance, the best way to prevent the scoop by a reviewer is to

delay the other individual’s manuscript, through such

means as tardy reviews and a request for a large number of

unnecessary experiments or by rejecting the manuscript

altogether. Hence, how do we police this behavior, which is

clearly not well defined and is highly variable? Whereas we

try on the editorial side to weed out the ‘‘unfair’’ reviews,

we first must catch them. We strive to do our best in this

area and overall I think our efforts are commendable.

Overall, I think that our own collective maliciousness is

often more damaging than all of the big-time financial

conflicts of interest. When I was interviewed for the Editor-

in-Chief position, I repeated a statement that I learned from

my mentor, Professor Lloyd Horrocks. That is, be fair in

the review process, and combine this fairness with a great

deal of rigor. I train my postdoctoral fellows to review

manuscripts with fairness and rigor. I teach my students

and post-doctoral fellows the mantra, ‘‘Likes and dislikes

have no place in science.’’ Whether I like or dislike a

person does not affect my decision during a review or in

making a decision at the level of Editor-in-Chief. Fairness

with rigor is the absolute key to the process.

So what about disclosures? At Lipids, we formally ask

all authors to disclose any potential conflicts of interest

regarding the submitted manuscript. For most of us, this is

a minor issue. For my lab, every manuscript submitted to

Lipids has an inherent conflict in that I am Editor-in-Chief.

I make such a disclosure and, like all other authors, suggest

potential reviewers and editorial staff; but from there on I

am blinded to the process just like everyone else. But these

types of disclosures are the easy ones.

The issue raised by Bosetti and Toscano is with the review

side. At Lipids, we ask reviewers to note any scientific

misconduct issues in manuscripts, but should we also ask

them to note any potential conflicts? I for one have always

expected reviewers to know when to recuse themselves, and

over the years I have seen numerous people do this, running

the gamut from big names in the field to emerging stars to

graduate students reviewing their first manuscript. So these
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types of people once again fall into the category that Lloyd

spoke about all those many years ago.

I think the cause for concern is those individuals who are

quite ambitious but lack ambition. This is something Ste-

phen R. Lorenz, a three-star US Air Force general noted to

a group of young, newly commissioned officers. He told

them to surround themselves with people with ambition,

not with ambitious people. The key element is that scien-

tists who recuse themselves voluntarily are people perhaps

with ambition, but who certainly are not ambitious. They

are team players who recognize the fact that, despite their

best efforts, they just cannot be fair to the authors during

the review process, and to be fair, they recuse themselves.

The ambitious scientists are those individuals who recog-

nize that they can help themselves by harming others

through the review process.

How do we ultimately police these individuals? At this

point, it is impossible, as we are all subject to the frailties

that come from being human. I, like French philosopher

Jean-Jacques Rousseau (1712–1778), feel that most of us

are good and will strive to do the right thing. For those

reviewers who do not fit into this model, we need to be

vigilant at the editorial level to limit the impact that these

types of people have on the peer-review process.

My best wishes to everyone for a prosperous and healthy

New Year.

Sincerely,

Eric J. Murphy

Editor-in-Chief, Lipids
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Received: 11 October 2007 / Revised: 30 October 2007 / Accepted: 30 October 2007 / Published online: 29 November 2007
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Abstract While most scientific journals have well

defined ethics requirements for authors, very few journals

explicitly specify the ethics standards that govern the

actions of editors, editorial board members, and reviewers.

We believe it is time to create a standardized policy for all

medical and scientific journals that guides the ethical

conduct of all stakeholders in the peer review process.

Keywords Ethics � Conflict of interest � Peer review

In their recent article, James et al. [1] comment on the role

of medical journals and the peer review process in the

assessment of the cardiovascular risk of rofecoxib

(Vioxx1), a selective cyclooxygenase-2 (COX-2) inhibitor.

The authors conclude that the commercial success of ro-

fecoxib, despite the existence of convincing data regarding

its severe cardiovascular risks, provides a case-study of the

failure of the medical journals and peer review process in

directing appropriate drug usage. While it is an important

review of the COX-2 inhibitor controversy in its own right,

we believe that the article by James et al. indirectly raises a

more general issue on the need for more stringent standards

of ethical conduct for all participants in the peer review

process. With the current movement to formalize the eth-

ical regulations and guidelines for activities in science [2],

we propose that it is time for universal adoption of stan-

dardized and written guidelines by peer-reviewed scientific

journals regarding the ethical conduct of all stakeholders in

the peer review process.

While most scientific journals have well defined ethics

requirements for authors, very few journals explicitly

specify, in writing, the ethics standards that govern the

actions of editors, editorial board members, and reviewers.

In fact, it has been determined that of journals that require

conflict of interest disclosures by authors, more than 50%

do not currently require editors or reviewers to disclose

financial or other conflicts of interest [3]. With two of the

major publishers of scientific journals, Elsevier and

Blackwell Publishing, and the HHS Office of Research of

Integrity having offered suggested guidelines for ethical

conduct in the peer review process [4–6], it is staggering

that this number of peer-reviewed journals has been slow to

adopt a standardized, written policy of ethics governing

editors, reviewers and authors alike.

We submit that it is time for all scientific journals to

adopt a standardized and written code of ethics which

governs all stakeholders in the peer review process and not

just the authors of manuscripts. This endeavor should be

undertaken via the guidance of the Editors-in-Chief and

should include at the minimum:

(1) An explicitly stated policy in the Journal and its

website regarding the ethical standards expected of

authors, editors and reviewers.

(2) A mandated disclosure of real or perceived conflicts

of interest of authors, editors, members of the

editorial board and reviewers during the submission

process.

(3) A detailed mechanism for editors or reviewers with

real or perceived potential conflict of interests to

recuse themselves from assignments that represent a

conflict of interest.
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We by no means suggest that the above measures be

accepted as the sole measures for standardizing ethics in

the peer review process. Other entities, as stated above,

have provided more comprehensive guidelines for ethical

conduct for all participants in the peer review process [4–

6]. Our objective in writing this letter, however, is to begin

the long overdue dialog regarding the adoption of written

ethical guidelines by scientific journals for all stakeholders

in the peer review process. We feel that creating standard-

ized guidelines for all medical and scientific journals will

prevent conflict of interest controversies involving the

peer-review process. Further and most important, these

ethical guidelines will act to increase the trust of both

authors and readers in a fair and ethical peer review

process, with the ultimate goal of improving the quality

and credibility of science.
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Abstract To investigate octacosanol (OC) metabolism in

humans and its influence on cholesterol metabolism, two

studies were conducted. In the first study ten healthy

women received daily 30 mg OC for a period of 4 weeks.

Blood and feces samples were collected at baseline and

after the intervention. Serum concentrations of total

cholesterol, LDL cholesterol, and HDL cholesterol were

not altered following OC administration. Concentrations of

excreted cholesterol end products decreased with the

intervention (neutral sterols: 24.6 ± 9.7 mg/g vs.

20.3 ± 7.5 mg/g dry matter, P \ 0.05; bile acids: 6.47

± 3.89 mg/g vs. 4.03 ± 2.26 mg/g dry matter, P \ 0.05).

OC was not detected in serum samples, but the fecal OC

concentration increased after the intervention period

(11 ± 7 lg/g vs. 817 ± 179 lg/g dry matter, P \ 0.05).

In the second kinetic study on three participants, OC was

identified in serums after oral application of 50 mg OC

within 8 h. The decrease in the concentration of fecal

cholesterol end products may underline a systemic effect of

OC on cholesterol metabolism, even though the serum

cholesterol levels were not influenced.

Keywords Bile acid � Cholesterol � LDL cholesterol �
Neutral sterol � Octacosanoic acid � Octacosanol �
Policosanol

Abbreviations

BA Bile acid

FA Fatty acid

FAME Fatty acid methyl ester

NS Neutral sterol

OC Octacosanol

TC Total cholesterol

Introduction

Octacosanol (OC) is a main component of the fatty alcohol

mixture policosanol, which is found in plant waxes. There is

evidence suggesting that fatty alcohols modulate the serum

cholesterol concentration in human subjects [1]. In various

human studies, a daily supplement of 5–20 mg policosanol

decreased the LDL cholesterol concentration between 19

and 31% and the total cholesterol (TC) concentration

between 13 and 23%. Long-term studies have shown that

HDL cholesterol levels increased in the range of 8–29% [2].

A daily dose of 40 mg policosanol seems to be effective in

reducing the serum triacylglycerol concentration [3].

Comparative studies have demonstrated that policosanol

used for the treatment of hypercholesterolemia is equally or

even more effective, than the use of statins [4–6]. In con-

trast, Cubeddu et al. [7] found no additional effect of a

policosanol-statin combination in comparison to statin

alone. Apart from the study by Cubeddu et al. [7], none of

two other placebo-controlled studies have revealed an

influence of a daily 20 mg policosanol supplement on

cholesterol levels [8, 9]. Moreover, in a randomized, double

blind, placebo-controlled study, the intake of up to 80 mg/

day of policosanol did not affect the serum LDL cholesterol

concentration in patients with hypercholesterolemia or
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combined hyperlipidemia [10]. In view of these findings,

current policosanol doses seem to be ineffective for

improving serum cholesterol profiles.

The conversion of fatty alcohols to fatty acids (FAs) was

discovered by Rizzo et al. in 1987 [11]. Octacosanoic acid

was produced when human fibroblasts were incubated with

OC. This conversion of fatty alcohol into FAs via oxidation

has been corroborated in vivo. Following oral administra-

tion of OC, the corresponding octacosanoic acid was

identified in animal plasma [12]. Hence, octacosanoic acid

was postulated as the active metabolite of OC [13].

Moreover, the effects of fatty alcohols are often equated to

their respective FAs. Thus, these FAs were used as test

substances in several studies [14–17].

However, fatty alcohols may themselves have an influ-

ence on the physiological processes. Being the main

component of policosanol, OC was often employed as a

test substance, but triacontanol was also shown to exert an

influence on cholesterol synthesis in vitro [18, 19]. To date,

the mechanisms through which policosanol lowers cho-

lesterol levels have not yet been elucidated. Studies

indicate that fatty alcohols inhibit synthesis of endogenous

cholesterol, without a direct inhibition of the activity of

HMG-CoA reductase, a key enzyme involved in the bio-

synthesis of cholesterol. Policosanol may reduce HMG-

CoA reductase activity by depressing de novo synthesis

and/or stimulating degradation of HMG-CoA reductase

[20–22]. In addition, it was found that policosanol-related

suppression of HMG-CoA reductase activity is mediated

indirectly through AMP-kinase activation [19].

Most of the studies related to pharmacokinetics and

metabolism of OC in human and animal subjects were

performed using radioactively labeled OC [23–26]. A study

examining the absorption and metabolism of unlabeled

fatty alcohol in humans has not yet been found in the

current literature. In animals fed unlabeled fatty alcohol

mixtures, policosanol was not detected in the small intes-

tine, liver, adipose, and plasma [27]. In contrast, OC was

measured in plasma samples of rats and monkeys, which

had been orally administered 60 mg policosanol/kg and

10 mg policosanol/kg, respectively [12]. These findings

point to a direct absorption of the fatty alcohols in the

mucosa cells without complete conversion to FA

metabolites.

The aim of the two studies was to investigate OC

metabolism in humans and its influence on cholesterol

metabolism. Therefore, methods for determining OC and

octacosanoic acid in human serum and feces were estab-

lished. The effect on the total body cholesterol pool was

examined with reference to the concentrations of serum

cholesterol, and the fecal cholesterol end products [neutral

sterols (NSs) and bile acids (BAs)].

Materials and Methods

Study Conditions

Ten healthy women (age: 25.5 ± 2.7 years; BMI:

21.5 ± 2.8 kg/m2) with normal to mildly elevated TC

concentrations (TC: 5.39 ± 0.87 mmol/l) participated in

the first study. Pregnant subjects or those with diabetes

mellitus, and subjects on medication for lowering lipid

levels were excluded. All participants were informed about

the study conditions in both verbal and written form.

Written consent was given by participating subjects. The

local Ethics Committee of the Friedrich Schiller University

of Jena approved the study protocol.

The participants received a daily dose of 30 mg OC for

4 weeks. They were instructed to maintain their usual

eating habits and to ingest one 10 mg OC capsule at each

principal meal. The last capsule was administered 1 h

before blood samples were drawn. Preparation of the OC

capsules involved homogenizing and dosing 10 mg OC

(Lesstanol1/Natural OC [ 90%, Garuda inc., Exeter, CA,

USA) and 200 mg glucose into gelatin capsules.

Blood samples were obtained from fasting subjects at

the beginning and at the end of the study, in addition to

collecting 24-h feces samples. Serum was separated from

blood cells by centrifugation at 1,700g for 10 min at room

temperature and stored at -80 �C until analysis. Aliquots

of feces samples were lyophilized, milled, and stored at -

20 �C. The participants completed two 3-day dietary

records prior to the sample collection days in order to

itemize the food intake, especially the fat and cholesterol

consumption.

In a separate second study, three volunteers consumed a

total of 50 mg OC within 8 h. The dose was divided into

five 10 mg applications and was administered 8, 6, 4, 2,

and 1 h before drawing blood samples. Serum samples

were pooled before analysis.

Parameter for Cholesterol Metabolism

Cholesterol concentrations in serum (TC, LDL choles-

terol, and HDL cholesterol) were determined after

enzymatic preparation as previously described [28].

Concentrations of fecal NSs (cholesterol, coprostanol,

coprostanone, cholestanol, cholestanone) and fecal BAs

(primary BAs: cholic acid, chenodeoxycholic acid; sec-

ondary BAs: deoxycholic acid, iso-deoxycholic acid, 12-

keto deoxycholic acid, lithocholic acid, iso-lithocholic

acid) were determined using gas chromatography

according to a method established by Keller and Jahreis

[29].
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Octacosanol Analysis

For OC analysis, either 6 ml serum or 200 mg of lyophi-

lized feces were added to vessels containing the internal

standard (20 lg tricosanol for serum samples, 200 lg tri-

cosanol for feces samples). Hydrolysis of esterified fatty

alcohols was established by applying freshly prepared

ethanolic sodium hydroxide. Proteins were precipitated

with methanol and OC extraction was carried out by using

of trichloromethane. N,O-bis(trimethylsilyl)-trifluoro acet-

amide was employed to silylate the fatty alcohols.

The OC trimethylsilyl ethers from serum samples were

measured using GC-MS (GCMS-QP5000, Shimadzu, Kyoto,

Japan). The procedure for serum OC analysis followed an

optimized temperature program (200 �C for 2 min,

10 �C/min to 240 �C, 1 �C/min to 255 �C, 255 �C for 1 min,

4 �C/min to 270 �C, 1 �C/min to 274 �C) using a capillary

column (ZB5, 30 m, 0.25 mm, 0.25 lm; Phenomenex,

Torrance, CA, USA). The sample (5 ll) was injected in split

mode (1:10) at 280 �C. Helium served as the carrier gas at a

constant linear velocity of 35 cm/s. The interface tempera-

ture was adjusted to 300 �C. The mass spectrometric

detection was realized in multi ion current mode with

m/z = 397.45 amu for tricosanol as an internal standard and

m/z = 467.6 amu for OC. Analysis of fecal OC was

performed using a gas chromatograph Shimadzu GC 17A

(Kyoto, Japan, capillary column: Optima d3, 30 m, 0.25 mm,

0.25 lm, Macherey Nagel, Dueren, Germany). The injection

of 1 ll sample solution was carried out in split mode (1:50) at

280 �C. Hydrogen was used as the mobile phase at a constant

velocity of 45 cm/s. The temperature of the flame ionization

detector was kept at 300 �C. The oven temperature was

raised from 70 �C to 220 �C (70 �C for 2 min, 10 �C/min to

180 �C, 2 �C/min to 220 �C, 220 �C for 5 min).

Octacosanoic Acid Analysis

To determine octacosanoic acid in human feces and serum

samples, an aliquot of 100 mg fecal fat or 15 mg serum

lipid extract was prepared to form FA methyl esters

(FAMEs) as described previously [30]. Analytical mea-

surement of the saturated FAs (C4:0, C10:0, C12:0, C13:0,

C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C21:0, C22:0,

C23:0, C24:0, C25:0, C28:0) was carried out using the GC-

FID (GC 17A, Shimadzu Kyoto, Japan) equipped with a

capillary column (DB 225 MS, 60 m, 0.25 mm, 0.25 lm,

Agilent, Palo Alto, CA, USA).

Data Handling and Statistical Methods

Evaluation of the dietary records was carried out using the

software PRODI1 (5.0 expert, Nutri-Science, Freiburg,

Germany). Chromatogram analysis was conducted

employing LabSolutions Software Class 50001 and

GCMSsolution1 (Shimadzu, Kyoto, Japan). Statistical

analyses of the experimental results were accomplished

utilizing SPSS1 for Windows1 (version 11.5.1, SPSS Inc.,

Chicago, IL, USA) with the paired t-test. The statistical test

criteria for a probability level (P) less than 0.05 was nec-

essary for a sample concentration difference to be

considered as significant when performing baseline inter-

vention comparisons. The results were stated as

mean ± standard deviation.

Results

Dietary Records

Evaluation of the 3-day dietary records revealed no dif-

ferences in daily fat and cholesterol intake between

baseline and intervention (Table 1).

Parameter of Cholesterol Metabolism

Intervention with OC did not influence cholesterol con-

centrations in the serum samples (Table 2). The

concentrations of TC, LDL cholesterol, and LDL/HDL

were reduced in their means, but no significance could be

verified. The concentration of the cardio-protective HDL

cholesterol did not rise after intervention with OC.

Table 1 Fat and cholesterol intake at baseline and after octacosanol

intervention, n = 10

Baseline Intervention P-valued

Fat intake (g/day)a,c 72.3 ± 21.6 68.0 ± 18.2 0.673

Cholesterol intake (mg/day)b,c 202 ± 111 197 ± 117 0.937

a Mean of fat intake (g/day) ± SD
b Mean of cholesterol intake (mg/day) ± SD
c Data were evaluated using 3-day dietary records
d Data were generated using paired t-test

Table 2 Serum cholesterol concentrations at baseline and after oc-

tacosanol intervention (mmol/l), n = 10

Baseline Intervention P-valueb

TCa 5.39 ± 0.87 5.19 ± 0.96 0.337

LDL cholesterola 3.43 ± 1.14 3.32 ± 1.05 0.438

HDL cholesterola 1.62 ± 0.32 1.61 ± 0.29 0.889

LDL/HDL 2.27 ± 1.10 2.16 ± 0.93 0.210

TC total cholesterol
a Mean of cholesterol concentrations (mmol/l) ± SD
b Data were generated using paired t-test
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The fecal concentration of total NSs was significantly

reduced after intervention with OC. The concentration of

excreted cholesterol itself did not differ between baseline

and intervention samples (Table 3). The total fecal con-

centration of BAs decreased after intervention with OC due

to a significant reduction of secondary BAs.

Parameter of Octacosanol Metabolism

Octacosanol trimethyl silyl ethers could not be identified in

the serum samples collected in the first study. In the pooled

serum of the second study, we succeeded in determining

silylated OC qualitatively. On measuring the fragment

m/z = 467.6 amu, two different peaks were visible (Fig. 1a).

After adding the OC standard to this serum sample, the

peak at 29.8 min could be identified as OC (Fig. 1b),

though it could not be quantified.

The fecal concentration of OC was significantly elevated

after intervention in comparison to the baseline concen-

tration (Fig. 2, Table 4). However, it was also found that

two study participants were low-converters of cholesterol.

There are indeed different patterns of colonic neutral ste-

roid conversion in the human population [31]. In the high-

converters accounting for the majority of the human pop-

ulation, more than 50% of cholesterol is transformed into

coprostanol by the microflora. In contrast, low-converters

have a conversion rate below 50% and are identifiable by

high fecal cholesterol and low coprostanol concentrations

[29]. In this study, results of the OC concentration in the

feces samples of the two low-converters were excluded

from statistical analysis, because chromatographic co-elu-

tion of OC and cholesterol occurred, when the excretion of

cholesterol was exceptionally high.

The octacosanoic acid metabolite of OC could not be

identified in any of the serum samples after the interven-

tion. Independent of the OC intervention, octacosanoic acid

was excreted to a small extent with feces (Table 4). The

fecal saturated FA pattern after the intervention was

unchanged in comparison to the baseline FA pattern.

Discussion

In the current study involving ten healthy women receiving

a daily dose of 30 mg OC for a period of 4 weeks, two

major effects were observed. Firstly, the concentration of

circulating cholesterol in blood remained unaltered after

OC supplementation, and secondly, fecal concentration of

cholesterol in the form of NSs and BAs was decreased, due

possibly to a reduction of the total body cholesterol pool.

Table 3 Fecal concentrations of neutral sterols and bile acids at

baseline and after octacosanol intervention (mg/g dry matter), n = 10

Baseline Intervention P-valued

Total NSsa,b 24.6 ± 9.7 20.3 ± 7.5 0.048

Cholesterolb 4.21 ± 5.26 3.63 ± 4.61 0.559

Metabolitesa,b 20.4 ± 13.1 16.6 ± 10.2 0.061

Total BAsbc 6.47 ± 3.89 4.03 ± 2.26 0.007

Primary BAsb,c 0.42 ± 0.23 0.38 ± 0.20 0.212

Secondary BAsb,c 6.05 ± 3.94 3.65 ± 2.25 0.009

NS neutral sterol, BA bile acid
a Metabolites: sum of coprostanol, coprostanone, cholestanol, and

cholestanone concentration
b Mean of NSs and BAs concentrations (mg/g dry matter) ± SD
c Primary BAs: sum of cholic acid and chenodeoxycholic acid con-

centration; secondary BAs: sum of deoxycholic acid, iso-deoxycholic

acid, 12-keto deoxycholic acid, lithocholic acid, and iso-lithocholic

acid concentration
d Data were generated using paired t-test

Fig. 1 Chromatogram

(m/z = 467.6 amu) of a serum

sample (a) and of the same

serum sample after addition of

the octacosanol standard (b)
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In addition to efficient cholesterol homeostasis in heal-

thy subjects, the sustained TC and LDL cholesterol

concentrations may be explained by the small study pop-

ulation or the short period of supplementation. In addition,

a daily dose of 30 mg OC may have been ineffective. In

other studies, a reduction in the TC and LDL cholesterol

concentrations occurred after six or more weeks [32].

However, Hernández et al. [33] found decreased LDL

cholesterol concentrations after 4 weeks of a daily 20 mg-

policosanol supplementation in a double blind, placebo-

controlled study. The results of our study are consistent

with the study of Lin et al. [9], which also revealed no

changes in lipid parameters during a 4-week intervention

with a daily dose of 20 mg policosanol.

Although the circulating cholesterol concentration

remained unchanged after OC supplementation, there was a

significant decrease in the concentration of the excreted

cholesterol products NSs and BAs. The excretion of NSs

and BAs strongly depends, in addition to other factors, on

the consumed dietary fat. However, the evaluation of the

3-day dietary records revealed neither a difference in the

fat, nor in the cholesterol intake between the baseline and

the intervention period.

The reduction in the total body cholesterol pool may

have several explanations, e.g., a down-regulated choles-

terol absorption in the small bowel, a diminished hepatic

cholesterol synthesis, an up-regulated hepatic BA synthe-

sis, and finally, an elevated cholesterol and/or BA

excretion. It has in fact been shown that fatty alcohols are

capable of suppressing cholesterol synthesis by indirectly

inhibiting the key enzyme HMG-CoA reductase in hepa-

toma cells in vitro [19]. Moreover, the total body

cholesterol pool may decrease as a result of a reduced

hepatic cholesterol synthesis. Additionally, Shefer et al.

[34] have emphasized that a change in the rate of hepatic

cholesterol synthesis may influence the production of BAs.

Thus, HMG-CoA reductase may function as a secondary

regulatory mechanism for BA production [34]. A reduced

cholesterol synthesis in the liver would result in a dimin-

ished BA production and subsequently in decreased

cholesterol and BA excretion. Contrary to this hypothesis,

results obtained from an in vivo study supplementing po-

licosanol in hamsters did not substantiate a reduced

cholesterol synthesis after policosanol treatment [35].

To date, no one has succeeded in detecting the unlabeled

fatty alcohols and their corresponding FAs in the serum

following oral administration of unlabeled fatty alcohols in

human subjects. Further, it could not be demonstrated in

humans that fatty alcohols are themselves absorbed and are

capable of inducing a systemic effect [18]. We were not

able to detect OC in the serum samples in our first study.

The applied dose of 20 mg/day and an absorption rate of

approximately 10% [18] may have been too low to allow

verification of OC in serum samples. Assuming absorption

of 5 mg of OC at a rate of 10% in an average serum vol-

ume of 2.5 l in healthy adults, then an absolute amount of

0.01 mg OC should be detectable in the 5 ml serum sam-

ples. In the serum samples from the second kinetic study in

which three participants consumed 50 mg OC within 8 h

the identification of OC was confirmed. Therefore, the

presence of OC in the serum samples provided the evi-

dence for a direct absorption of the non-metabolized fatty

alcohols. In fact, a direct absorption of OC in plasma after

oral administration has been documented in studies in rats

and monkeys [12]. However, this finding is inconsistent

Fig. 2 Chromatogram

comparison of fecal octacosanol

at baseline and after octacosanol

intervention

Table 4 Fecal concentrations of octacosanol and octacosanoic acid

at baseline and after octacosanol intervention

Baseline Intervention P-valuec

Octacosanol, (n = 8)a

(lg/g dry matter)

11.2 ± 7.4 816 ± 179 \0.001

Octacosanoic acid, (n = 10)b

[% of saturated FAMEs]

0.12 ± 0.07 0.11 ± 0.14 0.880

a Mean of octacosanol concentration (lg/g dry matter) ± SD
b Mean of octacosanoic acid concentration (% of saturated

FAMEs) ± SD
c Data were generated using paired t-test
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with earlier assumptions from Hargrove et al. [36], who

postulated that fatty alcohols are already converted to FAs

in the mucosa cell.

Experiments with [3H]-OC indicated that fatty alcohols

are excreted mainly via the feces [23]. The results of our

study corroborate this excretion pathway as seen by the

significant increase in the concentration of fecal OC after

supplementation. Furthermore, we noted a baseline excre-

tion of OC in all study participants. However, a bacterial

synthesis of fatty alcohols in the colon or even a dietary

intake could explain this baseline excretion of OC. Con-

trary to our findings, no excretion of fatty alcohols was

observed in the control group feces in the study with

hamsters by Ng et al. [37].

Although results of studies with human fibroblasts

indicate a conversion of OC to octacosanoic acid [12], to

date, this metabolism has not been verified in humans. Our

results from analysis of fecal and serum samples could not

confirm the formation of octacosanoic acid from OC,

though a serum concentration of octacosanoic acid below

the limit of detection cannot be excluded.

Thus, study data suggest the absorption of non-metab-

olized OC, which is detectable in serum after oral

consumption of OC. In addition, although the serum cho-

lesterol concentration was not influenced, the decrease in

the concentration of the fecal cholesterol end products may

underline a systemic effect of OC on cholesterol

metabolism.
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Abstract We investigated the genetic contributions to

carotid atherosclerosis and insulin resistance in Chinese

patients with primary hypercholesterolemia. A family

study of probands from the outpatient clinics in patients

with high low-density-lipoprotein cholesterol levels was

conducted. A total of 62 families (360 subjects) underwent

carotid ultrasonography and insulin resistance measure-

ment. The correlation coefficients of carotid intima-media

thickness (IMT) were high among spouse, parent–off-

spring, and sibling pairs (0.39, 0.38 and 0.35, respectively).

All insulin indices and IMT had significant estimates

of heritability, of which fasting insulin had the highest

heritability (0.410 ± 0.104, P = 0.0001), followed by

homeostasis model assessment (HOMA) (0.395 ± 0.108,

P = 0.0001). The estimated heritability of IMT was

significant (0.185 ± 0.103, P = 0.025) but not of plaque

score. Bivariate genetic coefficient between IMT and

HOMA was 0.569 ± 0.292, while the environmental

coefficient was 0.028 ± 0.103. The study confirms a rela-

tionship between insulin resistance and atherosclerosis and,

in particular, between insulin resistance and the thickening

of the arterial wall. Moreover, it shows that genetics

influence both insulin resistance and atherosclerosis,

implying that the management of insulin resistance may

benefit the prevention of atherosclerotic disease in familial

hypercholesterolemia.

Keywords Hypercholesterolemia � Insulin resistance �
Carotid atherosclerosis � Family study

Abbreviations

CA Carotid atherosclerosis

CCA Common carotid artery

ECCA Extracranial carotid artery

FRSPH Familial-related severe primary hyper-

cholesterolemia

HDL-C High-density lipoprotein density

HOMA Homeostasis model assessment

hs-CRP High-sensitivity C-reactive protein

IMT Intima-media thickness

LDL-C Low-density lipoprotein cholesterol

Introduction

Carotid atherosclerosis (CA) is a subclinical disease asso-

ciated with cardiovascular disease and risk factors among

ethnic Chinese [1, 2]. Although hypertension and related
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atherosclerotic risk factors are associated with the pro-

gression of CA, genetic factors also play an important role

[3–5]. Previous familial aggregation studies showed sig-

nificant heritability on the carotid artery intima-medial

thickness (IMT) and plaque scores [4, 6, 7]. Moreover,

genome-wide linkage results showed several genomic loci

for determining carotid IMT trait [7–10].

Although there is evidence of genetic components for

CA traits, there are several issues yet to be answered. First,

the inconsistent genomic loci from genome-wide linkage

results have implied genetic heterogeneity over genetic

components controlling trait. Second, geographic and

racial/ethnic variations of CA has been reported [5–7, 11–

15], however, little information is available in ethnic

Chinese. Moreover, previous studies have shown that age,

gender, insulin resistance, diabetes, metabolic syndrome,

and family history were related to CA [9, 16–22]; however,

association of these factors with CA have not been

simultaneously examined in a family-based genetic study.

In addition, hereditary factors have not been studied in

ethnic Chinese. We designed a family-based genetic study

that focused on ethnic Chinese, where the probands were

recruited from hyperlipidemic clinics, in order to explore

the genetic correlation and heritability of various CA traits.

We also collected information on confounding factors,

especially on metabolic syndrome and insulin resistance, to

investigate the association with CA.

Materials and Methods

Study Subjects

This family study was conducted in hyperlipidemic out-

patient clinics after developing standard procedures for

recruiting probands and their family members in the uni-

versity hospital [23]. Familial hypercholesterolemia

screening was conducted in 2002 at the lipid clinic of the

National Taiwan University Hospital and consecutive

patients were recruited as proband. These probands were

diagnosed as having familial-related severe primary

hypercholesterolemia (FRSPH) on the basis of having low

density lipoprotein-cholesterol (LDL-C) levels in them-

selves and in two or more first-degree relatives that were

above 190 mg/dL and/or the presence of tendinous xan-

thomas within the kindred [24]. The spouses and first-

degree relatives were invited to participate in the study.

Individuals with some types of secondary hyperlipid-

emia, including nephrotic syndrome, obstructive liver

disease, or hypothyroidism, and those who refused to

provide informed consents, were excluded. The response

rate was 90%. The genetic basis of FRSPH is heteroge-

neous. The most common autosomal dominant form of FH

is caused by mutation in the LDL receptor gene (LDLR) on

chromosome 19 in band 19p13.2. There are a number of

other less frequent forms of this disorder. They include

type B hypercholesterolemia which is caused by ligand-

defective apolipoprotein B-100 (APOB), and autosomal

dominant hypercholesterolemia 3 (HCHOLA3) which is

caused by mutation in the PCSK9 gene. In addition, the

differences in frequencies of specific mutations between

populations should be considered. Instead of absence of

genetic confirmation, we defined our study subjects as

FRSPH [24]. All of the subjects received a detailed med-

ical history review and physical examination.

The design was family study, based on the hypercho-

lesterolemic patient as a proband and the first-degree

relatives were recruited [25]. The study was approved by

the Institutional Review Board of the National Taiwan

University Hospital, and all of the subjects gave their

informed consent. The procedure of collecting data was

standardized, and was followed by the physicians and

assistants in measuring the variables. We recruited a total

of 360 members in the 62 families, which included three to

six patients of hypercholesterolemia in each family, into

our study. The subjects underwent examinations for

anthropometric measurements, blood pressure, lipid pro-

file, and carotid ultrasound measurements. Information on

family history and medical diseases was obtained from

each participant by trained assistants, using a structured

questionnaire. Patient’s socio-demographic characteristics,

lifestyle, personal and family history of diseases, and his-

tory of hospitalization were also collected. Regular

exercise habit was defined as the participants undertaking

sports and leisure physical activity daily. Blood pressure

was measured after resting for 10 min, with the subjects in

the sitting position, while body weight was measured using

a calibrated balance. Body mass index was calculated as

weight (kilogram) divided by height (meter) squared. The

circumference of the smallest part of waist and the thickest

part of the hip in the standing position were also measured.

Blood Chemistry and Lipid Measurement

Overnight fasting ([12 h) blood samples were collected for

measurements of glucose, total cholesterol, high-density

lipoprotein cholesterol (HDL-C), and triglyceride by stan-

dard enzymatic methods with an automatic multi-channel

chemical analyzer (Hitachi 7450, Hitachi Corp., Tokyo,

Japan) in the central laboratory of the National Taiwan

University Hospital. LDL-C value was calculated by the

Friedewald’s formula [26]. Blood samples for glucose

analysis were drawn into glass test tubes, each containing

80 mol/L fluoride/oxalate reagents. After centrifugation at

4 �C, 1,500g for 10 min, glucose levels were measured on

118 Lipids (2008) 43:117–124

123



the supernatant by enzymatic assay (Merck 3389 com-

mercial kit, Germany) in an Eppendorf 5060 autoanalyzer.

For the following assays, blood samples were first

centrifuged at 3,000 rpm for 15 min within 30 min of

collection, and then stored at -70 �C until assayed. Serum

insulin level was measured using a Microparticle Enzyme

immunoassay (AxSYM Insulin, Abbott Diagnostic, Tokyo,

Japan). Serum high-sensitivity C-reactive protein (hs-CRP)

was measured using a chemi-luminescent enzyme-labeled

immunometric assay (Immulite C-Reactive Protein, Diag-

nostic Products Co., Los Angeles).

Insulin Resistance Indices

Several measurements and parameters were used for

insulin resistance indices. First, fasting insulin and glucose

levels were used because fasting hyperinsulinemia was

considered an important indicator of insulin resistance [27].

Second, homeostasis model assessment (HOMA) using the

formula: [fasting insulin (mU/L) 9 fasting glucose (mg/

dL) 9 0.05551]/22.5 was also used [28]. The numbers of

metabolic syndrome components, defined by high blood

pressure, high waist circumference, high fasting glucose,

high triglyceride and low HDL-C status, were also utilized.

Finally, we defined the metabolic syndrome status

according to the criteria of the number of components more

than or equal to three [29].

Extracranial Carotid Artery Ultrasound Measurements

The protocol and methods of CA measurements have been

reported previously [1, 2, 30]. A Hewlett-Packard SONO

4500 ultrasound system (Andover, MA, USA) with a 3–11

MHz real-time B-mode scanner was used for evaluation,

which included observation of the longitudinal and trans-

verse views of the extracranial carotid artery (ECCA)

bilaterally. An experienced ultrasonographer performed

carotid ultrasonography while the patient was supine with

the neck extended in a mild lateral rotation. Carotid end-

organ disease was assessed by maximal IMT at the com-

mon carotid artery (CCA) and by ECCA plaque score. Two

measurements of maximal IMT at CCA 0–20 mm proxi-

mal to the carotid bifurcation were obtained bilaterally. For

future and subsequent off-line analysis, all scans were

recorded on super-VHS videotape. Observers were blinded

to the subjects’ health status and risk factors. Intra-class

correlation coefficients of intra-observer were about 0.70–

0.87 for both sides of CCA IMT measurements, as reported

previously [31]

Method for quantifying plaque score has been described

previously [1, 31]. Briefly, a focal thickening of IMT with

[50% of thickness than the adjacent IMT was considered

as an atherosclerotic plaque. A grade was assigned for each

chosen segment: grade 0 for normal or no observable

plaque; grade 1 for a small plaque with diameter stenosis

\30%; grade 2 for a medium plaque with 30–49% diam-

eter stenosis or multiple small plaques; grade 3 for one

large plaque with 50–99% diameter stenosis or multiple

plaques with at least one medium plaque; and grade 4 for

100% occlusion.

Extracranial carotid artery segments, including the

proximal and distal CCA ([20 and 0–20 mm distal to the

bulb bifurcation, respectively), bulb, internal carotid artery,

and external carotid artery, were examined bilaterally. The

plaque score was calculated by adding up the plaque grades

of ten segments of the ECCA. Reproducibility of the pla-

que grade scoring expressed good agreement with a kappa

value of 0.70 [1, 31].

Statistical Analysis

Carotid atherosclerosis and insulin resistance indices,

including fasting insulin, glucose and HOMA values, were

presented in mean and standard deviation. We specified the

above values by gender. Skewness and kurtosis of tri-

glyceride, fasting glucose, insulin, and HOMA values were

large due to a non-normal distribution. Logarithm-trans-

formed variables were used for further genetic analysis but

due to familial correlation, the statistical difference

between genders was not tested. We have four IMT mea-

surements at CCA for each participant, so mixed effect

models can be applied in the analysis to increase the

detection power in limited study samples. The mixed

models were used to test the significance of contributions

of IR indices to IMT of CCA and plaque score values in all

family members [32].

The intra-familial correlation coefficients of carotid

atherosclerosis traits were measured in different pairs,

including spouse, parent–offspring, and siblings, by the

FCOR program in SAGE [33]. Heritability estimates of

carotid indices in the families were estimated by the vari-

ance component model, which was incorporated in the

SOLAR software [34].

Results

Description of Study Participants

Compared with men, women tended to be older and to have

higher total cholesterol, HDL, and LDL cholesterol levels,

as well as lower waist circumference, uric acid, fasting

insulin, HOMA values (Table 1). BMI and blood pressure
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in women were comparable with those in men. Carotid

atherosclerosis indices, including IMT and plaque scores,

were similar between genders. Most patients had hyper-

lipidemic status, educational level C9 years, and regular

exercise habits. Their jobs were business and official work.

Men had higher proportions of smoking and alcohol

drinking habits. The prevalence rates of metabolic syn-

drome, defined by AHA/NHLBI criteria, were 15.9% in

men and 17.2% in women.

Predictor of Carotid Atherosclerosis by Insulin

Resistance Indices

We estimated the effects of association between carotid

atherosclerosis and various insulin resistance indices

(Table 2) using the mixed models. In the univariate model,

all insulin resistance indices were associated well with

IMT. The magnitude of effects was reduced somewhat

after age and gender adjustment. In the multivariate models

that incorporated age, gender, obesity, married status,

smoking, drinking, education and sport habits, the insulin

resistance indices of fasting insulin, glucose, HOMA were

still significant predictors for IMT values (P = 0.030,

0.003, and 0.019, respectively). Metabolic syndrome

component numbers and status were non-significant pre-

dictors for IMT in multivariate models. For plaque scores,

most of the estimated parameters were not statistically

significant in the multivariate models, and only fasting

glucose was a significant predictor for plaque score

(0.00325 ± 0.00107, P = 0.003). Insulin resistance indices

were associated with IMT values, not with plaque scores.

Familial Correlation and Heritability

In all of the family members, there were 45 spouse pairs,

266 parent–offspring pairs, and 236 sibling pairs. Familial

correlation coefficients and heritability estimates were

shown in Table 3. The coefficients of parent–offspring

and sibling pairs were higher than those of spouses in

insulin resistance and carotid atherosclerosis indices.

Among these, the IMT coefficients were higher among

spouse, parent–offspring, and sibling pairs (0.389, 0.376,

and 0.354, respectively). Gender specific parent–offspring

correlation coefficients varied much: mothers had higher

coefficients than fathers in insulin resistance indices

(0.426 in mother–daughter, 0.322 in mother–son, 0.043 in

father–daughter, and -0.083 in father–son for HOMA,

respectively).

For IMT values, the coefficients were equal in mother–

daughter and father–son pairs (0.454 and 0.489, respec-

tively). The coefficients of plaque scores varied much and

Table 1 Demographic and insulin resistance index risk profiles in the

family study (by gender)

Characteristics Men

(N = 166)

Women

(N = 194)

Mean SD Mean SD

Age (years) 39.2 17.5 45.5 17.1

Body mass index (kg/m2) 23.8 4.1 22.7 3.7

Systolic blood pressure (mmHg) 113.4 14.9 114.4 18.8

Diastolic blood pressure (mmHg) 73.9 10.3 72.4 10.7

Waist circumference (cm) 83.3 11.8 77 10.3

Total cholesterol (mg/dL) 239.9 66.8 264 73.5

Triglyceride (mg/dL) 138 103.1 113.9 72.3

HDL cholesterol (mg/dL) 51.3 14.8 62.4 13.5

LDL cholesterol (mg/dL) 149.6 59.5 164.6 64.7

Serum creatinine (mg/dL) 0.96 0.17 0.73 0.13

Uric acid (mg/dL) 7.58 1.67 5.83 1.63

Fasting glucose (mg/dL) 91.9 13 92.1 14.1

Fasting insulin (mU/L) 9.31 7.78 7.81 6.18

HOMA 2.17 1.88 1.83 1.54

Intima media thickness (mm) 0.06 0.01 0.06 0.02

Plaque score 0.12 0.29 0.14 0.27

Characteristics N % N %

Diabetes mellitus—yes 2 1.2 5 2.6

Hyperlipidemia—yes 88 53 117 60.3

Education group

B9 years 25 15.3 43 23.2

[9 years 138 84.7 142 76.8

Job type

Labor work 31 18.9 45 23.4

House work 1 0.6 64 33.3

Nil 25 15.2 19 9.9

Business and office 107 65.2 64 33.3

Marital status

Couple 93 56.4 123 64.4

Single 72 43.6 68 35.6

Smoking

Current 40 24.1 9 4.7

Nil 113 68.1 183 94.8

Quit 13 7.8 1 0.5

Alcohol drinking

Current 43 27 4 2.1

Nil 114 71.7 181 95.8

Quit 2 1.3 4 2.1

Exercise

Non-regular 63 38.2 81 42.4

Regular 102 61.8 110 57.6

Metabolic syndrome

No 127 84.1 140 82.8

Yes 24 15.9 29 17.2
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high in sibling and spouse pairs. All insulin resistance

indices and IMT had significant heritability estimates,

and the highest heritability values were fasting insulin

(0.410 ± 0.104, P = 0.0001), then HOMA (0.395 ± 0.108,

P = 0.0001). The estimated heritability of IMT was signif-

icant (0.185 ± 0.103, P = 0.025) but the plaque score

heritability was not statistically different.

Genetic and environmental correlation between CA and

insulin resistance in bivariate models showed that genetic

correlation coefficients were higher (0.999 in HOMA vs.

insulin and 1.00 in IMT vs. plaque score). Genetic coeffi-

cients between IMT and HOMA were 0.569 ± 0.292 and

environmental coefficients were 0.028 ± 0.103.

Discussion

The study confirms a relationship between insulin resis-

tance and atherosclerosis and, in particular, between insulin

resistance and the thickening of the arterial wall. Moreover,

Table 2 Estimated parameters and standard errors of various insulin resistance indices for the intima media thickness and plaque scores in the

study population, after adjusted for familial correlation by mixed models

Intima media thickness, mm Plaque score

Estimated parameter Standard error P value Estimated parameter Standard error P value

1. Univariate

Fasting insulin, mU/L 0.00018 0.00013 0.157 0.00154 0.00228 0.499

Fasting glucose, mg/dL 0.00033 0.00006 \0.0001 0.00602 0.00108 \0.0001

HOMA 0.00113 0.00051 0.029 0.01366 0.00937 0.146

Metabolic syndrome 0.00748 0.00105 \0.0001 0.09434 0.02052 \0.0001

2. Age, sex adjusted

Fasting insulin, mU/L 0.00018 0.00009 0.059 0.00175 0.00194 0.367

Fasting glucose, mg/dL 0.00011 0.00005 0.022 0.00285 0.00099 0.004

HOMA 0.00081 0.00038 0.036 0.00988 0.00795 0.216

Metabolic syndrome 0.00215 0.00089 0.016 0.01406 0.01982 0.479

3. Multivariate adjusteda

Fasting insulin, mU/L 0.00021 0.00010 0.030 0.00240 0.00194 0.217

Fasting glucose, mg/dL 0.00016 0.00005 0.003 0.00325 0.00107 0.003

HOMA 0.00092 0.00039 0.019 0.01203 0.00802 0.135

Metabolic syndrome 0.00154 0.00091 0.094 -0.00632 0.02037 0.757

a Adjusted covariates in multivariate models included age, gender, obesity, married, smoking, drinking, education, and sport habits

Table 3 Familial correlation coefficients, heritability and standard error estimates for insulin resistance indices and carotid atherosclerosis in the

study population

Familial pair type Number of pairs Correlation coefficients

Fasting insulin Fasting glucose HOMA Intima media thickness Plaque score

Spouse 45 0.140 0.013 0.155 0.389 0.451

Parent–offspring 266 0.219 0.056 0.222 0.376 0.135

Sibling 236 0.255 0.188 0.201 0.354 0.301

Mother–daughter 84 0.410 0.015 0.426 0.454 0.016

Mother–son 89 0.316 0.307 0.322 0.349 0.256

Father–daughter 44 0.010 0.307 0.043 0.172 0.167

Father–son 49 -0.079 -0.282 -0.083 0.489 0.080

Sister–sister 71 -0.032 0.082 -0.075 0.362 0.363

Sister–brother 118 0.319 0.297 0.278 0.371 0.392

Brother–brother 47 0.259 0.414 0.262 0.293 -0.048

Heritability 0.410 0.370 0.395 0.185 0.062

Standard error 0.104 0.181 0.108 0.103 0.085

P value 0.0001 0.018 0.0001 0.025 0.212
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it shows that genetics influence both insulin resistance and

atherosclerosis. This family-based study on ethnic Chinese

clearly demonstrated the association between insulin

resistance indices and CA, which showed significant heri-

tability values among the study subjects. The more novel

component of this study is the effort to consider joint

genetic determinants of IMT and insulin resistance.

The relationship between insulin resistance indices and

IMT had been previously demonstrated among young

Italian women [16]. Although some studies did not show an

association of insulin resistance and carotid IMT [35, 36],

most studies have shown a positive relation between

insulin resistance and carotid IMT [16, 37, 38]. The

implications of the study involve several aspects. First, as

ascertained from hyperlipidemic patients, family members

showed significant familial aggregation of insulin resis-

tance indices and CA. These findings also echoed results in

other population-based studies [18, 22, 39, 40]. Our study

differentiated two traits of CA, i.e., IMT and plaque score.

IMT had higher heritability and familial correlation than

plaque score in the study population, while advanced pla-

que score did not have significant heritability, which were

different from those of Mexican American families [10].

Moreover, heritability for IMT was higher for the spouse

than for the parent–offspring and sibling, which implied

that common environmental factors were as important as

genetic factors. Insulin resistance coefficients were ten

times higher in the mother–daughter than in the father–

daughter, indicating that maternal transmission of glucose

metabolism and insulin resistance was much more impor-

tant than paternal transmission. The hypothesis of excess

maternal transmission in diabetes and related traits has

been postulated [41]. The mechanisms of female predom-

inance in terms of transmission were proposed as the

unique maternal genetic and environmental effects [42],

with gestational diabetes having a strong effect on off-

spring diabetic risk [43]. Our data showed a higher

heritability from maternal lineage than paternal one.

We emphasized the relationship between insulin resis-

tance indices and CA, which were taken into consideration

together. For predicting CA, various insulin resistance

indices, such as fasting insulin, glucose, HOMA, and

metabolic syndrome components, had positive effects on

IMT, but not plaque scores. High plaque scores were an

indicator of more advanced CA, which was evident in men

over 40 years of age and in post-menopausal women. With

regards to plaque scores, this study did not show a signif-

icant heritability between family members whom only IMT

values were affected by markers of insulin resistance. The

relative young age in these families, with a mean age of 39

and 45 years in men and women, respectively, might be the

reason of lack of heritability. As age increases, the asso-

ciation of plaque severity with insulin resistance might be

more apparent [10, 22, 39, 40, 44]. Our participants were in

a higher education and official job and tended to maintain a

healthy lifestyle, which may blunt the progress of carotid

atherosclerosis. Social class disparities in atherosclerosis

were observed among general population: adults in US

with higher social class keeping a healthier lifestyle, such

as exercise and smoking cessation [45].

The strength of our study includes the complete mea-

surements of insulin resistance indices and CA, and the

focus on hypercholesterolemic proband populations. The

study limitation is that we cannot separate the pure genetic

factors from shared common household factors in the

estimates of heritability. The high genetic correlation

observed seems counterintuitive since this parameter

requires that there is a significant heritability to both traits

separately. Relatively small sample size in this study may

limit the power, especially after being stratified by different

relative pairs.

In conclusion, our finding confirms significant herita-

bility for IMT and HOMA, in line with many previous

studies, and demonstrates a moderately high genetic cor-

relation between these two traits, implying that common

genes contribute to variation in both traits. The association

and heritability of insulin resistance and CA were evident

among hypercholesterolemic proband families. The results

imply that potential pleiotropy exists among these traits. As

knowledge of clinical phenotypes and the technical

improvement in post-human genome era, the genetic locus

of complex traits, such as insulin resistance and CA will be

revealed in the near future.
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Abstract Liver and intestine are major sites of apo A-I

synthesis in mammals. ABCAI is reported to be involved in

the secretion of nascent HDL from cultured intestinal cells.

However, whether ABCA1 participates in the secretion of

nascent HDL from the intestine has not been assessed

directly in vivo. This study examined the effect of a syn-

thetic LXR-agonist ‘‘TO’’ on the lymphatic transport of

HDL in thoracic duct-cannulated rats. The feeding of a TO-

containing diet resulted in an increased transport of

cholesterol and apo A-I in the lymph d [ 1.063 g/ml

lipoprotein fraction than did the feeding of a control diet

without TO. The transport of cholesterol in whole lymph

was lower, whereas the transport of apo A-I was higher, in

the TO group. The abundance of mRNAs for ABCAI and

apo A-I in the intestine was increased in the TO group.

Furthermore, although the TO-containing diet reportedly

increased the serum HDL concentration in intact mice and

rats, no such effect was observed in the cannulated rats.

The LXR agonist stimulated in vivo the synthesis of nas-

cent HDL by increasing reciprocally the mRNA for

ABCAI and apo A-I in the intestine, thereby contributing to

an increase in the circulating HDL.

Keywords ABCA1 � Apo A-I � Intestine � Lymph �
LXR/RXR � Nascent HDL

Abbreviations

ABC ATP-binding cassette transporter

LXR Liver X receptor

RXR Retinoid X receptor

SREBP-1 Sterol regulatory element binding protein-1

TO TO-901317

Introduction

Clinical studies have established a negative correlation

between the level of high density lipoprotein (HDL) cho-

lesterol in serum and frequency of ischemic heart disease

[1]. HDL particles play a role in a reverse transport process

by which excessive cholesterol is pulled out from the

peripheral tissues and transferred to the liver.

The serum HDL is believed to be synthesized from

precursor HDL, which is secreted by the liver and intestine,

or during the catabolism of triacylglycerol-rich lipoproteins

[1]. ATP-binding cassette transporter A1 (ABCA1) is a

lipid pump that effluxes cholesterol and phospholipids from

the cells to apolipoprotein (apo) A-I [2]. ABCA1-deficient

mice had low HDL cholesterol levels [3] and human

ABCA1 transgenic mice had increased plasma HDL cho-

lesterol levels [4], demonstrating the importance of

ABCA1 in the formation of HDL. Liver X receptor (LXR)

forms a hetero dimer with the retinoid X receptor (RXR)
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and this dimer binds to the LXR response element in the

promoter sequence of ABCA1 [5]. As ligands of LXR,

several oxidized cholesterols, such as 22(R)-hydroxycho-

lesterol have been identified [6]. Furthermore, Repa et al.

reports that when LXRa/b double knock-out mice and

C57BL/65/129SV mice as the wild type were fed a diet

containing 0.2% cholesterol and TO-901317 (TO) as an

LXR agonist, the abundance of the intestinal ABCA1

mRNA increased only in the wild type mice [7].

ABCA1 is abundant in not only macrophages but also

the liver and small intestine [8]. Recent studies suggest that

significant numbers of HDL particles are assembled at the

hepatocyte surface [9, 10]. In addition, it has been reported

that the expression of ABCA1 in macrophages has a

minimal contribution to plasma HDL levels [11]. Timmis

et al. [12] demonstrated that hepatic ABCA1 is essential

for the lipidation of nascent apo A-I and the maintenance of

the majority of the plasma HDL pool.

Although the physiological role of ABCA1 in the small

intestine has yet to be clarified, Ohama et al. [13] showed

that ABCA1 protein is expressed at the basolateral site of

CaCo-2 cells, the expression is enhanced by incubating the

cells with LXR/RXR agonists, and the efflux of cholesterol

is induced by apo A-I at the basolateral but not apical site.

The study therefore suggests that ABCA1 may be involved

in vivo in the formation and secretion of intestinal HDL,

but this hypothesis has not been demonstrated in vivo. In

this study, we evaluated the role of intestinal ABCA1

expression in the lymphatic transport of HDL in rats with

permanent cannulation of the thoracic duct. Our results

demonstrate that a LXR agonist increases the lymphatic

HDL transport from the intestine by promoting reciprocally

ABCA1 and apo A-I expression.

Materials and Methods

Animals and Diet

Male SD rats, 8-weeks old, obtained from Seiwa Experi-

mental Animals (Fukuoka, Japan) and maintained in a

temperature-controlled room (23 �C), were trained to

consume a control diet twice a day from 10:00–11:00 and

16:00–17:00, respectively, for 5 days. The control diet was

based on the AIN-93G [14] formulation as described pre-

viously [15] and supplemented with soybean oil (100 g/kg

diet) and cholesterol (10 g/kg diet). To the control diet was

added TO-901317 (TO: Cayman, MI, USA) at 0.056 g/kg

diet (TO diet). The amount was based on the report

showing that the effective level of TO is 3 mg/kg body

weight in a meal [7]. On day 6, all the rats were anesthe-

tized with Nembutal prior to permanent cannulation of the

thoracic duct lymph as described previously [15]. Briefly, a

cannula (SH silicon tube, 0.5 mm i.d. and 1.0 mm o.d.,

Kaneka Medics, Osaka, Japan) filled with heparinized

saline was inserted into the thoracic duct and secured

within the abdominal cavity. The rats were returned to their

cages and provided with the control diet or the TO diet

twice a day as just described. On day 9, the rats were

attached to a long PE cannula (0.58 mm i.d. and 0.97 mm

o.d., Becton Dickinson and Company, MD, USA) to collect

the lymph. The end of the cannula was 5–10 cm below the

bottom of the cage in order to allow the lymph to drain into

the cannula. The lymph was collected for 20 min, and the

rats were then given free access to the control diet or TO

diets for 30 min. At this time, the lymph was collected

every hour for 7 h. The lymph was collected in a tube

containing an inhibitor for lecithin-cholesterol acyltrans-

ferase, 1 mM 5,50-dithionitrobenzoic acid in 0.75 M

phosphate buffer solution. After fibrin was removed, eth-

ylenediaminetetraacetic acid at a final concentration of

0.01% was added to the lymph solutions. The lymph was

subjected to ultracentrifugation to isolate the lymph

d [1.063 g/ml fraction as described below. The rats were

anesthetized with diethylether and sacrificed by collecting

aortic blood. The intestine was immediately excised and

then divided into proximal and distal sites to strip the

mucosa for the total RNA preparation. The liver was also

excised and used for RNA preparation and lipid

determination.

The rats had free access to deionized water throughout

the feeding periods and during lymph collection. Experi-

ments were carried out following the Guidelines for

Animal Experiments at the Faculty of Agriculture and the

Graduate Course, Kyushu University, Fukuoka, Japan, and

Law No.105 and Notification (No. 6) of the Government of

Japan

Measurement of mRNA Levels for Specific cDNA

in the Intestinal Mucosa and the Liver

Total cellular RNA was isolated from the small intestine

and liver using guanidium thiocyanate/cesium chloride

ultracentrifugation as described by Sato et al. [16] and used

for Northern blotting as described by Thomas [17].

Hybridization was performed in hybridization solution

containing cDNA labeled with [a-32P] deoxycitydine tri-

phosphate (dCTP) (3,000 Ci/mmol, ICN Co., CA, USA)

using a multiprime DNA labeling system (Amersham

Pharmacia Biotech, Tokyo, Japan) according to the man-

ufacturers instruction, as described elsewhere [16]. Rat

cDNAs for ABCA1 (GenBank No.: NM178095, GeneID:

313210), G5 (GenBank No.: NM053754, GeneID: 114628)

and G8 (GenBank No. NM130414, GeneID: 155192), and

apo A-I [18] were cloned from rat liver cDNA by the
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reverse transcription PCR method. Rat ABC G5 and G8

and sterol regulatory element binding protein (SREBP)-1

cDNAs were cloned full length. Rat ABC A1 cDNA was

partly cloned: 392 bp from bp 2,616 to 3,007. The primer

sequences were 50-CAAGGTATCGGGGTCCAATG (50-
primer) and 50-CATTATGCTGGGGACAGACT (30-pri-

mer) for ABCA1, 50-GCTGGCCATGGGTGAGCTGCCC

TTTCTG and 50-TCTTACCTATCTGCTAATCAGGTAG

TCC for ABCG5, 50-ATGGCTCAGACGACCAAAGAGG

AGA and 30-TGAACATCACCAATCTTGAATTGAC for

ABCG8 and 50-ATGAAAGCTGCAGTGTTGGCTGCC

and 50-CGGTCACTAAGCGTTCAGCTTCTTCTTTTT

for apo A-I. All cDNA sequences were ensured by a DNA

autosequencer (Gene Rapid, Amersham Pharmacia Bio-

tech, Tokyo, Japan) to match the reported sequences. The

apo A-IV cDNA clone as a plasmid was provided by

Gordon [19]. Human ribosomal 18s RNA cDNA clones as

a plasmid were obtained from American Type Culture

Collection (Rockville, MD, USA). Quantification of the

hybridization signals was carried out with a bio-imaging

analyzer (BAS-1000, Fuji Photo Film Co., Tokyo, Japan).

The results were expressed as a relative value after nor-

malization to ribosomal 18s RNA.

Preparation of Lymph HDL Fraction

The lymph was adjusted to a density of 1.063 by addition

of KBr, and ultracentrifuged at 100,0009g (Beckman

TLA100.2 rotor, Beckman Instruments, USA) for 20 h at

15 �C. Lipoprotein fractions of density [1.063 g/ml and

density \1.063 g/ml were designated as the HDL fraction

and non-HDL fraction, respectively.

Measurement of Serum and Liver Lipid Concentrations

Serum triacylglycerol, total cholesterol and phospholipid

levels were measured using enzyme assay kits (Triglycer-

ide G Test, Cholesterol C Test and Phospholipid B Test,

respectively). The kits were purchased from Wako Pure

Chemical Industries, Osaka, Japan. Serum HDL-choles-

terol levels were measured using a precipitate and

enzymatic assay kit (HDL-C 2: Daiichi Chemical Industry,

Tokyo, Japan). Liver lipids were extracted by the method

of Folch et al. [20] and cholesterol [15], triacylglycerol

[21] and phospholipid [8] levels were measured as

described elsewhere. The lipids of the lymph HDL and

non-HDL fractions were extracted by the method of Folch

et al. [20] and cholesterol levels were measured by gas

liquid chromatography as described elsewhere [15]. The

apo A-I level was determined by immuno electrophoresis

using anti rat apo A-I rabbit serum and expressed as arbi-

trary units against a reference serum from rats [16].

Statistical Analysis

The data were expressed as the mean ± SEM. The sig-

nificance of differences was determined with Student’s t

test. The statistical analysis was carried out with Statcel

(OMS, Saitama, Japan) and Microsoft Excel 2000

(Microsoft, Redmond, WA, USA). Differences were con-

sidered to be statistically significant at P \ 0.05.

Results

During the training period (day 1–5), all the rats consumed a

control diet twice a day (16.2 ± 0.4 and 15.0 ± 1.1 g/day

for the control and TO groups, respectively, n = 6). After

the operation (day 7–8), rats consumed the control diet

and TO diet, respectively, twice a day (11.1 ± 0.9 and

10.1 ± 1.6 g/day for control and TO group, respectively).

As expected, food consumption was lower at day 7–8 than

day 1–5. At day 9, both groups of rats consumed the diet for

30 min (5.2 ± 0.4 and 5.2 ± 0.9 g for the control and TO

groups, respectively). The type of diet had no significant

effect on food consumption.

Although there was no difference in the lymph flow prior

to the feeding of the control and TO diets, consumption of the

TO diet resulted in a remarkable reduction in lymph flow

(8.52 ± 0.99 ml/7 h and 4.80 ± 1.13 ml/7 h for the control

and TO groups, respectively, P \ 0.05). The TO diet also

resulted in a reduction in lymph flow (13.7 ± 1.62 ml/7 h

and 8.21 ± 0.780 ml/7 h for the control and TO groups,

respectively, P \ 0.05) and the rate of transport of choles-

terol (14.0 ± 1.37 mg/7 h and 9.02 ± 0.70 mg/7 h for the

control and TO groups, respectively, P \ 0.05), triacylgly-

cerols (341.7 ± 31.2 mg/7 h and 220.9 ± 25.9 mg/7 h for

the control and TO groups, respectively, P \ 0.05), and

phospholipids (32.4 ± 3.5 mg/7 h and 25.2 ± 2.1 mg/7 h

for the control and TO groups, respectively) in our

preliminary study.

As shown in Fig. 2a, the TO diet resulted in a decrease

in the transport of cholesterol for 7 h in the total lymph and

d \ 1.063 g/ml fraction. However, the transport for 7 h in

the d [ 1.063 g/ml fraction was greater in the TO group

than the control group. As shown in Fig. 2b, the lymphatic

output of apo A-I was higher in the TO group. Such a

difference was attributed to an increased output of apo A-I

in the d [ 1.063 g/ml fraction in the TO group (Fig. 2).

Table 1 and Fig. 1 shows the relative abundances of the

mRNAs for ABC proteins, apoproteins, and SREBP-1 in

intestinal mucosa and liver isolated from rats after the of
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lymph was collected. The abundance of mRNAs for

ABCA1, G5 and G8, apo A-I, and SREBP-1 in the prox-

imal intestine was higher in the TO group than the control

group. The extent of the increase was most prominent for

the ABCA1 mRNA. The TO diet also resulted in an

increase in mRNA abundance for ABC proteins, apo A-I

and SREBP-1, in the distal intestine. In the liver, the TO

diet resulted in an increased abundance of mRNAs for

ABC proteins and SREBP-1. However, there was no sig-

nificant difference in apo A-I mRNA abundance between

the dietary groups. The extent of the increase for ABCG5/

8 mRNA abundance in the liver appeared to be greater than

that for the corresponding ABCA1. The consumption of

TO had no significant effect on the mRNA abundance for

apo A-IV and apo E in the intestine and liver.

The TO diet resulted in an increased concentration of

triacylglycerol in serum (257 ± 33 for the TO diet and

100 ± 33 mg/dl for the control diet, n = 6, P \ 0.05). The

concentration of triacylglycerols in the liver was also

higher in the TO than control group (79.9 ± 10.9 versus

12.0 ± 1.9 mg/g liver, respectively, n = 6, P \ 0.05).

There was no significant difference in the concentration of

HDL-cholesterol in serum between the groups (17.9 ± 3.0

and 18.9 ± 2.5 mg/dl for the TO and control group,

respectively, n = 6, P [ 0.1).

Discussion

The present study showed that consumption of TO, an

artificially made LXR agonist, resulted in an elevation of

cholesterol and apo A-I levels in the lymph d [ 1.063 g/ml

fraction. Although it remains to be determined if choles-

terol and apo A-I exist simultaneously as a lipoprotein

particle such as a nascent HDL, Green et al. reported that

rat intestine secretes discoidal HDL in the lymph

d [ 1.063 g/ml fraction [23]. Furthermore, Wu et al. [24]

and Imaizumi et al. [25] showed that rat intestine actively

produces apo A-I, which is used as a constituent of

chylomicrons and nascent HDL in the lymph. Accord-

ingly, the present study suggests that the LXR agonist

increases the secretion of nascent HDL particles from the

intestine.

Recent studies have established that the lipidation of

HDL apoproteins occurs primarily after their secretion and

that ABCA1 is a crucial participant in the early lipidation

of newly secreted apo A-I [26]. The present study showed

that the TO diet resulted in increased mRNA levels of

ABCA1 and apo A-I suggesting increased levels of these

proteins in the intestinal mucosa. That the apo A-I levels in

the lymph and the HDL fraction were higher in the TO

group than in the control group indicates indirectly the

active synthesis of apo A-I in the intestinal mucosa.

Fig. 1 The mRNA expression of ABCA1, ABCG5, ABCG8, ApoE,

SREBP-1, ApoA-I and ApoA-IV were analyzed by Northern blot

analysis. Signals were quantitated by image analysis. Each value was

normalized for the ribosomal RNA 18S signal

Fig. 2 The effect of dietary TO on cholesterol contents (a) and apo

A-I contents of total lymph and non-HDL and HDL fractions (b)

collected for 7 h. Values for six rats per group are means ± SEM.

Values for apo A-I are represented as the area of the immunopre-

cipitation by immuno electrophoresis. Asterisk, significantly different

from the control group, P \ 0.05
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Although ABCA1 protein levels were not determined in

the present study, the increased HDL-cholesterol level in

the lymph in the TO group suggests an increased level of

ABCA1 protein at the basolateral site of the intestine,

because it is reported that LXR/RXR ligands enhance the

expression of ABCA1 on the basolateral surface of CaCo-2

cells [13, 27, 28] and efficient basolateral cholesterol efflux

occurs during the absorption of dietary cholesterol in

chickens [29]. It is also reported that apo A-I is secreted

independent of lipids and that the lipid-poor apo A-I can

accept cholesterol from ABCA1 which plays a role in the

TG-rich lipoprotein-independent transport of cholesterol

across the intestinal epithelial cells [13, 27, 28]. Accord-

ingly, it is likely that the TO-diet -dependent increase in the

transport of HDL-cholesterol is attributable to the

increased expression of ABCA1 and apo A-I.

Feeding mice a TO-containing diet has been reported to

result in an increased level of HDL cholesterol [7]. In our

preliminary study, in rats whose thoracic lymph duct was

not cannulated, the TO diet resulted in an increased serum

HDL cholesterol concentration compared with the control

diet (36.4 ± 1.2 and 26.4 ± 1.7 mg/dl for the TO and

control groups, respectively, n = 5, P \ 0.05). As shown in

the present study, however, there was no significant dif-

ference in the serum HDL-cholesterol level in the

cannulated rats indicating that the increase in intestinal

HDL synthesis caused by the TO contributes to the ele-

vation in the serum HDL level. Brunham et al. [30] treated

mice with the synthetic LXR agonist GW3965. GW3965

significantly increased plasma HDL cholesterol levels in

wild-type mice and mice lacking hepatic ABCA1, and this

effect was completely abrogated in mice lacking intestinal

ABCA1. They have insisted that activation of intestinal

ABCA1 can lead to an increase in HDL level. Therefore, in

this study, serum HDL level in cannulated rats did not arise

because of lacking HDL derived from lymph secreted from

intestine.

The ABCA1 gene has a responsive site for the complex

LXR/RXR ligand [6]. No such responsive element has

been reported for the apo A-I gene in the mouse or rat. In

fact, apo A-I gene in the liver and intestine of mice

remained unaffected by a LXR agonist [31]. Alternatively,

a rise in the apo A-I mRNA level caused by a LXR agonist

has been reported in chondrocytes from chick embryo

tibiae [32] and epithelial cells from canine gallbladder [33].

Therefore, it remains possible that an increased efflux of

cholesterol from the basolateral site through an ABCA1-

mediated pathway triggered a change in the apo A-I mRNA

abundance. Therefore, there may be an indirect regulatory

mechanism by which LXR agonists act on apo A-I

expression in rat intestine.

In the present study, the extent of the change in the

abundance of mRNAs for the ABCA1 and ABCG5/8

genes, which have the responsive element for the LXR/

RXR gene differed between the intestine and liver.

Namely, the effect of TO was prominent in the intestine for

ABCA1 and in the liver for ABCG5/8. These results

indicate that there exists a mechanism regulating tissue-

dependent expression of ABCA1 and ABCG5/8 due to the

TO-diet. According to Tamehiro et al. [34], there are two

types of ABCA1 transcripts: a LXR-responsive element-

dependent transcript which is found in the intestine and the

peripheral tissues including macrophages and a novel liver-

type promoter which is activated by sterol regulatory ele-

ment-binding protein-2. Expression of the latter is

suppressed by dietary cholesterol in experimental animals.

The intestine contains only the peripheral-type transcript,

whereas the liver has both types. In the present study, the

diet contained cholesterol, hence resulting in a less prom-

inent increase in abundance for the liver type ABCA1

mRNA than for the intestine type ABCA1 mRNA. It

remains unclear why the TO-diet exerted a more pro-

nounced change in the abundance of ABCG5/8 mRNA in

the liver than intestine.

Table 1 Relative mRNA levels for ABC proteins, apoproteins and SREBP1 in the proximal intestine and liver in rats fed the control and TO diet

Liver Proximal intestine Distal intestine

Control TO Control TO Control TO

ABCA1 100 ± 13.6 188 ± 10.8* 100 ± 36.0 1127 ± 99.0* 100 ± 15.7 1557 ± 273*

ABCG5 100 ± 28.4 629 ± 96.5* 100 ± 16.6 284.0 ± 10.1* 100 ± 6.3 194 ± 10.6*

ABCG8 100 ± 15.9 996 ± 272* 100 ± 20.4 324.0 ± 6.7* 100 ± 6.9 262 ± 28.6*

Apo A-I 100 ± 13.9 110 ± 7.2 100 ± 9.0 180.0 ± 10.0* 100 ± 14.9 118 ± 7.8*

Apo A-IV 100 ± 12.6 141 ± 32.8 100 ± 19.1 109.0 ± 5.6 100 ± 9.1 148 ± 5.0

Apo E 100 ± 9.7 147 ± 20.2 100 ± 15.6 94.4 ± 3.7 100 ± 24.2 91 ± 9.6

SREBP-1 100 ± 16.4 158 ± 15.6* 100 ± 13.9 171.0 ± 15.1* 100 ± 7.6 109 ± 9.4

Values are means ± SEM; n = 6 per group. The significance of difference between the two diet groups of liver and proximal and distal

intestines was analyzed by Student’s t test

* Significantly different from rats fed the control diet (P \ 0.05)
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In the present study, the TO diet resulted in an elevation

of SREBP-1 mRNA abundance 1.7-fold higher than the

control diet. In contrast, Brunham et al. [30] reported that

administration of GW3965 as an agonist of LXR to wild-

type mice elevated the level of SREBP1c mRNA to 30-fold

compared to the vehicle administration without cholesterol

input. The different response to LXR agonist appears to the

amount of cholesterol in the diet, feeding period of the

agonist and the amount of the agonist injected.

Dietary fat has been reported to increase lymph flow

[35]. In the present study, it was found that the TO-diet

resulted in a decreased lymph flow compared to the con-

trol. The suppression appears to be relevant to a decrease in

the transport of lymphatic cholesterol, triacylglycerols, and

phospholipids. The suppression of lymph flow may be

partly due to the decrease in intestinal nitric oxide (NO),

the expression of which was suppressed by a LXR agonist

[36]. In fact, NO production in the gut has been reported to

increase gastrointestinal peristaltic motion [37]. Thus, the

inhibition of NO production by the agonist may lower

lymph flow, thereby delaying lipid absorption. Alterna-

tively, the TO-diet may have increased intestinal fluid flow

from the mucosal site to the luminal site thereby resulting

in an increase in sterol transport from the mucosal site to

the luminal site in mice fed an LXR/RXR agonist [38].

Furthermore, it remains the possibility that TO-diet might

influence the bile acid synthesis thereby influence the

absorption of cholesterol [39].

In summary, the present study demonstrated for the first

time that treatment with a LXR agonist promotes the

transport of lymph HDL possibly by enhancing recipro-

cally the expression of the ABCA1 and apo A-I genes.
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Abstract The aim of the present study was to relate

brachial artery intima-media thickness (IMT) and the grey

scale median of the intima-media complex (IM-GSM)

to traditional cardiovascular risk factors and markers of

inflammation and oxidative stress. In the Prospective Study

of the Vasculature in Uppsala Seniors (PIVUS) study, a

population-based study of 1016 subjects aged 70, brachial

artery IMT and IM-GSM, who were evaluated by ultra-

sound. Lipids, thirteen markers of inflammation and nine

markers of oxidative stress were measured. The Framing-

ham risk score was related to IMT (p \ 0.0001), but not

to the IM-GSM. In univariate analysis, HDL-cholesterol,

serum triglycerides, fasting glucose, smoking, HOMA

insulin resistance index and oxidized LDL levels were

related to IMT. HDL and LDL-cholesterol, triglycerides,

VCAM-1, e-selectin, leukocyte count, conjugated diens,

baseline conjugated diens (BCD)-LDL, antibodies to ox-

LDL, the GSSG/GSH glutathione ratio and homocysteine

were related to IM-GSM. In multiple regression models,

HDL-cholesterol, fasting glucose and oxLDL levels were

the independently related to IMT (p = 0.01–0.04), while

serum triglycerides, BCD-LDL and the GSSG/GSH

ratio were independently related to IM-GSM (p = 0.0001–

0.004). In conclusion, in addition to traditional lipid vari-

ables, markers of oxidative stress were associated with both

thickness and echogenicity of the brachial artery intima-

media complex. Thus, both thickness and echogenicity of

the brachial artery intima-media complex might be useful

biomarkers in the future.

Keywords Lipids � Ultra sound � Artery � Oxidation �
Intima-media

Introduction

The IMT of the carotid artery is a commonly used measure

of atherosclerosis. IMT of the carotid artery has been

shown to be reduced by intensive statin treatment [1] and to

predict cardiovascular events in epidemiological cohort

studies [2]. It has recently been shown that brachial artery

IMT is correlated to common carotid artery IMT [3]. Thus,

also brachial artery IMT might serve as a marker of

cardiovascular risk.

Although several studies have evaluated the echoge-

nicity of carotid artery plaque as the GSM by image

analysis [4, 5], few attempts have been made to charac-

terize the intima-media complex with a similar grey scale

analysis. It is evident from the visual inspection of

the intima-media complex in both the carotid and brachial

artery that a great variation in echogenicity does exist.
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However, the usefulness of this information has however

not yet been studied.

In order to validate the usefulness of the evaluation of

the brachial artery IMT and GSM of the intima-media

complex (IM-GSM), these two brachial artery character-

istics were related to traditional cardiovascular risk factors

included in Framingham risk score and the metabolic

syndrome (MetS). Furthermore, since both inflammation

and oxidative stress have been advocated to play an

important role in the development of atherosclerosis, we

used data from the PIVUS study, a population-based

cohort study initiated in more than 1000 subjects aged 70

living in the community of Uppsala, Sweden [6], to study

the relationships between brachial artery IMT and GSM

of the intima-media complex and traditional risk factors

as well as markers of inflammation and oxidative stress.

The hypothesis tested was that both the brachial artery

IMT and GSM of the intima-media complex would be

related to traditional risk factors. This hypothesis is

biologically plausible, since carotid artery IMT [2], as

well as echolucent plaques predict future cardiovascular

events [7].

Material and Methods

Subjects

The eligible subjects were all aged 70 living in the com-

munity of Uppsala, Sweden. The subjects were chosen

from the register of community inhabitants and were

invited in a randomized order. The subjects received an

invitation by letter within 2 months of their 70th birthday.

Of the 2025 subjects invited, 1016 subjects participated

giving a participation rate of 50.1%.

The study was approved by the Ethics Committee of the

University of Uppsala and the participants gave informed

consent.

Basic Investigation

The participants were asked to answer a questionnaire

about their medical history, smoking habits, and regular

medication.

All subjects were investigated in the morning after an

over-night fast. No medication or smoking was allowed

after midnight. After recording their height, weight,

abdominal and hip circumference, an arterial cannula was

inserted in the brachial artery for blood sampling (and later

regional infusions of vasodilators, see Ref. 6]. Thereafter,

the ultrasonographic evaluation took place in the contra-

lateral arm.

Blood pressure was measured by a calibrated mercury

sphygmomanometer in the non-cannulated arm to the

nearest mmHg after at least 30 min of rest and the average

of three recordings was used. Traditional lipid variables

and fasting blood glucose were measured by standard

laboratory techniques. From these data, the Framingham

risk score was calculated [8].

Approximately 10% of the cohort reported a history of

coronary heart disease, 4% reported stroke and 9% diabetes

mellitus. Almost half the cohort reported some cardiovas-

cular medication (45%), with antihypertensive medication

being the most prevalent (32%). Fifteen percent reported

use of statins, while insulin and oral antiglycemic drugs

were reported in 2 and 6%, respectively (see Ref. 6 for

details).

As the participation rate in this cohort was only 50%, we

carried out an evaluation of cardiovascular disorders and

medications in 100 consecutive non-participants. The

prevalences of cardiovascular drug intake, history of

myocardial infarction, coronary revascularization, antihy-

pertensive medication, statin use and insulin treatment

were similar to those in the investigated sample, while the

prevalences of diabetes, congestive heart failure and stroke

tended to be higher among the non-participants (see Ref. 6

for details).

Brachial Artery IMT and GSM

The brachial artery was assessed by external B-mode

ultrasound imaging 2–3 cm above the elbow (Acuson

XP128 with a 10-MHz linear transducer, Acuson Mountain

View, California, USA). The image was digitized and

imported into the AMS (Artery Measurement Software)

automated software [9, 10] for dedicated analysis of IMT

and GSM. A maximal 10-mm segment with good image

quality was chosen for analysis.

The program automatically identifies the borders of the

IMT of the far wall and the inner diameter of the vessel and

calculates IMT and the diameter from around 100 discrete

measurements through the 10-mm long segment. This

automated analysis was capable of being manually cor-

rected if not found appropriate on visual inspection.

A Region Of Interest (ROI) was placed manually around

the intima-media segment that was evaluated for IMT and

the program calculates the intima-media GSM (IM-GSM)

from analysis of the individual pixels within the ROI on

a scale from 0 (black) to 256 (white). The blood was

used as the reference for black and the adventitia was the

reference for white. See Fig. 1 for an illustration of the

measurements.

The mean length of the evaluated segment was 6.9

(SD 1.9) mm when subjects with a segment recording less
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than 3 mm were excluded, leaving 945 subjects with valid

recordings.

The digitized measurements were repeated in 30 random

subjects giving coefficients of variations for IMT and IM-

GSM of 7.8 and 5.0%, respectively.

Insulin Resistance and the Metabolic Syndrome

Serum insulin was measured by an enzymatic-immuno-

logical assay (Boehringer Mannheim). HOMA insulin

resistance index was defined as: fasting blood glucose 9

serum insulin/22.5 [11].

The metabolic syndrome was defined according to the

NECP/ATP III criteria [12]. Three of the following five

criteria should be fulfilled: Blood pressure [130/85 mmHg

or antihypertensive treatment, fasting blood glucose [
5.6 mmol/l, serum triglycerides [1.7 mmol/l, waist cir-

cumference [102 cm in men and [88 cm in women,

HDL-cholesterol \1.0 mmol/l in men and \1.3 in women.

Markers of Inflammation

High sensitive CRP was measured in human serum by an

ultra sensitive particle enhanced immunoturbidimetric

assay (Orion Diagnostica, Espoo, Finland) on a Konelab 20

autoanalyser (Thermo Clinical Labsystems, Espoo, Fin-

land). The inter assay coefficient of variation was 3.2%.

Cytokines, chemokines and adhesion molecules were

analysed on the Evidence1 array biochip analyser (Randox

Laboratories, Ltd, Crumlin, UK) [13].

The functional sensitivity for the different inflammatory

markers were as follows: IL-1 alpha: 0.5 pg/ml, IL-1 beta:

0.8: IL-2: 4.1, IL-4: 2.8: IL-6: 0.3, IL-8: 1.5, IL-10: 1.0:

INF-gamma: 1.8, TNF-alpha 1.8, MCP-1 19.4, ICAM-1:

18.6, VCAM-1:3.1, e-selectin 3.1, p-selectin 11.2, l-selec-

tin 32.8, CRP: 0.1, Leukocyte count 0.2.

Due to a poor sensitivity for IL-1 alpha and beta, IL-4

and IL-10 with a large number of subjects with undetect-

able levels, these four cytokines were excluded from the

analysis.

Markers of Oxidative Stress

Baseline conjugated dienes of LDL (BCD-LDL) were

measured by using a method validated and reported in

detail before [14]. For BCD-LDL, the coefficients of var-

iance for within-assay and between-assay precision were

4.4 and 4.5%, respectively. Enzyme-linked immunoabsor-

bent assay (ELISA) kits (Mercodia, AB) were used to

determine serum oxidized LDL, within-assay variation

coefficient was 6.3% and between-assay CV was 4.7%,

respectively [15]. ELISA kit (BioMedica) was applied to

assay autoantibodies to Ox LDL (oLAB), with intra assay

and inter assay values 4.3 and 6.0%, respectively. All

glutathione indices, CD and TAOC values were measured

and calculated as described previously [16]. Homocysteine

was measured by using an Enzyme Immunoassay method

(Axis-Shield Diagnostics Ltd) with an intra assay coeffi-

cient of 6.8%.

Markers of inflammation and oxidative stress were not

evaluated in the young healthy reference sample

Statistics

Non-normally distributed variables were log-transformed

in order to achieve a normal distribution. This was, how-

ever, not achieved for some of the variables. ANOVA or

Mann–Witney U test was therefore used to evaluate dif-

ferences between groups. Relationships between

continuous variables were evaluated by Pearson’s and

Spearman’s correlation coefficients and multiple regression

analysis. Two-tailed significance values were given with

p \ 0.05 regarded as significant. StatView (SAS inc, NC;

USA) was used for calculations.

Fig. 1 Measurement of intima-media thickness (IMT) and echoge-

nicity (grey scale median) of the intima-media complex (IM-GSM) of

the brachial artery far wall. A region of interest (ROI) is created by

the computer software used and manually adjusted if necessary. The

length of this ROI is 5–10 mm. In this figure, a strict rectangular ROI

has been indicated for graphical reasons, but in practice the ROI is

very tightly adjusted by use of about 200 measurement points to

closely fit the blood-intima interface and the media-adventitia

interface. IMT is measured by the mean of about 100 thickness

measurements and IM-GSM by the median of the grey scale of all

pixels included in the ROI
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Results

Basic Statistics of Risk Factors, Brachial Artery IMT

and IM-GSM

Basic risk factor statistics and data on brachial artery IMT

and IM-GSM in the PIVUS sample are given in Table 1.

Relationship between Brachial Artery IMT and IM-

GSM

Brachial artery IMT and IM-GSM were inversely corre-

lated (r = -0.07, p = 0.025).

Relation to Framingham Risk Score

Of the evaluated brachial artery characteristics, IMT, but

not IM-GSM, was related to Framingham risk score (see

Table 2 for details).

Of the variables in the Framingham risk score, HDL-

cholesterol, smoking and fasting glucose were significantly

related to brachial artery IMT. Both LDL and HDL-cho-

lesterol were related to IM-GSM (see Table 2 for details).

Relations to the Metabolic Syndrome

None of evaluated brachial artery characteristics were

significantly different when subjects with the metabolic

syndrome were compared with those without.

However, when related to the five different components

included in the MetS definition, IMT was related to HDL-

cholesterol, serum triglycerides and fasting glucose, but not

to blood pressure or waist circumference. IM-GSM was

related to HDL-cholesterol and serum triglycerides, but not

to the other three components of the MetS (see Table 2 for

details).

The HOMA insulin resistance index was significantly

related to IMT, but not significantly to IM-GSM. BMI was

not related to any of the brachial artery indices (see Table 2

for details).

Inflammatory Markers

Brachial artery IMT was not significantly related to any of

the inflammatory makers (see Table 3), while IM-GSM

was inversely correlated with VCAM-1, e-selectin and

leukocyte count.

Oxidative Stress Markers

Of the oxidative stress markers, only the level of oxidized

LDL was related to brachial artery IMT. IM-GSM, on the

Table 1 Basic characteristics and major cardiovascular risk factors

in the sample

n 1016

Females (%) 50.2

Height (cm) 169 (9.1)

Weight (kg) 77 (14)

Waist circumference (cm) 91 (12)

BMI (kg/m2) 27.0 (4.3)

Waist/hip ratio 0.90 (0.075)

SBP (mmHg) 150 (23)

DBP (mmHg) 79 (10)

Heart rate (beats/min) 62 (8.7)

Serum cholesterol (mmol/l) 5.4 (1.0)

LDL-cholesterol (mmol/l) 3.3 (0.88)

HDL-cholesterol (mmol/l) 1.5 (0.42)

Serum triglycerides (mmol/l) 1.3 (0.60)

Fasting blood glucose (mmol/l) 5.3 (1.6)

Currently smoking (%) 11

IMT (mm) 0.41 (0.08)

IM-GSM (units) 104 (39)

Means are given with SD in parenthesis. SBP Systolic blood pressure,

DBP Diastolic blood pressure, BMI Body mass index, IMT brachial

artery intima-media thickness, IM-GSM the grey scale median of the

intima-media complex (IM-GSM)

Table 2 Univariate relationships between brachial artery intima-

media thickness (IMT), the grey scale median of the intima-media

complex (IM-GSM) and Framingham risk score and individual car-

diovascular risk factors included in the score, as well as serum

triglycerides, body mass index (BMI), waist circumference and the

HOMA index

IMT IM-GSM

Framingham risk score 0.14 (0.0001) -0.04 (0.18)

SBP 0.05 -0.01

DBP 0.02 -0.06

LDL-cholesterol \0.01 0.10 (0.003)

HDL-cholesterol -0.18 (0.0001) 0.14 (0.0001)

Triglycerides 0.09 (0.009) -0.07 (0.037)

Smoking (pack-years) 0.10 (0.003) 0.03

Fasting glucose 0.11 (0.001) -0.03

BMI 0.05 -0.05

Waist circumference 0.05 -0.03

HOMA index 0.08 (0.033) -0.05

Pearson’s correlation coefficients are given with p-values in paren-

thesis if \0.05

See Table 1 for abbreviations. HOMA Homeostatic model assessment
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other hand, was related to oxidized LDL antibody, CD and

homocysteine in a negative way and to BCD-LDL, GSSG

and the GSSG/GSH ratio in a positive way.

Multiple Regression Models

In the first multiple regression model, brachial artery IMT

was the dependent variable. The independent variables

were the traditionally risk factors, inflammatory markers

and markers of oxidative stress that in the univariate

analysis showed a p-value less than 0.05 when related to

IMT (see Tables 2, 3 for details). Also gender was included

as an independent variable.

As could be seen in Table 4, HDL-cholesterol (inver-

sely), oxLDL and fasting glucose were the variables being

independently related to brachial artery IMT in the

regression model. The R2 for this model with only sig-

nificant variables included was 0.07.

In the second multiple regression model, brachial artery

IM-GSM was the dependent variable. Like in the first

model above, the independent variables were the tradi-

tionally risk factors, inflammatory markers and markers of

oxidative stress that in the univariate analysis showed a p-

value less than 0.05 when related to IM-GSM (see

Tables 2, 3 for details). Gender was also included as an

independent variable.

Table 3 Univariate relationships between brachial artery characteristics and markers of inflammation and oxidative stress

IMT IM-GSM Median 10th to 90th percentile

TNF-alpha (pg/ml) -0.04 \0.01 3.7 2.3–7.1

IL-2 (pg/ml) -0.05 0.03 3.6 2.6–14.3

IL-6 (pg/ml) 0.03 0.02 4.1 1.2–66.1

IL-8 (pg/ml) -0.05 \0.01 6.4 3.1–13.6

MCP-1 (pg/ml) -0.04 \0.01 386 250–569

Interferon-gamma(pg/ml) -0.04 \0.01 1.6 0–3.8

ICAM-1 (mg/L) -0.03 \0.01 344 265–470

VCAM-1 (mg/L) 0.06 -0.08 (0.020) 518 394–695

e-selectin (mg/L) \0.01 -0.07 (0.037) 14.7 8.5–23.0

p-selectin (mg/L) \0.01 -0.05 101 70–134

l-selectin (mg/L) -0.06 -0.02 706 570–890

CRP (mg/L) -0.02 0.02 1.2 0.4–3.9

Leukocyte count 0.05 -0.07 (0.033) 5.5 4.0–7.8

OxLDL (U/l) 0.08 (0.020) -0.02 126 77–197

OLAB (mU/l) 0.01 -0.09 (0.009) 317 107–1400

BCD-LDL (umol/l) 0.02 0.14 (0.0001) 21 13–31

CD (umol/l) \0.01 -0.10 (0.003) 39 29–54

Homocysteine (umol/l) 0.01 -0.07 (0.037) 9.9 6.7–15.3

TAOC (%) -0.04 -0.02 37 33–43

TGSH (ug/ml) -0.04 0.02 877 684–1157

GSSG (ug/ml) -0.01 0.23 (0.0001) 68 44–113

GSH (ug/ml) -0.04 -0.02 812 612–1072

GSSG/GSH ratio 0.02 0.26 (0.0001) 0.082 0.057–0.127

Spearmańs correlation coefficients are given with p-values in parenthesis if \0.05. Median and the 10th to 90th percentile are given to the right.

IM intima-media, IMT Intima-media thickness, TNF Tumor necrosis factor, IL Interleukin, MCP Monocyte chemoattractive protein, ICAM
Intracellular adhesion molecule, VCAM Vascular cell adhesion molecule, CRP C-reactive protein, Ox LDL Oxidized LDL, oLAB antibodies

against oxLDL, CD Conjugated diens, BCD Baseline CD, TAOC Total antioxidant capacity, TGSH Total glutathion level, GSSG oxidized

glutathione, GSH reduced glutation

Table 4 Multiple regression analysis with brachial artery intima-

media thickness (IMT) as the dependent variable and the traditional

risk factors, markers of inflammation and oxidative stress being

related in univariate analysis (see Tables 3, 4, 5 for details) as inde-

pendent variables together with gender (coded 0 for males and 1 for

females)

Partial correlation coefficient p-value

Gender -0.14 0.0001

HDL-cholesterol -0.09 0.019

Smoking (pack-years) 0.03 0.34

OxLDL 0.09 0.016

Fasting glucose 0.08 0.024

Serum triglycerides 0.02 0.66

OxLDL Oxidized LDL
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In this second multiple model, serum triglycerides

(inversely), the GSSG/GSH ratio and BCD-LDL were

independently related to IM-GSM (see Table 5 for details).

The R2 for this model with only significant variables

included was 0.13.

Discussion

The present study showed that the Framingham score was

related to brachial artery IMT, but not to IM-GSM. How-

ever, when the individual risk factors were analyzed, risk

factors related to lipid metabolism included in the Fra-

mingham risk score or the metabolic syndrome were

related to IM-GSM. Furthermore, when oxidative stress

and inflammatory markers were also analysed in multiple

regression models, both traditional lipid variables and

markers of oxidative stress were independently associated

with both IMT and IM-GSM, while markers of inflam-

mation were not.

Strength of the Association and the Issue of Multiple

Testing

In the present study most of the significant associations

(except for the glutathione ratio) showed correlation coef-

ficients that were rather modest (0.10–0.15), despite being

highly significant, and the biological relevance might be

questioned. It should, however, be emphasized that most

such relationships are attenuated with age and higher val-

ues are usually seen in younger subjects with fewer

disorders and medications. Furthermore, the multiple

regression models show several factors to determine IMT

and IM-GSM so that no single factor would be of uttermost

importance limiting the correlation coefficients.

Although the primary aim of the present study was to

investigate the relationships between brachial artery IMT

and IM-GSM vs. established risk factors in order to see if

these measurements were related to the risk factors in a

plausible way, and thereby justify the future measurement

of these vascular wall characteristics in the brachial artery,

we also had information on multiple markers of inflam-

mation and oxidative stress and added those to the study in

order to obtain a more complete picture, since both

inflammation and oxidative stress have been suggested as

being involved in atherosclerosis.

By doing so, many correlation tests were performed.

Since this was a study of exploratory character, we did not

adjust for multiple testing (which by applying the Bon-

ferroni correction would result in a critical p-value of

0.00075) and report unadjusted p-values to give a more

broad view. Using this approach, it is evident that some of

the relationships reported might be false positive, but it

must be emphasized that all significant relationships are

directed in the hypothesized direction and all are biologi-

cally highly plausible. However, it is obvious with this

approach that all findings must be considered with great

caution until reproduced by others.

Measurements of Brachial Artery IMT and IM-GSM

In the present cohort of elderly subjects it was possible to

evaluate brachial artery far-wall IMT and IM-GSM is the

vast majority of patients (94%), when the criteria of at least

3 mm length of evaluable intima-media complex was

applied. A proper measurement in the near wall was much

harder to obtain and was therefore not included in the

present study. The reproducibility (CV) of the IMT and

IM-GSM were in the range of 5–8%, being satisfactory.

While IMT is an established measure of the vascular wall

[1, 2], the IM-GSM is less commonly used. GSM analysis

has previously mainly been performed on plaques and then

found to be related to histological features of the plaque,

such as the elastin and calcium content, as well as to the size

of the lipid-rich necrotic core [17]. However, the histolog-

ical correlate to variations in the IM-GSM has not been

evaluated. The finding the IM-GSM was related to some of

the common risk factors, as well as to markers of inflam-

mation and oxidative stress, does, however, suggest that the

IM-GSM is a measure that is of biological relevance.

The intimal reflection line is included in the measure-

ment of IM-GSM. Our experience is that the echogenicity

of this reflection line is most often related to the echoge-

nicity of the more darker space below. Furthermore, since

the intimal reflection line only consists of 10–20% of all

Table 5 Multiple regression analysis with brachial artery intima-

media grey scale median (IM-GSM) as the dependent variable and the

traditional risk factors, markers of inflammation and oxidative stress

being related in univariate analysis (see Tables 3, 4, 5 for details) as

independent variables together with gender (coded 0 for males and 1

for females)

Partial correlation coefficient p-value

Gender 0.07 0.045

HDL-cholesterol 0.06 0.10

Serum triglycerides -0.12 0.004

LDL-cholesterol 0.01 0.75

VCAM-1 0.01 0.85

e-selectin -0.02 0.48

Leukocyte count -0.01 0.80

GSSG/GSH ratio 0.23 0.0001

BCD-LDL 0.18 0.0001

Homocysteine -0.06 0.064

See Table 3 for abbreviations
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pixels in the ROI, it is not believed that the inclusion of this

part would distort the measurement of IM-GSM.

Relationships to the Framingham Risk Score

The Framingham score was only related to brachial artery

IMT, but not to IM-GSM. The reason for this is not clear

since when analyzing the different components in the

Framingham risk score, LDL-cholesterol and HDL-cho-

lesterol were both related to IM-GSM.

Of the different components in the Framingham score,

HDL was most closely related to both IMT and IM-GSM in

an independent way. Thus, low levels of HDL were asso-

ciated with both a thick and echolucent intima-media

complex. This relationship seems biologically plausible,

since low levels of HDL, as well as a thick intima-media

complex and echolucent plaques are predictive of future

cardiovascular events [2, 7].

Relationships to the Metabolic Syndrome

Despite the fact that brachial artery IMT was related to

three of the five components of the MetS and IM-GSM was

related to two of them, no alterations in IMT or IM-GSM

were seen in subjects with the MetS. This was clearly

contrary to the original hypothesis and emphasizes that the

metabolic syndrome is composed of different clinical

entities, rather than a uniform pathogenetic mechanism.

One of the proposed uniting mechanisms in the syn-

drome is abdominal obesity, but no relationship was seen

between waist circumference and IMT or IM-GSM. On the

other hand, another proposed unifying mechanism of the

syndrome, insulin resistance, was found to be related to

IMT. This relation was, however, weak and of borderline

significance.

Relationships to Inflammatory Markers

Different inflammatory markers, such as CRP, a number of

cytokines, adhesion molecules and leukocyte count have all

been found to be related to carotid artery IMT in previous

studies [18–26].

In the present study, no markers of inflammation,

including CRP, were related to brachial artery IMT.

Although several investigators have reported a relationship

between CRP and carotid artery IMT [19, 21, 23, 25, 27], a

number of studies were not able to find such a relationship

[20, 22, 28–31]. Thus, the role of CRP as a determinant of

IMT in the carotid and brachial arteries is still far from

being clear.

In contrast to IMT, several of the inflammatory markers

measured in the present study were related to the grey scale

of the intima-media complex. In the past, grey scale

analysis has only been applied to overt atherosclerotic

plaque and a relationship between echolucent plaque in the

carotid artery and CRP levels have been reported [32, 33].

The present study expands that knowledge of a relationship

between inflammation and the grey scale of the intima-

media complex in the brachial artery. It should, however,

be pointed out that these relationships were rather weak

and did not persist in the multiple regression models.

Relationships to Oxidative Stress Markers

Previous studies have shown both markers of intracellular

oxidative stress, such as glutathione [27], and markers of

lipid peroxidation, such as oxLDL and oxLDL antibodies

[34–39] to be related to carotid artery IMT, although not

every study has been able to reproduce these results [40,

41]. In the present study, oxLDL was the major oxidative

marker measured being related to brachial artery IMT.

This was valid also after adjustment for traditional risk

factors and was of the same magnitude as the relation-

ships between IMT and HDL-cholesterol or fasting

glucose.

Both markers of the intracellular oxidative stress

defense (the GSSG/GSH ratio) and the defense against

LDL oxidation (BCD-LDL) were independently related to

brachial artery IM-GSM after adjustment of traditional risk

factors and inflammatory markers.

Glutathione, an intracellular antioxidant widely distrib-

uted in human tissues, acts as a cofactor for glutathione

peroxidase. This enzyme reduces H2O2, a reactive oxidant

species produced during the course of metabolism, to

oxidized glutathione (GSSG) and water [42]. The low

levels of the GSSG/GSH ratio that characterized subjects

with an echolucent intima-media complex could be a result

of a low glutathione peroxidase activity, indicating a

reduced antioxidant activity.

Thus, although the exact histological correlates of the

IM-GSM are not known, these data suggest that oxidative

mechanisms, together with circulating lipids, might play a

part in the determination of brachial artery IM-GSM.

Clinical Usefulness

Since clinical atherosclerosis is uncommon in the brachial

artery, it is not likely that measurements of IMT and IM-

GSM in the brachial artery would be a useful tool for

atherosclerosis detection. However, since we detected an

association between IM-GSM and lipids, as well as
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markers of oxidative stress, IM-GSM might be used for

risk prediction in the future, but first it has to be shown in

prospective studies that IM-GSM is a predictor for future

cardiovascular events with an additive value to conven-

tional risk factors.

Limitation of the Study

The present sample was limited to Caucasians aged 70.

Caution should therefore be made in drawing conclusions

with regard to other ethnic- and age groups.

The present study had a moderate participation rate.

Therefore, we carried out an evaluation of cardiovascular

disorders and medications in 100 consecutive subjects who

did not wish to participate [6]. The prevalences of car-

diovascular drug intake, history of myocardial infarction,

coronary revascularization, antihypertensive medication,

statin use and insulin treatment were similar to those in the

investigated sample, while the prevalences of diabetes,

congestive heart failure and stroke tended to be higher

among the non-participants.

In conclusion, the present study showed that in addition

to traditional lipid variables, markers of oxidative stress

were independently related to both thickness and echoge-

nicity of the brachial artery intima-media complex,

suggesting that an evaluation of both the thickness and

echolucency of the brachial artery intima-media complex

to be of value to study the atherosclerotic process and

cardiovascular risk.
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Abstract Stress-induced activation and metabolism of

plasma membrane sphingolipids results in intracellular

ceramide accumulation and has been shown to induce

apoptosis in human prostate cancer cells. This effect has

been observed using synthetic ceramide analogs, such as

C6-ceramide; however, the effects of naturally-occurring

sphingolipids, such as C18-ceramide and sphingomyelin

(CerPCho), on apoptosis and prostate cancer cell prolif-

eration have not been examined. The results of the

present study demonstrate that natural (CerPCho, C18-

ceramide) and synthetic (C6-ceramide) sphingolipids

reduced PC-3 cell proliferation by 15 ± 1.8, 17 ± 2.5,

and 46 ± 2.1%, respectively (P \ 0.05). These reduc-

tions in proliferation were due, in part, to increased

cellular apoptosis. Treatment of PC-3 cells with CerPCho

and C18-ceramide significantly increased apoptosis by

3.0 ± 0.8 and 3.6 ± 0.6%, respectively, compared to the

untreated control, while the synthetic C6-ceramide sig-

nificantly increased apoptosis by 55.7 ± 0.4%. C6-

ceramide-induced apoptosis was associated with cell

cycle arrest in the G2/M phase, decreased extracellular

signal-regulated kinase (ERK1/2) signaling and activation

of the cell cycle regulatory protein, retinoblastoma (pRb).

Treatment of PC-3 cells with C18-ceramide and CerPCho

did not alter cell cycle distribution, pRb or ERK1/2

activation. Taken together, these results suggest that

natural and synthetic sphingolipids induce apoptosis in

PC-3 cells via distinct signaling mechanisms and

potencies.

Keywords Apoptosis � Cancer � Ceramide � Prostate �
Sphingomyelin

Introduction

Prostate cancer is the second leading cause of cancer

related death in the United States [1]. Although the 5-year

survival rate of prostate cancer is nearly 100% when

detected during early stages of the disease, the survival rate

plunges to only 33% in those patients with metastatic,

androgen-independent prostate cancer [1]. Androgen-

independent prostate cancer is very resilient and largely

chemoresistant, primarily due to defects in apoptotic sig-

naling. Strategies to circumvent defective apoptotic

signaling may sensitize these chemoresistant cells to

undergo apoptosis.

The membrane sphingolipid sphingomyelin (CerPCho)

plays an important role in regulation of cell signaling and

apoptosis. In response to cellular stress, the phosphatidyl-

choline (PtdCho) headgroup of CerPCho is cleaved by

sphingomyelinase (SMase), resulting in accumulation of

ceramide. Accumulation of ceramide can alter membrane

fluidity and modulate signal transduction cascades leading

to cell cycle arrest and/or apoptosis [2–7]. Ceramide-

induced apoptosis is an important mechanism by which

damaged cells are efficiently destroyed and removed.

However, alterations in CerPCho metabolism during
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carcinogenesis results in decreased ceramide accumulation

and resistance to apoptosis [8].

Mammalian cells have several enzymes which limit

accumulation of ceramide, so that undamaged cells do not

unnecessarily undergo apoptosis. Ceramide can be con-

verted back to CerPCho via CerPCho synthase, while

glucosylceramide synthase reduces the toxicity of ceramide

via glycosylation [2, 6, 9]. Ceramidase converts ceramide

to sphingosine which is ultimately converted to sphingo-

sine-1-phosphate, an anti-apoptotic compound [6]. Many

cancer cell types overexpress these enzymes, leading to

lower basal levels of ceramide and increased resistance to

chemotherapeutic agents that induce ceramide accumula-

tion [9–13]. Androgen-independent prostate cancer cells

(designated PC-3 cells) also appear to have defects in

accumulation of ceramide resulting in resistance to apop-

tosis. Although the exact mechanism is currently unknown,

it appears that the inability of these cells to accumulate

ceramide is independent of de novo ceramide synthesis

[14].

Sphingolipids are of particular interest in anticancer

therapy due to the apoptotic effects of their metabolites,

particularly ceramide. One possible strategy to accumulate

ceramide in tumors cells is via delivery of dietary sources

of CerPCho. Dietary CerPCho has previously been shown

to inhibit the progression of colon cancer in mice and the

formation of preneoplastic hepatic lesions in rats due to

altered sphingolipid metabolism and reduced intracellular

ceramide concentrations [15, 16]. Synthetic ceramides

(short acyl group, \C8) have previously been shown to

induce apoptosis in an androgen-independent, multi-drug

resistant prostate cancer cell line [14]; however, there are

concerns that synthetic ceramide accumulation may result

in different cellular effects than their natural sphingolipid

derived ceramide counterparts (long acyl group, [C16).

Naturally-occurring sphingolipids, such as CerPCho, are

found in a variety of food products and are efficiently

absorbed postprandially. However, the apoptotic effects of

such naturally-occurring dietary sphingolipids in the pros-

tate are largely unknown. Therefore, the present study

examines the ability of exogenous CerPCho to induce

apoptosis in the chemoresistant PC-3 cell line.

Materials and Methods

Reagents

CerPCho, C6-ceramide, PtdCho, 3-[4,5- dimethylthiazol-2-

yl]-2-,5-diphenyltetrazolium bromide (MTT), ribonuclease

A, and propidium iodide were obtained from Sigma-

Aldrich Co (St. Louis, MO, USA). C18-ceramide was

obtained from Fisher Scientific (Fairlawn, NJ, USA). The

Annexin V-FITC apoptosis detection kit was purchased

from Oncogene Research Products (San Diego, CA, USA).

The ECL Plus Western Blotting Detection Reagents kit

was purchased from Amersham Biosciences (Piscataway,

NJ, USA). Phospho-p44/42 mitogen activated protein

kinase (MAPK) [Thr202/Tyr204] (p-ERK 1/2), p44/42

MAPK (total ERK 1/2), phospho-pRb [Ser807/811] (pRb),

pRb (4H1) monoclonal (total pRb), phospho-cdc2 (p-cdc2),

total cdc2, anti-rabbit horseradish peroxidase (HRP)-linked

IgG, and anti-mouse HRP-linked IgG were purchased from

Cell Signaling Technology, Inc. (Beverly, MA, USA).

Media and tissue culture supplies were obtained from

Invitrogen Corporation (Carlsbad, CA, USA).

Cell Culture and Lipid Preparation

Human prostate cancer cells (PC-3, ATCC #CRL-1435)

were maintained in RPMI 1640 supplemented with 10%

fetal bovine serum at 37 �C, 5% CO2, and 90% relative

humidity. Upon reaching 90% confluency, cells were

trypsinized and seeded into the appropriate tissue culture

vessels for each experiment. C6-ceramide was solubilized

in DMSO and added to growth medium at a solvent con-

centration at 0.5%. CerPCho was solubilized in methanol

and added to growth medium at a solvent concentration of

0.25%. C18-ceramide and PtdCho were solubilized in a

chloroform:methanol (1:1) solution and added to growth

medium at a solvent concentration of 0.25%. Growth

medium containing the lipids was sonicated for 30 min at

37 �C followed by passage of the medium through a

0.2-lm sterile filter.

Cell Proliferation

To determine the effects of CerPCho, C6-ceramide, C18-

ceramide, and PtdCho on PC-3 cell proliferation, cells were

seeded in 96-well tissue culture plates at an initial con-

centration of 2.5 9 104 cells/well. Following an overnight

incubation, cells were treated with CerPCho, C18-cera-

mide, C6-ceramide, and PtdCho at the indicated

concentrations and time intervals. After incubation, cell

proliferation was determined by the MTT assay as descri-

bed previously [17]. Changes in cellular proliferation are

expressed as a percent of control (given as 100%).

Annexin V-FITC Binding

PC-3 cells were seeded in 60-mm dishes at an initial

concentration of 106 cells/dish and treated with CerPCho

(244 lM), C18-ceramide (353 lM), C6-ceramide
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(63 lM), or vehicle alone for 24 h. Following the indicated

treatments, cells were collected and analyzed according to

the directions provided by the Annexin V-FITC apoptosis

detection kit (Oncogene Research Products). In brief,

media was collected from each dish and cells were tryp-

sinized from the dishes and washed using PBS. Annexin

V-FITC was added to each sample followed by 15 min

incubation at room temperature in the dark. Medium con-

taining Annexin V-FITC was removed and cells were

resuspended in a propidium iodide solution and stored on

ice away from light until analyzed. For each sample, a

digital micrograph was taken (2009 magnification) under

bright field conditions, as well as under green and blue

fluorescent filters. Cells expressing only green fluorescence

under the blue filter were considered early apoptotic. Cells

expressing green/red or red fluorescence were considered

late apoptotic. The percentage of apoptotic cells was

determined by dividing the total number of early and late

apoptotic cells by the total number of cells as counted

under bright field. Significant difference from the untreated

control is designated by *(P \ 0.05).

Flow Cytometry

PC-3 cells were seeded in 60-mm dishes at an initial

concentration of 106 cells/dish. Following the indicated

treatments with CerPCho, C18-ceramide, C6-ceramide for

24 h, or vehicle alone cells were collected and analyzed

according to the procedure of Darzynkiewicz et al. [18]. In

brief, media was collected from each dish and cells were

trypsinized from the dishes and washed using PBS con-

taining 0.1% bovine serum albumin. The cells were fixed in

70% ethanol and stored at 4 �C until analysis. For analysis,

cells were washed using PBS, centrifuged at 12509g,

resuspended in a propidium iodide staining solution con-

taining ribonuclease A, and incubated for 30 min at room

temperature away from light. A minimum of 20,000 events

per sample was measured for DNA content by propidium

iodine staining using the BD FACS Calibur flow cytometer

and cell cycle distribution was determined using the soft-

ware program Modfit�.

Cell Harvesting and Immunoblotting

PC-3 cells were seeded in 60-mm dishes at an initial

concentration of 106 cells/dish. Following the indicated

treatments cells were harvested and protein concentrations

for each sample were determined using the bicinchoninic

acid assay. Crude proteins isolated and separated on a

10% SDS-polyacrylamide gel and transferred to a nitro-

cellulose membrane. Immunoblot was performed using

primary antibodies (phospho-ERK1/2, total-ERK1/2,

phospho-pRb, total-Rb, phospho-cdc2, total-cdc2) at rec-

ommended dilutions in TTBS (1 9 tris buffered saline

(TBS) with 0.1% Tween-20) overnight at 4 �C. Following

incubation with secondary antibodies, protein signals were

visualized on autoradiography film, and quantified by

densitometry using Scion imaging software (Frederick,

Maryland).

Statistical Analysis

Statistical significance was determined using two-way

analysis of variance with Tukey’s post hoc comparisons

(n = 3). Differences were considered significant at

P \ 0.05.

Results

Sphingolipids Reduce PC-3 Cell Proliferation

The concentration dependent effects of PtdCho, CerPCho,

C18-ceramide, and C6-ceramide on PC-3 cell proliferation

(24 h) are given in Fig. 1a. Proliferation of PC-3 cells was

significantly decreased by 13.4 ± 2.3%, and 15.1 ± 1.8%

following treatment with 122 and 244 lM CerPCho,

respectively (P \ 0.05), compared to untreated controls.

C18-ceramide reduced cell proliferation by 15–17% at all

concentrations tested while the negative control PtdCho did

not affect proliferation. Cell proliferation was significantly

decreased by 21 ± 3.6, 35 ± 3.4, and 46 ± 2.1% follow-

ing treatment with 6, 16, and 63 lM C6-ceramide,

respectively (P \ 0.05), compared to untreated controls.

PC-3 cells treated with CerPCho and C18-ceramide

exhibited only modest reductions in proliferation over time

(Fig. 1b). CerPCho (244 lM) reduced PC-3 cell prolifer-

ation by 17 ± 1.8, 13 ± 1.8, and 18 ± 1.8% at 24, 48, and

72 h post-treatment, respectively (P \ 0.05), compared to

untreated controls. C18-ceramide (353 lM) reduced pro-

liferation by 17 ± 2.5, 19 ± 1.7, and 22 ± 3.3%,

respectively (P \ 0.05), compared to untreated controls.

C6-ceramide (63 lM) reduced proliferation by 46 ± 2.1,

68 ± 2.6, and 72 ± 3.6% at 24, 48, and 72 h post-treat-

ment, respectively (P \ 0.05), compared to untreated

controls. PtdCho (253 lM) did not reduce cell

proliferation.

Sphingolipid-Induced Apoptosis

CerPCho (244 lM) and C-18 ceramide (353 lM) signifi-

cantly increased the amount of apoptotic cells by nearly
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twofold as compared to the untreated control (P \ 0.05)

(Table 1). The increase in total apoptosis induced by

CerPCho and C18-ceramide was represented by an increase

in the population of early apoptotic cells. C6-ceramide

significantly induced a 16-fold increase in the population of

apoptotic cells as compared to the untreated control, and

significantly increased the population of late apoptotic cells

(P \ 0.05).

Exogenous Sphingolipids Do Not Alter PC-3 Cell

Cycle Distribution

The effects of ceramides on cell cycle distribution are

given in Table 2. CerPCho significantly increased the

population of apoptotic cells sevenfold as compared to the

untreated control (P \ 0.05) without affecting the pro-

portions of cells in the G1, S, and G2 phases. C18-

ceramide increased apoptosis was nearly sixfold that of the

untreated cells; however, this was not statistically different

from the untreated control (P = 0.1). C18-ceramide did

not alter the ratios of cells in the G1, S, and G2 phases

compared to the control. C6-ceramide alone significantly

increased the population of apoptotic cells to 41 ± 1.0%

as compared to 1.8 ± 1.0% apoptosis of the untreated

control (P \ 0.05) and induced a twofold increase in the

population of cells in the G2 phase of the cell cycle while

reducing the populations of G1 and S phase cells five and

twofold, respectively, compared to the untreated control

(P \ 0.05).

Inhibition of ERK1/2 by C6-ceramide but not CerPCho

and C18-ceramide

The concentration and time dependent effects of the

sphingolipids on ERK1/2 are given in Fig. 2. Treatment

with CerPCho (Fig. 2a, b) and C18-ceramide (data not

shown) did not reduce ERK1/2 at any concentration tested.

ERK1/2 activation decreased in a concentration and time

dependent manner following treatment with C6-ceramide

(Fig. 2c, d). The decrease in ERK1/2 activation was

greatest at 12 h post-treatment, with a small rebound in

activity observed 24 h post-treatment.

Fig. 1 Concentration and time dependent effects of PtdCho, CerP-

Cho, C18-ceramide, and C6-ceramide on PC-3 cell proliferation. Cell

proliferation was measured using the MTT assay. a PC-3 cells were

treated 24 h with increasing concentrations of PtdCho (closed
circles), CerPCho (open circles), C18-ceramide (closed triangles),

C6-ceramide (open triangles) (b) PC-3 cells were treated for

increasing time intervals with PtdCho (253 lM, closed circles),

CerPCho (244 lM, open circles), C18-ceramide (353 lM, closed
triangles, and C6-ceramide (63 lM, open triangles). Significant

difference from the untreated control is designated by *(P \ 0.05).

Table 1 Apoptosis of PC-3 cells treated with CerPCho (244 lM),

C18-ceramide (353 lM), C6-ceramide (63 lM), or vehicle treated

control was measured by Annexin V-FITC staining following 24 h

treatment

Total apoptosis

(%)

Early apoptosis

(%)

Late apoptosis

(%)

Control 3.6 ± 0.3 1.5 ± 0.3 2.1 ± 0.3

CerPCho 6.6 ± 0.8* 3.6 ± 0.8* 3.0 ± 0.7

C18-ceramide 7.2 ± 0.6* 4.4 ± 0.6* 2.7 ± 0.3

C6-ceramide 59.3 ± 0.4* 3.5 ± 1.0 55.8 ± 0.7*

* Significant difference from the untreated control (P \ 0.05)

Table 2 Cell cycle analysis of PC-3 cells treated with CerPCho

(244 lM), C18-ceramide (353 lM), C6-ceramide (63 lM), or vehicle

treated control was measured by flow cytometric techniques following

24 h treatment

Apoptosis

(%)

G1 (%) G2 (%) S (%)

Control 1.8 ± 1.8 36.2 ± 0.9 34.0 ± 1.2 30.0 ± 1.6

CerPCho 13.3 ± 2.5* 31.0 ± 1.4 36.2 ± 1.3 32.8 ± 2.5

C18-

ceramide

10.4 ± 5.6 29.7 ± 3.7 33.3 ± 0.9 37.0 ± 3.4

C6-ceramide 40.7 ± 1.0* 7.0 ± 2.0* 77.6 ± 1.9* 15.4 ± 0.1*

* Significant difference from the untreated control (P \ 0.05)
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Sphingolipid-Induced Activation of Cell Cycle

Regulatory Proteins

The concentration and time dependent effects of CerPCho

and C6 ceramide on pRb and cdc2 activation are given in

Fig. 3. Treatment with CerPCho (Fig. 3a) and C18-cera-

mide (data not shown) did not affect activation of pRb or

cdc2 at any concentration tested. pRb activation (dephos-

phorylation) increased in a concentration and time

dependent manner following treatment with C6-ceramide

(Fig. 3b). The increase in pRb activation was greatest at

6 h post-treatment. However, C6 ceramide did not alter the

activity of cdc2 at any concentration tested.

Discussion

Humans consume 115–140 g of sphingolipids per year

from sources such as meat, dairy, fruits, legumes, and

vegetable products [19–21]. Plasma lipoproteins contain

significant amounts of sphingolipids such as CerPCho and

ceramide [22], suggesting that dietary sphingolipids reach

peripheral tissues and may influence a variety of cellular

processes including proliferation and apoptosis [21]. Die-

tary sphingolipids, such as CerPCho, localize in the plasma

membrane of cells and release ceramide intracellularly in

response to cellular stress, resulting in ceramide accumu-

lation and apoptosis [2–7]. Many cancer cell types

overexpress enzymes which limit ceramide accumulation,

thereby increasing resistance to chemotherapeutic agents

that induce apoptosis [12, 13, 23]. Several studies suggest

that overwhelming the cancer cell with short acyl synthetic

Fig. 2 Concentration and time dependent effects of CerPCho and

C6-ceramide on ERK1/2 activation. a Active ERK1/2 (p-ERK1/2)

was measured by immunoblot in PC-3 cells following 24 h treatment

with CerPCho (0–244 lM). b Time dependent (0–24 h) activation of

ERK1/2 following treatment of cells with 244 lM CerPCho. c Active

ERK1/2 (p-ERK1/2) was measured by immunoblot in PC-3 cells

following 24 h treatment with C6-ceramide (0–63 lM). d Time

dependent (0–24 h) activation of ERK1/2 following treatment of cells

with 63 lM C6-ceramide. All experiments were performed indepen-

dently at least three times with an n = 3. Total ERK1/2 (t-ERK1/2)

was used as the loading control

Fig. 3 Concentration and time dependent effects of CerPCho and

C6-ceramide on pRb and cdc2 phosphorylation. a pRb and cdc2

phosphorylation was measured by immunoblot in PC-3 cells follow-

ing 24 h treatment with CerPCho (0–244 lM) or following treatment

with 244 lM CerPCho for 0–24 h. b pRb and cdc2 phosphorylation

was measured by immunoblot in PC-3 cells following 24 h treatment

with C6-ceramide (0–63 lM) or following treatment with 63 lM C6-

ceramide for 0–24 h. All experiments were performed independently

at least three times with an n = 3. Total pRb and total cdc2 was used

as the loading control
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ceramides may mitigate the effects of these enzymes and

result in increased apoptosis [14, 24]. However, to date, the

antiproliferative effects of naturally-occurring ceramides

have not been explored.

The results of the present study show that naturally-

occurring ceramides, CerPCho and C18-ceramide, and the

synthetic C6-ceramide can reduce PC-3 cell proliferation

via apoptosis. The apoptotic effects of C6-ceramide were

more robust than those of the CerPCho and C18-ceramide.

This is most likely due to differences in the uptake,

metabolism, and/or cellular localization of long versus

short chain acyl ceramides. Long acyl chain ceramides and

CerPCho (containing long acyl chain ceramide) are unable

to penetrate the plasma membrane without metabolic

stimulation, [3, 7, 16, 25], whereas, short acyl chain cera-

mides, such as C6-ceramide, are able to penetrate the

plasma membrane thereby significantly increasing intra-

cellular ceramide concentrations.

Several studies have demonstrated that cellular ceramide

accumulation inhibits the proliferation of monoblastic leu-

kemia, glomerular mesangial, and vascular smooth muscle

cells via reduced ERK1/2 activity and increased apoptosis

[26–28]. In agreement with these previous reports, the

present study shows that C6-ceramide inhibited ERK1/2

activity and increased apoptosis in the PC-3 cell line. Short

acyl ceramides have been shown to induce

G0/G1 cell cycle arrest [29]. However, in the present study,

G2/M arrest was observed following treatment of PC-3 cells

with C6-ceramide, despite activation of pRb, the major G0/

G1 cell cycle check point protein. We hypothesize that G0/

G1 cell cycle arrest was not observed because of the sig-

nificant amount of cellular apoptosis induced by C6-

ceramide 24 h following treatment [30, 31]. Surprisingly,

changes in cdc2 activity, a cell cycle check point protein in

the G2/M phase, were not observed upon treatment of PC-3

cells with C6-ceramide. A possible explanation for this

observation is that a majority of those cells arrested in the

G2/M phase following C6-ceramide treatment may already

be undergoing apoptosis [32]. In contrast to C6-ceramide,

naturally-occurring long acyl chain ceramides did not alter

cell signaling or cell cycle distribution, yet a modest

increase in PC-3 apoptosis was observed. The mechanism

by which long acyl chain ceramides induce apoptosis in the

PC-3 cell line remains to be elucidated.

The results of the present study suggest that naturally-

occurring and synthetic sphingolipids reduce proliferation

of androgen-independent prostate cancer cells via

increased apoptosis. Increased dietary consumption of

naturally-occurring long acyl chain sphingolipids may

represent a novel chemopreventive strategy to increase

prostate cancer cell apoptosis via intracellular ceramide

accumulation. Dietary feeding studies are necessary to

further support this hypothesis.
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Abstract It is well known that sphingolipids specifically

exist in the terrestrial mammal epidermis and correlate

with skin barrier functions. However, the lipid properties

of the marine mammal epidermis have not been examined

in detail. We thus investigated the chemical composition

of lipid components, especially sphingolipids, in the black

epidermis (outer skin) of Antarctic minke whales (six

mature and six immature specimens). Complex lipid

fractions mainly contained cerebroside (CE), cholesteryl

sulfate and sphingomyelin (SM), as well as two glycero-

phospholipids. Moreover, in the superficial layer of the

black epidermis, CE was richly abundant but phospho-

lipids were scarce. As component fatty acids, the non-

hydroxy monounsaturated very long chain fatty acids

(VLFA) within 34 carbons were generally present in

CE and SM in the black epidermis. CE also consisted of

a-hydroxy fatty acids with monounsaturation within C34

(17%) and a slight proportion of x-hydroxy ones (32:1

and 34:1), the latter being probably derived from acyl-CE.

Component sphingoid bases of both sphingolipids were

predominantly 4-sphingenine (64%), followed by a C16

analogue (21%). When comparing these by different

maturities, mature whales showed sphingolipid profiles

with higher levels of unsaturated fatty acids and with

shorter sphingoid base chains than those of immature

ones. Component analysis revealed that CE sugars were

67% glucose and 33% galactose, and a-hydroxy fatty

acids only bound to galactose.

Keywords Cerebroside � Sphingomyelin �
Complex lipids � Sphingolipid � Ceramide �
Marine mammal � Whale � Cetacean � Epidermis �
Galactose

Introduction

The skin is the largest biological organ, and it is in

constant contact with the outside world. It functions as a

barrier to maintain homeostasis in the body. In particular,

the superficial epidermis of terrestrial mammals, such as

humans, forms the stratum corneum consisting of an

intercellular lipid matrix [1]. The intercellular space of

the stratum corneum contains 40–50% ceramide, 20–33%

cholesterol, 7–13% free fatty acid, 0–7% cholesteryl

sulfate, and 0–20% cholesteryl ester [2, 3]. Ceramides, the

most predominant intercellular lipid, are enzymatically

derived from cerebroside and sphingomyelin synthesized

in epidermal cells [4, 5]. The ceramide is localized in the

stratum corneum and has a role in its barrier properties. It

has been reported that sphingolipids and their hydrolyzing

enzymes are also present in the epidermis of some ter-

restrial mammals, including pigs and mice [6–10].

Moreover, it was found that enzyme suppression could

impair epidermal barrier properties [5, 11]. Therefore,

epidermal lipids are generally regarded as playing an

important role in the maintenance of the barrier against
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excessive transcutaneous water loss in terrestrial mam-

mals. Additionally, in terrestrial mammals, the chemical

composition of epidermal sphingolipids has been investi-

gated in detail [7, 12, 13].

In contrast, the properties of epidermal barrier functions

in marine mammals, which are not exposed to dry stress,

have not been examined in detail, although they may have

greatly differing barrier requirements to terrestrial

mammals.

Since the whale, a marine mammal, has been utilized

as an oil source in the past, intensive research has been

carried out into the chemical composition of their fat

[14–19]. It was found that the pilot whale epidermis

contains cerebroside and sphingomyelin by TLC analysis

[20]; however, chemical research on lipids in the whale

epidermis, which hardly contains any fat, is very limited.

Thus, we used the outer black epidermis of minke

whales of different ages and investigated the chemical

compositions of the lipid components, especially

sphingolipids.

Materials and Methods

Materials

The present study was approved by the Animal Experi-

mental Committee of Obihiro University of Agricultural

and Veterinary Medicine in accordance with the Guiding

Principles for the Care and Use of Research Animals.

Antarctic minke whales Balaenoptera bonaerensis were

obtained from the Japanese Whale Research Program

under Special Permit in the Antarctic (JARPA) in the 2004/

2005 seasons. All the whales used in the present study were

killed by explosive harpoons which have been recognized

as the best humane killing method of whales by the

International Whaling Commission and provided by the

Schedule III (Capture) in the International Convention for

the Regulations of Whaling. Twelve male whales were

divided into two groups, with each six mature and imma-

ture whales, according to body length and body weight.

Average body length and weight (± standard deviation)

were 8.4 (±0.4) m and 6.5 (±0.5) t for mature whales,

respectively, and 6.3 (±0.9) m and 2.9 (±1.1) t for

immature ones, respectively. Whale skins with black and

fatty epidermis were cut from the back of each whale on

the ship and were immediately frozen. Then, the fatty and

black (approximately 0.4 mm thick) epidermis specimens

were carefully separated with a knife. As for one black

epidermis specimen from the mature whale, a superficial

layer (24 wt%) and inner layer (76 wt%) were respectively

separated.

Extraction and Detection of Total Lipids

Black and fatty epidermis samples (5 g) were extracted

twice with chloroform–methanol (2:1, v/v) and once with

chloroform–methanol (1:2, v/v) for 1 h, respectively, after

homogenization (Polytron, Kinematica, Switzerland). After

filtration using filter paper (Advantec No. 2, Toyo Roshi

Kaisha, Japan), the extracts were combined and washed

once with water in a ratio of chloroform–methanol–water

(8:4:3, v/v/v) [21]. After partition, the lower phase was

concentrated to dryness using a rotary evaporator, and the

lipids were weighed to yield the total lipids (175–220 mg

from black epidermis). Total lipids were analyzed by silicic

acid TLC (Silica gel 60, 0.25 mm, Merck, Germany) with

hexane–diethylether–acetic acid (80:20:1, v/v/v) and chlo-

roform–methanol–water (65:25:4, v/v/v) to detect neutral

and complex lipids, respectively. CE species were visual-

ized after spraying with anthrone/sulfuric acid, followed by

heating. Free ceramide was detected with chloroform–

methanol–water (90:10:1, v/v/v).

Separation of Complex Lipids and Sphingolipids

from the Epidermis

A part (150 mg) of total lipids obtained from the black

epidermis were subjected to silicic acid column chroma-

tography. Neutral and complex lipid (47–59 mg) fractions

were eluted from the column with chloroform and metha-

nol, respectively [22]. Additionally, a part (30 mg) of the

complex lipid fraction from three whales was hydrolyzed

with 0.4 M KOH/methanol at 37 �C for 2 h [23], then

placed in Sep-Pak Plus Silica Cartridges (Waters, Milford,

USA). After removing the neutral lipids from the cartridge

with chloroform and chloroform/acetic acid (99:1, v/v), CE

was eluted with chloroform–methanol (2:1, v/v), and SM

was eluted with chloroform–methanol (1:4, v/v) [24]. The

CE fraction also contained cholesteryl sulfate and lacto-

sylceramide. Also, a part of each complex lipid fraction

was separated by preparative silicic acid TLC (Silica gel

60, 0.25 mm, Merck, Germany) with chloroform–metha-

nol–water (65:25:4, v/v/v), and CE with two main bands,

made visible by spraying the plate with 0.001% primuline

solution followed by UV irradiation, was respectively

recovered from the silica gel.

Methanolysis and TMS-Derivatization of Lipids

The lipid samples (1 mg) were reacted with 5% HCl/

methanol at 100 �C for 3 h. After cooling, the fatty acid

methyl esters were extracted three times with n-hexane
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after the addition of water. Sphingolipid fractions (1 mg)

were reacted with 1 M HCl/methanol at 70 �C for 18 h to

analyze sphingoid base [25]. After removing the fatty acid

methyl esters three times with n-hexane, the lower phase

was adjusted to pH 10 by the addition of 4 M NaOH. The

sphingoid base released was then extracted three times with

diethylether after the addition of water. Sphingoid bases

were converted to TMS-ether derivatives. Fatty acid

methyl ester fractions of CE were also converted to

TMS-ether derivatives to determine x-hydroxy fatty

acid. In the CE fractions, the residue (water phase) was

dried by evaporation under a nitrogen gas, in which

methylglycosides were converted to TMS-ethers [26].

Standard D-mannose, D-glucose and lactose monohydrate

(Wako, Osaka, Japan) were also prepared in the same way.

HPLC Analysis

The alkaline stable lipid fractions after alkaline hydrolysis

of total lipids were analyzed by normal-phase HPLC

according to the method of Sugawara and Miyazawa with

slight modification under the following conditions [27].

Instrument: Shimadzu LC-10AD (Kyoto, Japan); mobile

phase—solvent A: chloroform and solvent B: methanol–

water (95:5 v/v); gradient (solvent B%): 0–15 (1–25%),

15–25 (25–90%), 25–30 min (90–95%), hold for 10 min,

40–45 min (95–1%); column: LiChrospher Si 60 (column

size, 250 mm 9 4 mm i.d.; particle size: 5 lm, Merck,

Germany); flow rate: 1 ml/min; injection volume: 20 ll;

column temperature: 40 �C; detector: Shimadzu ELSD-LT

(70 �C, 350 kPa). The amounts of CE and SM were cal-

culated from the calibration curves of standard CE (lower

spot from the bovine brain, Doosan Serdary Research

Laboratories, Toronto, Canada) and SM (from the bovine

brain, Sigma, St Louis, USA). All data are averages ± SD

of independent experiments from three whales.

GC and GC–MS Analyses

Fatty acid methyl esters and sphingoid base-TMS-ether

derivatives were analyzed using a Shimadzu GCMS-

QP2010 (Kyoto, Japan) under the following conditions.

Column: ULBON HR-1 (50 m 9 0.25 mm i.d., 0.25 lm,

Shinwa Chemical Industries, Japan); temperature program

for fatty acid analysis: 80–180 (15 �C/min), 180–320 �C

(2 �C/min), held at 320 �C for 35 min; temperature pro-

gram for sphingoid base analysis: 150–260 (8 �C/min),

260–320 �C (2 �C/min), held at 320 �C for 2 min; carrier

gas: helium; detect: EI 70 eV. Fatty acid methyl esters

(same conditions with GC–MS as above-mentioned)

and methylglycoside–TMS ethers were analyzed using a

Shimadzu GC-2010 (Kyoto, Japan) equipped with FID

under the following conditions. Column ULBON HR-1

(50 m 9 0.25 mm i.d., 0.25 lm, Shinwa Chemical Indus-

tries, Japan); temperature program: 80–180 (15 �C/min),

180–250 (2 �C/min), 250–300 �C (4 �C/min); carrier gas:

nitrogen. The double bonds were estimated just by com-

paring GC retention times. Analytical data of lipid analyses

for total and complex lipids and sphingolipid fractions are

averages from six independent experiments, and means ±

SD are presented. Analytical data for sugars are averages

from two independent experiments.

Statistical Analysis

Statistical significance for lipid profiles between mature

and immature whales was evaluated by analysis of variance

(ANOVA). The P value\0.05 was regarded as statistically

significant.

Results and Discussion

Fatty Acid Compositions of Total Lipids in Black

and Fatty Epidermis

Yields of total lipids obtained from the fatty and black

epidermis of six mature whales and their fatty acid com-

positions are shown in Table 1. The average total lipid

content of six whale fatty epidermis was 72.3%. At least 23

fatty acids from C14 to C22, including unsaturated fatty

acids, were detected, with oleic acid (18:1) and palmitoleic

acid (16:1) the major components. Also, a significant

amount (13.3%) of n-3 highly unsaturated fatty acids

(HUFA), including icosapentaenoic acid (20:5), docosa-

pentaenoic acid (22:5) and docosahexaenoic acid (22:6),

were present. In contrast, the average total lipid content of

six whale black epidermis was 4.0%, which was consid-

erably lower than that of the fatty epidermis. Thirty-four

fatty acids from C14 to C34 were detected as component

fatty acids (Table 1). Major fatty acids of the black epi-

dermis were 18:1 and 16:1, in common with the fatty

epidermis; however, the former was high and the latter was

low compared to the fatty epidermis. Also, arachidonic

acid (20:4) was much higher than the fatty epidermis. The

composition of 20:5 was close to that of the fatty epider-

mis, whereas 22:5 and 22:6 were low. As a noteworthy

difference, the black epidermis contained very long chain

(*C34) monounsaturated fatty acids, which could not be

detected in the fatty epidermis.

Although it was reported that icosenoic acid (20:1) was

characteristically high in the blubber and muktuk of marine

mammals [28], it was a minor constituent (0.8–1.6%) in
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whale skins. The proportion of HUFA in the whale fatty

epidermis was lower than that of seals (approximately 20%

20:5 and 22:6) and higher than that of narwhals (5%).

Lipid Components in the Black Epidermis

Silicic acid TLC of total lipids from the black epidermis of

mature whales is shown in Fig. 1. As neutral lipid classes,

five components including acylsterol (AS), triacylglycerol

(TAG), free fatty acids (FFA), free cholesterol (FS) and

diacylglycerol (DAG) were detected (Fig. 1A). As com-

plex lipid classes, five components including cerebroside

(CE), lactosylceramide (LC), phosphatidylethanolamine

(PE), cholesteryl sulfate (CS), phosphatidylcholine (PC)

and sphingomyelin (SM) were found (Fig. 1b). CE and SM

were largely found with two upper and lower spots on

TLC. When complex lipids obtained from superficial

(24 wt%) and inner (76 wt%) layers were analyzed by TLC

(Fig. 1c), the former contained a high amount of CE and

the latter contained a high amount of phospholipids such as

PC and SM. LC was only detected in the superficial layer.

A small spot with a positive reaction to the anthrone

reagent above the CE spot was found (Fig. 1c), although it

was hardly detected from total lipids of the whole black

epidermis (Fig. 1b). It was considered to be an acyl-CE,

since it disappeared after alkaline hydrolysis (data not

shown). Free ceramide was found in extremely small

amounts (data not shown).

It was thus shown that CE and SM were present in

complex lipid fractions from the black epidermis of Ant-

arctic minke whales as major sphingolipids, as in other

Table 1 Fatty acid compositions (mol%) of total lipids between fatty

and black epidermis

Fatty acids Fatty epidermis Black epidermis

14:0 8.0 ± 0.4 2.3 ± 0.3

14:1n-5 4.5 ± 0.9 0.7 ± 0.2

15:0 0.3 ± 0.1 0.1 ± 0.1

16:0 6.7 ± 1.6 10.0 ± 0.9

16:1n-9 0.4 ± 0.1 –

16:1n-7 22.7 ± 2.4 10.2 ± 0.9

17:0 0.1 ± 0.1 –

17:1n-8 0.3 ± 0.0 –

18:0 1.1 ± 0.4 7.4 ± 0.3

18:1n-11 0.3 ± 0.0 –

18:1n-9 25.0 ± 1.5 34.5 ± 1.0

18:1n-7 8.8 ± 0.3 6.5 ± 0.7

18:2n-6 3.1 ± 0.1 3.8 ± 0.3

18:3n-3 1.8 ± 1.6 –

20:0 0.1 ± 0.1 0.4 ± 0.0

20:1n-9 0.8 ± 0.2 1.3 ± 1.1

20:1n-7 – 0.3 ± 0.1

20:2n-6 0.5 ± 0.1 –

20:3n-6 0.4 ± 0.2 0.7 ± 0.1

20:4n-6 0.6 ± 0.1 5.6 ± 0.6

20:4n-3 1.2 ± 0.2 –

20:5n-3 6.3 ± 1.2 7.2 ± 0.5

22:0 – 0.4 ± 0.1

22:1n-9 – 0.3 ± 0.2

22:1n-7 – 0.1 ± 0.0

22:5n-3 2.9 ± 0.4 0.7 ± 0.1

22:6n-3 4.1 ± 0.9 1.3 ± 0.3

23:0 – 0.1 ± 0.1

24:0 – 1.3 ± 0.2

24:1n-9 – 1.7 ± 0.3

24:1n-7 – 0.3 ± 0.1

25:0 – 0.2 ± 0.1

26:0 – 0.2 ± 0.0

26:1n-9 – 0.4 ± 0.1

26:1n-7 – 0.3 ± 0.1

28:1n-9 – 0.3 ± 0.0

28:1n-7 – 0.3 ± 0.1

30:1n-9 – 0.1 ± 0.1

30:1n-7 – 0.1 ± 0.1

32:1n-9 – 0.6 ± 0.2

34:1n-9 – 0.3 ± 0.1

Total lipid yields (%) 72.3 ± 17.7 4.0 ± 0.4

Values represent means of six whales ± SD

Fig. 1 Lipid components in the mature whale black epidermis. a
Hexane–diethyl ether–acetic acid (80:20:1, v/v/v); b, c chloroform–

methanol–water (65:25:4, v/v/v). Inner and outer indicate the complex

lipid fractions of inner (76 wt%) and superficial (24 wt%) layers of

the black epidermis, respectively. AS Acylsterol, TAG triacylglycerol,

FFA free fatty acid, FC free cholesterol, DAG diacylglycerol, CE
cerebroside, PE phosphatidylethanolamine, LC lactosylceramide, CS
cholesteryl sulfate, PC phosphatidylcholine, SM sphingomyelin
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whales [20]. Moreover, CE increased in the superficial

layer, accompanied by a decreased level of phospholipids,

as previously described in other cetaceans (Phocena

phocena) [29]. Epidermal lipids, except for sphingolipids,

contained relatively higher levels of FFA and sterol lipids

including CS, FC and AS. It can be said that lipid com-

position of the whale black epidermis is similar to that of

the human stratum corneum [2, 3].

Fatty Acid Compositions of Complex Lipid Fractions

in the Black Epidermis

Fatty acid compositions of complex lipid fractions from the

black epidermis from six mature whales are shown in

Table 2. The proportion of complex lipid fraction of total

lipids was 34.8%. Thirty-two non-hydroxy fatty acids from

C14 to C34, 14 a-hydroxy fatty acids from C22 to C34 and

four dimethylacetals with C18 and C20 were detected. As

the proportions of three components, non-hydroxy fatty

acids were predominant at 88% followed by 10% dime-

thylacetals and 2% hydroxy fatty acids. Major non-hydroxy

fatty acids were 18:1, 16:0 and stearic acid (18:0). The

compositions of saturated fatty acids, including 16:0 and

18:0 as well as VLFA within C34 (18%), were higher than

those of total lipids. Major a-hydroxy fatty acids were

hydroxy lignoceric acid (24h:0), hydroxy nervonic acid

(24h:1) and hydroxydocosenoic acid (22h:1). Very long

chain hydroxymonoenoic acids within C34 were also sig-

nificantly present.

Since dimethylacetals are released from acidic hydro-

lysis of the alkenylether bond, the existence of this

compound indicates that the complex lipid fractions

contained plasmalogen. It was assumed that the propor-

tion of plasmalogen in complex lipid fractions was

approximately 20%, since plasmalogen has one alkeny-

lether and one acyl moiety. As for terrestrial animals, our

previous research showed that chicken skin contained a

significant amount of plasmalogen (in submission). Fur-

ther study is needed to clarify the physiological function

of skin plasmalogen.

Contents and Fatty Acid Compositions of Cerebroside

and Sphingomyelin in the Black Epidermis

The contents of CE and SM in the black epidermis were 5.7

and 4.2% of the total lipids, respectively. The total sphin-

golipid content (9.9%) was lower than the porpoise

epidermis [29], indicating that epidermal sphingolipid

contents significantly differ among species, although it is

necessary to take the different analytical method into

consideration.

Fatty acid compositions of CE and SM fractions of

three mature whales are shown in Table 3. CE consisted

of 23 non-hydroxy fatty acids and 16 hydroxy fatty

acids, the former being predominant (82%). Major non-

hydroxy fatty acids were 24:0, 24:1 and 16:0. Hydroxy

fatty acids consisted of not only a-hydroxy types ranging

from C22 to C34, but also two x-hydroxy types (32h:1

and 34h:1), the latter in a slight amounts (4.5%). Major

a-hydroxy fatty acids were 24h:0, 24h:1 and 22h:1. SM

consisted of 21 non-hydroxy fatty acids and 2 a-hydroxy

acids (22h:1 and 24h:1), the former accounting for

almost all the total (96.7%). Major non-hydroxy fatty

Table 2 Constituents of complex lipid fractions in the mature black

epidermis

Non-hydroxy acid a-Hydroxy acid Dimethylacetal

Species mol% Species mol% Species mol%

14:0 1.6 ± 0.4 22ah:0 3.8 ± 1.0 18:0 31.9 ± 4.6

14:1n-5 0.4 ± 0.2 22ah:1n-9 7.2 ± 1.2 20:0 15.6 ± 4.7

15:0 0.2 ± 0.0 24ah:0 22.7 ± 3.4 20:1n-9 29.8 ± 2.1

16:0 15.1 ± 2.4 24ah:1n-9 21.8 ± 1.5 20:1n-7 22.8 ± 2.4

16:1n-7 4.3 ± 1.1 26ah:0 7.9 ± 1.3

18:0 12.1 ± 1.6 26ah:1n-9 6.8 ± 0.9

18:1n-9 23.3 ± 2.2 26ah:1n-7 4.2 ± 1.1

18:1n-7 3.4 ± 0.5 28ah:0 0.4 ± 0.1

18:2n-6 4.3 ± 0.8 28ah:1n-9 3.2 ± 0.7

20:0 1.0 ± 0.1 28ah:1n-7 3.5 ± 0.5

20:1n-9 0.6 ± 0.5 30ah:1n-9 4.2 ± 0.3

20:1n-7 0.3 ± 0.1 30ah:1n-7 4.4 ± 0.6

20:3n-6 0.9 ± 0.1 32ah:1n-9 7.4 ± 0.9

20:4n-6 6.2 ± 1.3 34ah:1n-9 2.5 ± 0.4

20:5n-3 5.6 ± 1.6

22:0 1.3 ± 0.5

22:1n-9 0.4 ± 0.2

22:1n-7 0.3 ± 0.1

22:5n-3 0.3 ± 0.1

22:6n-3 0.8 ± 0.2

24:0 4.0 ± 1.8

24:1n-9 5.4 ± 1.6

24:1n-7 0.8 ± 0.3

26:0 0.9 ± 0.3

26:1n-9 1.6 ± 0.4

26:1n-7 0.9 ± 0.1

28:1n-9 0.2 ± 0.1

28:1n-7 0.2 ± 0.1

30:1n-9 0.5 ± 0.2

30:1n-7 0.4 ± 0.1

32:1n-9 1.8 ± 0.5

34:1n-9 0.9 ± 0.4

Values represent means of six whales ± SD
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acids were 24:1, 24:0 and 16:0. The proportion of major

VLFA, including 32:1 and 34:1, of SM was lower than

CE.

It was considered that x-hydroxy fatty acids detected

from CE fractions after alkaline hydrolysis were derived

from acyl-CE, which is present in small amounts in the

epidermal superficial layer as shown in Fig. 1c. The pro-

portion of x-hydroxy fatty acids was only 0.8% of the total

acids of CE, which was considerably lower than the 3% in

the pig [7]. Additionally, human and pig epidermal CE

generally consist of almost all saturated fatty acids of both

non-hydroxy and hydroxy types [4, 7], whereas whale

epidermal CE consist of abundant monounsaturated fatty

acids. Moreover, human and hairless mouse epidermal SM

contained a significant amount of hydroxy fatty acids (11

and 45%, respectively) [10], whereas whale epidermal SM

predominantly consisted of non-hydroxy fatty acids.

Sphingoid Base Composition of Cerebroside

and Sphingomyelin in the Black Epidermis

Compositions of sphingoid bases from CE and SM frac-

tions are shown in Table 4. CE consisted of 11 dihydroxy

bases and 3 trihydroxy bases, the latter being only minimal

(4%). The component sphingoid base predominantly

consisted of 4-sphingenine (d18:1), followed by a C16

analogue of 4-sphingenine (d16:1). Sphingoid base

Table 3 Fatty acid

compositions (mol%) of

sphingolipid fractions in the

black epidermis

Values represent the means of

six whales ± SD

CE Cerebroside, SM
sphingomyelin

Non-hydroxy acid Hydroxy acid

Species CE SM Species CE SM

14:0 0.5 ± 0.2 1.0 ± 0.2 22ah:0 3.3 ± 1.0 –

16:0 10.9 ± 1.4 13.9 ± 1.7 22ah:1n-9 5.0 ± 0.7 66.0 ± 3.1

18:0 9.7 ± 1.1 9.0 ± 1.2 24ah:0 27.4 ± 2.8 –

18:1n-9 3.9 ± 0.4 – 24ah:1n-9 16.3 ± 1.6 34.0 ± 2.6

18:1n-7 2.5 ± 0.3 – 26ah:0 9.2 ± 1.5 –

20:0 1.1 ± 0.1 7.1 ± 0.7 26ah:1n-9 6.0 ± 0.8 –

22:0 2.3 ± 0.6 6.1 ± 1.9 26ah:1n-7 4.0 ± 1.1 –

22:1n-9 0.2 ± 0.1 0.3 ± 0.1 28ah:0 0.5 ± 0.2 –

22:1n-7 0.3 ± 0.1 0.9 ± 0.3 28ah:1n-9 3.1 ± 0.6 –

24:0 13.6 ± 2.3 15.4 ± 2.8 28ah:1n-7 4.6 ± 0.8 –

24:1n-9 13.2 ± 1.9 29.5 ± 3.5 30ah:1n-9 3.7 ± 0.2 –

24:1n-7 2.3 ± 0.5 4.0 ± 1.6 30ah:1n-7 4.0 ± 0.5 –

26:0 4.8 ± 1.3 2.1 ± 0.6 32ah:1n-9 6.2 ± 0.8 –

26:1n-9 5.0 ± 0.8 3.0 ± 0.7 34ah:1n-9 2.2 ± 0.3 –

26:1n-7 4.3 ± 0.6 1.0 ± 0.1 32xh:1n-9 3.4 ± 0.4 –

28:0 0.2 ± 0.1 0.1 ± 0.1 34xh:1n-9 1.1 ± 0.3 –

28:1n-9 2.9 ± 1.3 0.5 ± 0.1

28:1n-7 1.8 ± 1.1 0.7 ± 0.2

30:1n-9 3.3 ± 0.8 0.8 ± 0.3

30:1n-7 3.2 ± 0.4 0.8 ± 0.2

32:1n-9 8.8 ± 2.1 2.4 ± 0.5

32:1n-7 0.8 ± 0.3 0.2 ± 0.1

34:1n-9 4.4 ± 1.4 1.2 ± 0.3

Table 4 Sphingoid base compositions (mol%) of sphingolipids in the

black epidermis

Sphingoid bases CE SM

d14:14trans 2.1 ± 0.1 3.1 ± 0.2

d16:0 2.3 ± 0.3 3.0 ± 0.3

d16:14trans 21.2 ± 1.3 21.7 ± 0.8

d16:2 0.6 ± 0.2 0.7 ± 0.2

d17:1 0.7 ± 0.2 1.3 ± 0.4

d18:0 2.8 ± 0.9 3.1 ± 0.8

d18:14trans 63.9 ± 1.8 64.5 ± 1.3

d18:2 1.3 ± 0.4 1.4 ± 0.2

d19:1 0.7 ± 0.2 0.7 ± 0.1

d20:0 0.2 ± 0.1 0.1 ± 0.1

d20:1 0.7 ± 0.1 0.4 ± 0.1

t16:0 0.8 ± 0.2 –

t18:0 2.4 ± 0.6 –

t20:0 0.3 ± 0.1 –

d16:1/d18:1 0.33 ± 0.02 0.34 ± 0.02

Values represent means of six whales ± SD

CE Cerebroside, SM sphingomyelin, d dihydroxy, t trihydroxy
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compositions of SM almost corresponded with those of CE,

except for having no trihydroxy base.

The major component sphingoid base of whale epider-

mal sphingolipids was d18:1, corresponding to that of other

terrestrial mammals, including humans, pigs and murine [4,

7, 10, 12, 30]; however, the proportion of trihydroxy base

was considerably lower than human [4] and pig epidermis

[7, 12]. As minor components, human and murine epider-

mis contained d20:1 [4] and d17:1 [10], respectively,

whereas the whale black epidermis characteristically con-

tained sphingoid bases with shorter chain lengths (\C16).

Comparison of Lipid Profiles Between Mature

and Immature Whales

Lipid profiles of mature and immature whale epidermis are

shown in Table 5. In the fatty epidermis, only non-hydroxy

fatty acids were detected, and consisted of more than 80%

unsaturated fatty acids (UFA). Particularly, the HUFA

(20:5, 22:5 and 22:6) of immature whales showed a sig-

nificantly higher proportion than mature ones. In the black

epidermis, the differences between mature and immature

whales were slight in terms of lipid yield and proportion of

complex lipid fraction. Moreover, the proportions of

complex lipid constituents such as non-hydroxy fatty acids

(87–88%), a-hydroxy acids (2%) and dimethylacetals

(10–11%) hardly showed any difference between the two

whale groups. However, the proportion of UFA of mature

whales was significantly higher than immature ones. In CE

and SM fractions from three whales, mature whales epi-

dermis generally contained more UFA than immature ones.

As for the component sphingoid base, the d16:1/d18:1 ratio

generally showed higher values in mature whales than

immature ones. As for sphingolipid contents, mature and

immature whales contained high levels of CE and SM,

respectively, although they were not statistically significant

due to great individual differences.

Taken together, it was shown that the sphingolipids in

the whale black epidermis were sugar- and phosphoryl-

choline-binding types, having characteristic chemical

properties of fatty acids with monounsaturation and

sphingosine base with shorter carbon lengths, compared to

terrestrial mammals, which became marked with maturity.

Composition Data of Cerebroside in the Black

Epidermis

Composition data of cerebroside from the black epidermis

are summarized in Table 6. CE consisted of glucose and

galactose in a ratio of 67:33. Moreover, glucose and gal-

actose at more than 85% were detected in the upper and

lower spots of CE on TLC, respectively. The upper spot

contained almost only non-hydroxy fatty acids ([95%),

while the lower spot contained non- and a-hydroxy acids

by 46 and 54%, respectively. Sphingoid base hardly

showed any differences in either CE spot.

In animal epidermis, it was reported that galactocere-

broside was present in pig epidermal cells, accounting for

13% of total CE [12]. The pig galactocerebroside mainly

consisted of fatty acids with shorter chains, such as C16

non-hydroxy fatty acid and C14–C16 a-hydroxy acids, than

glucocerebroside (C16–C30 as non-hydroxy fatty acids and

C18–C30 as a-hydroxy acids). On the other hand, whale

Table 5 Comparison of lipid profiles between mature and immature

whales

Mature Immature

Fatty epidermis

Total lipid fraction

Lipid yields (wt%) 72.3 ± 17.7 78.0 ± 8.2

Non-hydroxy UFA 83.6 ± 2.5 81.4 ± 1.3

HUFA n-3 13.3 ± 2.4 17.3 ± 1.2*

Black epidermis

Total lipid fraction

Lipid yields (wt%) 4.0 ± 0.4 4.3 ± 0.3

Non-hydroxy UFA 77.0 ± 1.1 75.8 ± 1.1

Complex lipid fraction

Lipid yield (wt%) 34.8 ± 2.3 33.1 ± 3.7

Non-hydroxy acid 87.6 ± 1.7 86.8 ± 1.1

Non-hydroxy UFA 63.8 ± 1.4 57.6 ± 3.4*

a-Hydroxy acid 2.4 ± 1.7 2.1 ± 0.6

a-Hydroxy UFA 65.2 ± 3.1 56.8 ± 6.5*

Dimethylacetal 10.0 ± 1.6 11.1 ± 1.3

Cerebroside fraction

Non-hydroxy UFA 56.9 ± 1.9 52.0 ± 1.8*

Hydroxy UFA 59.6 ± 2.1 53.4 ± 3.0*

d16:1/d18:1 0.33 ± 0.02 0.21 ± 0.02*

Sphingomyelin fraction

Non-hydroxy UFA 45.3 ± 2.8 41.3 ± 1.9

d16:1/d18:1 0.34 ± 0.02 0.25 ± 0.01*

Sphingolipid contents (wt%)

Per total lipids

Cerebroside 5.7 ± 2.0 4.1 ± 0.85

Sphingomyelin 4.2 ± 0.47 4.6 ± 0.33

Per black epidermis

Cerebroside 0.22 ± 0.05 0.17 ± 0.03

Sphingomyelin 0.16 ± 0.01 0.19 ± \0.01

Values represent the means of six whales ± SD, except for sphin-

golipid contents (n = 3)

HUFA highly unsaturated fatty acids, UFA unsaturated fatty acids

* Significantly different (P \ 0.05) between mature and immature

whales
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epidermal galactocerebroside (33% of total CE) was higher

than in pigs and consisted of fatty acids with very long

chains, although non-hydroxy fatty acids consisted of a

slightly shorter chain (*C28) than glucocerebroside.

Since the galactocerebroside was probably derived from

epidermal melanocytes [12], it was assumed that galacto-

cerebroside was abundantly present in the whale black

epidermis with a high amount of melanin pigment. Menon

et al. assumed that glycoconjugate, namely cerebroside, in

the lamellar body of the cetacean epidermis may be

important for cell-to-cell adhesion and be consistent in part

with their water barrier requirements, or may contribute to

streamlining due to a reduction in frictional resistance [29].

This study also revealed that whales accumulate cerebro-

side, but not free ceramide, in the superficial layer of the

epidermis. Moreover, in general, the aliphatic chains in the

ceramides of the terrestrial mammals are mainly long-chain

saturated fatty acids with a high melting point and are

mostly in a solid crystalline or gel state, exhibiting low

lateral diffusion properties with low permeability at phys-

iological temperatures [31]. These lipids have an obvious

role in the barrier properties of the skin, limiting loss of

water even in a dry environment on land. In contrast, whale

epidermal lipids not only serve a similar role to the ter-

restrial mammal epidermis such as the prevention of efflux

of body components, but also increase the proportion of

unsaturated fatty acids to adapt to the colder skin surface

temperatures in their habitats. An increased level of

unsaturated sphingolipids would offer certain advantages

such as protection from thermal crystallization of lipids at

low seawater temperatures, and greater flexibility on a

molecular level to provide superior streamlining [29].

Additionally, sphingoid bases with a relatively shorter

chain may be important to maintain cellular membrane

fluidity. These features probably become prominent in

grown whales.
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Abstract Polyunsaturated fatty acids (PUFA) and their

biological derivatives, including the eicosanoids, have

numerous roles in physiology and pathology. Although

some eicosanoids are known to act through receptors, the

molecular actions of many PUFA remain obscure. As the

three-dimensional structure of eicosanoids allows them to

specifically bind and activate their receptors, we hypothe-

sized that the same structure would allow other proteins to

associate with PUFA and eicosanoids. Here, we demon-

strate that biotinylation of arachidonic acid and its

oxygenated derivatives 5-hydroxyeicosatetraenoic acid (5-

HETE) and leukotriene (LT) B4 can be used to pull down

associated proteins. Separation of proteins by two-dimen-

sional gel electrophoresis indicated that a large number of

proteins bound each lipid and that proteins could distin-

guish between two enantiomers of 5-HETE. Individual

proteins, identified by matrix assisted laser desorption/

ionization-time of flight mass spectrometry, included pro-

teins that are known to bind lipids, including albumin and

phosphatidylethanolamine-binding protein, as well as sev-

eral novel proteins. These include cytoskeletal proteins,

such as actin, moesin, stathmin and coactosin-like protein,

and G protein signaling proteins, such as Rho GDP dis-

sociation inhibitor 1 and nucleoside diphosphate kinase B.

This method, then, represents a relatively simple and

straightforward way to screen for proteins that directly

associate with, and are potentially modulated by, PUFA

and their derivatives.

Keywords Leukotrienes �
5-Hydroxyeicosatetraenoic acid � Moesin � Stathmin �
Coactosin-like protein � Rho GDP dissociation inhibitor 1 �
Nucleoside diphosphate kinase B

Abbreviations

ARA Arachidonic acid

ACH Arachidic acid

HETE Hydroxyeicosatetraenoic acid

HpETE Hydroperoxyeicosatetraenoic acid

LT Leukotriene

MALDI-

TOF

Matrix assisted laser desorption/ionization-

time of flight

PUFA Polyunsaturated fatty acid

RBL Rat basophilic leukemia

Introduction

Polyunsaturated fatty acids (PUFA) play important roles in

health and disease. For example, increasing the consump-

tion of x-3 PUFA reduces the risk of coronary heart

disease [1–3] and decreases ischemic heart disease [4, 5].

On the other hand, the x-6 PUFA arachidonic acid (ARA)

can form x-6 eicosanoids that exacerbate arrhythmogenic

events [6, 7] and decreasing excessive x-6 eicosanoid

action can reduce the risk of ischemic heart disease [8–10].

Although these PUFA have profound effects on physiol-

ogy, the specific actions of PUFA at the molecular and

cellular levels are diverse and poorly understood.

Chemically, PUFA include long chain hydrocarbon

molecules with numerous carbon–carbon double bonds.

The double bonds represent sites of chemical reactivity
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with potential for enzymatic modification. For example,

ARA is a twenty carbon PUFA with four double bonds

(20:4). It can be modified by the enzyme 5-lipoxygenase,

which inserts molecular oxygen at the fifth carbon to pro-

duce 5(S)-hydroperoxyeicosatetraenoic acid (5(S)-HpETE;

reviewed in [11]). This PUFA can be modified by peroxi-

dases to produce 5(S)-hydroxyeicosatetraenoic acid (5(S)-

HETE), a biologically active monohydroxylated PUFA.

Alternatively, 5(S)-HpETE can be further metabolized

along the 5-lipoxygenase pathway to produce the dihy-

droxylated PUFA leukotriene (LT) B4 or the glutathione-

containing LTC4. Whereas ARA induces apoptosis in

neurons [12] and in leukemic cells [13, 14] or activates a

variety of cell types [15, 16], LTB4 and 5(S)-HETE are best

known as chemoattractants and activators of leukocytes,

and LTC4 is recognized to promote contraction of smooth

muscle and secretion of mucus from goblet cells (reviewed

in [17]). Thus, enzymes recognize specific PUFA and alter

them to produce a variety of novel constructs that have

unique functions. The multitude of products that can be

produced from ARA are called eicosanoids, whereas the

smaller group produced solely by the 5-lipoxygenase

pathway are the LT.

Structurally, the carbon–carbon double bonds in PUFA

provide a degree of rigidity that is not found in saturated

FA. As a result, each of the PUFA and their derivatives

has a unique three-dimensional structure. This structure

allows these lipids to interact with specific receptors. For

example, LTB4 binds to and activates two G-protein

coupled receptors, the high affinity BLT1 [18] and the

lower affinity BLT2 [19]. Similarly, LTC4 activates two

other receptors, CysLT1 and CysLT2. Consistent with the

high specificity of lipid for protein, LTB4 does not acti-

vate CysLT1 or CysLT2 at physiological concentrations,

and LTC4 does not activate BLT1 or BLT2. Relevant to

this study, the interaction of these eicosanoids with their

receptors results in conformational changes of the recep-

tors with their consequential activation. This suggests

that, if PUFA associate with non-receptor proteins, they

may alter protein shape, resulting in modification of

protein function.

We hypothesized that the distinctive structure of PUFA

and eicosanoids should allow them to interact with spe-

cific soluble proteins other than traditional receptors. For

example, it is known that ARA can bind directly to

protein phosphatase 5 [20], binds to [21] and activates

[22] S100A8/A9, and directly activates a GTP-binding

protein in neutrophils [23]. Here, we describe a method

for objectively capturing proteins that associate with

PUFA and eicosanoids. We use proteins from the rat

basophilic leukemia (RBL-1) cell line because it is mast

cell like, in that it releases ARA, makes LT and responds

to LT.

Materials and Methods

Cells and Cell Lysates

RBL cells (RBL-1, American Type Culture Collection,

Manassas, VA) were grown under 5% CO2 in Minimal

Essential Medium alpha (Invitrogen) with 10% fetal bovine

serum, 182 units/mL penicillin G sodium, 182 lg/mL

streptomycin sulfate, 455 lg/mL amphotericin B.

29107 cells were suspended in lysis buffer (137 mM NaCl,

10 mM phosphate buffer, pH 7.4, 2.7 mM KCl, 1 mM

EGTA, protease inhibitor cocktail (Roche Applied Science,

Indianapolis, IN), sonicated, centrifuged at 14,0009g

(5 min, 4 �C) and supernatant collected as total soluble

proteins from RBL cells.

Isolation of PUFA-Binding Proteins

PUFA (ARA, ACH, 5(S)-HETE, 5(R)-HETE, or LTB4)

were biotinylated using the EZ-Link Biotin PEO-Amine

kit (Pierce, Rockford IL), according to manufacturer’s

directions. Briefly, PUFA were diluted to 10 mg/mL in 2-

(N-morpholino)ethane sulfonic acid (MES) buffer, pH 4.5,

mixed with biotin (21 mg/mL) and 1-ethyl-3-[3-dimethyl

aminopropyl] carbodiimide hydrochloride crosslinker

(20 mg/mL), with mixing on rotator for 2 h at RT. Total

soluble proteins from RBL cells were mixed with FA-

biotin solution, without purification of the FA-biotin

preparation, at an approx 1:1 molar ratio, on rotator for

1 h at RT. Samples of the cell protein/FA-biotin prepa-

ration were mixed with avidin immobilized on beaded

agarose (Pierce) for 1 h at RT and centrifuged 1 min at

3,0009g. The resulting pellet was washed three times

with TBS and FA-binding proteins recovered by elution

with 400 mM NaCl in PBS. In some experiments, the

supernatant, partially depleted of FA-binding proteins,

was mixed with additional immobilized avidin and cen-

trifuged to remove remaining FA-binding proteins,

producing a protein fraction that was highly depleted of

FA-binding proteins.

Gel Electrophoresis and Protein Identification

Protein samples were dialyzed overnight in PBS with

stirring at 4 �C, mixed with SDS-PAGE sample buffer,

boiled, separated by SDS-PAGE using a 12% Tris-HCl gel

and stained with Coomassie. For two-dimensional gel

electrophoresis, samples were mixed with isoelectric

focusing buffer and separated using ReadyStrip IPG strips,

pH 3–10, in the Protean IEF Cell (Bio-Rad Laboratories,

Hercules CA). After focusing, strips were equilibrated
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using iodoacetamide, separated by SDS-PAGE using a

12% Tris-HCl gel and stained with Coomassie. Isolated

proteins were subjected to matrix assisted laser desorption/

ionization-time of flight (MALDI-TOF) ms and tandem

ms, with fragments sequenced by the Michigan Proteome

Consortium at the University of Michigan. Initial analysis

involved searching the NCBInr database; subsequent

analysis included BLAST searching the SwissProt database

for proteins matching all peptide sequences from tandem

mass spectrometry. Calculated kDa and pI values for pro-

teins were obtained through SwissProt.

Densitometric Analysis

Regions of images from SDS-PAGE results were analyzed

using ImageJ 1.33, with quantitation of grayscale values of

pixels measured by ImageJ and plotted using GraphPad

Prism 3.00.

Results

Isolation of Fatty Acid-Associated Proteins

Soluble proteins were used in this study, excluding

membrane-associated proteins, which have extensive

hydrophobic regions that would interact non-specifically

with various FA (although many soluble proteins will also

have accessible hydrophobic regions). As a first evalua-

tion, proteins from these total soluble protein preparations

were separated into those proteins that could be pulled

down using different FA and those that were resistant to

capture. Here, the polyunsaturated ARA (20 carbon, 4

double bonds) was compared with the saturated arachidic

acid (ACH, 20:0). An initial evaluation of the proteins

captured by fatty acids indicated that a surprisingly large

number of proteins associated with both ARA and ACH

(Fig. 1a). Prominent bands could be readily identified in

the fatty acid-associated samples, which were largely

absent from the fatty acid-depleted samples. Densitomet-

ric analysis of a region of the ARA-depleted sample (lane

2) and the ARA-associated samples (lane 3) indicated two

major peaks that were unique to the latter sample

(Fig. 1b). In addition, while many bands were associated

with both ARA (lane 3) and ACH (lane 5), some bands

appeared to be more abundant in one than the other

(Fig. 1c), suggesting some degree of specificity. In control

experiments, essentially no protein bound to beads alone

or to beads after incubation with biotin alone without

fatty acid, as determined by SDS-PAGE analysis of

fractions eluted from washed beads processed in parallel

(not shown).

Identification of Some ARA-Associating Proteins

The large number of proteins that were pulled down by FA

in this protocol indicated that additional separation steps

would be required to identify individual FA-associating

proteins. Parallel separation of total proteins and ARA-

associated proteins by 2-dimensional gel electrophoresis

again supported the conclusion that this protocol was

capturing a subset of total proteins that bound ARA

(Fig. 2).

Some of the most abundant (heavily staining) proteins

that associated with ARA were identified by MALDI-TOF

Fig. 1 Separation of ARA-associated proteins from proteins that do

not associate with ARA from total soluble proteins of RBL1 cells. a
SDS-PAGE analysis. Total soluble proteins of RBL1 cells (‘‘total’’)

were incubated with either ARA-biotin or ACH-biotin and the

proteins that associated (‘‘assoc’’) with the fatty acids were captured

using avidin agarose. The remaining proteins, depleted of fatty acid-

associated proteins, are also presented (‘‘depl’’).[, more abundant in

ARA-assoc than ARA-depleted;\, more abundant in ACH-assoc than

ARA-assoc. b Densitometric analysis of regions of ARA-depleted (2)

and ARA-associated (3) lanes; region denoted by bar adjacent to lane
3. c Densitometric analysis of regions of ARA-associated (3) and

ACH-associated (5) lanes; region corresponds to bar at lane 5

Lipids (2008) 43:161–169 163

123



mass spectrometric analysis followed by database searches.

In each case, individual peptide sequences were further

queried by BLAST search for unique identities. For

example, one protein provided the peptides FEEL-

NADLFR, TTPSYVAFTDTER, IINEPTAAAIAYGLDK

and TFTNAVVTVPAYFNDSQR; the first three peptides

are shared by various heat shock proteins, including heat

shock-related 70 kDa protein 2 (HSP72), but the fourth

peptide is unique to heat shock cognate 71 kDa protein

(HSP7C). The position of this protein on the two-dimen-

sional gel, and some others that were positively identified,

is indicated in Fig. 2b. Additional proteins that were

identified as ARA-associating proteins are provided in

Table 1, grouped according to function, with predicted kDa

and pI values. Supporting their identification were corre-

lations between the kDa and calculated pI values of the

proteins and the position of the spots on the gels. Also,

when peptide sequences were species specific, the identi-

fied isoform was from rat (or from mouse, if a rat protein

sequence was not in SwissProt), consistent with these

proteins being produced in a rat cell line.

Identification of Proteins Associating with 5-HETE and

LTB4

As noted above, 5(S)-HETE can be a significant product of

5-LO metabolism of ARA. Several studies have examined

the importance of the stereochemistry on function by

comparing the effects of 5(S)- versus 5(R)-HETE. In short,

some effects can be induced by both [24], whereas others

are stereospecific [25, 26]. We compared 5(S)- vs. 5(R)-

HETE in their capacity to bind proteins. Remarkably, both

enantiomers retained many proteins (Fig. 3). Also, the

similarity between the two sets of proteins was very high.

Importantly, the major differences between the proteins

were seen in horizontal groups of proteins (boxed in

Fig. 3), which commonly represent proteins with different

degrees of post-translational modification. Indeed, identi-

fication of selected pairs of spots using MALDI-TOF mass

spectrometry verified that they were identical, recognized

as Rho GDP-dissociation inhibitor 1 (GDIR), eukaryotic

translation initiation factor 5A-2 (IF5A2), coactosin-like

protein (COTL1) and SH3 domain-binding glutamic acid-

rich-like protein 3 (SH3L3). Typically, 5(S)-HETE selec-

tively captured the more acidic version and 5(R)-HETE

bound the more basic protein. Additional proteins identi-

fied from the 5(S)-HETE gel are listed in Table 2.

Finally, two-dimensional gel separation of proteins that

associated with LTB4 revealed at least 20 proteins (not

shown). A partial list of the most abundant proteins is given

in Table 2. These are grouped according to known roles.

Discussion

This study presents a relatively simple and straightforward

approach for capturing proteins that associate with PUFA

and their derivatives. An asset of the approach is that it

allows novel interactions to be discovered objectively.

Through this approach, we have identified groups of pro-

teins involved in protein synthesis, cytoskeletal function,

Rho functioning and glycolysis that can associate with

ARA. Some of these same proteins and roles are also

shared with 5-HETE, suggesting that it can act like a

second messenger akin to ARA. Perhaps most surprisingly,

several proteins were found to associate with LTB4, a lipid

mediator whose actions are thought to be solely receptor-

mediated. This suggests that at least some of the effects of

LTB4, as well as 5-HETE and ARA, may be through direct

lipid-protein interactions.

Lipids, due to their hydrophobic nature, are first thought

to associate with membranes. However, PUFA may have

higher affinities for certain proteins than for membranes.

For example, PUFA will partition into liposomal mem-

branes in an aqueous solution, but will leave those

Fig. 2 Two-dimensional separation of total soluble proteins com-

pared with ARA-associating proteins from RBL1 cells. a Total

soluble proteins. b ARA-associating proteins. Coomassie-stained

spots were analyzed by MALDI-TOF ms/ms and sequenced

peptides used to identify proteins. Abbreviations refer to proteins

detailed in Table 1. Migration of molecular weight markers

indicated at right of (b)
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membranes to associate with added albumin [27]. Fur-

thermore, ARA will leave albumin to associate with

classical fatty acid-binding proteins (FABP), again due to

differences in affinity. This indicates that soluble proteins,

like albumin and FABP, can have higher affinities for

PUFA than do liposomal membranes.

An important question may be whether previous studies

support any of the PUFA-protein interactions here. That is,

are any of these interactions biologically important, or do

they just reflect the interaction of a lipid with a hydro-

phobic portion of a protein? First, the unique profile of

proteins observed for each of the PUFA/eicosanoids argues

against all of the interactions being non-specific interac-

tions. Second, the capture of albumin, while not surprising,

serves as a positive control. Albumin is recognized to serve

the physiologically important function of regulating the

colloidal osmotic pressure of blood through its binding of

fatty acids, cations, hormones, bilirubin and drugs. Perhaps

most intriguing is the case of the Rho GDP-dissociation

inhibitor 1 (GDIR). It is well established that PUFA,

including ARA, activate the production of reactive oxygen

species in leukocytes [28, 29]. The GTP-bound (activated)

form of Rac is required for activation of NADPH oxidase

[30]. In resting leukocytes, GDIR inhibits the activation of

Rac by directly binding to the GDP-bound (inactive) form

of Rac, preventing guanine–nucleotide exchange and acti-

vation. In a comparison of the ability of different lipids to

alter GDIR binding, ARA and other PUFA, but not satu-

rated fatty acids, caused almost complete dissociation of

GDIR from Rac, leading to activation of Rac [31]. The

identification of the same protein binding to 5(S)-HETE

suggests that this derivative of ARA may also modulate

Rac activation through GDIR. Finally, similar approaches

using biotinylation of 15-deoxy-D12,14-prostaglandin J2

have been used to show that this PGD2 metabolite interacts

with cytoskeletal [32, 33] and mitochondrial [34] proteins.

These results underscore the versatility of this approach

and strengthen the assertion that ARA metabolites may

directly interact with proteins.

The role of PUFA to alter protein–protein interactions,

demonstrated for GDIR [31], may also apply to other

results from this study. Heat shock cognate 71 kDa protein

(HSP7C) was found to bind ARA. ARA has been shown to

cause the dissociation of two HSP proteins, approx. 70 and

90 kDa, from protein phosphatase 5, leading to inactivation

and degradation of the phosphatase [35], suggesting, at

least that the interaction of ARA with HSP7C may serve to

dissociate it from target proteins. In contrast with this,

ARA has been shown to promote a physical interaction

between phospholipase C-c and a multimeric activating

protein, AHNAK [36]. Similarly, ARA promotes translo-

cation of p47-phox [37] and assembly of the NADPH

oxidase complex [38]. Thus, PUFA may alter protein

functions by facilitating the assembly or disassembly of

protein complexes.

Many of the oxidized lipids that are produced from

PUFA are relatively unstable and reactive. For example,

the 5-LO product LTA4 has been shown to form stable

adducts with nucleotides through covalent binding [39, 40].

Also, lipid hydroperoxides may be decomposed by anti-

oxidants to produce DNA-reactive electrophiles [41].

Relevant to this study, biotinylated derivatives of 15-HETE

have been shown to form complexes with proteins that are

stable enough to withstand SDS-PAGE and electrophoretic

transfer [42]. This suggests that some lipid-protein asso-

ciations may be very stable.

Another interesting finding relates to L-lactate dehy-

drogenase A chain (LDHA), which is known to mediate the

conversion of lactate to pyruvate, with concomitant gen-

eration of NADH from NAD+. Either transient hypoxia

[43] or ischemia [44] produces a rapid release of arachi-

donic acid associated with a marked increase in lactate and

decreases in pyruvate and ATP. It seems possible that

arachidonic acid might directly associate with LDHA and

inhibit lactate dehydrogenase activity.

Proteins also show specificity for specific PUFA. For

example, the different FABP clearly favor certain PUFA

over others [45]. Similarly, 5-lipoxygenase, which initiates

the synthesis of LTs from ARA, prefers ARA over other

PUFA [46] and was detected in ARA-associated proteins

Fig. 3 Selected region of 2-D PAGE analysis of proteins that

associate with 5(S)-HETE versus 5(R)-HETE. a 5(S)-HETE-associ-

ated proteins. b 5(R)-HETE-associated proteins. Region corresponds

to approx. 10–37 kDa and pI 4.5–8. Abbreviations refer to proteins

detailed in Table 2
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but not in the ACH-associated proteins (not shown). Also,

certain proteins were more abundant in the ACH-associ-

ated fraction than in the ARA-associated fractions (Fig. 1),

suggesting specificity. This specificity must, at least in part,

be due to the shape and structure of the PUFA. This

specificity of protein for PUFA may be so exquisite that it

may distinguish between stereochemistry of a hydroxyl

group, as seen in the difference between the proteins that

bind 5(S)- and 5(R)-HETE (Fig. 3).

The specificity of protein for PUFA points to a draw-

back of the approach used in this study. Since the biotin

moiety is at the carboxyl terminus, proteins that specifi-

cally target that site will be missed. For example, FA

associate with classical FABP, like the human epidermal-

FABP, with the carboxyl group of the FA directly inter-

acting with side chains of key amino acids within the

FABP [47]. As a result, this approach did not capture these

well-known FABP, and perhaps many other proteins.

Another drawback of this approach is that it will not

reveal which proteins interact directly with lipids, as

opposed to those that associate indirectly by binding to a

true PUFA-associating protein. For example, it is possible

that the different cytoskeletal proteins (e.g., actin, moesin,

stathmin, coactosin-like protein, profilin) may have been

pulled down together, with only one of these proteins truly

associating with ARA.

In summary, we present a relatively simple stepwise

approach for the discovery of proteins that associate with

PUFA and their derivatives. This approach can be used

with any lipid with a free carboxyl terminus. Given the

large number of proteins that were observed on the two-

dimensional gels presented here, it appears that PUFA

interact with many proteins. The diversity of PUFA and

PUFA derivatives suggests that numerous interactions can

be discovered with this approach.
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Abstract Fatty acid analysis is an important research

tool, and indices derived from essential fatty acid contents

serve as useful biomarkers related to cardiovascular and

other chronic disease risk. Both clinical and basic studies

of essential fatty acid composition are becoming ever lar-

ger in magnitude leading to delays while the rather

laborious lipid analyses are performed. A robotic transe-

sterification procedure has been developed for high-

throughput analysis of plasma fatty acid methyl esters. In

this approach, robots perform most steps including plasma

and reagent transfer, transesterification reaction via heating

at 80 �C in open tubes with multiple reagent additions,

followed by two-phase extraction and transfer of lipid

extracts to GC vials. The vials are then placed directly onto

a GC autosampler carousel for robotic sample injection. An

improved fast GC method is presented in which the peaks

of interest are eluted within 6 min. This method is readily

scalable to prepare and analyze 200 samples per day (1,000

samples per week) so that large clinical trials can be

accommodated.

Keywords Robotic transesterification �
Plasma fatty acid methyl esters �
Fast gas chromatographic �
High throughput sample preparation �
High throughput gas chromatography � Essential fatty acids

Introduction

Fatty acids are important components of biological mem-

branes and their measurement is useful from a variety of

biological perspectives. The chain length, degree of un-

saturation and other structural features of fatty acids are

one determinant of the physico-chemical properties of

biological membranes [1, 2]. Essential fatty acids are the

focus of many compositional [3–5], physiological [6–8],

behavioral [9–14] and metabolic experiments [15–19]. The

n-3 polyunsaturates eicosapentaenoic acid (20:5n-3, EPA)

and docosahexaenoic acid (22:6n-3, DHA) have been

inversely associated with several disease states in epide-

miological studies [20–23]. They antagonize the n-6

polyunsaturated arachidonic acid (20:4n-6, AA) and the

eicosanoids that are produced from it [24, 25]. Moreover,

the blood stream contents of these n-3 and n-6 polyunsat-

urates provide an important biomarker of cardiovascular

disease risk [21, 22, 24]. EPA and DHA intake and tissue

content have been related to sudden cardiac death and

arrhythmias [26–29]. These observations have led to many

clinical experiments and more recently large clinical trials

(e.g., GISSI study [30], primary prevention CVD [31],
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AREDS2 [32], DINO infant [33], NINDS Alzheimer’s

[34]), where the effects of increased EPA and/or DHA

intake are examined in various pathological states.

Thus the analysis of fatty acid profiles in tissues, par-

ticularly blood components, has become increasingly

important as endpoints in clinical trials, as biomarkers in

cross-sectional studies and as measures of compliance.

Such trials may generate very large numbers of samples for

analysis necessitating quick, efficient and inexpensive

analytical methods for fatty acid analysis. The standard

methods for such analysis typically involve total lipid

extraction followed by a laborious transmethylation pro-

cedure, methyl ester extraction, concentration and gas

chromatographic analysis. It is typical for this labor-

intensive methodology to consume 2 days of a skilled

chemist’s efforts for 10–20 samples. As a result, it has not

been generally feasible to study thousands of subjects

where each subject in a clinical trial can generate many

samples. Clearly, a high throughput method for fatty acid

analysis is needed.

In previous work from our laboratory, a simplified

chemical procedure was developed for lipid transmethyla-

tion [35] that was based upon the Lepage and Roy

procedure [36]. A method for fast gas chromatography of

the typical profile of fatty acid methyl esters found in

biological samples was also introduced [35, 37]. This paper

presents a complete method for robotic transmethylation

and analysis of plasma lipids. Plasma is directly reacted

without prior lipid extraction, as in the Lepage and Roy

method, and a robot carries out the reaction, methyl ester

extraction and sample concentration, leaving the sample in

a GC autosampler vial ready for injection. A faster method

for GC analysis is also presented here. Together, these

methods are efficient and cost effective. They may poten-

tially increase laboratory productivity by an order of

magnitude. These procedures may be used as the basis for a

high-throughput method suitable for analysis of large

populations such as are found in clinical trials.

Materials and Methods

Reagents and Plasma Samples

Acetyl chloride, 2[6]-di-tert-butyl-p-cresol (butylated hy-

droxytoluene, BHT), analytical grades methanol, hexane

and toluene, and K2CO3 were purchased from Sigma-

Aldrich Chemical Co. (St Louis, MO, USA). BHT was

added to methanol (50 lg BHT/sample) to prevent fatty

acid oxidation. The internal fatty acid standards (23:0

methyl ester, and 22:3n-3) and external (GLC-462) were

purchased from Nu-Chek Prep (Elysian, MN, USA).

Internal standard solutions were prepared by dissolving

them, respectively, in the methanol BHT solution at a

concentration of 250 lg/ml. Blood was collected by veni-

puncture into a heparinized tube and was immediately

centrifuged for 5 min at 2,0009g. The resulting plasma

was then aliquoted in batches of 5 ml, frozen and stored at

-80 �C. The 13 mm 9 100 mm Pyrex disposable culture

tubes for transesterification reactions were purchased from

PGC Scientific (Frederick, MD, USA).

For the robotic transesterification procedure, Stock A

and Stock B reagents were prepared in bulk. The 2.4 ml of

Stock Solution A required initially for the reaction of 100–

200 ll aliquots of plasma included 1.9 ml of methanol,

100 ll of acetyl chloride, 0.3 ml of toluene, and 100 ll

each of the two internal standard solutions (containing

25 lg of 23:0 and 20 lg of 22:3n-3 as ethyl esters). Each

900 ll volume of Stock B solution was comprised of

740 ll of methanol, 40 ll of acetyl chloride solution, and

120 ll of toluene.

Robotic Apparatus

A 1.5-m long Freedom EVO robot equipped with a liquid

handling arm (LH-arm), a multi-channel 1-ml syringe

pipetting system with an integrated liquid detection system

and liquid detection disposable tips, a robotic manipulator

arm, a fast wash pump and a syringe wash station, low

disposable tips ejector option, and a nitrogen manipulation

station was purchased from Tecan US Inc. (Research

Triangle Park, NC, USA). The working space on the Tecan

deck also includes other peripherals such as tip rack with a

waste tip disposal station, twelve 13-mm test tube carrier

racks each with a capacity to hold up to 16 plasma vials

along the y-axis, three troughs for holding reagents, a

reaction block, and a heated GC vial sample block. The

layout of the robotic deck is illustrated in Fig. 1. The Tecan

EVOwareTM scripting programming language is used to

control the robotic arm and other modules. The tempera-

ture regulated GC vial sample block and the heating-

cooling reaction block were custom made by J-Kem

Scientific Inc. (St Louis, MO, USA) and are under com-

puter control. The reaction block is composed of a hot plate

connected to a chiller through a cryogenic solenoid valve

which regulates the flow of cooling liquid. The GC vial

sample plate and reaction block hot plate are an array

containing 16 9 12 holes to hold a maximum of 192 GC

vials (13-mm diameter) and 192 reaction tubes of

13 9 100 mm dimension, respectively. Both the reaction

block and GC vial block are controlled by a digital tem-

perature controller either via a local module or by a

program driver that was incorporated into the software of

the Tecan programming command set running under

Windows. The robot was encased in a hood fabricated by

172 Lipids (2008) 43:171–180

123



Airline Hydraulics (Bensalem, PA, USA) and is connected

at the top to an exhaust outlet and is well ventilated.

Instrumentation

Fast GC Analyses

Analyses were performed on an Agilent 6890N Network

Gas Chromatograph (Agilent Technologies, Palo Alto, CA,

USA) equipped with a split/splitless injector, a 7683

automatic liquid sampler and flame ionization detector.

The GC was also equipped with a 208-V power supply to

enable fast temperature ramping. The column used was a

DB-FFAP of 15 m 9 0.1 mm i.d. 9 0.1 lm film thick-

ness (J&W Scientific from Agilent Technologies, Palo

Alto, CA, USA). Instrument control and data collection

was performed by a GC Chemstation, Rev. B.01.01

(Agilent Technologies, Palo Alto, CA, USA). Temperature

program was as follows: initial conditions, 150 �C with

0.25 min hold; ramp 35 �C/min to 200 �C, 7 �C/min to

225 �C with a 3.2 min hold and then 80 �C/min to 245 �C

with 2.75 min hold. Instrumental conditions were as fol-

lows: carrier gas was H2 at a flow rate of 56 cm/s and a

constant head pressure of 344.7 kPa; FID detector set at

250 �C; air and N2 make-up gas flow rates of 450 and

10 ml/min; respectively, with a split ratio of 100:1; sam-

pling frequency of 50 Hz; autosampler injections of 2 ll

volume. Run time for a single sample was 11 min with all

the fatty acid peaks of interest eluting within 8 min of the

injection time. The sample injection-to-injection time was

16 min including a re-equilibration time of 1.50 min. The

liner used was split with a cup containing no glass wool.

For the development of a faster GC method, a constant

flow mode of 0.6 ml/min was used using the same column

as above. Temperature program was as follows: initial

conditions, 160 �C with 0.10 min hold; ramp 60 �C/min to

220 �C with a 0.5 min hold, 80 �C/min to 175 �C, 70 �C/

min to 230 �C with 1.82 min hold, 70 �C/min to 220 �C

with 0.96 min hold, and final ramping at 60 �C/min to

245 �C with 2.40 min hold. Instrumental conditions were

as follows: carrier gas was H2 at a starting flow rate of

58 cm/s and a starting head pressure of 344.7 kPa; FID

detector set at 250 �C; air and N2 make-up gas flow rates of

450 and 10 ml/min, respectively; split ratio of 100:1;

sampling frequency of 50 Hz; autosampler injections of

2 ll volume. Run time for a single sample was 8.69 min

with all the fatty acid peaks of interest eluting within

5.8 min of the injection time. The sample injection-to-

injection time was 12 min, including a re-equilibration

time of 1.50 min. The data was quantified according to a

method previously described [35].

Transesterification Methods

The standard Lepage and Roy transesterification method

[36] was used as the reference point for comparisons to

samples generated by the robotic method. All manipula-

tions were performed under a nitrogen atmosphere. Briefly,

200 ll of plasma and 100 ll each of the two internal

standard solutions (providing 25 lg of 23:0 and 20 lg of

22:3n-3 methyl ester) were added to 13 mm 9 100 mm

borosilicate or Pyrex screw-capped glass tubes, followed

by an addition of 2 ml of a methanol:hexane (4:1 v/v)

mixture. Samples were vortexed and the tubes were placed

on ice, and then acetyl chloride (200 ll) was added drop-

wise while swirling the tubes. The tubes were tightly

capped under nitrogen, and heated at 100 �C for 60 min.

Afterwards, the samples were placed on ice, uncapped, and

neutralized by the addition of 5 ml of a 6% solution of

K2CO3. The tubes were recapped and vortexed for 1 min

followed by centrifugation for 2 min at 3,000 rpm on a

refrigerated tabletop centrifuge at 9 �C to separate the

Fig. 1 Diagrammatic representation of the layout of the robotic deck
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mixture into two phases and the upper (organic) phase was

collected. The extraction procedure was repeated on the

lower phase by adding 0.5 ml of hexane, vortexing and

centrifuging. The organic phases were combined and

evaporated under nitrogen to a volume of 75–100 ll. This

solution was transferred to a GC vial, and the vial was

crimped under nitrogen for FAME analysis by GC. All

reactions were performed in sextet in a well ventilated

fume hood.

Automated Robotic Transesterification Procedure

For robotic transesterification procedure Stock A and

Stock B reagents were freshly prepared in bulk as stated

above. The hexane solution and the bulk stock solutions

A and B were placed in three different Teflon troughs.

Plasma sample vials were placed on the carrier racks and

clean uncapped pyrex tubes were labeled and placed in

the reaction block (Fig. 1). The robot was initialized and

the prompt for the number of samples to be processed is

answered. Then the liquid handling arm (LH-arm) picks

up disposable tips, aspirates 100–200 ll of plasma per tip,

and then dispenses the plasma into the reaction tubes on

the reaction block. Tips are ejected into a waste tip dis-

penser for biohazardous waste (labeled as ‘‘plasma

disposable tips waste station’’ in Fig. 1) between plasma

samples to avoid cross-contamination. The process is

repeated until all plasma samples have been pipetted into

reaction tubes. The LH-arm then obtains a fresh set of

eight disposable tips and adds 800 ll of stock solution A

to each reaction tube three times (2.4 ml total). The tips

are then ejected into a general purpose waste tip dis-

penser. The program then issues a command to the

reaction block to heat to 80 �C for 2.5 h. During the

course of the 2.5 h reaction time, five additions of 0.9 ml

each of stock B solution (every 20 m) are performed by

the robot to prevent complete drying of the reaction tubes

as well as to compensate for evaporation of the solution

and to complete the transesterification reaction. This

multiple addition helps to wash down the sides of the

tubes and thus yield a complete reaction. Also after each

round of addition of the stock B solution, the LH-arm was

stationed away from the reaction block in order to mini-

mize exposure of the robot arm pneumatics to corrosive

vapors arising from the heated reaction tubes. However,

corrosion is still a possibility and so the instrument

accuracy is validated every day by weighing a certain

volume of liquid that is dispensed by the LH-arm. After

the last addition, the reaction block was allowed to cool

to 25 �C via a command issued by the program. This sets

the solenoid sensor to open to allow chilled fluid (10 �C)

to circulate around the reaction block to bring the

temperature down to 20 �C within approximately 30 min.

The LH-arm picks up a fresh set of disposable tips,

aspirates 700 ll of hexane from the third trough and

dispenses this into each of the reaction tubes. After this

task is performed, the tips are ejected. The LH-arm

obtains fresh tips, aspirates 400 ll of the upper hexane

phase and dispenses it at the bottom of the reaction tube,

forcing the hexane to mix with the aqueous phase as it

passes thru. This mixing step is repeated 20 times

followed by the ejection of the tips. It was observed that

15–20 hexane aspirations for extraction of FAMEs was

sufficient since fewer than 15 aspiration cycles resulted in

incomplete extraction and more than 20 aspiration cycles

did not produce any benefit. The LH-arm then obtains a

fresh set of disposable tips and aspirates from the reaction

tubes 250 ll of the upper phase hexane solution. The

system is able to detect the position at which it becomes

immersed in the hexane solution as it is lowered into the

tube through detection of a change in pressure (or by

capacitance for detection of the interface between the two

liquids). The hexane is transferred into GC vials posi-

tioned in the GC vial block. Tips must be changed prior

to mixing or sampling a new set of tubes. Since only the

tips come in contact with sample tube contents and a new

tip is used for each step, there is no possibility of sample

cross-contamination. The GC vials can be heated in order

to concentrate the sample through hexane evaporation.

Results and Discussion

Validation of Robotic Transmethylation Procedure

In a previous publication from this laboratory, we dem-

onstrated that a simplification of the Lepage and Roy

procedure could produce valid results [35]. In that work an

‘‘open tube’’ method was implemented that was amenable

to robotic application. This chemical procedure was

transferred to a robotic procedure as described above. A

bulk plasma sample was transmethylated by the fully

automated robotic method and the results compared to the

standard Lepage and Roy procedure (n = 6). A second set

of samples were similarly treated with the robotic proce-

dure, and the hexane extracts were subjected to heating in

the GC vial station in order to concentrate the extract

further (Table 1). The mean values for each fatty acid

concentration are similar in the three methods. The coef-

ficients of variation are as good or better in the robotic

method as the standard method. The fatty acid percentages

in the three methods are very similar. The robotic method

was in this way validated for plasma analysis. We have run

the robotic method with an n of up to 40 samples and

obtained similar results. The fatty acids measured here are
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the common ones reported for many other mammalian

tissue analyses as well.

Fatty acid extraction using 10% decane in pentane has

also been used as an alternative extraction solvent. During

heating in the GC vial block, the pentane is easily evapo-

rated leaving mainly the decane volume containing the

methyl esters. It is also possible to leave an open GC vial

on the GC autosampler and allow it to evaporate prior to

analysis. We encountered some difficulties with dripping

during the LH-arm transfer of pentane to the GC vials.

However, this problem was overcome by first aspirating

and dispensing pentane prior to sample transfer.

Another difficulty is the leaching of organic compounds

from the disposable tips. The black tips used for capaci-

tance based detection are worse in this respect, in our

experience. These impurities elute primarily in the first

1.5 min of the GC run. They create difficulties for auto-

mated peak integration of minor peaks of 10–14 carbons

with zero or one double bonds. Tips from a variety of

vendors have given similar results, however, the clear tips

used in pressure-based sensing exhibit a lower level of

leaching.

Improvements in the Fast GC Method

We earlier developed a Fast GC method utilizing a DB-

FFAP column of dimensions 15 m 9 0.1 mm i.d. 9 0.1

lm film thickness. A high temperature program was used

in which all the fatty acid peaks of interest eluted within

8 min of injection, with a sample to sample injection time

of 16 min (Fig. 2a). An attempt was made to further

Table 1 Comparison of human plasma fatty acid concentrations in standardized and robotic methods using fast gas chromatography (n = 6)

Fatty acids Standardized method Robotic method Robotic method (concentrated)

Mean

(lg/ml)

CV

(%)

Percentage of

total fatty acids

Mean

(lg/ml)

CV

(%)

Percentage of

total fatty acids

Difference

(%)

Mean

(lg/ml)

CV

(%)

Percentage of

total fatty acids

Differencea

(%)

14:0 26.4 7.3 1.1 25.7 1.7 1.1 -2.5 27.1 1.9 1.2 2.5

16:0 538.2 6.5 22.5 568.3 2.6 24.1 5.6 538.8 1.6 23.1 0.1

18:0 198.0 6.6 8.3 214.1 3.1 9.1 8.1 206.0 1.1 8.8 4.0

20:0 6.4 4.9 0.3 6.8 1.8 0.3 5.7 7.2 3.4 0.3 12.7

22:0 19.7 2.2 0.8 21.5 5.1 0.9 9.1 21.4 5.0 0.9 8.6

24:0 16.0 1.4 0.7 17.2 4.7 0.7 7.0 17.3 6.3 0.7 8.0

Total saturates 804.8 6.1 33.6 853.6 1.5 36.2 6.1 817.8 1.1 35.0 1.6

16:1n-7 45.7 9.9 1.9 44.5 4.7 1.9 -2.6 42.5 8.7 1.8 -7.0

18:1n-7 43.9 5.7 1.8 42.7 4.4 1.8 -2.8 41.3 4.4 1.8 -5.9

18:1n-9 416.9 8.7 17.4 379.0 4.0 16.1 -9.1 390.4 0.8 16.7 -6.4

20:1n-9 2.7 5.7 0.1 2.8 3.6 0.1 1.8 2.6 7.4 0.1 -5.3

24:1n-9 19.8 2.3 0.8 18.7 3.0 0.8 -5.5 21.6 8.0 0.9 9.5

Monounsaturates 529.0 7.6 22.1 487.6 3.8 20.7 -7.8 498.4 1.1 21.3 -5.8

18:2n-6 663.1 8.1 27.7 636.1 3.6 26.9 -4.1 641.6 0.5 27.5 -3.2

18:3n-6 12.4 8.2 0.5 11.8 2.2 0.5 -4.9 10.6 0.7 0.5 -14.2

20:2n-6 4.9 7.2 0.2 5.0 2.2 0.2 0.7 5.1 3.4 0.2 2.2

20:3n-6 38.0 3.9 1.6 35.8 4.0 1.5 -5.8 36.2 3.3 1.5 -4.8

20:4n-6 192.5 3.0 8.0 188.5 2.6 8.0 -2.1 184.0 1.8 7.9 -4.4

22:4n-6 7.0 8.5 0.3 6.6 7.4 0.3 -4.8 6.6 5.9 0.3 -5.7

22:5n-6 5.4 8.4 0.2 5.0 2.6 0.2 -7.1 5.1 6.8 0.2 -7.0

Total n-6 PUFA 923.3 6.5 38.6 888.8 3.3 37.6 -3.7 889.1 0.7 38.1 -3.7

18:3n-3 15.5 6.5 0.6 14.3 7.6 0.6 -7.9 14.7 6.2 0.6 -5.4

20:5n-3 38.8 2.3 1.6 40.3 3.8 1.7 4.0 41.5 7.7 1.8 7.2

22:5n-3 17.8 2.6 0.7 16.3 6.3 0.7 -8.2 17.0 7.4 0.7 -4.2

22:6n-3 63.4 3.1 2.7 60.0 2.3 2.5 -5.5 57.5 4.0 2.5 -9.3

Total n-3 PUFA 135.5 2.6 5.7 130.8 3.2 5.5 -3.4 130.8 4.0 5.6 -3.5

Total PUFA 1,058.8 6.0 44.3 1,019.7 3.1 43.2 -3.7 1,019.9 1.1 43.7 -3.7

Total fatty acid 2,392.6 5.8 100.0 2,360.9 2.1 100.0 -1.3 2,336.1 0.8 100.0 -2.4

a Percentage difference of the concentration values
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shorten the GC run times using an aggressive, single ramp

method of 40 �C or 50 �C/min and starting from 135 to

150 �C up to 240 �C. However, this approach resulted in

overlaps of critical peaks found in a 28 component

quantitative standard (Nu Chek Prep 462); 18:1n-9, 18:1n-7

and 24:1n-9, 22:6n-3 were the overlapping peak pairs in

this case. A method was then developed based on the

constant flow mode of operation in which the oven tem-

perature was ramped up and down to effect critical pair

separation. With this method, peaks of interest eluted in

less than 6 min and sample-to-sample injection time was

under 13 min allowing for the elution of cholesterol

(Fig. 2b). An initial hold time of 0.10 min and starting

temp of 160 �C was used. We observed that even a small

decrease in the hold time or a slight increase in the initial

oven temperature results in coelution of the 10:0 and 12:0

peaks with the solvent peak. Similarly, small changes

(e.g., 0.10 m) in the hold times after the temperature

ramps resulted in a loss of peak separation. Use of the

constant pressure mode instead of the constant volume

mode using an identical temperature program led to an

increase of 1 min in analysis time but maintained good

separation of peaks. GC Methods have been published

where the fatty acid components elute within 2 min [38],

however these methods are not feasible for the analysis of

FAMEs from plasma samples due to the coelution of

several critical pairs (18:1n-9, 18:1n-7 and 24:1n-9,

22:6n-3) which then prevent correct quantitation.

The improved fast GC method that we have developed

has been applied to the separation of plasma fatty acid

methyl esters. In both the former method and the faster

method, all of the peaks of interest are well separated, even

with the shorter analysis time with the improved method

(Fig. 3). The concentrations of human plasma fatty acids

obtained by the robotic method and determined by both fast

GC and by the improved GC method are presented in

Table 2. Very similar results were obtained for each fatty

acid concentration and its percentage of total fatty acids, and

the CV values were similar between the two. Thus the faster

GC method is suitable for fatty acid analyses of human

plasma and can significantly reduce analytical run times.

Detecting the liquid interface is one of the most critical

steps in developing a high throughput transesterification

automation application. The Tecan robot integrated liquid

detection system employs two different physical principles:

detection of changes in capacitance (c-LLD) or pressure

(p-LLD). Both types of detection have been used in our

studies. The capacitance-based system is useful for

detecting an alkane–aqueous interface. This was used in

collecting the upper phase as interface detection is fol-

lowed by a 1-mm retraction into the organic layer. Pressure

detection detects an air–liquid interface. This is useful

when aspiration of only the upper organic phase is desired,

such as when transferring the methyl ester extracts into GC

vials or during the mixing phase when upper phase is

squirted thru the lower phase.

Fig. 2 Improvements in Fast GC methods for separation of a mixed FAME external reference standard

176 Lipids (2008) 43:171–180

123



The simplified transmethylation procedure used here

dispensed with several steps once considered to be neces-

sary. These steps include addition of cold acetyl chloride

drop-wise, working under a nitrogen atmosphere, base

addition for reaction mixture neutralization, vortexing,

centrifugation and multiple extractions. Results in Table 1

and also our previous analysis [35] demonstrate that these

steps are unnecessary or can be replaced by simple pipet-

ting procedures that the robotic arm can perform. Such

procedures were devised to overcome difficulties in

implementing robotic processes that mimic the traditional

chemical procedure. For example, vortexing can be per-

formed by a robot using specialized apparatus, but it is a

slow process whereby one sample at a time is mixed.

Similarly, some robots are capable of centrifuging samples

with integrated centrifuges, but this is a laborious, techni-

cally challenging and time-consuming process. What is

required is for the organic and aqueous phases to be well

mixed and then separated to effect methyl ester extraction.

This has been achieved here by repeated mixing by aspi-

rating the upper phase, moving the tip to the bottom of the

tube and rapidly dispensing the organic solvent thru the

aqueous phase. The organic phase can then be transferred

into GC vials after the phases have settled and concentrated

further for fast GC analysis, if necessary. Use of an internal

standard has obviated the need for complete upper phase

transfer and multiple extractions. The use of fast GC also

makes possible the analysis of a lower concentration of

solutes and, if an appropriate amount of plasma is used, no

organic phase concentration may be required. Alterna-

tively, if a microanalysis is required where sample is

limited, the organic phase can be concentrated by heating

the GC vial rack, and multiple extractions may be per-

formed to increase solute concentrations.

The robotic method described here has been applied to

the simultaneous analysis of larger numbers of samples. For

example, preliminary experiments transmethylated and

analyzed the same bulk plasma sample 40 times. When

multiple sets of eight samples are to be analyzed, the pro-

gram may perform the mixing steps, change tips, wait for a

prescribed length of time, and then perform the transfer of

the upper phase extract into the GC vials. Another alter-

native that may improve overall efficiency with a larger

number of samples is to perform the mixing step on two sets

of eight samples, and then return to the first set for upper

phase transfer to GC vials. This creates a delay time that

will allow adequate phase separation and also maintain a

controlled and constant interval for mixing and sampling for

each set of tubes to be processed. This method is then

amenable to the analysis of 192 samples in one batch. In

Fig. 3 Comparison of fast and improved GC method gas chromatograms of human plasma FAME, including 23:0 and 22:3n-3 internal

standards. Sample was prepared robotically. BHT butylated hydroxytoluene
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combination with the rapid GC methodology presented, two

GCs can process the 192 samples within 1 day. This method

then results in an order of magnitude increase in produc-

tivity and makes possible large clinical studies.

This method may then be used for both cross-sectional

studies of populations and for monitoring compliance in

interventional trials with fatty acid supplements and for the

use of essential fatty acid related parameters as biomarkers

for disease or disease risk. It should also be noted that

where more detailed information is required concerning

lipid class and molecular species content, that mass spec-

trometric techniques may be used for highly efficient

analyses [39–41].

Analysis of about 200 samples per day would generate

over 5,000 peaks per day that must be correctly assigned

and entered into spreadsheets. This is a non-trivial task that

requires automation. It will be the next step in development

of a high throughput system for analysis of large sets of

clinical samples.
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Abstract An assay involving a finger stick and filter

paper blood spotting was developed to determine polyun-

saturated fatty acid (PUFA) levels in blood. Capillary

whole blood from a finger stick was blotted on antioxidant

impregnated filter paper, air dried, saponified and methyl-

ated using sodium hydroxide and boron trifluoride in

methanol. The method differed from those described pre-

viously because separation of plasma and red blood cells

(RBCs) was not needed, thin-layer chromatography (TLC)

was not required to separate phospholipids, initial extrac-

tion of lipids before transesterification was not necessary,

and the fatty acid methyl ester (FAME) method was able to

methylate steryl esters, free fatty acids, and sphingomye-

lins. Twenty-six subjects provided blood samples by finger

stick and venipuncture. Levels of long-chain polyunsatu-

rated fatty acids (LC-PUFA) from capillary whole blood

were correlated with those from RBCs and PLs in venous

blood (P \ 0.001, R2 ranged from 0.64 to 0.86). Although

highly significant (P \ 0.002), the R2 values for the cor-

relation between arachidonic acid (ARA) levels in capillary

whole blood with ARA levels in RBCs and plasma phos-

pholipids (PLs) were relatively lower (R2 = 0.31–0.41,

respectively). Results indicate that the described finger

stick assay represents a fast, reliable method to measure

specific LC-PUFA levels.

Keywords Polyunsaturated fatty acid levels �
Phospholipid levels � Finger stick � Blood assay

Abbreviations

AOCS American Oil Chemists’ Society

ARA Arachidonic acid

DHA Docosahexaenoic acid

DPAn-6 Docosapentaenoic acid

EPA Eicosapentaenoic acid

FAME Fatty acid methyl esters

LC-PUFA Long-chain polyunsaturated fatty acids

PLs Plasma phospholipids

PUFA Polyunsaturated fatty acids

RBCs Red blood cells

TLC Thin-layer chromatography

Introduction

The fatty acid composition of red blood cells (RBCs) and

plasma phospholipids (PLs) is commonly used to evaluate

certain medical conditions, estimate nutritional status, and

measure compliance of investigational drug use in clinical

trials. Only a few investigators have developed and

described methods to measure quickly the levels of fatty

acids in blood using techniques other than venipuncture.

Ohta et al. [1] described a method for analyzing the fatty

acids in plasma lipids from a 50 lL finger-tip blood sam-

ple. The method involved initial separation of whole blood

into plasma and red blood cells (RBCs) and needed thin-

layer chromatography (TLC) prior to fatty acid methyl

ester (FAME) analysis to isolate the phospholipid fraction

[1]. Inoue et al. [2] described a method of fatty acid

analysis using a dried blood spot on filter paper to screen

for adrenoleukodystrophy, an x-linked recessive disorder

characterized by progressive demyelination of cerebral

white matter and adrenal insufficiency. This method
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involved initial extraction of the blood lipids from the filter

paper matrix prior to methanolyis with MeOH/HCL [2].

Ichihara et al. [3] described a finger stick and FAME

technique to analyze the fatty acid composition of glycer-

olipids in blood or breast milk. These authors developed a

method to prepare BHT impregnated filter paper to collect

blood. However, free fatty acids, steryl esters, and sphin-

gomyelins were not methylated using the reported alkaline

methanolyis FAME procedure [3]. Finally, Marangoni

et al. [4] described a finger stick assay to analyze the fatty

acid composition of circulating lipids. In their analysis,

percentage levels of fatty acids in blood total lipids from a

finger stick were analyzed in volunteers who consumed

differing amounts of fish and meat. The samples obtained

had high levels of triglycerides and not only phospholipids

since total blood lipids were analyzed. Correlations

between fatty acids in venous blood and capillary whole

blood were not provided. These authors used MeOH/HCL

as a methylating agent and not BF3/MeOH as recom-

mended by the American Oil Chemists’ Society

(AOCS) [5]. In some studies, it appears that acid-catalyzed

procedures using MeOH/HCL result in incomplete transe-

sterification of triglycerides [6].

Presently, the most common method of measuring

PUFA levels in blood involves venipuncture. However, this

method is often time consuming, involves an invasive

technique for blood collection, and is costly. Standard

analysis using venipuncture to determine PUFA levels in

RBCs and PLs involves several steps, including: (1) the

collection of whole blood, (2) the separation of whole

blood into RBCs and plasma by centrifugation, (3) the

washing of the RBCs with isotonic saline to remove white

cell and plasma contamination, (4) the organic extraction

of the total lipids from the RBCs and plasma, (5) the

separation of PLs by TLC, and (6) the saponification and

methylation of the RBC total lipids and PLs for analysis by

gas chromatography.

The purpose of this paper is to describe an accurate,

inexpensive, and minimally invasive finger stick assay to

measure LC-PUFA levels in capillary whole blood. The

method described here differs from those used previously

because separation of plasma and RBCs is not needed, TLC

is not required to separate phospholipids, initial extraction

of lipids before transesterification is not necessary, and the

FAME method is able to methylate steryl esters, free fatty

acids, and sphingomyelins. Further, the method described

herein uses BF3/MeOH as a methylating agent as recom-

mended by the AOCS [5]. Mean mole percent LC-PUFA

levels in capillary whole blood are compared with those

from RBCs and PLs in venous blood. Correlations based on

the type of assay used (finger stick or venipuncture) are

reported for several important LC-PUFA [docosahexaenoic

acid (DHA), docosapentaenoic acid (DPAn-6),

eicosapentaenoic acid (EPA), and arachidonic acid

(ARA)]. These correlations are particularly useful because

LC-PUFA levels in RBCs and PLs are most often used as

indicators of dietary intake of these fatty acids.

Materials and Methods

Twenty-six healthy subjects between the ages of 25 and 66

volunteered to participate. The study was approved by the

New England Institutional Review Board, Wellesley, MA,

and written informed consent was obtained prior to

enrollment. Volunteers were recruited at Martek Biosci-

ences Corporation where the study was conducted. The

sample may have included individuals who routinely con-

sume omega-3 dietary supplements.

Venipuncture Assay

Samples were taken from both fasting and non-fasting

subjects. Using standard phlebotomy techniques, approxi-

mately 4 ml of whole blood was collected from each

subject by venipuncture and placed into an EDTA vacu-

tainer tube. The tubes were centrifuged to separate the

plasma from the RBCs. The RBCs were washed two times

with isotonic saline to remove plasma and white blood cell

contamination. The plasma and RBCs were purged with

nitrogen and stored at -80 �C until analysis. Plasma and

erythrocyte lipids were extracted using the methods

described by Folch [7] and Bligh and Dyer [8], respec-

tively. Plasma (400 ll) and RBCs (500 ll) were used for

extraction. The phospholipid fraction was isolated from the

plasma total lipids by TLC on silica gel plates developed in

a 60:40:3 ratio solution (v/v/v) of hexane:ether:acetic acid.

Internal standard (23:0 fatty acid) was added to the plasma

phospholipid subfraction and RBC total lipids. We used

23:0 fatty acid as an internal standard because it is not

typically detected in the analyses described here. The lipids

were saponified with 0.5 N NaOH in methanol, and the

resulting fatty acids were methylated using 14% BF3 in

methanol at 100 �C for 30 min and then extracted with

hexane. The FAMEs were separated by capillary column

gas chromatography on an Agilent Series 6890 System

equipped with a 30 m FAMEWAXTM (Restek, State

College, PA) column. A 48:1 split flow ratio with helium as

a carrier gas and a programmed temperature gradient (130–

250 �C) was used. FAMEs were identified by flame ioni-

zation detection. Retention times were compared to a

mixed fatty acid methyl ester standard from NuChek Prep

(Elysian, MN). Fatty acids were quantified by comparison

to the 23:0 internal standard (NuChek Prep Elysian, MN).

Concentrations of fatty acids were not reported in the
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present study because blood volumes from the finger stick

assay were not determined.

Finger Stick Assay

BHT impregnated filter paper squares (Whatman 3MM

chromatography paper, Whatman Inc.) were prepared

according to the methods described by Ichihara et al. [3].

These authors demonstrated that BHT minimized fatty acid

oxidation. A drop of capillary blood was obtained from

each subject by piercing the fingertip with a lancet device

(BD GenieTM Lancet, Emergency Medical Products). A

piece of filter paper was applied to the finger. The blood

sample was dried overnight at room temperature and then

stored for 1 day at -80 �C, the standard storage tempera-

ture for RBCs and plasma. The filter paper samples were

transferred to test tubes with 23:0 fatty acid internal stan-

dard, directly saponified with NaOH, and methylated with

14% BF3 in methanol with no prior extraction step. The

resultant FAMEs were analyzed by gas chromatography

using the aforementioned method except that a split flow of

20:1 was used. The finger stick assay involved direct

transesterification and methylation of the fatty acids with-

out prior lipid extraction.

Statistical Analyses

All statistics were conducted using MinitabTM. Means,

standard deviations, and ranges were calculated for levels

of PUFA in capillary whole blood and for PUFA in RBCs

and PLs from venous blood. One-way ANOVA with the

post hoc Tukey’s test was used to determine significant

difference between levels of PUFA from the assays.

Spearman’s rank correlation was used to determine the

strength of the association between each assay and levels of

LC-PUFA. An a = 0.05 was used to determine statistical

significance.

Results

Table 1 shows the mean mole percent levels, their standard

deviations and ranges for the fatty acids obtained from each

assay. Not surprisingly, values for most mean mole percent

Table 1 Mean mole percent levels of fatty acids from the finger stick and venipuncture assays

Fatty acid RBCs from venipuncture PLs from venipuncture Capillary whole blood from finger stick

Mean ± SD (range)

mol%

Mean ± SD (range)

mol%

Mean ± SD (range)

mol%

14:0 0.53 ± 0.23 (0.20–1.12)a 0.36 ± 0.10 (0.18–0.67)b 0.81 ± 0.22 (0.55–1.53)c

16:0 26.83 ± 1.29 (22.94–29.37)a 28.89 ± 1.67 (25.77–31.71)b 24.58 ± 1.57 (22.46–28.00)c

18:0 10.00 ± 0.85 (8.35–12.79)b 14.61 ± 1.18 (11.07–16.37)a 13.77 ± 1.96 (9.68–17.55)a

20:0 0.11 ± 0.03 (0.07–0.16)a 0.13 ± 0.03 (0.06–0.19)b 0.16 ± 0.03 (0.09–0.22)c

22:0 0.20 ± 0.07 (0.08–0.34)a 0.15 ± 0.05 (0.08–0.28)b 0.18 ± 0.03 (0.10–0.23)ab

24:0 0.48 ± 0.18 (0.18–0.81)b 0.13 ± 0.04 (0.06–0.22)a 0.19 ± 0.10 (0.00–0.32)a

16:1 0.43 ± 0.17 (0.21–1.04)a 0.55 ± 0.20 (0.33–1.16)a 1.27 ± 0.51 (0.67–2.72)b

18:1n-9 14.78 ± 1.17 (11.19–16.57)a 8.49 ± 1.25 (6.49–11.95)b 15.99 ± 1.95 (11.80–19.85)c

18:1n-7 1.80 ± 0.21 (1.40–2.16) 1.99 ± 0.33 (1.38–2.67) 1.86 ± 0.32 (1.40–2.84)

20:1n-9 0.29 ± 0.10 (0.16–0.55)a 0.15 ± 0.04 (0.08–0.30)b 0.23 ± 0.13 (0.10–0.63)a

24:1 0.42 ± 0.16 (0.09–0.72)b 0.14 ± 0.07 (0.00–0.25)a 0.09 ± 0.09 (0.00–0.23)a

18:2n-6 14.59 ± 2.71 (9.08–25.27)b 22.52 ± 2.60 (14.51–26.03)a 23.66 ± 2.99 (14.78–29.09)a

18:3n-6 0.07 ± 0.08 (0.00–0.40)a 0.08 ± 0.04 (0.03–0.21)a 0.25 ± 0.12 (0.06–0.63)b

20:2n-6 0.39 ± 0.10 (0.21–0.61)a 0.37 ± 0.02 (0.21–0.54)a 0.29 ± 0.13 (0.16–0.80)b

20:3n-6 1.44 ± 0.26 (1.11–2.01)a 2.56 ± 0.66 (1.52–3.95)b 1.18 ± 0.24 (0.77–1.73)a

20:4n-6 12.24 ± 1.19 (10.03–14.94)a 10.62 ± 1.27 (8.14–13.43)b 8.06 ± 1.03 (5.69–10.05)c

22:4n-6 2.49 ± 0.55 (1.28–3.46)a 0.33 ± 0.10 (0.18–0.61)b 0.84 ± 0.20 (0.44–1.29)c

22:5n-6 0.50 ± 0.17 (0.19–0.88)b 0.31 ± 0.16 (0.12–0.73)a 0.27 ± 0.12 (0.00–0.51)a

18:3n-3 0.32 ± 0.11 (0.18–0.67)a 0.27 ± 0.08 (0.19–0.51)a 0.55 ± 0.18 (0.36–1.19)b

20:5n-3 0.76 ± 0.42 (0.27–2.06) 0.78 ± 0.52 (0.21–2.41) 0.55 ± 0.33 (0.18–1.59)

22:5n-3 1.40 ± 0.33 (0.55–1.89)b 0.58 ± 0.15 (0.35–0.86)a 0.64 ± 0.19 (0.38–1.06)a

22:6n-3 4.89 ± 1.18 (2.24–7.25)a 4.36 ± 1.24 (1.65–7.03)a 2.76 ± 0.77 (1.14–4.34)b

Different superscripts indicate significant differences between groups, P \ 0.05
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levels of fatty acids from RBC, PLs, and capillary whole

blood differed significantly (P \ 0.05) from each other

because each sample type contained differing amounts of

triglyceride, phospholipid, free fatty acids, and steryl

esters. There was substantial inter-individual variation in

levels of LC-PUFA as demonstrated by the wide range of

values.

For only two fatty acids (18:1n-7 and 20:5n-3) from

capillary whole blood, RBCs, and PLs, the values for mean

mole percent levels were not significantly different

(P [ 0.05). Of the 22 fatty acids considered, the values for

mean mole percent fatty acid levels from capillary whole

blood and PLs were not significantly different for 9 fatty

acids. Values for capillary whole blood and RBCs mean

mole percent fatty acid levels were not significantly dif-

ferent for five fatty acids. For PLs and RBCs, mean mole

percent fatty acid levels were not significantly different for

seven fatty acids.

No assay had consistently higher or lower mole percent

values compared with the other assays. However, the mean

mole percent value for DHA was about 150% lower in

capillary whole blood than in RBCs and PLs.

Table 2 shows the correlations between levels of certain

LC-PUFA in capillary whole blood with those from RBCs

and PL in venous blood. The association between LC-

PUFA levels in RBC and PLs is also provided. Capillary

whole blood DHA, EPA, and DPAn-6 mole percent levels

were highly correlated to those in RBCs and PLs (see

Figs. 1, 2 for DHA). Although highly significant

(P \ 0.002), the R2 values for the correlation of ARA

levels in capillary whole blood with ARA levels in RBCs

and PLs were relatively low (R2 = 0.31 and 0.41, respec-

tively). Notably, the R2 values for the correlation of ARA

between capillary whole blood and RBCs and PLs were

higher than those for the correlation of ARA between

RBCs and PLs (R2 = 0.24).

Discussion

The present study describes an accurate, inexpensive, and

minimally invasive finger stick assay to measure LC-PUFA

levels in capillary whole blood. Measures of DHA and

ARA are particularly important because these LC-PUFA

are present in the brain, retina, and other neural tissues [9].

LC-PUFA have well established benefits for infant cogni-

tive and visual function [10–14], cardiovascular health

[15–21], and may play an important role in neural and

visual health during the aging process [22–25].

Table 2 Correlations for LC-PUFA from the finger stick and veni-

puncture assays

Fatty acid P value R2 value

DHA C22:6n-3

Finger stick versus RBCs \0.001 0.74

Finger stick versus PLs \0.001 0.86

RBC versus PLs \0.001 0.84

EPA C20:5n-3

Finger stick versus RBCs \0.001 0.68

Finger stick versus PLs \0.001 0.64

RBC versus PLs \0.001 0.71

DPA C22:5n-6

Finger stick versus RBCs \0.001 0.74

Finger stick versus PLs \0.001 0.77

RBC versus PLs \0.001 0.49

ARA C20:4n-6

Finger stick versus RBCs 0.002 0.31

Finger stick versus PLs \0.001 0.41

RBC versus PLs \0.012 0.24

Fig. 1 Relationship between mole percent DHA levels from capillary

whole blood and RBC DHA levels from venous blood in subjects with

variable LC-PUFA intakes

Fig. 2 Relationship between mole percent DHA levels from capillary

whole blood and PL DHA from venous blood in subjects with

variable LC-PUFA intakes

184 Lipids (2008) 43:181–186

123



Due to differing dietary intakes of PUFA, there was

substantial inter-individual variation in levels found in

RBCs, PLs, and capillary whole blood as demonstrated by

the wide ranges of values. It is evident that the majority of

mean mole percent levels of fatty acids from RBCs, PLs,

and capillary whole blood were significantly different from

each other. These differences probably reflected differing

amounts of triglyceride, phospholipid, free fatty acids, and

steryl esters in each sample type.

For DHA, the mean mole percent value was much lower

in capillary whole blood than in RBCs or PLs. Since

phospholipid is the predominant lipid class in RBCs it is

reasonable to expect a higher level of DHA in RBCs and

PLs compared with that found in capillary whole blood.

One of the limitations of the finger stick assay is that is uses

whole blood total lipids rather than RBCs and plasma

phospholipids. This may produce results that show artifi-

cially lower levels of DHA due to the presence of less

DHA-containing lipid components such as triglycerides.

This is particularly relevant in individuals with hyperlip-

idemia. This problem may be ameliorated by asking

subjects to fast before the blood draw.

Levels for DHA, DPAn-6 and EPA from both assays

were highly correlated (P \ 0.001, R2 ranged from 0.64 to

0.86). However, the correlation between ARA from capil-

lary whole blood and ARA from RBCs and PLs was not as

strong as compared to the other LC-PUFA. As suggested

by Ichihara et al. [3], correlation with ARA may be

improved when the ARA level is expressed as a proportion

of fatty acids, using the ratio ARA/(EPA + DHA) as an

indicator of n-6/n-3 status. The ratios calculated from both

assays were highly correlated for RBCs (R2 = 0.91,

P \ 0.001) and for PLs (R2 = 0.93, P \ 0.001). Although

the ratio ARA/(EPA + DHA) improves the correlation

with ARA and provides information about n-6/n-3 status, it

does not provide specific information about the level of

ARA. The narrow range of levels for ARA also may

account for the low R2 values for the resulting correlations.

For DHA, EPA, and DPAn-6, the range of levels is much

greater than that found for ARA. The narrow range of

levels for ARA is found in diets that contain differing

amounts of ARA and other PUFA.

DHA has been shown to incorporate into the steryl ester

fraction and to be circulating as a free fatty acid [26]. We

used the AOCS recommended BF3/MeOH methylating

agent because free fatty acids, steryl esters, and sphingo-

myelins are not methylated using the alkaline methanolyis

FAME procedure. The BF3/MeOH FAME method will

methylate these lipid classes and therefore give a more

accurate assessment of blood PUFA status [26]. Notably,

the BF3/MeOH FAME method is appropriate for measur-

ing fatty acid levels in whole blood because the

triglycerides are transesterified.

Although Ohta et al. [1] described a method for the rapid

analysis of plasma phospholipids, the method involved

initial separation of the whole blood into plasma and RBCs

and included a TLC step prior to FAME analysis to isolate

the phospholipid fraction. Both procedures are eliminated

in our method as the whole blood is directly methylated

without prior whole blood or TLC separation.

The finger stick assay described here represents a rapid,

minimally invasive, and cost effective method to determine

LC-PUFA levels, notably DHA and EPA, in capillary

whole blood. The assay may be useful for the determina-

tion of subject compliance in clinical trials, particularly

when LC-PUFA are administered.
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Abstract Omega-3 polyunsaturated fatty acid (PUFA)

dietary intakes and tissue levels are positively associated

with various health benefits. The development of cost

efficient, high throughput methodologies would enable

research in large clinical and population studies, and clin-

ical fatty acid profiling. Microwave heating for the

transesterification of blood fatty acids was examined.

Samples were collected by venous puncture and fingertip

prick onto chromatography paper. Aliquots of serum,

plasma, erythrocytes and whole blood were prepared from

venous blood. Boron trifluoride in methanol was used for

transesterification but sample preparation and heating var-

ied. Fatty acid determinations and markers of omega-3

fatty acid status including the sum of eicosapentaenoic acid

and docosahexaenoic acid, the ratio of total n-3 PUFA to n-

6 PUFA, and the percentage of n-3 highly unsaturated fatty

acids (HUFA, C20 carbons and C3 carbon–carbon double

bonds) in total HUFA were compared. Quantitative deter-

minations indicate that microwave transesterification

results in significantly lower estimates of monounsaturates

and polyunsaturates, possibly through incomplete transe-

sterification of triacylglycerols. However, qualitative

estimates of omega-3 fatty acid status were relatively

similar. Fingertip prick blood collection combined with

direct transesterification by microwave may be a very rapid

method to estimate omega-3 fatty acid status for selected

applications.

Keywords Plasma � Erythrocytes � Whole blood �
Fingertip � Omega-3 fatty acid � EPA � DHA � HUFA

Abbreviations

BF3/

MeOH

Boron trifluoride in methanol

BHT Butylated hydroxytoluene

DHA Docosahexaenoic acid (22:6n-3)

DMA Dimethyl acetal

EDTA Ethylene diaminetetraacetic acid

EPA Eicosapentaenoic acid (20:5n-3)

FAME Fatty acid methyl ester

HUFA Highly unsaturated fatty acids

PUFA Polyunsaturated fatty acid

TLC Thin layer chromatography

17:0 PC 1,2-Diheptadecanoyl-sn–glycero-3-

phosphocholine

17:0 TG Triheptadecanoin

Introduction

Epidemiological and interventional trials have shown that

n-3 polyunsaturated fatty acids (PUFA), specifically

docosahexaenoic acid (22:6n-3, DHA) and eicosapentae-

noic acid (20:5n-3, EPA) have significant cardio-protective

effects [1–5]. These cardio-protective effects are mediated

through various mechanisms including anti-arrhythmia

[5, 6], anti-thrombosis [7], triacylglycerol-lowering [8],
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and heart rate-lowering [9]. An intake of 750 mg/d has

been proposed as a target intake to provide significant anti-

arrhythmic benefits, as well as additional cardiovascular

benefits [10]. Blood measures of n-3 PUFA have been

demonstrated to be a biomarker of dietary n-3 PUFA intake

[11]. It has been proposed that n-3 fatty acid measures in

blood could be developed into an independent risk factor

for coronary heart disease mortality [12]. Large-scale

clinical, intervention and population-based studies are

needed to support the use of blood measures of n-3 PUFA

as a risk factor for cardiovascular disease.

The conventional determination of fatty acids in blood is

a multi-step process that requires highly trained manual

labor. High throughput and cost efficient determinations of

fatty acids would enable large research initiatives and

support routine fatty acid profiling during clinical screen-

ing. Fast gas chromatography for the determination of fatty

acids in human blood has been demonstrated previously

[13, 14]. It has also been demonstrated that fatty acid methyl

esters (FAMEs) can be prepared by direct transesterification

without prior lipid extraction [15–17] and that these steps

can be made amenable to robotics [14]. Fingertip prick

blood sampling techniques can also eliminate the require-

ment for a trained phlebotomist for sample collection [18–

20] and the samples absorbed on chromatography paper can

be directly transesterified to yield for FAMEs for gas

chromatography analysis [20]. FAME preparation remains

time-consuming with conventional methylation often

requiring 1 hour with convectional heat to catalyze the

reaction [20,21], although reaction times as short as 10 min

have been utilized when the transesterification of sphingo-

lipids is not of interest [21,22]. Microwave irradiation has

been substituted for convectional heating during the pro-

duction of FAMEs from phospholipids isolated from brain

lipids [23], but this technique has neither been adapted

widely nor tested exhaustively.

In the present study, the use of direct microwave

transesterification was compared to the traditional use of

convectional heat for the preparation of FAMEs. A primary

interest was the determination of n-3 PUFA status by rapid

methods from venipuncture and fingertip prick blood

samples. Biomarkers of n-3 PUFA status compared include

EPA + DHA with and without the addition of docosapen-

taenoic acid (22:5n-3, DPAn-3), the ratio of total n-3

PUFA to total n-6 PUFA, and the percentage of n-3 highly

unsaturated fatty acids (C20 carbons, C3 carbon–carbon,

double bonds, HUFA) in total HUFA [24]. Analyses of

fingertip blood samples were compared to analyses per-

formed on erythrocyte and plasma total lipid extracts,

plasma phospholipids, and whole blood total lipids with

and without prior lipid extraction.

Methods

Blood Samples

Blood was collected on one occasion by venous puncture

and by fingertip prick (see below for details) from a fasted

male subject, 21 years of age for initial qualitative com-

parisons. The samples were prepared under a series of

conditions (see Table 1 for a summary). A quantitative and

qualitative comparison between convectional block heating

and microwave heating for transesterification was com-

pleted on blood collected on a single occasion from a fasted

male subject, 25 years of age. The study and methods were

reviewed and received clearance from the Office of

Research Ethics at the University of Waterloo.

Table 1 Blood collection and sample preparation conditions

Sample Abbreviation Collection Extraction Methanolysis

Serum total lipids Serum Venous Yes Convectional heat 60 min

Plasma total lipids Plasma Venous Yes Convectional heat 60 min

Plasma phospholipid Plasma PL Venous Yes Convectional heat 60 min

Erythrocyte total lipids Erythrocyte Venous Yes Convectional heat 60 min

Whole blood total lipids WB Ext Con60 Venous Yes Convectional heat 60 min

WB Con15 Venous Yes Convectional heat 15 min

WB Ext Micro Venous Yes Microwave (45 s)

WB Drop Micro Venous No Microwave (45 s)

WB Paper Micro Venous onto paper No Microwave (45 s)

FTP Dir Con60 FTP onto paper No Convectional heat 60 min

FTP Dir Con15 FTP onto paper No Convectional heat 15 min

FTP Dir Micro FTP onto paper No Microwave (45 s)

PL phospholipid; WB whole blood; Ext lipid extraction prior to transesterification; Con60 convectional heating for 60 min; Con15 convectional

heating for 15 min; Micro microwave heating; Drop blood dropped into solvent without absorbent; Paper blood absorbed onto chromatography

paper; FTP fingertip prick blood; Dir direct transesterification
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Finger Prick Samples

Finger prick blood samples were obtained by puncturing

the fingertip with a sterile, disposable, lancing device (A.R.

Medicom Inc., Montreal, QC, Canada). Blood was absor-

bed on a thin strip (3.0 cm 9 0.5 cm) of chromatography

paper (Analtech, Newark, DE) as the processing of chro-

matography paper for fatty acid analysis produced no peaks

during gas chromatography in agreement with previous

findings [20]. The incorporation of 2,6-di-tert-butyl-4-

methylphenol (butylated hydroxytoluene, BHT) into the

absorbent was not necessary as samples in the present

study were not stored, but prepared immediately after

collection [20]. Each fingertip prick blood sample consisted

of enough blood to saturate approximately 0.5 cm 9 1.0

cm of chromatography paper. This section of chromatog-

raphy paper with absorbed blood was cut into and

completely submerged in the transesterification solvents to

prevent combustion during heating, particularly with

microwave heating. Conventional extraction of lipids was

bypassed for the fingertip prick samples and they were

prepared by direct transesterification with boron trifluoride

in methanol (BF3/MeOH, 14% w/v; Alltech Associates,

Deerfield, IL) with the addition of hexane.

Venous Blood Samples

Venous blood was collected from the antecubital vein by a

trained technician into 10 ml evacuated tubes (Vacutainer;

Becton Dickinson, Franklin Lakes, NJ) with ethylene di-

aminetetraacetic acid (EDTA) as an anticoagulant for

plasma, erythrocyte and whole blood preparations and

without EDTA for serum preparations. Whole blood from

the EDTA blood collection was aliquoted (100 ll each)

into borosilicate glass tubes (13 mm 9 10 mm, Fisher

Scientific). Strips of chromatography paper were dipped

into collected whole blood to compare blood collected

from the antecubital vein to fingertip prick collected blood.

Plasma and erythrocytes, and serum were prepared from

EDTA blood and clotted blood, respectively, by centrifu-

gation at 3,000 rpm for 15 min. The erythrocytes were

washed twice with 3 ml of sodium chloride solution (0.9%

in water, B. Braun Medical, Irvine, CA) to remove plasma

and leukocytes. Washed erythrocytes were aliquoted by

weight (0.16–0.18 g) for preparation of FAMEs.

Conventional Sample Preparation

Total lipids from plasma, serum and whole blood samples

were extracted according to the method described by Folch

et al. [25]. Briefly, 3 ml chloroform:methanol (2:1 v/v)

containing an 3.33 lg/ml of an internal standard (22:3n-3

ethyl ester; Nu-Chek Prep, Elysian, MN) and 50 lg/ml

BHT (Sigma–Aldrich Inc., St. Louis, MO) was added to

each 100 ll sample and vortexed for 1 min. Sodium

phosphate solution (500 ll of 0.5 M) was added, and

samples were mixed by inversion and centrifuged at

3,000 rpm for 5 min. The organic phase was collected,

evaporated to dryness under nitrogen gas and lipids were

redissolved in 300 ll of hexane for direct transesterifica-

tion or 100 ll of chloroform for phospholipid isolation

(plasma only). Erythrocytes were prepared according to

Reed et al. [26]. Briefly, 1 ml of cold methanol (containing

50 lg BHT and 20 lg 22:3n-3 ethyl ester internal stan-

dard) was added to erythrocytes (0.16–0.18 g) and

vortexed for 1 ml to lyse cells. Chloroform (1 ml) was then

added, followed by vortexing and storage overnight at

-80 �C. The following day, samples were thawed, vor-

texed, and then centrifuged at 3,000 rpm for 10 min. The

supernatant was collected, and the remaining pellet was

reextracted using 2 ml chloroform:methanol (1:1 v/v). The

extracted supernatants were combined and 1.8 ml of water

was added to separate the aqueous and organic phases [27].

The organic phase was collected and lipids isolated as

described for plasma, serum and whole blood.

Plasma phospholipids were also isolated by thin layer

chromatography (TLC) [28]. Briefly, total lipid extracts of

plasma were applied to silica gel plates (Whatman, Clifton,

NJ) and lipids were separated using a mixture of heptane:

diethylether: methylene chloride (60:40:2 by volume;

J.T. Baker, Phillipsburg, NJ). Samples were run alongside a

TLC reference standard (TLC 18–5 A, Nu-Chek Prep,

Elysian, MN), visualized with 20,70-dichlorofluorescein

(Sigma, St. Louis, MO) under ultraviolet light and the

phospholipid band collected for transesterification.

Total lipid extracts of serum, plasma, erythrocytes, and

whole blood and plasma phospholipids in 300 ll of hexane

were transesterified using 1 ml of BF3/MeOH (14% w/v)

without prior saponification as described previously [21]

with convectional heat by a block heater for 60 min at

90�C. The use of convectional heat by block heater for

60 min was also used on a set of fingertip blood samples.

The use of convectional heat for only 15 min was also

examined on whole blood and fingertip prick blood

samples.

Direct Microwave Transesterification

Fingertip blood on chromatography paper, whole blood on

chromatography paper, and whole blood dropped directly

into the solvents were prepared by direct microwave

transesterification using 1 ml BF3/MeOH (14% w/v) with

the addition of 300 ll of hexane with BHT added.

Lipids (2008) 43:187–196 189

123



A commercial microwave oven (model MW8107WAC,

1,000 W; Emerson, Toronto, ON) was used at power level

4 for 45 s for the transesterification of fatty acids to

FAMEs. Lower power settings or less time proved to be

insufficient to carry out the reaction, and more aggressive

reaction conditions did not improve results and increased

the risk of explosion (data not shown). Although the set-

tings were optimal for our commercial microwave oven, it

is important to note that these settings differed from those

presented previously [23]. This is likely due to high vari-

ation in household microwave ovens. After heating by

microwave, samples were allowed to cool to room tem-

perature and the FAMEs collected in the hexane after the

addition of additional hexane and deionized water. The

hexane layer containing the FAMEs was collected, dried to

a volume of 100 ll and capped under nitrogen, and stored

at -80�C until analysis by gas chromatography.

Quantitative Comparisons

Initial qualitative results warranted further investigation

between the use of direct transesterification for FAME

generation by convectional and microwave heating. Whole

blood samples (50 ll each) were aliquoted directly into

1 ml BF3/MeOH (14% w/v) with the addition of hexane

(300 ll). BHT and an internal standard (22:3n-3 methyl

ester, Nu-Chek Prep) were added to the hexane previously.

Samples were then heated by either block heating (60 min

at 90�C) or microwave heating (power level 4 for 45 s) as

described above. Note that 22:3n-3 ethyl ester, an internal

standard we use to indicate complete transesterification for

convectional techniques was not completely transesterified

by microwave transesterification as both methyl and ethyl

esters of 22:3n-3 were detected when only 22:3n-3 ethyl

ester was included. Concentrations of individual fatty acids

were determined based on the peak area of a calibrated

internal standard (22:3n-3 methyl ester) after peaks areas

were adjusted by individual peak response factors as

determined by a 28 component qualitative standard mixture

GLC-462, Nu-Chek Prep).

The transesterification of fatty acids bound specifically to

triacylglycerols or phospholipids was examined. Trihep-

tadecanoin (17:0 TG, Nu-Chek) and 1,2-diheptadecanoyl-

sn-glycero-3-phosphocholine (17:0 PC, Avanti Polar Lipids

Inc., Alabaster, AL) were purchased and FAMES prepared

by direct transesterification methods with convectional and

microwave heat.

Gas Chromatography Analysis

Analyses were performed on a Shimadzu 17-A gas chro-

matograph (Shimadzu, Columbia, MD) with a fused silica

capillary column (DB-FFAP), 30 m 9 0.25 mm inner

diameter 9 0.25 lm film thickness (J&W Scientific, Agi-

lent Technologies, Palo Alto, CA). A Shimadzu AOC-17

automatic injector was used, and 2 ll of each sample were

injected, at a split ratio of 8:1 and injector temperature of

250 �C. Samples were detected with a flame ionization

detector at 250 �C. The temperature program consisted of

an initial temperature of 130 �C with 1 min hold, ramp

4 �C/min to 178 �C, 1 �C/min to 195 �C with 17 min hold,

and 40 �C/min to 245 �C with 12 min hold. Pressure was

held constant at 106 kPa, and the carrier gas was H2.

Shimadzu Class-VP software was used for integration.

Peaks with retention times and fatty acids were detected as

compared to an external standard (GLC-462).

Gas Chromatography Mass Spectrometry (GC-MS)

Analysis

Individual peaks, particularly dimethyl acetal (DMA)

peaks were confirmed with GC-MS analysis on a 3800

gas chromatograph equipped with a Varian 4000 ion trap

mass spectrometer in external EI mode (Varian Canada

Inc., Mississauga, ON). DMAs were identified with target

ion mass to charge ratios (m/z) of 255, 281 and 283 for

16:0 DMA, 18:1 DMA and 18:0 DMA, respec-

tively[29,30]. The fatty acid methyl esters in hexane were

injected onto a DB-FFAP 30 m 9 0.25 mm i.d. 9 25 lm

film thickness, capillary column (J&W Scientific from

Agilent Technologies, Mississauga, ON) interfaced

directly onto the ion source with helium as the carrier gas.

Initial column temperature was 50 �C with a 1 min hold

followed by a 30 �C/min ramp to 130 �C, an 8 �C/min

ramp to 175 �C, a 1 �C/min ramp to 210 �C, and a

30 �C/min ramp to 245 �C with a 30 min hold at the end.

The injector and transfer line were maintained at 260 �C

and 250 �C, respectively. The source temperature and

manifold temperatures were 180 and 50 �C, respectively.

The low mass range was selected as 50 m/z to exclude air

and water contaminants, and the high mass range was 400

m/z to include the full range of fatty acid methyl esters.

A target total ion count of 20,000 was selected with a

maximum ionization time of 65,000 ls, and an emission

current of 25 lA for the ion trap. In addition, a 3 lScan

average for each data point resulting in a 0.55 s maximum

scan time was utilized.

Data Analyses and Statistics

The fatty acid composition of blood samples and common

biomarkers for expressing omega-3 PUFA status were

determined. These included EPA + DHA, EPA + DPAn-
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3 + DHA, the ratio of n-3 to n-6 PUFA and the % of n-3

HUFA in total HUFA. The equation for calculation of the % of

n-3 HUFA in total HUFA was: (20:3n-3 + 20:5n-3 + 22:5n-

3 + 22:6n-3)/(20:3n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3 +

20:3n-6 +20:4n-6 + 22:4n-6 + 22:5n-6 + 20:3n-9) 9 100.

The qualitative determinations of various blood fractions

were compared by one-way ANOVA with comparisons of

individual means by Tukey’s Honestly Significantly Dif-

ference (HSD) tests as were whole blood samples including

fingertip prick samples that varied by preparation tech-

niques. Due to the number of statistical comparisons made,

significance was inferred when P \ 0.01. The comparisons

of quantitative determinations in human blood and with

standards were made by paired t-tests with significance

inferred at P \ 0.05. All values are expressed as

means ± SD.

Results

Blood Fractions

The fatty acid composition of human blood is dependent on

the blood fraction collected (Table 2). Fatty acid compo-

sitions of serum and plasma total lipid extracts were

similar, while plasma phospholipid and erythrocyte total

lipid had significantly higher percentages of saturated fatty

acids and lower percentages of monounsaturated fatty

Table 2 Fatty acid composition

of various blood samples by

conventional techniques

Values are means ± SD, n = 4.

SFA saturated fatty acids; DMA
dimethyl acetal; MUFA
monounsaturated fatty acids;

PUFA polyunsaturated fatty

acids. Fatty acids with different

alphabetical superscripts are

statistically different by Tukey’s

HSD after significant F value by

one-way ANOVA, P \ 0.01

Fatty acids Serum Plasma Plasma Erythrocytes Whole blood

Total lipid Total lipid Phospholipid Total lipid Total lipid

mol% of total fatty acids

14:0 1.34 ± 0.01d 1.37 ± 0.03d 0.77 ± 0.09b 0.45 ± 0.01a 1.01 ± 0.01c

16:0 23.01 ± 0.10a 23.01 ± 0.35a 30.40 ± 0.58c 24.59 ± 0.38b 23.07 ± 0.12a

18:0 5.45 ± 0.03a 5.52 ± 0.21a 12.09 ± 0.61c 13.06 ± 0.52c 8.87 ± 0.09b

20:0 0.13 ± 0.01a 0.13 ± 0.01a 0.33 ± 0.06b 0.31 ± 0.02b 0.19 ± 0.01a

22:0 0.34 ± 0.02a 0.32 ± 0.04a 0.86 ± 0.04c 1.18 ± 0.05d 0.59 ± 0.02b

23:0 0.15 ± 0.01a 0.13 ± 0.02a 0.33 ± 0.01c 0.20 ± 0.01b 0.14 ± 0.01a

24:0 0.28 ± 0.02a 0.26 ± 0.03a 0.71 ± 0.05b 3.00 ± 0.16d 1.07 ± 0.03c

SFA 30.81 ± 0.15a 30.89 ± 0.65a 46.30 ± 0.83d 41.92 ± 0.55c 35.09 ± 0.23b

16:0 DMA 0.21 ± 0.03a 0.21 ± 0.02a 0.30 ± 0.02a 1.64 ± 0.13c 0.68 ± 0.04b

18:0 DMA 0.05 ± 0.03ab 0.08 ± 0.01b n.d.a 0.45 ± 0.02d 0.18 ± 0.03c

18:1 DMA n.d.a n.d.a n.d.a 0.37 ± 0.02c 0.14 ± 0.02b

Total DMA 0.25 ± 0.05a 0.29 ± 0.02a 0.30 ± 0.02a 2.45 ± 0.16c 1.01 ± 0.09b

14:1 0.12 ± 0.01 0.13 ± 0.01 0.05 ± 0.10 0.02 ± 0.05 0.09 ± 0.06

16:1n-7 3.57 ± 0.13c 3.57 ± 0.07c 0.84 ± 0.07a 0.89 ± 0.13a 2.54 ± 0.10b

18:1n-7 1.86 ± 0.04c 1.83 ± 0.04bc 1.51 ± 0.05a 1.53 ± 0.03a 1.72 ± 0.03b

18:1n-9 19.38 ± 0.10d 19.26 ± 0.45d 8.26 ± 0.07a 12.40 ± 0.17b 17.02 ± 0.13c

20:1n-9 0.35 ± 0.05 0.33 ± 0.02 0.39 ± 0.12 0.36 ± 0.04 0.29 ± 0.05

24:1n-9 0.44 ± 0.02a 0.44 ± 0.05a 1.18 ± 0.03b 3.14 ± 0.16c 1.22 ± 0.04b

MUFA 25.79 ± 0.12d 25.65 ± 0.40d 12.37 ± 0.48a 18.54 ± 0.50b 22.95 ± 0.07c

18:2n-6 29.61 ± 0.05d 29.51 ± 0.41d 22.17 ± 0.38b 11.35 ± 0.18a 23.14 ± 0.10c

18:3n-6 0.37 ± 0.01b 0.37 ± 0.01b 0.07 ± 0.14a 0.08 ± 0.06a 0.29 ± 0.01b

20:2n-6 0.26 ± 0.01b 0.28 ± 0.01bc 0.33 ± 0.08b 0.30 ± 0.01b 0.10 ± 0.01a

20:3n-6 0.70 ± 0.01a 0.71 ± 0.02a 1.57 ± 0.04b 0.75 ± 0.01a 0.73 ± 0.01a

20:4n-6 5.50 ± 0.04a 5.56 ± 0.12a 9.40 ± 0.11c 13.23 ± 0.15d 8.75 ± 0.04b

22:4n-6 0.20 ± 0.01a 0.20 ± 0.01a 0.41 ± 0.07b 3.06 ± 0.02d 1.22 ± 0.01c

22:5n-6 0.11 ± 0.01a 0.11 ± 0.01a 0.25 ± 0.02b 0.45 ± 0.02c 0.14 ± 0.07a

n-6 PUFA 36.74 ± 0.09c 36.73 ± 0.33c 34.28 ± 0.22b 29.22 ± 0.26a 34.37 ± 0.16b

18:3n-3 0.91 ± 0.01c 0.91 ± 0.01c 0.28 ± 0.08a 0.18 ± 0.01a 0.65 ± 0.01b

20:5n-3 0.56 ± 0.01a 0.55 ± 0.02a 0.81 ± 0.06b 0.53 ± 0.01a 0.53 ± 0.01a

22:5n-3 0.48 ± 0.01a 0.49 ± 0.03a 0.94 ± 0.07b 2.22 ± 0.02d 1.11 ± 0.01c

22:6n-3 0.72 ± 0.02a 0.75 ± 0.02a 1.52 ± 0.05c 1.99 ± 0.06d 1.17 ± 0.02b

n-3 PUFA 2.67 ± 0.03a 2.70 ± 0.07a 3.59 ± 0.33b 4.92 ± 0.06c 3.45 ± 0.02b

PUFA 39.41 ± 0.12c 39.43 ± 0.31c 37.87 ± 0.43b 34.14 ± 0.25a 37.82 ± 0.17b
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acids, and slightly lower polyunsaturated fatty acids. A

closer examination of the polyunsaturated fatty acids

indicate that in plasma and serum total lipid, the signifi-

cantly higher amounts linoleic acid (18:2n-6) are

responsible for this difference, as the HUFAs such as

arachidonic acid (20:4n-6, AA) and DHA are higher in the

erythrocytes and plasma phospholipid. Theses differences

are to be expected and are largely dictated by differences in

the lipid classes, with plasma and serum total lipids con-

taining lipoproteins with significant amounts of

triacylglycerols and cholesterol esters [31] that contain a

higher proportion of oleic (18:1n-9) and linoleic acid, and

lower proportions of HUFAs.

In the present blood samples, there were higher pro-

portions of HUFAs, except EPA and 20:3n-6 in

erythrocytes. Erythrocytes also had much lower levels of

18:2n-6 and 16:0, but higher levels of 18:1n-9, 24:1n-9

(found mainly in sphingolipids) and dimethyl acetals

(DMAs, derived from the methylation of plasmologens).

Differences in plasma phospholipids and erythrocytes is

largely determined by the higher proportion of inner leaflet

membranes with significantly higher amounts of phospha-

tidylethanolamine in erythrocytes as compared to

phosphatidylcholine dominated monolayers of lipoproteins

[31]. Whole blood total lipid fatty acid compositions reflect

the mixture of erythrocyte and plasma total lipids with fatty

acid percentages falling intermediary of the two extremes.

Convectional Versus Microwave Heat

The use of convectional heat at 90 �C for 60 min, con-

vectional heat at 90 �C for 15 min and microwave heat at

power level 4 for 45 s for the transesterification of lipid

extracts from whole blood and fingertip prick blood on

chromatography paper demonstrated significant differences

in fatty acid composition (Fig. 1). Direct transesterification

of fingertip blood by microwave methylation differed from

the other methods to the greatest degree. Specifically, the

percentage of saturates was significantly higher and the

percentage of monounsaturates were lower with direct

microwave transesterification. Interestingly, prior lipid

extraction of whole blood followed by microwave meth-

ylation resulted in values more similar to those obtained by

transesterification mediated by convectional heat, sug-

gesting that sample matrix was affecting microwave

transesterification. In regards to PUFA, the differences

were less pronounced. An additional experiment compar-

ing microwave transesterification on whole blood lipid

extract, whole blood dipped in chromatography paper,

whole blood added directly to the solvent mixture, and

fingertip prick blood on chromatography paper was com-

pleted (Fig. 2). Direct transesterification of fingertip prick

blood on chromatography paper and whole blood without

prior lipid extraction (on chromatography paper or directly

Fig. 1 The effects of

transesterification by

convectional heat for 60 min

and 15 min or by microwave on

lipid extracts from whole blood

and blood absorbed on

chromatography paper from a

fingertip prick. Values are

means ± SD, n = 4. Bars with

different alphabetical

superscripts within a grouping

are statistically different by

Tukey’s HSD after significant F
value by one-way ANOVA,

P \ 0.01

Fig. 2 The effects of transesterification by microwave on whole

blood with and without prior extraction, and blood absorbed on

chromatography paper from venous sampling and from a fingertip

prick. Values are means ± SD, n = 4. Bars with different alphabet-

ical superscripts within a grouping are statistically different by

Tukey’s HSD after significant F value by one-way ANOVA,

P \ 0.01
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dropped in solvents) resulted in similar determinations

which were different than when lipids were previously

extracted. Individual fatty acid results are presented in

detail in Supplementary Table I.

Quantitative Determinations

Quantitative determinations of fatty acids (lg/ml) in whole

blood using convectional heating and microwave indicated

a greater number of significant differences as compared to

when the data was expressed as a relative percentage of total

fatty acids (Table 3). The total fatty acid concentration

tended to be lower with microwave methylation

(2180 ± 46 vs. 1704 ± 46, P = 0.052). There was no dif-

ference in the concentration of total saturates, although

there were significantly lower determinations of 22:0, 23:0

and 24:0, possibly reflecting lower rates of transesterifica-

tion of sphingolipids. Total monounsaturated fatty acids as

determined by microwave transesterification were signifi-

cantly lower and only 58% of the total monounsaturates as

determined by convectional heat. The determinations of

Table 3 Qualitative and

quantitative determinations after

direct transesterification of

whole blood using convectional

heat and microwave heat

Values are means ± SD, n = 4.

SFA saturated fatty acids; DMA
dimethyl acetal; MUFA
monounsaturated fatty acids;

PUFA polyunsaturated fatty

acids. Significantly different

than convectional by paired

t-test

* P \ 0.05; ** P \ 0.001

Fatty acids Qualitative Quantitative

Convectional

(mol% of total

fatty acids)

Microwave

(mol% of total

fatty acids)

Convectional

(lg/ml)

Microwave

(lg/ml)

14:0 0.76 ± 0.05 0.83 ± 0.05 14.0 ± 0.6 12.1 ± 1.5

16:0 20.65 ± 0.56 22.82 ± 1.03 426 ± 9 375 ± 39

18:0 9.88 ± 0.23 17.19 ± 1.03** 226 ± 4 314 ± 38

20:0 0.24 ± 0.02 0.26 ± 0.03 5.95 ± 0.32 5.14 ± 0.69

22:0 0.64 ± 0.05 0.25 ± 0.09* 17.5 ± 0.5 5.31 ± 1.45*

23:0 0.17 ± 0.01 0.06 ± 0.03* 4.83 ± 0.22 1.40 ± 0.52*

24:0 1.45 ± 0.19 0.38 ± 0.27 43.0 ± 3.2 8.89 ± 5.35*

SFA 34.03 ± 1.02 42.32 ± 1.88* 767 ± 21 790 ± 94

16:0 DMA 0.56 ± 0.34 1.46 ± 0.54 11.7 ± 6.0 24.3 ± 8.5

18:0 DMA 0.61 ± 0.33 1.99 ± 0.64 14.1 ± 6.4 36.6 ± 11.3

18:1 DMA 0.18 ± 0.09 0.55 ± 0.20 4.25 ± 1.85 10.1 ± 3.5

Total DMA 1.35 ± 0.75 4.01 ± 1.38 30.0 ± 14.1 71.0 ± 23.3

14:1 0.01 ± 0.02 0.05 ± 0.01 0.24 ± 0.34 0.72 ± 0.18

16:1n-7 1.34 ± 0.12 0.70 ± 0.15* 27.5 ± 2.6 11.3 ± 1.9**

18:1n-7 1.43 ± 0.02 1.25 ± 0.03* 32.6 ± 0.8 22.6 ± 1.5*

18:1n-9 15.35 ± 0.24 12.14 ± 1.34 349 ± 9 219 ± 18**

20:1n-9 0.76 ± 0.12 0.38 ± 0.01* 19.0 ± 1.8 7.53 ± 0.48**

22:1n-9 0.11 ± 0.03 0.06 ± 0.01 2.93 ± 0.66 1.32 ± 0.17

24:1n-9 1.99 ± 0.18 0.56 ± 0.39* 58.4 ± 2.5 12.7 ± 6.2*

MUFA 21.00 ± 0.39 15.15 ± 1.83 494 ± 9 285 ± 20**

18:2n-6 19.24 ± 0.64 14.96 ± 2.12 434 ± 12 267 ± 27*

18:3n-6 0.30 ± 0.03 0.21 ± 0.05 6.79 ± 0.36 3.66 ± 0.72*

20:2n-6 0.23 ± 0.01 0.19 ± 0.02* 5.75 ± 0.10 3.80 ± 0.20*

20:3n-6 1.12 ± 0.04 1.04 ± 0.02* 27.7 ± 0.4 20.4 ± 1.3*

20:4n-6 6.70 ± 0.21 6.40 ± 0.13* 164 ± 2 125 ± 9*

22:4n-6 0.53 ± 0.02 0.59 ± 0.06* 14.3 ± 0.1 12.5 ± 1.8

22:5n-6 0.16 ± 0.01 0.12 ± 0.02 4.17 ± 0.39 2.56 ± 0.44

n-6 PUFA 28.29 ± 0.91 23.60 ± 2.02 657 ± 15 437 ± 28*

18:3n-3 0.54 ± 0.02 0.43 ± 0.07 12.0 ± 0.4 7.56 ± 0.99*

20:5n-3 2.47 ± 0.10 2.21 ± 0.05 60.1 ± 1.4 42.8 ± 2.6*

22:5n-3 1.46 ± 0.06 1.54 ± 0.09 38.7 ± 0.3 32.5 ± 3.2

22:6n-3 5.77 ± 0.33 5.23 ± 0.06 152 ± 4 110 ± 8*

n-3 PUFA 10.23 ± 0.51 9.41 ± 0.09 263 ± 6 193 ± 14*

PUFA 38.52 ± 1.42 33.01 ± 2.01 920 ± 20 629 ± 37*

Total fatty acids 2,180 ± 46 1,704 ± 126
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PUFAs were also significantly lower with microwave with

microwave determinations being only 68% of the convec-

tional heat. Within the PUFAs, the 18 carbon PUFAs tended

to reflect the determinations in monounsaturates with

microwave determinations being only 60% of convectional

heat while HUFA determinations by microwave were 75%

of convectional determinations with no difference in the n-6

versus n-3 HUFAs. Interestingly, DMA estimates were

slightly, but not significantly higher when prepared by

microwave transesterification.

Direct transesterification of 17:0 TG and 17:0 PC stan-

dards by convectional and microwave heating indicated

that convectional heating resulted in estimates relative

similar to theoretical yields. Determinations by microwave

heating tended to be lower than convectional heating for

phospholipids (P = 0.06), but were significantly lower for

triacylglycerols (P = 0.01) (Fig. 3).

Biomarkers of n-3 Status

Biomarkers of n-3 PUFA status were determined for all

qualitative analyses including different blood fractions and

different methodologies (Fig. 4). The range of values were:

1.28 ± 0.02 to 2.52 ± 0.04 for EPA + DHA; 1.76 ± 0.03

to 4.74 ± 0.06 for EPA + DPAn-3 + DHA; 20.10 ± 0.15

to 22.14 ± 1.26 for the % of n-3 HUFA in total HUFA;

and 0.073 ± 0.001 to 0.168 ± 0.003 for n-3/n-6. The

lowest value for each biomarker came from serum or

plasma and the highest value came from erythrocytes,

except for the % on n-3 HUFA in total HUFA. Expressing

values as the % of n-3 HUFA in total HUFA resulted in a

much tighter range across methodologies. As a result, the

lowest value (fingertip prick blood transesterified with

convectional heat) was different only from the highest

value (plasma phospholipid). The highest value (plasma

phospholipid) was statistically similar to serum, plasma,

erythrocyte and 15 min convectional transesterified whole

blood lipid extract determinations.

Overall, microwave heating tended to result in slightly

higher estimates in biomarkers of n-3 PUFA status as

compared with convectional heating for 60 min, but dif-

ferences were not consistent when compared to

convectional heating for 15 min. When expressed as the %

of n-3 HUFA in total HUFA, the increases with microwave

heating were not present.

Discussion

The conventional methods for fatty acid determinations

compared in the present study are by no means exhaustive,

but were focused on incorporating several common meth-

ods used to estimate n-3 PUFA levels in human blood

samples. Although a major focus was on examining the

utility of microwave transesterification, the analysis of

various blood fractions including fingertip blood were

compared to promote are more comprehensive under-

standing of measures of n-3 PUFA. The use of microwave

heating for transesterification of fatty acids for analysis by

gas chromatography has potential, but it appears utility

may be limited to rapid, qualitative estimates of n-3 PUFA

status with some loss of precision and accuracy. Fingertip

prick blood sample collection however, proved to be an

effective and inexpensive method for whole blood sample

collection when only total lipid fatty acid composition is of

interest as demonstrated previously [20].

There is very limited literature examining the use of

microwave energy for driving fatty acid transesterification

reactions [23,32]. The present study is the first to document

significant limitations in the use of microwave transeste-

rification in place of convectional transesterification. The

present study indicates that direct microwave transesteri-

fication of whole blood can result in significantly higher

qualitative estimates of saturated fatty acids and lower

estimates of monounsaturated fatty acids. Quantitative

analyses indicate that the determination of saturated fatty

acids by microwave transesterification is in fact similar to

convectional heat, but that polyunsaturates and monoun-

saturates in particular are significantly underestimated.

Very low determinations of monounsaturates (mainly

18:1n-9) and 18:2n-6 specifically among PUFAs suggested

that transesterification rates may differ by lipid class. The

use of 17:0 TG and 17:0 PC confirmed that microwave

Fig. 3 The amount of heptadecanoic acid (17:0) determined from

triheptadecanoin (17:0 TG) and diheptadecanoyl phosphatidylcholine

(17:0 PC) by transesterification with convectional and microwave

heat. Values are means ± SD, n = 4. *Significantly different from

convectional heat by paired t-test, P \ 0.05
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transesterification had significant discrepancies with the

transesterification of triacylglycerols as compared with

convectional heat. These differences may partly explain

differences observed in quantitative and qualitative

estimates of fatty acid composition. Microwave transeste-

rification also resulted in lower determinations of fatty

acids associated with sphingolipids such as 24:1n-9, a

phenomenon previously observed and duplicated in the

present study when BF3/MeOH direct transesterification by

convectional heating is \60 min [21].

The use of microwave heating for the preparation of

FAMEs requires further research. In the present study, we

were biased towards one-step direct transesterification

methods that are more suitable for robotic automation.

Whole blood is a challenging matrix to analyze given that

it is a mixture of lipid classes with mono- and bi-layer

membranes and various proteins. Limitations with the use

of microwave heating may be reduced if other approaches

are examined rather than just direct transesterification.

Sample preparation techniques such as the isolation of

individual lipid classes and the saponification of lipids

prior to derivatisation may be more amenable to micro-

wave based methylation. Increasing the percentage of BF3

in methanol, or the use of catalysts other than BF3/MeOH

may improve quantitative fatty acid determinations with

microwave transesterification. Using research scale

microwave synthesizers appears relevant, although these

instruments are considerable more expensive than house-

hold microwave ovens. These alternative approaches may

however introduce other limitations such as an increase in

sample handling time and the loss of free or esterified fatty

acids in multi-step techniques, and the increased risk of

generating methoxy-substituted fatty acids with higher BF3

concentrations [33].

Despite the limitations of microwave driven transeste-

rifications of blood samples, we have found that it has

utility. Although the quantitative estimates by microwave

transesterification were lower than by convection transe-

sterification, the decrease in accuracy was consistent for n-

3 and n-6 HUFAs. Therefore, when the data is expressed as

the % of n-3 HUFA in total HUFA, the absolute values

determined with microwave transesterification are very

close to values determined by convectional heating.

Therefore when direct microwave transesterification is

combined with fingertip prick blood collection and fast gas

chromatography [13,14] n-3 PUFA status for a single

individual can be determined in under 30 min. This is

quicker than dietary assessment tools, and is particularly

Fig. 4 Values of n-3 fatty acids

biomarkers as determined from

various blood fractions and by

various analytical methods.

Values are means ± SD, n = 4.

Bars with different alphabetical

superscripts within a grouping

are statistically different by

Tukey’s HSD after significant F
value by one-way ANOVA,

P \ 0.01
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useful when screening research participants for n-3 PUFA

intervention studies and other blood biochemical parame-

ters are not of interest.

The present findings also support further consideration

of the % of n-3 HUFA in total HUFA as a universal blood

biomarker for n-3 HUFA status [24]. The tight range of this

biomarker across various blood fractions and methods in

the present study as compared to other markers provides a

significant advantage in knowledge translation and public

health targets. Adding 750 mg of EPA + DHA to the

typical North American diet as proposed for significant

cardioprotection [10] without changing in other fatty acid

intakes should result in a % of n-3 HUFA in total HUFA of

44% using equations developed by Lands et al. [34]. A

target of 40% of n-3 HUFA in total HUFA corresponds to a

lower risk of mortality from myocardial infarction [35,36]

and roughly corresponds to an EPA + DHA value of 8% of

total fatty acids in erythrocytes [12].

The use of the % of n-3 HUFA in total HUFA as an n-3

biomarker, and microwave heating require further assess-

ment. For the % of n-3 HUFA in total HUFA,

determinations across individuals consuming a range of n-3

PUFA, and an assessment of the ability of this biomarker to

predict disease risk are required. In addition, the % of n-3

HUFA in total HUFA largely characterizes the sn-2 posi-

tion of membrane phospholipids [24] and therefore health/

disease associations may be limited to sn-2 related physi-

ological mechanisms. Fatty acid biological effects

mediated by 18:2n-6 and 18:3n-3 for example, may not be

represented by this biomarker. The use of direct microwave

transesterification for preparation of FAMEs also requires

testing across a wider range of fatty acid compositions.

Additional modifications and testing of microwave

transesterification/methylation is definitely required, how-

ever it can serve as a rapid, qualitative assessment of n-3

fatty acid status. The potential application of cheap, rapid

qualitative methods for clinical screening is dependent not

only on further developments of such methods, but also

continued efforts to associate n-3 biomarkers to disease

risk so that healthy recommendations and targets can be

made that will allow specificity and sensitivity evaluations

of these high throughput, novel methods.
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Abstract Stearoyl-CoA desaturase (SCD) catalyzes the

formation of monounsaturated fatty acids from saturated

fatty acids. It plays a key role in lipid metabolism and

energy expenditure in mammals. In mice, four SCD iso-

forms (SCD1–4) have been identified. Here we report the

identification of cDNA sequences corresponding to SCD1,

SCD2 and SCD3 of golden hamster. The deduced amino

acid sequences of these hamster SCD (hmSCD) isoforms

display a high degree of homologies to their mouse coun-

terparts (mouse SCD). Polyclonal antibodies specific to

rodent SCDs detected proteins of predicted size in the

human embryonic kidney 293 cells transfected with

hmSCD cDNAs. Microsome fractions prepared from these

cells also displayed increased SCD activity versus cells

transfected with vector alone. Real-time reverse transcrip-

tion-polymerase chain reaction analysis revealed the

highest expression of hmSCD1 in liver and adipose tissue,

while the highest hmSCD2 expression was detected in the

brain. Very low levels of hmSCD3 mRNA can be detected

in the tissues tested. This report is the first description of

three SCD isoforms in the hamster and will provide useful

tools in the further study of fatty acids metabolism in this

species.

Keywords Stearoyl-CoA desaturase � Hamster

Abbreviations

Bp Base pair(s)

cDNA DNA complementary to RNA

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HDL High density lipoprotein

kb Kilobase(s) or 1,000 bp

PCR Polymerase chain reaction

RT Reverse transcription

SCD Stearoyl-CoA desaturase

TLC Thin-layer chromatography

VLDL Very low density lipoprotein

CDS Coding sequence

Introduction

Stearoyl-CoA desaturase (SCD) catalyzes the formation of

monounsaturated fatty acids from long-chain saturated

fatty acids [1]. In mammalian systems, this is the first

committed step in the formation of unsaturated fatty acids.

The mammalian SCD enzyme is an integrated endoplasmic

reticulum (ER) membrane-protein. Its function requires

two additional polypeptides: NADH-cytochrome b5

reductase and cytochrome b5. The SCD protein is com-

prised of over 62% non-polar amino acid residues and is

largely embedded in the ER membrane, with active sites

exposed to the cytosol. A site-directed mutagenesis study

confirmed that clusters of histidine-rich motifs are required
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for catalytic activity [2]. The preferred substrates for SCD

are palmitoyl-CoA and stearoyl-CoA, which are converted

into palmitoleoyl-CoA and oleoyl-CoA, respectively.

Recent studies suggest that mammalian SCD plays an

important role in lipid metabolism and energy balance [3].

The naturally occurring SCD1-deficient mouse strains

(asebia mouse) displayed impaired hepatic triglyceride and

cholesterol ester biosynthesis, as well as a deficiency in wax

ester and alkyl diacylglycerol. The SCD1-/- mice also have

low plasma triglyceride levels in the very low density lipo-

protein (VLDL) particle and reduced VLDL secretion from

the liver. Dietary supplementation of triolein or tripalmito-

lein cannot normalize hepatic and plasma triglyceride levels

[4]. SCD1-/- mice are also resistant to diet-induced weight

gain and diabetes and display an attenuated obesity pheno-

type in a leptin-deficient background [5]. Human

epidemiology studies have demonstrated a reverse correla-

tion between hepatic SCD activity and plasma levels of high

density lipoprotein (HDL) [6]. In cultured macrophage cells,

SCD expression inhibited ABCA1-mediated cholesterol

efflux [7]. It has been proposed that monounsaturated fatty

acids phosphorylate and destabilized ABCA1 through a

phospholipase D2 pathway [8]. Macrophages isolated from

type 2 diabetic patients displayed increased SCD activity

compared to non-diabetic controls, correlating with

increased atherosclerosis risk in diabetes patients [9]. Taken

together, these data suggest that SCD1 has potential

implications in metabolic syndromes associated with dysl-

ipidemia, obesity and type 2 diabetes.

Four SCD (SCD1–4) isoforms have been characterized

in the mouse [10, 11]. All four mouse SCD (mSCD) genes

are located in a 200 kb stretch on chromosome 19. It has

been suggested that all the four mSCD genes are derived

from tandem gene duplication events [10]. Two SCD iso-

forms have been identified in humans. Human SCD1 is the

human ortholog of mSCD1 and displays similar tissue

distribution [12]. Human SCD5 does not have a mouse

ortholog, but displays a tissue distribution pattern similar to

mSCD2 [13, 14].

The golden Syrian hamsters have been used as a valu-

able animal model for studying lipoprotein cholesterol

metabolism and atherosclerosis. Compared to other rodent

models, the hamster has the advantage of a lipoprotein

profile similar to that of humans, largely due to the pres-

ence of the endogenous cholesterol ester transfer protein

(CETP) activity [15]. Similar to humans, plasma non-HDL

cholesterol and triglycerides levels increase in response to

a diet rich in cholesterol and fatty acids in hamsters.

Hamsters also develop early atherosclerosis lesions similar

to those found in the early stages of human disease [16,

17]. Therefore, hamsters appear to be a good model to

study the effect of SCD on lipoprotein cholesterol metab-

olism and the early stages of atherosclerosis. However, the

hamster SCD (hmSCD) isoforms and their expression

patterns have not been reported.

Here we report the identification and characterization of

hmSCD1, hmSCD2 and hmSCD3. We show that all three

cDNAs encode polypeptides with SCD activity. Real-time

reverse transcription (RT)-polymerase chain reaction

(PCR) analysis shows that the tissue distribution of hmSCD

isoforms is similar to that of mSCD’s, with the highest

expression of SCD1 detected in adipose tissue and liver,

and highest SCD2 expression detected in brain. To our

knowledge, this is the first report on the three hmSCD

isoforms. The identification and characterization of the

hmSCD isoforms should facilitates our study of lipoprotein

metabolism in relation to fatty acid desaturation in this

animal model.

Materials and Methods

Animals

Male golden Syrian hamsters were obtained from Harlan

(Indianapolis, IN, USA) and housed individually in stain-

less steel suspended rodent cages with free access to

normal rodent diet (Purina 5001) and water. For tissue

collection, hamsters were sacrificed by CO2 euthanasia.

White adipose tissue, heart, brain, liver, kidney, intestine,

lung and skeletal muscle samples were collected, rinsed in

phosphate-buffered saline, quick frozen in liquid nitrogen

and stored at -80 �C. Use of hamster was approved by the

Institutional Animal Care and Use Committees of the

American Association for Accreditation of Laboratory

Animal Care and Lilly Research Laboratories in accor-

dance with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals.

Cloning of Hamster SCD cDNAs

Gene-specific primers corresponding to regions of the

translation start and termination codons of hmSCD1 and

hmSCD2 were designed using the cDNA sequences of

mouse and rat SCD isoforms. The forward primer for

hmSCD1 is 50-ATGCCGGCCCACATGCTCCAAGAGAT,

and the reverse primer for hmSCD1 is 50-TCAGC-

TACTCTTGTGACTCCCGTCTCCA; the forward primer

for hmSCD2 is 50-ATGCCGGCCCACATACTGCAAGAG

ATG and the reverse primer for hmSCD2 is 50-GAACA

GGAACTGCAAGACCCCACACTC. Gene-specific prim-

ers corresponding to regions of the translation starting and

termination codons of hmSCD3 were designed according to

the cDNA sequence of published hmSCD3 (FAR-17c). The

forward primer for hmSCD3 is 50-GCCACCATGCCAGG
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ACACTTGCTAC and reverse primer for hmSCD3 is 50-TC

AGCCACTCTTGCAGCTCCCATCTCC.

The PCR was performed using the high-fidelity pfx

DNA polymerase (Invitrogen, Carlsbad, CA, USA) and the

gene-specific primers with cDNA prepared from hamster

liver or brain as template. PCR reaction products were

directly cloned into the pCRII-TOPO vector (Invitrogen,

Carlsbad, CA, USA). Three clones for each gene were

amplified and sequenced. In all genes, 100% consensus was

reached among different clones for each gene.

For subcloning into mammalian expression vectors, each

hmSCD cDNA was cut from the pCRII-TOPO vector with

appropriate restriction endonucleases, separated on a 1.2%

agarose gel and purified with the Qiaquick gel purification

kit from Qiagen (Valencia, CA, USA). The purified cDNA

fragments were ligated into the similarly restriction-digested

mammalian expression vector pcDNA3.1 and transformed

into H101B competent cells (Invitrogen, Carlsbad, CA,

USA). The resulting subcloned products, pcDNA3.1-

hmSCD1, pcDNA3.1-hmSCD2 and pcDNA3.1-hmSCD3,

were confirmed by restriction digestion.

Real-time Polymerase Chain Reaction

Total RNA from hamster tissue samples was isolated using

the Trizol reagent following protocols recommended by the

manufacturer (Invitrogen, Carlsbad, CA, USA). RNA

samples were treated with DNase I and extracted with

phenol/chloroform to remove any contaminating genomic

DNA. The first strand cDNA was prepared by RT with

2 lg of RNA in a 20 ll reaction volume using the

Superscript II kit (Invitrogen). Quantitative sequence

detection was carried out on an ABI PRISM 7700 instru-

ment (Applied Biosystems, Foster City, CA, USA) using

the Universal Master Mix from Applied Biosystems fol-

lowing recommended conditions (Applied Biosystems

Foster City, CA, USA). The nucleotide probes and primers

for hmSCD1, hmSCD2, hmSCD3 and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were designed using

Primer Express version 2.0 (Applied Biosystems), and

were synthesized by Operon Biotechnologies, Inc.

(Huntsville, Al, USA). Primer and probe sequences are

listed in Table 1. The PCR cycle number at which each

assay target reached the threshold detection line (Ct value)

for each gene was determined. The difference in Ct value

(DCt) between each SCD isoform (unkn-Ct) and GAPDH

(GAPDH-Ct) was calculated as DCt = unkn-Ct - GAP-

DH-Ct. The relative abundance of mRNA normalized

against that of GAPDH for each SCD isoform in each

sample was calculated using the following equation: rela-

tive mRNA level = 2DCt : The difference in DCt value

(DDCt) between SCD isoforms was used to compare

mRNA abundance between different SCD isoforms in the

same tissue using the formula DDCt = unkn1 DCt - unkn2

DCt.

Statistical Methods

For the analysis of hmSCD mRNA levels in hamster tis-

sues, same tissue samples from two different animals were

collected and RNA isolated separately. RT-PCR reaction

was run as quadruplicate for each RNA sample. Ct values

and relative mRNA abundance were calculated for each

PCR reaction. Mean values and standard deviations were

calculated from the eight DCt values using the DDCtCt as

described [18].

Cell Transfection, Immunoblotting and Stearoyl-CoA

Desaturase Activity

Human embryonic kidney (HEK) 293 cells grown on

10 cm culture dishes were transiently transfected with

plasmid DNA using Lipofectamine reagent (Invitrogen)

following the recommended protocol. Cells were collected

48 h after transfection and microsome fractions were pre-

pared using the differential centrifugation method as

described earlier [13]. Microsome fractions were re-sus-

pended in buffer A (50 mM Tris pH. 7.5, 250 mM sucrose,

1 mM EDTA and 0.1 mM DTT) and stored at -80 �C

until use.

Microsome membranes (40 lg) were separated on a pre-

cast 10% SDS polyacrylamide gel (Invitrogen) and trans-

ferred to nylon membranes. Immunoblotting analysis was

performed with goat polyclonal antibodies SC-14720 and

SC-14722 from Santa Cruz Biotechnology (Santa Cruz,

CA, USA) followed by Alexa Fluor 680-conjugated goat

anti-rabbit IgG (Invitrogen). Immunoblots were developed

Table 1 Primer and probe

sequences used in real-time

RT-PCR reaction

Forward primer Reverse primer Probe

HmSCD1 ctccggaagcctgcagaat gggcggatgtcttcttcca cgggagaagcagaagaccgttccc

HmSCD2 gcagatgttcgccctgaaat tttctccagacgtactccagctt tatatgaccccagctaccaggatgaggagg

HmSCD3 ccttgcagagaccctttactatgc cacgactctgatgagggtgtga atgaagggtgctgggaccgacg

GAPDH cggatttggccgtattgg tggcaacaacttccactttgc cctggttaccagggctgccttcactt
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and visualized with the Odysse Infrared Imaging System

(Li-Cor Inc, Lincoln, NE, USA).

The thin-layer chromatography (TLC) method was

employed for the measurement of desaturase activity using
14C-labeled stearoyl-CoA as substrate (55 lCi/umol, ARC,

St Louis, MO, USA) as described earlier [13]. Each reac-

tion mixture contained 0.2 lCi of 14C-labeled stearoyl-

CoA and 50 lg of microsome fraction from transfected

cells. Saturated and monounsaturated fatty acid methyl

esters were separated by 10% AgNO3-impregnated TLC

using hexane/diethyl ether (9:1) as developing solution.

Following chromatography, the plate was air dried and

exposed to a phosphor image screen. A Molecular Imager

FX equipment (Bio-RAD, Hercules, CA, USA) was used to

visualize and quantify the 14C-labeled fatty acids. Band

intensities corresponding to saturated and monounsaturated

fatty acids were used to calculate the percentage of con-

version and enzyme activity.

Results

Cloning and Identification of Hamster Stearoyl-CoA

Desaturase Isoforms

We first attempted to see if hmSCD sequences are available

in the National Center for Biotechnology Information

database. In the database, one cDNA sequence (FAR-17c,

L26956) is described as golden hmSCD. FAR-17c was

initially identified as an mRNA induced by androgen in

male golden hamster’s flanking tissue [19] but displayed

high homology to mSCD1. Therefore, it was listed as

hmSCD. However, a more detailed sequence alignment of

the amino acid sequence of FAR-17c with that of mSCD

isoforms revealed that it is more closely homologous to

mSCD3 than to mSCD1 and mSCD2. The sequence of the

first 10 amino acids in the N-terminal of FAR-17c is

MPGHLLQEEM, which is 100% identical to that of

mSCD3. In contrast, the sequence of first 10 amino acids of

mSCD1 and mSCD2 are MPAHMLQEIS and MPA-

HILQEIS, respectively. The predicted amino acid sequence

of FAR-17c is 91.2% identical to that of mSCD3, but only

86.2% identical to mSCD1 and 82.5% to mSCD2. These

data suggest that FAR-17c is the golden hamster ortholog

of mSCD3.

Alignment of the nucleotide sequences showed more

than 90% homology between the mouse and rat SCD1 and

also between mouse and rat SCD2. The first 25 nucleotides

of mSCD1 coding sequence (CDS) are 100% identical to

those of rat SCD1. The last 25 nucleotides of mSCD1 CDS

differ from those of rat SCD1 by only one nucleotide.

Similarly, there is only one nucleotide difference found in

the first 25 nucleotides of mouse and rat SCD2 CDS. Since

golden hamster DNA sequences are also very homologous

to that of mouse and rat, we speculated that the first and last

25 nucleotides of hmSCD1 and hmSCD2 would be also

highly homologous to those of mouse and rat SCD1 and

SCD2. To clone the hmSCD1 and hmSCD2 cDNA, we

designed primers according to the first and last 25 nucle-

otides of rat SCD1 and SCD2 CDS. PCR was performed

using the pfx DNA polymerase and cDNA libraries pre-

pared from mRNA of hamster liver and brain tissues,

respectively. PCR products were directly cloned into the

PCR cloning vector pCRII-TOPO. Plasmid DNA was

isolated from several clones of each PCR reaction and

sequenced. In all three SCD isoforms, 100% consensus was

reached among different clones for each gene.

Figure 1 shows the predicted amino acid sequences of

hmSCD1, hmSCD2 and hmSCD3. The hmSCD1 cDNA

has an open reading frame (ORF) with a predicted peptide

of 358 amino acids. The predicted hmSCD1 peptide is

94.1% identical to the amino acid sequence of mSCD1 and

92.5% identical to that of rat SCD1. The hmSCD2 cDNA

has an ORF with a predicted peptide of 359 amino acids.

The predicted hmSCD2 peptide is 94.7 and 96.1% identical

to the amino acid sequences of mouse and rat SCD2,

respectively. The hmSCD3 cDNA has an ORF with a

predicted peptide of 354 amino acids and is 91.2% iden-

tical to that of mSCD3. Table 2 shows the identity and

similarity among the predicted amino acid sequences of the

various rodent SCD isoforms. The nucleotide sequences of

hmSCD1 and hmSCD2 cDNA have been submitted to

Genbank under the accession number EU003989 and

EU003990, respectively.

Expression and Enzymatic Activities of Hamster SCD

Isoforms

To determine if the hmSCD cDNA’s we cloned code for

active SCDs, these cDNA’s were subcloned into mamma-

lian expression vector pcDNA3.1. HEK 293 cells were

transiently transfected with either vector DNA or plasmid

DNA encoding the three hmSCD isoforms. Microsome

fractions were prepared from these transfected cells and

immunoblotting analysis was performed. Figure 2a shows

the immunoblotting data using a goat polyclonal antibody

specific for SCD1 and SCD3 of mouse and rat (SC-14720).

A polypeptide about 40 kDa was detected in 293 cells

transfected with either hmSCD1 or hmSCD3. These bands

likely represent the hmSCD1 and hmSCD3, respectively,

because the same antibody detected bands of similar size in

cells transfected with rat SCD1 and SCD3 (data not

shown). SC-14720 also detected a faint band at the same

size in both vector and pcDNA-hmSCD2 transfected cells.

These bands likely represent the endogenous human SCD1
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protein in 293 cells because the band in vector (pcDNA3)

transfected cells has a similar intensity to that appearing in

cells transfected with pcDNA-hmSCD2. A different anti-

body, SCD-14722 was used to detect the hmSCD2 in 293

cells. This antibody was raised against mSCD2 and it

detected a 40 kDa band present only in 293 cells trans-

fected with pcDNA3.1-hmSCD2 (Fig. 2b).

The TLC method was employed for the measurement of

desaturase activity using 14C-labeled stearoyl-CoA as

substrate. As shown in Fig. 2c, the microsome fraction

Table 2 Comparison of % identity and % similarity between SCD isoforms from different mouse, rat and the hamster (hmSCD)

% Identity % Similarity

Mouse SCD2 Rat SCD2 HmSCD2 HmSCD1 Mouse SCD1 Rat SCD1 HmSCD3 Mouse SCD3 Mouse SCD4

Mouse SCD2 98.9 97.5 91.6 91.5 92.5 90.4 91.6 86.1

Rat SCD2 96.1 98.0 91.9 92.1 93.0 90.7 92.2 86.4

HmSCD2 94.7 96.1 93.3 92.7 93.6 92.1 92.5 87.0

HmSCD1 86.3 87.2 89.7 96.1 96.1 94.4 93.0 87.5

Mouse SCD1 86.5 87.0 88.7 94.1 96.9 90.7 93.8 87.0

Rat SCD1 84.9 86.9 87.7 92.5 93.2 93.2 94.1 88.7

HmSCD3 82.5 83.9 86.7 90.1 86.2 88.7 94.9 84.4

Mouse SCD3 84.6 85.5 86.6 88.5 89.0 88.5 91.2 85.3

Mouse SCD4 79.9 81.6 81.6 80.5 79.6 82.2 78.5 78.8

HmSCD1     MPAHMLQ-EISSSY-TTTTTITAPPSGSLQNGREKQKTVPLYLEEDIRPEMKEDIHDPSY      58 
HmSCD2     MPAHILQ-EMSGSYSTTTTTITAPPSGGQQNGGEKLEKNPHHWGADVRPEMKDDIYDPSY      59 
HmSCD3     MPGHLLQEEMTSSYTTTTTTITEPPSESLQ------KTVPLYLEEDIRPEMKEDIYDPSY      54 
mSCD1      MPAHMLQ-EISSSY-TTTTTITAPPSG---NEREKVKTVPLHLEEDIRPEMKEDIHDPTY      55 
mSCD2      MPAHILQ-EISGAY-SATTTITAPPSGGQQNGGEKFEKSSHHWGADVRPELKDDLYDPTY      58 
mSCD3      MPGHLLQEEMTPSY-TTTTTITAPPSGSLQNGREKVKTVPLYLEEDIRPEMKEDIYDPTY      59 
           **.*:** *:: :* ::***** ***          :. . :   *:***:*:*::**:* 

HmSCD1     QDEEGPPPKLEYVWRNIILMALLHLGGLYGIILVPSCKLYTWLFGIMYYVISALGITAGA     118 
HmSCD2     QDEEGPPPKLEYVWRNIILMALLHLGALYGITLVPSCKLYTCLFAYLYYVISALGITAGA     119 
HmSCD3     QDEEGPPPKLEYVWRNIILMALLHLGALYGLVLVPSSKVYTLLWAFVYYVISIEGIGAGV     114 
mSCD1      QDEEGPPPKLEYVWRNIILMVLLHLGGLYGIILVPSCKLYTCLFGIFYYMTSALGITAGA     115 
mSCD2      QDDEGPPPKLEYVWRNIILMALLHLGALYGITLVPSCKLYTCLFAYLYYVISALGITAGA     118 
mSCD3      QDEEGPPPKLEYVWRNIILMALLHVGALYGITLVPSCKLYTCLFAFVYYVISIEGIGAGV     119 
           **:*****************.***:*.***: ****.*:** *:. .**: *  ** **. 

HmSCD1     HRLWSHRTYKARLPLRLFLIIANTMAFQNDVYEWARDHRAHHKFSETHADPHNSRRGFFF     178 
HmSCD2     HRLWSHRTYKARLPLRLFLIIANTMAFQNDVYEWARDHRAHHKFSETHADPHNSRRGFFF     179 
HmSCD3     HRLWSHRTYKARLPLRIFLIIANTMAFQNDVYEWARDHRAHHKFSETYADPHDSRRGFFF     174 
mSCD1      HRLWSHRTYKARLPLRIFLIIANTMAFQNDVYEWARDHRAHHKFSETHADPHNSRRGFFF     175 
mSCD2      HRLWSHRTYKARLPLRLFLIIANTMAFQNDVYEWARDHRAHHKFSETHADPHNSRRGFFF     178 
mSCD3      HRLWSHRTYKARLPLRIFLIIANTMAFQNDVYEWARDHRAHHKFSETHADPHNSRRGFFF     179 
           ****************:******************************:****:******* 

HmSCD1     SHVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRYYKPAILLMCFILPTFVPWYYWS     238 
HmSCD2     SHVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRYYKLGLLLMCFILPTLVPWYFWG     239 
HmSCD3     SHVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRYYKPAILLMCFILPTFVPWYFWG     234 
mSCD1      SHVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRYYKPGLLLMCFILPTLVPWYCWG     235 
mSCD2      SHVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRYYKPDLLLMCFVLPTLVPWYCWG     238 
mSCD3      SHVGWLLVRKHPAVKEKGGKLDMSDLKAEKLVMFQRRYYKPGILLMCFILPTLVPWYCWG     239 
           ****************************************  :*****:***:**** *. 

HmSCD1     EAFVNSLCVSTFLRYTLVLNATWLVNSAAHLYGYRPYDKNIESRENILVSLGAVGEGFHN     298 
HmSCD2     EAFVNSLCVSTFLRYAVVLNATWLVNSAAHLYGYRPYDKNISSRENILVSMGAVGEGFHN     299 
HmSCD3     EAFVNSLCVSTFLRYTLVLNATWLVNSAAHLYGYRPYDKNIDPRENALVSLGCLGEGFHN     294 
mSCD1      ETFVNSLFVSTFLRYTLVLNATWLVNSAAHLYGYRPYDKNIQSRENILVSLGAVGEGFHN     295 
mSCD2      ETFVNSLCVSTFLRYAVVLNATWLVNSAAHLYGYRPYDKNISSRENILVSMGAVGERFHN     298 
mSCD3      ETFLNSFYVATLLRYAVVLNATWLVNSAAHLYGYRPYDKNIDPRQNALVSLGSMGEGFHN     299 
           *:*:**: *:*:***::************************..*:* ***:*.:** *** 

HmSCD1     YHHAFPYDYSASEYRWHINFTTFFIDCMAALGLAYDRKKVSKAAVLARIKRTGDGSHKSS     358 
HmSCD2     YHHAFPYDYSASEYRWHINFTTFFIDCMAALGLAYDRKKVSKAAVLARIKRTGDGSCKSG     359 
HmSCD3     YHHAFPYDYSASEYRWHINFTTFFIDCMAALGLAYDRKKVSKAAVLARIKRTGDGSCKSG     354 
mSCD1      YHHTFPFDYSASEYRWHINFTTFFIDCMAALGLAYDRKKVSKATVLARIKRTGDGSHKSS     355 
mSCD2      YHHAFPYDYSASEYRWHINFTTFFIDCMALLGLAYDRKRVSRAAVLARIKRTGDGSCKSG     358 
mSCD3      YHHAFPYDYSASEYRWHINFTTFFIDCMAALGLAYDRKRVSKATVLARIKRTGDGSHKSG     359 
           ***:**:********************** ********.**.*:************ **.

Fig. 1 Alignment of the

predicted amino acid sequences

of hamster SCD1 (hmSCD1),

hamster SCD2 (hmSCD2),

hamster SCD3 (hmSCD3),

mouse SCD1 (mSCD1), mouse

SCD2 (mSCD2) and mouse

SCD3 (mSCD3). The one letter

amino acid code is used. Spaced
endash indicates a gap and

asterisk indicates identical

amino acids. The three histidine

motifs that are 100% conserved

are shaded
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prepared from 293 cells transfected with the various

hmSCD cDNA isoforms displayed increased SCD activity

compared to microsomes from vector-transfected cells.

Each reaction mixture contained same amount of micro-

some fraction as judged by total protein concentration. Due

to the potential different reactivity of SCD antibodies used

toward different hmSCD isoforms, as well as different

transfection efficiency, we could not accurately assess if

similar amount of SCD proteins are present in each reac-

tion. Thus, a quantitative comparison of enzyme activity

between the different hmSCD isoforms was not possible.

Nevertheless, our data suggest that all three hmSCD iso-

forms encode proteins with functional SCD activity.

Tissue Distribution of Hamster SCD mRNAs

To determine the tissue distribution of the three hmSCD

isoforms, specific real-time PCR primers and probes for the

three hmSCD isoforms were designed in regions that differ

among the three cDNA sequences. Total RNA was isolated

from white adipose tissue, brain, heart, liver, lung, kidney,

intestine and skeletal muscle of hamsters. First strand

cDNA was synthesized with the Superscript cDNA syn-

thesis kit (Invitrogen). Real-time PCR reactions were

carried out using the isoform-specific primers and probes

and cDNA prepared from different hamster tissues. Qua-

druplicates PCR reaction was run for each cDNA samples.

The relative mRNA levels of different SCD isoforms in

different tissues were calculated from Ct values of each

PCR reaction normalized using the Ct value of GAPDH

from the same cDNA prep. As shown in Fig. 3a, the

highest hmSCD1 mRNA level was detected in white adi-

pose tissue and liver. The highest SCD2 mRNA levels were

detected in the brain, white adipose tissue and liver

(Fig. 3b). In general, SCD3 mRNA was detectable in

several hamster tissues including liver, lung and white

adipose tissue (Fig. 3c). However, the overall level of

SCD3 mRNA was very low with the Ct values nearing the

lower limit of detection (40 cycles). Therefore, the com-

parison of SCD3 mRNA level between different tissues

might not be accurate.

We also tried to determine the relative abundance of

each hmSCD isoforms in the same tissue by comparing

delta Ct values in each tissue. Figure 4 shows the com-

parative mRNA levels of each SCD isoform in white

adipose tissue, brain and liver. While SCD1 was the pre-

dominant isoform expressed in hamster white adipose

tissue and liver (Fig. 4a, c), SCD2 mRNA seemed to be the

predominant isoform in the brain (Fig. 4b). On the other

hand, mRNA levels of hmSCD3 were very low compared

to either hmSCD1 or hmSCD2 in all the tissues tested.

Discussions

Among the rodent species, the hamster is the species with

lipid metabolism most similar to humans. It has been a

widely used as animal model for the study of dyslipidemia

and atherosclerosis [15]. Unlike the mouse or rat, the

hamster has lower plasma HDL levels due to the presence

of endogenous CETP activity [20]. It has been used to

study the effects of bile acid sequestrants, a-1 adrenergic

inhibitor and doxazin on lipid levels and aortic fatty streak

formation. The HMG-CoA reductase inhibitor lovastatin

has been shown to inhibit the formation of atherosclerotic

lesions in hamsters fed a high-fat diet [16].

The SCD is a key enzyme in lipid metabolism in

mammals. Four SCD isoforms have been identified from

the mouse and rat. Only one SCD isoform has been

Fig. 2 Expression and enzymatic activity of hamster SCD isoforms.

a Microsome fractions (40 lg) from HEK 293 cells transiently

transfected with pcDNA3.1 (vector), pcDNA3.1-hmSCD1 (SCD1),

pcDNA3.1-hmSCD2 (SCD2) or pcDNA3.1-hmSCD3 (SCD3) were

separated on a SDS-PAGE gel and probed with an antibody

recognizing the N-terminal peptide of mouse SCD1. The molecular

weight markers indicated are alcohol dehydrogenase (41 kD) and

BSA (71 kD). b Immunoblotting analysis of the same microsome

fractions with a SCD2-specific antibody. c Representative images of

TLC plates showing the substrate and product of the SCD reaction

using microsome fraction of 293 cells transfected with pcDNA3.1

(vector), pcDNA3.1-hmSCD1 (hmSCD1), pcDNA3.1-hmSCD2

(hmSCD2) and pcDNA3.1-hmSCD3 (hmSCD3). Positions of the

methyl esters of 14C-labeled stearic acid and oleic acid are marked
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described in the hamsters (FAR-17c). In this report, we

describe for the first time the identification and character-

ization of hmSCD1, hmSCD2 and hmSCD3. The predicted

amino acid sequences of hmSCD1, hmSCD2 and hmSCD3

displayed high degree of homology to their mouse or rat

orthologs. Using a real-time RT-PCR method, we showed

that the expression pattern of hmSCD1, hmSCD2 and

hmSCD3 is similar to their mouse counter parts. Finally,

we presented data showing that all three hmSCD isoforms

encode proteins with functional SCD activity.

Sequence analysis revealed that the previously cloned

FAR-17c is the hmSCD3. FAR-17c was originally cloned

as an androgen-dependent gene in the flank organs of

hamster [19]. Northern blot analysis detected a band that

migrated similarly to 18S RNA in the sebaceous glands and

liver, and weakly in the lungs. There was also a strong band

at the 28S position in the brain tissue of female hamster.

However, the Northern blot analysis for FAR-17c was

performed using the full length hmSCD3 cDNA as probe.

Due to the high level of homology at the nucleotide

sequence level in the CDS region of hmSCD isoforms, it is

possible that the full length SCD3 cDNA probe could also

detect SCD1 and SCD2 mRNA. Zheng et al. [11] reported

tissue distribution data of mSCD1, mSCD2 and mSCD3

using cDNA’s corresponding to the respective 50 UTR

region as probes. They show that SCD3 expression is

limited to mouse skin, whereas the highest SCD1 mRNA

level was detected in liver and the highest SCD2 mRNA

level was detected in brain. To accurately measure the

relative mRNA level of the hmSCD isoforms, we designed

our real-time PCR primers and probes in regions that dis-

played the least homology among the three cDNA

sequences. The tissue distribution pattern of hmSCD iso-

forms measured through our real-time PCR method is very

similar to the reported expression pattern of SCD isoforms

in the mice [10, 11].

Mouse SCD4 has been shown to be expressed exclu-

sively in the heart and its expression is induced by a high-

carbohydrate fat-free diet and by a liver-X-receptor agonist

in mice [10]. The rat ortholog of mSCD4 has not been

published. However, one cDNA sequence in Genbank

(XM_574671) shows the highest homology to mSCD4 and

Fig. 4 Relative mRNA level of different SCD isoforms in adult

hamster white adipose tissue, brain and liver. a Histogram shows the

relative mRNA levels of hmSCD1, hmSCD2 and hmSCD3 in adult

hamster white adipose tissues. The mRNA level of hmSCD1 in white

adipose tissue was set at 100. b Histogram shows the relative mRNA

levels of hmSCD1, hmSCD2 and hmSCD3 in adult hamster brain.

The mRNA level of hmSCD2 in brain tissue was set at 100. c
Histogram shows the relative mRNA levels of hmSCD1, hmSCD2

and hmSCD3 in adult hamster liver. The mRNA level of hmSCD1 in

liver was set at 100

Fig. 3 Tissue distribution of hamster SCD mRNA’s determined by

real-time quantitative PCR analysis. a Histogram shows the relative

mRNA levels of hmSCD1 in adult hamster white adipose tissue (W),

brain (B), heart (H), kidney (K), intestine (In), liver (Li), lung (Lu) and

skeletal muscle (Mu). The relative mRNA abundance was calculated

by the delta Ct (DCt) method using mRNA of GAPDH as internal

standard. For each tissue, two samples from two different animals

were analyzed and quadruplicate PCR reactions were run for each

sample. Mean values and standard deviations were calculated from

the eight DCt values representing the two tissue samples. The mRNA

level of hmSCD1 in white adipose tissue was set at 100. b Relative

mRNA levels of hmSCD2 in adult hamster tissues. The mRNA level

of hmSCD2 in white adipose tissue was set at 100. c Relative mRNA

level of hmSCD3 in adult hamster tissues. The mRNA level of

hamster SCD3 in white adipose tissue was set at 100
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is probably the rat ortholog of SCD4. We attempted several

PCR reactions using primers corresponding to regions of

translation start and termination codes of XM_574671.

However, this effort did not yield any successful cDNA

clones. Thus, we have not been able to clone the hamster

ortholog of mSCD4 at the present time.

Ideta et al. [19] reported no desaturase activity from the

African green monkey kidney cells (COS7) transfected

with a expression vector encoding FAR-17c cDNA under

the control of SV40 promoter. Using the TLC method and
14C-labeled stearoyl-CoA as substrate, we investigated the

desaturase of the three hmSCD cDNAs. The microsome

fraction from HEK 293 cells transfected with the hmSCD1,

hmSCD2 and hmSCD3 displayed increased SCD activities

compared to microsome fraction from HEK 293 cells

transfected with the vector alone. Additionally, antibody

specific to rodent SCD protein detected polypeptides with

predicted size from the transfected cells. These data sug-

gest that all three hmSCD isoforms reported here encode

polypeptides with functional SCD activities. Using the

microsome fraction from Hela cells transfected with cDNA

of different mSCD isoforms, Miyazaki et al. [21] reported

that mSCD1, mSCD2 and mSCD4 can use both palmitoyl-

coenzyme A (16:0) and stearoyl-coenzyme A (18:0) as

substrate whereas mSCD3 can only use palmitoyl-coen-

zyme A as substrate [21]. Our data suggest that hmSCD3

can also use stearoyl-coenzyme A as substrate under our

experimental conditions. The discrepancy between these

two studies is not clear at this time. The difference in the

cell-type used between the two reports might contribute to

the different results. It is also possible that hmSCD3 prefer

palmitoyl-coenzyme A (16:0) as substrate but can also use

stearoyl-coenzyme A (18:0) in the absence of palmitoyl-

coenzyme A. Further studies are needed to determine the

substrate selectivity of hmSCD isoforms.

Two SCD isoforms, SCD1 and SCD5 have been

identified in humans. Human SCD1 showed the highest

level of homology to mouse and rat SCD1 and displayed a

similar expression pattern as mSCD1. The expression

pattern of hmSCD1 shown here is also similar to that of

human and mSCD1 with the highest expression detected

in adipose tissue and liver. SCD1 null mice [5] are

resistant to high fat diet-induced adiposity and insulin

resistance. They also displayed greatly reduced plasma

VLDL and triglyceride levels, but no significant changes

in LDL and HDL cholesterol level. Since cholesterol

metabolism in hamster displayed more similarity to that of

humans, it would be interesting to investigate the effect

of SCD1 inhibition on cholesterol metabolism and the

development of atherosclerosis in hamster under hyper-

cholesterolemic conditions.

The highest mRNA level of hmSCD2 was detected in the

brain of adult hamster (Fig. 4b). This expression pattern is

similar to that of mSCD2 in adult mice and SCD5 in adult

human and bovine [22]. In the mice, SCD2-deficient resul-

ted in a skin permeability barrier defect in the neonates.

Compared to wild type mice, plasma triglycerides levels

decreased in the neonatal mSCD2-/- mice but not adult

mSCD2-/- mice [23]. These data suggest that mSCD2 is

required for the liver and skin development during embry-

onic and neonatal stages. Adult mSCD2-/- mice displayed

twisted tail suggesting SCD2 is also required for normal tail

development. However, neuronal defect was not described

in the SCD2-/- mice. Thus the function of rodent SCD2 or

human and bovine SCD5 in central nervous system of adult

animals remains to be delineated.

The mRNA levels of hmSCD3 was very low or barely

detectable in the tissue we tested that include adipose tis-

sue, brain, heart, liver, kidney, lung, intestine and skeletal

muscle. In the mice, it was reported that SCD3 expression

was limited to the skin [11]. We did not test the skin tissues

of hamster for SCD3 expression at the current study. Future

studies are needed to understand the expression and func-

tion of hmSCD3.

In summary, here we report for the first time the iden-

tification of hmSCD1 and hmSCD2. We also show that the

previously identified hmSCD (FAR-17c) is the hmSCD3.

The identification and characterization of hmSCD isoforms

will provide useful tools in our study of lipoprotein

metabolism and atherosclerosis in this animal model.
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Abstract The D9-fatty acid desaturase is a key enzyme in

the synthesis of unsaturated fatty acids. The fatty acid

composition of membrane phospholipids in Psychrobacter

urativorans is characterized by a high degree of desatura-

tion at D9 position. Based on CODEHOP-mediated PCR

strategy, a novel gene designated as PuFAD9, putatively

encoding a D9-fatty acid desaturase (PuFAD9), was iso-

lated from P. urativorans. The gene consists of 1,455 bp

and codes for 484 amino acids. Analysis of the amino acid

sequence reveals three histidine clusters and a hydropathy

profile, typical for membrane-bound desaturases. Activity

of the PuFAD9 protein, recombinantly expressed in Esch-

erichia coli was confirmed by GC-MS analysis of the

cellular fatty acid composition. It was found that the ratio

between palmitoleic and palmitic acid in E. coli cells het-

erologously expressing the PuFAD9 gene was significantly

affected by IPTG induction and the growth temperature.

Keywords D9-Fatty acid desaturase �
Degenerate primer � Gene expression �
Fatty acid composition

Abbreviations

IPTG Isopropyl-b-D-thiogalacto-pyranoside

MOPS 3-Morpholinopropanesulfonic acid

PMSF Phenylmethylsulfonyl fluoride

Introduction

Fatty acid desaturases belong to a family of enzymes

that catalyze O2-dependent dehydrogenation [1]. They

have been found in prokaryotes, lower and higher

eukaryotes [2]. There are three classes of fatty acid

desaturases: soluble acyl carrier protein desaturases,

membrane-bound acyl-CoA desaturases and acyl-lipid

desaturases. Despite the differences in cellular localiza-

tion and substrate spectra, three classes of desaturases

share several common characteristics regarding their

reaction mechanism, including the requirement of

molecular oxygen, NAD(P)H, an electron transport sys-

tem (ferredoxin-NADP+ oxidoreductase and ferredoxin,

or cytochrome b5 reductase and cytochrome b5) [3].

Each fatty acid desaturase creates an unsaturated bond at

a fixed position by ‘‘counting’’ from the carboxyl end of

the fatty acids. Incorporation of the first cis-double bond

at the central (C9–C10) position catalyzed by D9-desat-

urases has an essential effect on membrane physical

properties [4], because the balance between saturated and

unsaturated fatty acids (UFAs) is, probably, of higher

importance than the type of UFA in membrane phos-

pholipids [5]. This event is also a crucial step in

polyunsaturated fatty acid (PUFA) synthesis pathways,

since all other desaturases require the existence of a

previous double bond at the D9 position of the fatty acid

[6]. Although a number of integral membrane or mem-

brane-bound D9-desaturase genes have been isolated [7]

and the related information was submitted to the public

databases, these enzymes are less well understood than

the soluble D9-ACP desaturases. One of the reasons for

that is the difficulties in obtaining sufficient quantities of

these purified enzymes [8]. Heterologous expression of

membrane proteins in appropriate hosts would provide

Y. Li � M. Dietrich � R. D. Schmid � V. B. Urlacher (&)

Institute of Technical Biochemistry, University of Stuttgart,

Stuttgart 70569, Germany

e-mail: Vlada.Urlacher@itb.uni-stuttgart.de

Y. Li � B. He � P. Ouyang

College of Life Science and Pharmacy,

Nanjing University of Technology, Nanjing 210009, China

123

Lipids (2008) 43:207–213

DOI 10.1007/s11745-007-3150-5



enough material for biochemical analysis and the anal-

ysis of their structure–function relationships [9–12].

Psychrobacter urativorans DSM 14009 (formerly

named as Micrococcus cryophilus ATCC 15174) has an

unusual fatty acid composition of its membrane phospho-

lipids, containing at least 95% monounsaturated fatty acids

(C16:1D9 and C18:1D9) [13]. The desaturase activity and

regiospecificity of P. urativorans were studied in in vivo

experiments, revealing the presence of a highly active and

membrane-bound D9-fatty acid desaturase [14–16]. In this

study, we report identification and cloning of a gene from

P. urativorans encoding for D9-fatty acid desaturase and its

functional characterization by heterologous expression in

Escherichia coli.

Experimental Procedures

Chemicals and Enzymes

All chemicals were purchased from Fluka (Buchs, Swit-

zerland). Restriction endonucleases, T4 DNA ligase, Taq

DNA polymerase and Pfu DNA polymerase were obtained

from Fermentas (St Leon-Rot, Germany).

Bacterial Strains

P. urativorans DSM 14009 was purchased from the Ger-

man Resource Center for Biological Material (DSMZ,

Braunschweig, Germany). E. coli DH5a (Clontech, Staint-

Germain-en-Laye, France) strain was routinely used for

gene cloning and plasmid propagation. E. coli Rosetta

(DE3) (Novagen, Merck Chemicals Ltd., Nottingham, UK)

supports translation of rare codons and therefore was used

as host for heterologous expression of the desaturase from

P. urativorans. All strains were stored and cultivated as

recommended by the suppliers.

PCR-Based Cloning

Genomic DNA of P. urativorans was isolated using the

standard phenol/chloroform precipitation protocol [17].

Degenerate primers were designed using CODEHOP

strategy (http://bioinformatics.weizmann.ac.il/blocks/

codehop.html) as follows: DE1 (CGGATCCACCACA

GGCANGTNGAYRA) and DE2 (CGAAGATGTGGTGG

AAGTTGTGRTANCCYTC). They were used for the

CODEHOP PCR and demonstrate high identity to certain

regions of putative Psychrobacter arcticus 273-4 (Gen-

Bank accession no. YP_264647) and Psychrobacter

cryohalolentis K5 desaturases (GenBank accession no.

YP_580264).

Subsequently, the primers EX1 (CACCTACTATAA

TCCATACAAGTTATTGTTAT) and EX2 (GATAGAGG

GAAGGAGAARCGT) were derived from the flanking

regions of those two genes. MD1 (GTTCTATCTTTAGT-

CAAGTCTGGAATGT) and MD2 (CGCTTAGTATTGA

CTCACCATTTCACT) are the gene-specific primers

derived from the DNA fragment obtained by the CODE-

HOP PCR. Another two PCR reactions were carried out

using the primers EX1 and MD1, and EX2 and MD2,

respectively, to get the information of the whole gene

sequence. Gene fragments, obtained after each PCR were

purified by gel-extraction (QIAGEN, Hilden, Germany)

and sequenced directly or after ligation into the vector of

pGEM�-T Easy (Promega, Mannheim, Germany).

Sequence Analysis

Sequence analysis was carried out using a BLAST search

program (http://www.ncbi.nlm.nih.gov/blast/). Multiple

sequence alignment of putative D9-desaturases was per-

formed with Clustalx1.81 [18]. The distribution of the

hydrophobic amino acids was analyzed using Kyte–Doo-

little hydropathy scale with a window size of 19

(http://www.expasy.ch/cgi-bin/protscale.pl) [19]. Trans-

membrane (TM) regions of the protein were predicted with

TMHMM (transmembrane Hidden Markov Model)

(http://www.cbs.dtu.dk/services/TMHMM/) [20]. The

signal sequence analysis was done using a signal pep-

tide prediction server (http://www.cbs.dtu.dk/services/

SignalP-3.0/) [21].

Construction of Plasmid for Gene Expression in E. coli

The full-length gene encoding a desaturase-like protein

from P. urativorans was amplified by PCR using primers

McB (CGGGATCCATGATTGCAAAAACAGCAAT)

and McX (CCGCTCGAG TTACTAAGCGGCTTTGCT).

The BamHI and XhoI restriction endonuclease sites in the

primer sequences are underlined. The PCR product was

isolated and digested with BamHI and XhoI restriction

endonucleases and then ligated into the pET21a(+)

expression vector (Novagen, Darmstadt, Germany). Posi-

tive transformants were screened on LB agar plates with

ampicillin and chloromycetin resistance. The resultant

positive plasmid, named as pEPUD9, was validated by

control PCR, restriction enzyme digestion and subsequent

sequencing.
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Expression of Desaturase from P. urativorans in E. coli

Individual colonies of E. coli Rosetta (DE3) cells trans-

formed with the plasmid pEPUD9 were grown in 5 mL LB

medium containing 100 lg/mL ampicillin and 34 lg/mL

chloromycetin at 37 �C until OD600 reached approximately

1. Then aliquots of the cultures were taken to inoculate

400 mL of fresh LB medium supplemented with corre-

sponding antibiotics. Cells were cultivated until the OD600

value reached 0.6–0.8, then IPTG was added at a final

concentration of 0.4 mM and the incubation was shifted to

different temperatures (15, 25 and 37 �C). At various

intervals after addition of IPTG, the cells were harvested

from 50 mL culture. Centrifugation was done at 5,000g for

15 min at 4 �C. The pellets were washed once with

MOPS–NaOH buffer (pH 7.5, 50 mM) that contained

10 mM MgCl2, and stored at -80 �C until use. Control

experiments were performed under the same experimental

conditions using E. coli transformants containing empty

plasmid pET21a(+).

Preparation of Membranes

The frozen cells were thawed at room temperature and

resuspended in appropriate volume of lysis buffer (MOPS–

NaOH buffer (pH 7.5, 50 mM) containing 10 mmol/L

MgCl2, 1 mmol/L PMSF, 0.1 U/mL DNase) and lysed by

sonication. The lysate containing soluble proteins and

solubilized membranes was clarified by centrifugation at

16,100g for 15 min at 4 �C. The supernatant was subjected

to ultracentrifugation at 100,000g for 40 min at 4 �C to

separate membrane and soluble protein fractions.

Gel-Electrophoresis and Western Blotting Analysis

Aliquots of soluble, insoluble, and membrane fractions

were analyzed for protein expression by SDS-polyacryl-

amide gel electrophoresis (SDS-PAGE) [22] on a 12%

polyacrylamide gel followed by either Coomassie staining

or Western blotting. For the latter detection method, the

bands were transferred onto a nitrocellulose membrane

using a Trans-Blot SD Semi-Dry Electrophoretic Transfer

Cell (Bio-Rad, Munich, Germany) at a constant voltage of

15 V for 30 min at room temperature. The blotting and

detection were done using T7 tag antibody HRP conjugate

(Novagen, Merck Chemicals Ltd., Nottingham, UK)

according to the manufacturer’s instructions.

Analysis of Total Cellular Fatty Acid Composition

About 40 mg of E. coli cells (wet weight) were resus-

pended in 1 mL of 15% (w/v) NaOH in methanol/water

(1:1, by vol) and saponified according to the MIDI protocol

(Microbial Identification System, Microbial ID Inc., New-

ark, DE, USA). After saponification, the pH of reaction

solution was adjusted to 2.0 with HCl (aq). Then, the fatty

acids were extracted with diethyl ether. The extract was

subsequently dried over anhydrous magnesium sulfate and

trimethylsilyl (TMS)-derivatized. TMS derivatives were

separated and analyzed by Gas chromatography-mass

spectrometry (GC-MS) (GCMS QP2010, Shimadzu,

Japan). The GC was equipped with a 30-m FS-supreme

column (internal diameter 0.25 mm, film thickness

0.25 lM) using helium as carrier gas with a linear velocity

of 30 cm/s. The column temperature program was com-

posed of an initial hold at 140 �C for 1 min, ramping at

2 �C per min to 240 �C, followed by heating until 300 �C

with 30 �C per min, and a final hold at 300 �C for 6 min.

The injector temperature was 250 �C.

Results

Cloning of the PuFAD9 Gene

A DNA fragment of about 400 bp was amplified from P.

urativorans using CODEHOP primers DE1 and DE2 [23],

which were derived from two sequences, RIHHKHVDD

and EGYHNFHHIF corresponding to the highly conserved

histidine motifs of putative D9-desaturases in P. cryohal-

olentis K5, Pseudoalteromonas haloplanktis TAC125 and

other strains shown in Fig. 1. The amplified DNA-fragment

showed a high identity to putative desaturase genes in P.

cryohalolentis K5 (84%) and P. arcticus 273-4 (83%). For

identification of the unknown parts of the gene, two sub-

sequent PCR reactions were carried out using primers EX1

and MD1, EX2 and MD2 (see ‘‘Experimental Proce-

dures’’). After the full gene sequence was deduced from the

sequences of the three PCR products, the resulting

sequence information was confirmed by sequencing both

strands of the target gene and submitted to GenBank

(accession no. EF617339). The nucleotide sequence had an

open reading frame of 1,455 bp, designated as PuFAD9,

encoding a 484 amino acid polypeptide with a calculated

molecular weight of 55 kDa and a theoretical isoelectric

point of 8.88.

Comparison of Amino Acid Sequences

A Blast search revealed that the primary structure of the

putative desaturase from P. urativorans was quite similar

to those of other known D9-fatty acid desaturases, with a

79% identity to P. arcticus 273-4, a 78% identity to

P. cryohalolentis K5, a 67% identity to Psychrobacter sp.
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PRwf-1 and a 50% identity to Acinetobacter sp. ADP1.

Figure 2 shows the distribution of the hydrophobic amino

acids of P. urativorans desaturase, typical for a membrane

protein, as identified using the Kyte–Doolittle hydropathy

scale [19]. The histidine-rich motifs, HXXXXH (155–160),

HXXHH (192–196) and HXXHH (329–333), which are

highly conserved among membrane-bound acyl-CoA and

acyl-lipid desaturases and proposed to form the potential

diiron active site [24], are shown as the bold ‘‘H’’ in Fig. 2.

The prediction of TM helices by TMHMM [20] indicated

that the deduced protein contained four hydrophobic

domains between amino acids 104–126, 136–158, 250–269

and 273–295, which would be long enough to span the

membrane bilayer twice, with both the N- and C-termini

Fig. 1 Multiple alignments of amino acid sequences of putative D9-

desaturase of Psychrobacter cryohalolentis K5 (GenBank accession

no. ABE74780), Pseudoalteromonas haloplanktis TAC125 (GenBank

accession no. CAI87932), Pseudoalteromonas atlantica T6c (Gen-

Bank accession no. ABG42531), Shewanella amazonensis SB2B

(GenBank accession no. ABL98402), Shewanella baltica OS155

(GenBank accession no. ABN63646), Shewanella frigidimarina

NCIMB 400 (GenBank accession no. ABI69986), and Shewanella
denitrificans OS-217 (GenBank accession no. ABE53526) using

Clustalx1.81 [18]. Three conserved histidine clusters (one of

HXXXXH and two of HXXHH) are indicated by the boxes numbered

1, 2, and 3. The overlines with an arrow indicate the sequences used

for designing the primers DE1 and DE2
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facing the cytosol. This prediction is consistent with the

topology model of D9-stearoyl-CoA desaturase from other

species [25, 26]. A possible N-terminal signal (MIA-

KTAMGLPLKGLRLA) sequence was also predicted by

SignalP-NN [21, 27].

Heterologous Expression of PuFAD9 in E. coli

The PuFAD9 gene was cloned into pET21a(+) E. coli

expression vector, resulting in the target protein, fused with

a T7 tag at N-terminus. Protein expression has been per-

formed as described in ‘‘Experimental Procedures’’. E. coli

cells transformed with empty pET21a(+) vector cultivated

under the same conditions were used as negative control.

Since the target protein expressed in E. coli contained a T7

tag at the N-terminus, its detection has been achieved by

Western blot, using the T7 tag antibody. Results showed

that protein bands corresponding to an approximate

molecular weight of 60 kDa, were present in lysate and

membrane fractions of the recombinant E. coli cells (data

not shown). However, the predominant portion of the

protein was incorporated into cellular membrane. The

reason why the molecular weight was a bit larger than the

predicted value has not been clarified, besides the fact that

some additional amino acids came from the fused T7 tag.

E. coli itself contains type II fatty acid synthase rather

than fatty acid desaturases. Four major fatty acids, C14:0

(myristic acid), C16:0 (palmitic acid), C16:1D9 (palmito-

leic acid), and C18:1D11 (cis-vaccenic acid), among which

palmitate, palmitoleate, and cis-vaccenate are components

of the membrane phospholipids, are found in E. coli cells.

Two minor components, C12:0 (lauric acid) and 3-hy-

droxymyristic acid are found exclusively in the hydrophilic

outer membrane polysaccharides [28]. GC-MS analysis of

trimethylsilylated derivatives of cellular fatty acids indi-

cated changes in the pattern of palmitate and palmitoleate

in E. coli cells upon expression of PuFAD9 (Fig. 3). The

amount of palmitoleate increased from 34 to 88%, while

the amount of palmitate decreased from 66 to 11% during

expression at 15 �C. This result demonstrates that PuFAD9

from P. urativorans indeed encodes a D9-fatty acid

desaturase that can be actively expressed in E. coli.

In Vivo Study of P. urativorans D9-Fatty Acid

Desaturase Expressed in E. coli.

The optimal growth temperature for P. urativorans in the

psychrophilic habitat is 18–22 �C [29]. To investigate the

temperature effect on functional expression of the desat-

urase in E. coli, cells transformed with pEPUD9 plasmid

were harvested 6 h after expression at 15, 25 and 37 �C

(Fig. 4). The ratio of palmitoleic to palmitic acid in the

recombinant cells at 15 �C was 2.4 times smaller than at

25 �C, which fitted well with the levels of the expressed

enzyme detected by western blotting at both temperatures.

Although Western blot shows that the protein is expressed

(Fig. 4b), no accumulation of palmitoleic acid was

observed at 37 �C, probably due to the loss of enzyme

activity at this temperature which is compatible with the

maximum growth temperature limit of P. urativorans at

25 �C. The D9-desaturase in recombinant cells was not

Fig. 2 Kyte–Doolittle Hydropathy plot derived from the amino acid

sequence of P. urativorans desaturase. A window size of 19 amino

acids was used to search for a transmembrane region in this protein.

The hydrophobic residues are shown above zero, whereas the

hydrophilic residues are below zero

Fig. 3 Gas chromatograms of TMS derivatives of C16 fatty acids

isolated from E. coli Rosetta (DE3) cells transformed with the control

vector pET21a (+) (a); or cells expressing the recombinant plasmid

pEPUD9 (b). The peak at the retention time of 23.2 min was

identified as 3-trimethylsilyloxymyristic acid according to MS data.

3-Hydroxymyristic acid is a component of the hydrophilic outer

membrane polysaccharides [28]
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detectable before the addition of IPTG to the culture,

indicating that the PuFAD9 gene was strictly regulated.

The desaturation level of C16 fatty acids was 79% at 25 �C

whereas only 61% at 15 �C when measured 6 h after

induction. These results suggest that the conversion of

palmitic acid into palmitoleic acid catalyzed by this

desaturase can be controlled by expression time and

temperature.

Discussion

Cloning and expression of the genes coding for the desat-

urases and elongases which are critical enzymes involved

in the biogenesis of most of the PUFAs, have important

biotechnological potential [7]. Introduction of the D9-

desaturase gene into cells capable of producing an UFA

can enhance the conversion to palmitoleic acid and oleic

acid as starting compounds of UFAs. Particularly when a

putative electron transport partner or a gene coding for

another desaturase is combined with the D9-desaturase by a

recombinant DNA technology, the improved productivity

of some desired PUFAs could be expected [30]. In this

sense, besides the soluble D9-ACP desaturases, the other

two classes of membrane-bound D9-desaturases in differ-

ent species could be regarded as alternative desaturase

resource for more efficient production of PUFAs. However,

although most research has been done on the D9 acyl-lipid

desaturase isolated from cyanobacteria [31–34], the num-

ber of prokaryotic D9-desaturase enzymes that have been

investigated in detail is much smaller than those from fungi

[35, 36], higher plants [10, 37], fish [38] and mammals [39]

so far. In the present study, a novel gene that encodes a

membrane-bound D9-fatty acid desaturase from P. urativ-

orans has been cloned and, to our knowledge, for the first

time, successfully expressed in E. coli. The product of this

gene fused with T7 tag has an approximate molecular mass

of 60 kDa. Enzymatic activity of the target protein was

confirmed by GC-MS analysis of the cellular fatty acid

composition, to demonstrate that this enzyme was expres-

sed in the heterologous host in active form and the

desaturation reaction can be carried out in an E. coli host

cell effectively. Growth temperature has an effect not only

on the synthesis, but also on the activity of the desaturase,

which was reflected by desaturation of palmitic acid. It is

very likely that the P. urativorans desaturase expressed in

E. coli accepted electrons from the host’s ferredoxin [40].

However, further work is needed to clarify the electron

transport system and substrate specificity of the enzyme.
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Abstract Adipose triglyceride lipase (ATGL) is a newly

identified lipase. We report for the first time the porcine

ATGL sequence and characterize ATGL gene and protein

expression in vitro and in vivo. Adult pig tissue expresses

ATGL at high levels in the white adipose and muscle tissue

relative to other tested tissues. We show that within the

white adipose tissue ATGL is expressed at higher levels in

the adipocyte than in the stromal-vascular fraction. Addi-

tionally, ATGL expression increases dramatically in the

subcutaneous adipose during adipose development and

maturation, as well as during in vitro adipogenesis. Per-

oxisome proliferator-activated receptor gamma transcript

levels increased concomitant with ATGL gene expression,

suggesting a possible role in the regulation of ATGL by

adipogenic regulators. In vitro treatment of differentiated

primary pig preadipocytes with insulin and forskolin

decreased ATGL gene expression in a dose-dependent

manner, suggesting ATGL transcript levels are hormone

sensitive. In vivo experimentation showed that calorie-

restriction in gilts resulted in increased ATGL mRNA and

protein levels in subcutaneous and peri-renal fat tissues.

Our data demonstrate that ATGL expression reacts to

hormonal stimuli and plays a role in catecholamine-

induced lipolysis in porcine adipose tissue.

Keywords Adipose triglyceride lipase (ATGL) �
Lipolysis � Delta like homolog 1 (DLK1) � Peroxisome

proliferator-activated receptors gamma (PPARc) �
Adipose tissue � Pig

Introduction

Due to a variety of similar physiological and anatomical

characteristics, including a tendency to overeat, pigs are

used as models for human diseases including obesity and

cardiovascular disease [1, 2]. Understanding the lipolytic

pathway in pigs has an application to researchers of human

diseases. Lipase enzymes catalyze the breakdown of stored

triglycerides, a process known as lipolysis, to fatty acids

and glycerol. Adipose triglyceride lipase (ATGL), a newly

discovered lipase, hydrolyzes the first ester bond of stored

triglycerides, releasing nonesterified free fatty acids [3].

ATGL protein is associated with lipid droplets and is found

at high levels in adipose tissue, but is also present in other

tissues that have lipid stores [4]. ATGL activity has been

shown to be required for all PKA-stimulated fatty acid and

glycerol release in murine embryonic fibroblast adipocytes

[5] and is the rate-limiting step in hormone-induced lipol-

ysis [3, 6]. The product, diacylglycerol, is hydrolyzed by

activated hormone sensitive lipase (HSL), which has a

higher substrate affinity for diacylglycerol than triglyceride

[6]. Thus, ATGL and HSL work in concert to mobilize free

fatty acid stores from lipid storing tissues.
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Fasting has been shown to increase ATGL transcript

levels in mice [7]. Human obesity is associated with

decreased catecholamine-induced lipolysis and decreased

HSL expression in adipocytes [8]. A study of the level of

HSL and ATGL gene expression showed that the abun-

dance of the two transcripts in human adipose tissue was

highly correlated to habitual dietary conditions during a

low calorie diet [8]. This suggests a common regulatory

mechanism(s) for the two genes [8]. Studies in mice sug-

gest that dexamethasone induces ATGL gene expression,

whereas tumor necrosis factor alpha, isoproterenol, and

insulin downregulate ATGL gene expression in 3T3-L1

preadipocytes [7, 9]. However, regulation of ATGL at the

molecular level remains unclear. The role ATGL plays in

tissues during adipogenesis and times of calorie restriction

as well as the transcriptional response to metabolic stimuli

in most mammals is unknown. Our experiments are the first

to characterize ATGL gene expression in pigs. We inves-

tigated pATGL gene expression in various tissues, in the

subfractions of the adipose, during development, during in

vitro preadipocyte differentiation, and after food

restriction.

Materials and Methods

Animals

All in vitro work was performed using adipose tissue

collected from Landrace pigs: primary preadipocyte

culture (7–12 day old pigs, 6 piglets total), tissue frac-

tionation and tissue distribution (120 days), ontogeny

(embryo, 105 days of gestation; adult, 120 days; 3 pigs

per group). The adipose is a rapidly developing tissue

with rapid histological changes occurring during late

gestational and early post-natal development, thus sam-

ples from 105 days fetal and 6 days post-natal were

included in the ontogeny study [10, 11]. The calorie

restriction study used 12 adult (164 days of age) com-

mercially crossbred ovariectomized gilts weighing

between 80–100 kg with a mean weight of 79 kg. Six

were fed a calorie restricted (1 kg/days) diet while

control pigs were fed ad libitum *3 kg/days for two

weeks before tissue collection. At the conclusion of the

experiment, the control group gained an average of

8.2 kg and the calorie restricted group lost an average of

2.5 kg. Samples were collected from the subcutaneous

adipose (inner and outer) and the peri-renal adipose (pad

proximate the kidneys). Protein and total RNA were

isolated for use in immunoblotting and quantitative real-

time RT-PCR, respectively. All animal procedures were

approved by the institutional animal care and use

committee.

RNA Isolation and Preparation of cDNA for Cloning

RNA was isolated from pig adipose samples using Tri-

zolTM (Invitrogen) according to the manufacturer’s

instructions. RNA quality was assessed by agarose gel

electrophoresis. Approximately 1 lg of total RNA was

reverse transcribed according to the manufacturer’s

instructions (Invitrogen Life Technologies—M-MLV

reverse transcriptase) [12].

ATGL Cloning and Design of Primers

cDNA from pig adipose was used as a template for PCR.

Two sets of primers were designed according to two por-

cine sequences: The Institute for Genome Research (TIGR)

database sequences TC276632 and TC277702. The TIGR

sequences showed homology to human (Genbank acces-

sion numbers: AY894804, NM_020376), mouse

(AJ278476, AK031609), and cow (XM_864571) ATGL

cDNA. A MJ Research PTC-200 thermal cycler and DNA

Taq polymerase (Invitrogen) were used for all PCR reac-

tions. The PCR products were separated by electrophoresis

on a 1% agarose gel and the appropriate band(s) excised

and gel extracted using the Qiagen Gel Extraction Kit. The

product was then ligated to the pCR 2.1-TOPO vector

using the TOPO TA Cloning Kit (Invitrogen). Positive

clones were sequenced by The Ohio State University

sequencing core facility using an Applied Biosystems 3730

DNA Analyzer. The resulting sequences confirmed

sequence identity by homology to the mouse and human by

identification of characteristic enzyme domains. Real-time

primers were then designed to measure ATGL gene

expression (‘‘F2’’ 50-GCACCTTCATTCCCGTGTAC-30,
‘‘R2’’ 50-CGAGAGATGTGCAAGCAGGG-30). Primers

were designed to span genomic introns, thus avoiding

amplification of genomic DNA possibly present in RNA

samples. PCR reactions using F2/R2 primers were opti-

mized for use in real-time PCR.

Real-Time PCR Detection of Total Gene Expression

Real-time PCR was performed using SYBR green I nucleic

acid dye (Molecular Probes Invitrogen detection technol-

ogies) on an ABI 7300. AmpliTaq GoldTM (Applied

Biosystems, Roche New Jersey) was used in all real-time

reactions as was the following thermal profile: 95 �C 10 m,

40 cycles of 94 �C 30 s, 60 �C 60 s, and 82 �C 30 s. The

CT values for the internal control (cyclophilin) and target

genes, as determined by the ABI software, were used to

calculate gene expression using the 2-DDCt method [13].

All target genes were normalized to cyclophilin and
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displayed as a relative fold-change. Randomly selected

samples from all real-time runs were resolved by agarose

gel electrophoresis to ensure the production of one product.

In addition, dissociation/melting curves yielded single

peaks, indicating a single product with lack of primer

dimers. ‘‘No template’’ negative controls were included in

all PCR reactions to detect possible contamination.

Protein Isolation and Immunoblotting

Approximately 80 mg of tissue was homogenized in 800 ll

of lysis buffer (1% Triton X-100, 150 mM NaCl, 20 mM

HEPES pH 7.5, 10% glycerol, 1 mM EDTA, 100 mM NaF,

100 lM sodium orthovanadate, 1 mM PMSF, and 10 ll/ml

commercial protease inhibitor cocktail). The protein content

of cell lysate was determined using the bicinchoninic acid

(BCA) Protein Assay Kit (Pierce Chemical). Samples were

separated by SDS-PAGE using the mini-Protean system

(Bio-RadHer). The protein was wet-transferred to a PVDF

membrane (Amersham Biosciences Hybond-PTM), blocked

in 5% nonfat dry milk (NFDM) in 1x-TBST (0.1% Tween

20) and incubated overnight at 4 �C with primary antibody

specific to ATGL (Cayman Chemical, 1:1000) in 5% NFDM.

After washing in 1x-TBST, blots were incubated with the

appropriated HRP-conjugated secondary antibody for 1 h at

room temperature. Blots were washed before addition of

ECL plusTM (Amersham Biosciences) and bands were

detected with HyperfilmTM (Amersham Biosciences).

Porcine Stromal-Vascular and Adipocyte Cell

Fractionation

Adipose tissue (5 g) was removed from 120 day old pigs,

minced, and incubated with 3.2 mg/ml collagenase II

(Sigma-Aldrich) for 1 h in a shaking waterbath (180 rpm,

37 �C) to separate adipose tissue into adipocyte and stromal-

vascular fractions (SVF). After treatment, the suspension

was passed through a 100 lm nylon cell strainer to remove

undigested tissue. The filtrate was centrifuged at 2009g for

5 min and the top layer (adipocyte fraction) and the pellet

(SVF) were collected for RNA isolation [14]. Separation of

fractions was verified by marker genes delta like homolog 1

(DLK1) (preadipocyte) [12, 15] and peroxisome prolifera-

tor-activated receptor (PPARc) (adipocyte) [12, 16].

Primary Pig Preadipocyte Culture and Differentiation

The separated stromal-vascular portion of the tissue frac-

tionation was plated in DMEM supplemented with 10%

fetal bovine serum (FBS) and antibiotics. The media was

refreshed every 24 h until confluence (*5 days) and dur-

ing the differentiation protocol. The cells were

differentiated similar to our previous publication [17].

Briefly, 1 day after confluence cells were treated with

80 nM dexamethasone for 2 days followed by 5 lg/ml

insulin, 5 lg/ml transferrin, 0.5 mM isobutyl-1-methyl-

xanthine, and 5 ng/ml selenium for 4 days. Cells were

maintained in growth media until 10 days post-differenti-

ation before use in experiments resulting in approximately

60% differentiation. This method is based on those pub-

lished by Hausman and colleagues [18–20]. The cells were

serum starved for 6 h before treatment with insulin, epi-

nephrine, or forskolin for 12 h. Samples were immediately

frozen at -80 �C after collection.

Bioinformatics and Statistical Analyses

ClustalX was used for multiple amino acid sequence align-

ment [21]. GenedocTM was used for creation of cDNA and

amino acid alignment figures. Gene expression data were

subjected to a one-way ANOVA procedure of SASTM (SAS

Inst., Inc.) followed by Fisher’s Protected LSD. Comparison

of two means was accomplished by a Student’s t-test [22].

The minimum level of significance was set at P \ 0.05.

Results

ATGL cDNA and Amino Acid Sequences

We identified several partial pig ATGL sequences in The

Institute for Genomic Research (TIGR) database that were

homologous to human (Genbank accession #AY894804)

and murine ATGL (#AK031609). Porcine ATGL cDNA

(Genbank accession #EU047807) was cloned using primers

designed based on these sequences (Fig. 1). Analysis of

amino acid homology shows that porcine ATGL protein is

more homologous to the mouse (83%) than the human

(78%). The first 180 amino acids of the ATGL protein

represent the patatin domain (PFAM accession PF01734)

which is responsible for the lipolytic activity of ATGL

(Fig. 2) [23, 24]. Porcine ATGL has a hydrophobic domain

(Leu309-Ser396) which may be necessary for association

with the lipid-droplet [23, 24]. The consensus sequence

within the patatin domain for the serine lipase motif

(GXGXXG) was GCGFLG and the serine hydrolase motif

(GXSXG) was GASAG in all three species compared.

ATGL Gene Expression Levels Differ between Adipose

Tissue Fractions

Among the tissues analyzed, pig white adipose, skeletal

muscle, and cardiac muscle tissues showed the highest
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relative gene expression of ATGL (Fig. 3a). Skeletal

muscle expression of ATGL is of comparable magnitude to

that of the subcutaneous white adipose. Cardiac muscle

showed higher expression on average than the intestine,

kidney, liver, lung, and spleen. Western blot data show that

ATGL protein levels in white adipose are much higher than

other tissues (Fig. 3b).

The adipose tissue is composed of two general fractions,

the SVF and the adipocyte fraction. The SVF accounts for

at least one half of the cells of the adipose and includes

fibroblasts, macrophages, and preadipocytes (mesenchymal

stem cells) [25]. It is important to determine which adipose

tissue subfraction is expressing ATGL because it lends

insight into the role of the gene product in the whole tissue.

While collagenase digestion and the subsequent separation

are not absolute, we show (Fig. 3c) that delta like homolog

1 (DLK1), a preadipocyte marker gene, is significantly

higher in the SVF and that PPARc, an adipocyte marker

gene, is significantly higher in the adipocyte fraction,

indicating effective separation. Our data showed (Fig. 3c)

that ATGL expression was, on average, 14-fold higher in

the adipocyte fraction compared to the SVF, suggesting

that adipocytes dominantly express ATGL in adipose tissue

and that ATGL expression may be induced during

adipogenesis.

Ontogeny of ATGL Gene Expression in the Adipose

and During Differentiation of Primary Pig

Preadipoctyes

To confirm the induction of ATGL during in vivo adipose

development, we collected subcutaneous fat tissue from

embryonic day E105, 6 day, and 120 day old pigs (n of

Fig. 1 Porcine ATGL cDNA

sequence. The full length pig

ATGL cDNA (Genbank

accession #EU047807) is shown

with start and stop codons

(underlined) at +4 and +1462,

respectively
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pigs = 3 for each time point) and expression of ATGL at

mRNA and protein levels was quantified by real-time RT-

PCR and Western blot analyses, respectively. Embryoni-

cally, porcine subcutaneous fat tissue expresses very low

levels of ATGL when compared to the levels detected in

adults (Fig. 4a). Even at 6 days after birth, pigs have rel-

atively low levels of ATGL. The dramatic increase in

ATGL during development was further confirmed at the

protein level by immunoblotting (Fig. 4b). This suggested

that adipogenesis or tissue maturation resulted in increased

ATGL expression. In order to study if preadipocyte dif-

ferentiation resulted in an increase in ATGL transcript,

primary pig preadipocytes were grown in culture and dif-

ferentiated. During differentiation, we found that levels of

ATGL increased concomitantly with differentiation. We

showed (Fig. 4) that increases in PPARc in the pig during

maturation occurred simultaneously with ATGL gene

expression and that PPARc and ATGL gene expression

increased during adipogenesis (Fig. 5).

Hormonal Effects on ATGL Gene Expression

in Differentiated Primary Pig Adipocytes

In order to determine if ATGL transcript levels were sen-

sitive to hormonal signals, we cultured, differentiated, and

treated primary pig pre-adipocytes with an anabolic and

catabolic compound. Fully differentiated pig adipocytes

treated with insulin for six hours showed a statistically

significant decrease in ATGL gene expression (Fig. 6a). As

Fig. 2 Amino acid sequence

alignment of pig, human, and

mouse ATGL. Black shading
indicates identical amino acids

and gray shading indicates

amino acids in the same R

groups. The patatin domain is

located between the filled
arrows (I10-L178) and the

hydrophobic domain between

the unfilled arrows (L309-

S396). Within the patatin

domain, the glycine-rich, serine

lipase motif (GXGXXG) is

underlined as well as the serine

hydrolase motif (GXSXG).

Dashes represent gaps in the

amino acid sequence that are

necessary for alignment

according to the default

parameters of ClustalX
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previously discussed, isoproterenol decreases ATGL tran-

script levels in mice. Isoproterenol binds the beta-

adrenergic receptors, leading to activation of protein kinase

A (PKA) signaling. In order to show a role for PKA sig-

naling in ATGL gene expression, we used the specific PKA

activator, forskolin. We found that forskolin decreased

ATGL gene expression in a dose-dependent manner

(Fig. 6b), providing a role for PKA signaling in the regu-

lation of ATGL transcript levels.

Sensitivity of ATGL Expression to Calorie Restriction

in the Peri-renal and Subcutaneous Fat Depots

The regulation of ATGL expression is unknown, although

it has been shown that ATGL gene expression is decreased

by insulin and epinephrine in vitro. The decreases in ATGL

gene expression due to individual hormones in vitro, both

catabolic and anabolic, suggest that ATGL expression in

Fig. 3 ATGL gene expression in pig tissues and adipose tissue

fractions. (a) Total RNA was isolated from various pig tissues. The

mRNA expression of porcine ATGL was determined by quantitative

real-time RT-PCR and expressed as a ratio to cyclophilin mRNA. The

tissue distribution of the porcine ATGL gene expression was also

assessed by RT-PCR, followed by agarose gel electrophoresis and

ethidium bromide staining Cyclophilin was used as a housekeeping

gene control. (b) Equal amounts of protein from whole tissue lysates

were separated by SDS-PAGE and protein expression levels were

determined by immunoblotting using an antibody specific to ATGL.

Beta-actin is provided as an internal control. (c) Relative ATGL gene

expression in the adipocyte and stromal-vascular (SV) fraction of

digested tissues from two 12 day old piglets. Total DLK1 expression,

a preadipocyte marker, is shown in addition to PPARc expression, an

adipocyte marker, both of which are normalized to cyclophilin

Fig. 4 ATGL expression during development of the pig. (a) Total

RNA was isolated from 70-day old fetal, 6-day old and 120-day old

pig adipose tissues. Porcine ATGL, DLK1 and PPARc expressions in

pig adipose tissue at three different ages were analyzed by quanti-

tative real-time RT-PCR. Bar charts represent data from at least three

animals per group performed in duplicate and are corrected for

cyclophilin. Data reported as means ± SEM. The level of ATGL

expression at day 140 was significantly higher than those of the fetus

and 6-day old pigs (ANOVA, P \ 001). The levels of DLK1

expression in fetal adipose tissue were significantly lower than those

at day 6 and 140 (ANOVA, P \ 0001). PPARc expression increased

with increasing age (b) ATGL and PPARc protein was measured by

Western blot analysis; b-actin was used as an internal control
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vivo may be sensitive to metabolic hormones. Our data

show that ATGL expression is increased by calorie

restriction in the peri-renal and subcutaneous fat depots of

pigs (Fig. 7). Hormone sensitive lipase (HSL) gene

expression does not significantly change during calorie

restriction. The lipolytic activity of HSL serves as an

internal control because it is regulated at the protein level

by PKA-mediated phosphorylation. Interestingly, DLK1

increased dramatically in the adipose of calorie-restricted

pigs. We used immunoblotting to confirm the increased

expression of ATGL at the protein level in the peri-renal

and subcutaneous fat of the pig (Fig. 8a, b).

Discussion

Triglycerides stored in white adipose tissue (WAT) repre-

sent the primary energy storage form in animals. When

caloric intake does not meet caloric expenditures, the body

relies on the process of lipolysis in WAT to provide non-

esterified fatty acids to tissues as an energy substrate. The

regulation of lipolysis is an incompletely understood

process which can vary greatly between species. This

variability is largely due to species-specific differences in

sensitivity to hormonal stimuli caused by variations in

hormone receptor abundance and sequence [26]. In addi-

tion, the existence of lipases that have not been

characterized adds a new dimension of complexity. Do

inter-species variations in lipase enzyme sequence and/or

function determine a species’ or individual’s unique lipo-

lytic system? ATGL is a newly identified lipase that has

only been described in a few mammalian species.

The 180 amino acids at the N-terminal were identified as

a patatin-like domain in the Pfam protein family database.

The patatin-like domain overlaps with the a/b hydrolase

domain located at amino acids 25–240. These domains

contain a glycine-rich motif (GXGXXG) and the active

Fig. 5 ATGL gene expression during differentiation. Total RNA was

isolated from d0 to d9 during adipogenic differentiation of adipose

stromal-vascular cells. The mRNA expression of ATGL and PPARc
genes was determined by quantitative real-time RT–PCR and

expressed as a ratio to cyclophilin mRNA. The bars indicate

means ± SEM (the number of pigs = 3)

Fig. 6 Sensitivity of ATGL gene expression to hormonal signals in

vitro. The differentiated porcine adipocytes in culture were treated

with insulin and forskolin at indicated doses for 12 h. The mRNA

expression of ATGL gene was determined by quantitative real time

RT–PCR and expressed as a ratio to cyclophilin mRNA. The bars

indicate means ± SEM (the number of pigs = 3)
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serine hydrolase motif (GXSXG). The patatin-like domain

also contains a brummer box (BB) that is conserved across

patatin-like domain-containing proteins belonging to the

nutrin family of proteins [24]. We show a high level of

sequence conservation across species. In addition, the

hydrophobic area of the protein from Leu309-Ser396

shows conserved homology. The hydrophobic domain has

been shown to be associated with ATGL localization to the

lipid-droplet [23]. Mutations within the hydrophobic

domain of ATGL do not affect whole-cell lipase activity;

however, ATGL cannot effectively localize to the adipo-

some. Localization of ATGL to the lipid droplet is essential

for hydrolysis of stored triglyceride, explaining the phe-

notype presented by patients suffering from neutral lipid

storage disorders (NLSDs) [23]. In addition, of the 12

identified single nucleotide polymorphisms in humans with

three SNPs changing amino acids sequences, some have

been correlated with free fatty acid, serum glucose levels,

and the risk for type II diabetes [27]. However, the pig

amino acid sequences at these SNP sites are identical to the

sequences of normal human ATGL. Amino acids 267–300

are variable between species and no significant conserva-

tion is seen near the carboxyl terminus of the ATGL after

amino acid 470. The pig sequence data supports the bio-

logical and evolutionary advantage to maintaining the

patatin-like domain and the hydrophobic domain of ATGL

across species.

ATGL has been shown to be associated with the lipid

droplet [4]. Therefore, it is logical to assume that tissues

with a greater abundance of accumulated triglyceride, and

thus a larger lipid droplet, will have increased levels of

ATGL. High relative expression of ATGL in WAT is

consistent with expression in mice; however, ATGL gene

expression in pig muscle seems to be high relative to most

tissues tested [28]. Pig muscle ATGL expression is prob-

ably due to the presence of adiposomes (lipid droplets in

the cells) within the muscle fibers themselves as well as the

presence of intramuscular fat. Both skeletal and cardiac

muscle use fatty acids as a preferred fuel substrate under

certain conditions. ATGL gene expression in muscle was

shown to be high while protein levels were not. The reason

for this is unclear; however, one might explain this by

differences in translation efficiencies or degradation rates

between the tissues. NLSDs in humans are the result of

mutations in both alleles of the ATGL gene and are char-

acterized by ectopic fat droplet presence in leukocytes,

bone marrow, skin, and muscle [23]. In addition, ATGL

knockout mice accumulate large amounts of lipid in the

heart causing premature death [29]. ATGL (+/-) mice

presented cardiac triglyceride content at twice the level of

wild-type mice [29]. Thus, the presence of ATGL may

allow for enhanced catecholamine-induced hydrolysis of

stored lipid in the mature porcine.

Fig. 7 ATGL gene expression in ad libitum versus calorie-restricted

pigs. The ad libitum group was fed 3 kg/days and the calorie

restricted group was fed 1 kg/days of a grower diet for 9 days. Total

RNA isolated from peri-renal and subcutaneous adipose tissues was

analyzed by quantitative real-time RT–PCR for ATGL, HSL and

DLK1. Cyclophilin expression was used as a housekeeping gene

control

Fig. 8 ATGL protein levels in ad libitum versus calorie-restricted

pigs. Total protein isolated from two groups was subjected to Western

blot analysis for ATGL protein ATGL protein levels in (a) perirenal

and (b) subcutaneous fat b-actin was used to indicate equal sample

loading
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This indicates that embryonic and post-natal pigs have

immature adipose tissues that are not effective at high

levels of lipolysis and beta-oxidation, suggesting a reliance

on a consistent supply of nutrients from the mother. Also,

newborn piglets increase body fat mass from 3% to 15% by

weaning at 21 days of age [30] with dramatic increases in

fat cell size and expression of adipocyte marker genes [31].

High ATGL expression in the adult is probably due to a

large population of mature adipocytes in adipose tissue,

which was supported by the increased expression of adi-

pogenic marker gene, PPARc, and reduction in expression

of preadipocyte marker gene, DLK1. Downregulation of

DLK1 expression would theoretically allow for maximal

adipocyte differentiation in rapidly growing piglets. It is

important to note that DLK1 gene expression levels were

very high in the embryo and dramatically decreased in the

6 d and adult pig, resulting in reduction of anti-adipogenic

activities of DLK1 during in vivo differentiation of adipose

tissue. PPARc showed an inverse relationship to DLK1 and

a direct relationship to ATGL as we stated previously

concerning tissue fractionation. It is important to note that

ATGL expression levels have been shown to be altered in

states of obesity. For instance, genetically obese (ob/ob)

mice have been shown to have decreased ATGL transcript

levels in white adipose compared to normal weight controls

suggesting a role for ATGL transcript regulation in body

fat mass control [7]. Interestingly, ATGL-deficient mice

exhibit fat cell hypertrophy and mild obesity [29]. These

states suggest that ATGL function plays a role in whole

body lipid content. Although the possible association of

ATGL with whole body lipid content in pigs has not been

studied, ATGL transcription levels may influence carcass

adipose and meat quality.

The in vitro and in vivo data suggests that ATGL gene

expression is controlled directly or indirectly by adipo-

genesis. Adipogenesis is a complex process regulated in

large part by PPARc. Transfection of 3T3-L1 cells with

ATGL promoter-luciferase constructs followed by treat-

ment with a PPARc ligand resulted in transactivation,

indicating that ATGL gene expression may be controlled

by PPARc mediated signals [28]. PPARc may directly

regulate ATGL gene transactivation by binding to the

promoter of the ATGL gene or indirectly increase ATGL

gene expression levels by upregulating an adipogenic fac-

tor that regulates ATGL expression. This suggests that

ATGL transactivation may be controlled by an adipogenic

transcription factor such as PPARc [22]. However, further

studies to elucidate this relationship are needed.

Decreased ATGL transcript levels due to insulin

treatment are likely caused by phosphoinositide-3 kinase

(PI3K) signaling events. Binding of insulin to the insulin

receptor leads to PI3K and Akt activation. In a mouse

adipocyte cell line, 3T3-L1, insulin-mediated ATGL

decrease was rescued by a PI3K inhibitor [28]. We

showed that forskolin treatment also decreased ATGL

transcript levels. Forskolin activates adenyl-cyclase,

resulting in increased intracellular cyclic AMP levels and

the activation of PKA signaling. PKA signaling affects

many cellular processes and activation of this pathway

may directly or indirectly regulate ATGL transcription.

Calorie-restriction increases ATGL, catecholamine, and

glucocorticoid levels, as well as decreases levels of

insulin. Translating the data between the two systems is

complex. Calorie restriction in the pig most likely

decreased serum insulin levels compared to the ad libitum

group. This may reduce the potent inhibition of PI3K

signaling via insulin stimulation as seen in vitro. Also,

calorie restriction-induced glucocorticoid release may also

increase ATGL expression as did dexamethasone in vitro.

The inconsistency resides in the response to catechol-

amine-induced PKA signaling with ATGL decreasing in

vitro but increasing in vivo when catecholamine levels

should be higher than the ad libitum group. This incom-

patibility may be due to interactions between the

hormonal signaling pathways in vivo which cannot be, or

are difficult to, recapitulate in culture.

The calorie-restriction experiment yielded a novel

finding; restriction increased DLK1 gene expression. This

may be explained by a proportional increase in the number

of SV cells per gram of tissue as adipocytes lose lipid mass

during restriction. Alternatively, DLK1 may play, as of yet,

an undefined role in the adipose during times of calorie

restriction [32]. The upregulation of DLK1 may function to

prevent cells within the adipose from undergoing differ-

entiation, thus maintaining preadipocytes in times of a

negative energy balance and possibly leading to an

increased population of preadipocytes. This is supported by

transgenic overexpression of DLK1 in mouse adipose tis-

sue, resulting in decreased fat mass and increased

endogenous DLK1 gene expression [15]. Alternatively,

food restriction results in decreased adipose tissue mass by

inhibition of adipogenesis and catabolic events such as

lipolysis, which may have led to the indirect upregulation

of the DLK1 gene expression. In adipose tissue, expression

of the DLK1 antisense decreased amounts of endogenous

DLK1 and promoted adipocyte differentiation, whereas

overexpression of the DLK1 gene inhibited adipocyte

development in vitro [33]. In addition, our previous studies

clearly indicate that overexpression of the DLK1 gene in

adipose tissue of transgenic mice inhibited adipocyte

development and knockout of the DLK1 gene induced the

obesity phenotype in mice [15, 34]. In pigs, DLK1 served

as a reliable preadipocyte marker as shown by greater

expression of DLK1 in the subcutaneous adipose of

embryonic pigs and the stromal-vascular tissue fraction of

adult pigs [12].
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The sensitivity of the pig ATGL gene to hormonal

stimuli both in vitro and in vivo suggests a role for ATGL

in hormone-induced lipolysis. Before the identification of

ATGL, HSL was regarded as the hormonally-controlled

master regulator of lipolysis. The mechanisms that control

ATGL-mediated initiation of lipolysis are not understood.

While some researchers report that ATGL is affected by

hormonal stimuli, others speculate that ATGL is only

involved in basal lipolysis. Though our study does not

directly measure lipolysis we do show that ATGL gene

and protein expression are altered by hormonal stimuli in

vitro and in vivo, respectively, suggesting that hormonally

sensitive signaling pathways converge on factors that

effect ATGL gene expression. Both anti- and pro-lipolytic

hormones downregulated ATGL in the pig, similar to that

reported in mice. It has been shown that PKA activating

compounds, such as epinephrine and forskolin, induce

lipolysis while decreasing ATGL gene expression levels,

suggesting that ATGL may not be regulated at a tran-

scriptional level. It has been shown that ATGL is not a

direct substrate of PKA and there are no data showing

evidence of regulation at a protein level [3]. It is also

important to note that ATGL gene and protein expression

levels increase during calorie restriction. Previous studies

showed that feed restriction in pigs results in decreased

transcript levels in some genes (fatty acid synthase, lipo-

protein lipase, leptin) involved with energy partitioning

[35–37]. During food restriction in our study, pig insulin

levels should be lower than during ad libitum feeding

which would allow for ATGL levels to increase. How-

ever, epinephrine levels in restricted pigs would also be

elevated on average in comparison to ad libitum fed pigs.

This suggests that individual hormones tested in vitro do

not accurately recapitulate the complex metabolic signals

that undoubtedly intersect on ATGL. Further elucidation

of the biochemical regulation of ATGL enzyme activity

may clarify the intricacy between whole body metabolism

and the convergence of hormonal signaling effects on

ATGL.

Acknowledgments This work was supported by an Ohio Agricul-

ture Research and Development Center (K. Lee) seed grant and HK

Biotech (K. Lee). This work was partially supported by the Korean

Science and Engineering Foundation Grant (J. Shin, No.C00137).

References

1. Guillerm-Regost C, Louveau I, Sebert SP, Damon M, Champ

MM, Gondret F (2006) Cellular and biochemical features of

skeletal muscle in obese Yucatan minipigs. Obesity (Silver

Spring) 14:1700–1707

2. Turk JR, Henderson KK, Vanvickle GD, Watkins J, Laughlin

MH (2005) Arterial endothelial function in a porcine model of

early stage atherosclerotic vascular disease. Int J Exp Pathol

86:335–345

3. Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G, Bir-

ner-Gruenberger R, Riederer M, Lass A, Neuberger G,

Eisenhaber F, Hermetter A, Zechner R (2004) Fat mobilization in

adipose tissue is promoted by adipose triglyceride lipase. Science

306:1383–1386

4. Smirnova E, Goldberg EB, Makarova KS, Lin L, Brown WJ,

Jackson CL (2006) ATGL has a key role in lipid droplet/adipo-

some degradation in mammalian cells. EMBO Rep 7:106–113

5. Miyosh H, Perfield JW, Souza SC, Shen WJ, Zhang HH, Stan-

cheva ZS, Kraemer FB, Obin MS, Greenberg AS (2007) Control

of adipose triglyceride lipase action by serine 517 of perilipin A

globally regulates protein kinase A-stimulated lipolysis in adi-

pocytes. J Biol Chem 282:996–1002

6. Haemmerle G, Zimmermann R, Strauss JG, Kratky D, Riederer

M, Knipping G, Zechner R (2002) Hormone-sensitive lipase

deficiency in mice changes the plasma lipid profile by affecting

the tissue-specific expression pattern of lipoprotein lipase in

adipose tissue and muscle. J Biol Chem 277:12946–12952

7. Villena JA, Roy S, Sarkadi-Nagy E, Kim KH, Sul HS (2004)

Desnutrin, an adipocyte gene encoding a novel patatin domain-

containing protein, is induced by fasting and glucocorticoids:

ectopic expression of desnutrin increases triglyceride hydrolysis.

J Biol Chem 279:47066–47075

8. Langin D, Dicker A, Tavernier G, Hoffstedt J, Mairal A, Ryden

M, Arner E, Sicard A, Jenkins CM, Viguerie N, Van HV, Gross

RW, Holm C, Arner P (2005) Adipocyte lipases and defect of

lipolysis in human obesity. Diabetes 54:3190–3197

9. Kralisch S, Klein J, Lossner U, Bluher M, Paschke R, Stumvoll

M, Fasshauer M (2005) Isoproterenol, TNFalpha, and insulin

downregulate adipose triglyceride lipase in 3T3-L1 adipocytes.

Mol Cell Endocrinol 240:43–49

10. Bilak SR, Bremner EM, Robson RM (1987) Composition of

intermediate filament subunit proteins in embryonic, neonatal and

postnatal porcine skeletal muscle. J Anim Sci 64:601–606

11. Hausman GJ, Kauffman RG (1986) The histology of developing

porcine adipose tissue. J Anim Sci 63:642–658

12. Deiuliis JA, Li B, Lyvers-Peffer PA, Moeller SJ, Lee K (2006)

Alternative splicing of delta-like 1 homolog (DLK1) in the pig

and human. Comp Biochem Physiol B Biochem Mol Biol

145:50–59

13. Livak KJ, Schmittgen TD (2001) Analysis of relative gene

expression data using real-time quantitative PCR and the 2(-Delta

Delta C(T)) method. Methods 25:402–408

14. Fernyhough ME, Vierck JL, Hausman GJ, Mir PS, Okine EK,

Dodson MV (2007) Primary adipocyte culture: adipocyte purifi-

cation methods may lead to a new understanding of adipose tissue

growth and development. Cytotechnology 46:163–172

15. Lee K, Villena JA, Moon YS, Kim KH, LeeS, Kang C, Sul HS

(2003) Inhibition of adipogenesis and development of glucose

intolerance by soluble preadipocyte factor-1 (Pref-1). J Clin

Invest 111:453–461

16. Tontonoz P, Hu E, Spiegelman BM (1994) Stimulation of adi-

pogenesis in fibroblasts by PPAR gamma 2, a lipid-activated

transcription factor. Cell 79:1147–1156

17. Li B, Zerby HN, Lee K (2007) Heart fatty acid binding protein is

upregulated during porcine adipocyte development. J Anim Sci

85:1651–1659

18. Hausman GJ, Poulos S (2004) Recruitment and differentiation of

intramuscular preadipocytes in stromal-vascular cell cultures

derived from neonatal pig semitendinosus muscles. J Anim Sci

82:429–437

19. Hausman GJ, Poulos SP (2005) A method to establish co-cultures

of myotubes and preadipocytes from collagenase digested neo-

natal pig semitendinosus muscles. J Anim Sci 83:1010–1016

20. Hentges EJ, Hausman GJ (1989) Primary cultures of stromal-

vascular cells from pig adipose tissue: the influence of

224 Lipids (2008) 43:215–225

123



glucocorticoids and insulin as inducers of adipocyte differentia-

tion. Domest Anim Endocrinol 6:275–285

21. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins

DG (1997) The CLUSTAL_X windows interface: flexible strat-

egies for multiple sequence alignment aided by quality analysis

tools. Nucleic Acids Res 25:4876–4882

22. Kershaw EE, Schupp M, Guan HP, Gardner NP, Lazar MA, Flier JS

(2007) PPARg regulates adipose triglyceride lipase in adipocytes in

vitro and in vivo. Am J Physiol Endocrinol Metab, Sep 11

23. Fischer J, Lefevre C, Morava E, Mussini JM, Laforet P, Negre-

Salvayre A, Lathrop M, Salvayre R (2007) The gene encoding

adipose triglyceride lipase (PNPLA2) is mutated in neutral lipid

storage disease with myopathy. Nat Genet 39:28–30

24. Gronke S, Mildner A, Fellert S, Tennagels N, Petry S, Muller G,

Jackle H, Kuhnlein RP (2005) Brummer lipase is an evolutionary

conserved fat storage regulator in Drosophila. Cell Metab 1:323–

330

25. Hausman GJ (1985) The comparative anatomy of adipose tissue.

In: Cryer A, Van, RL (eds) New perspectives in adipose tissue:

structure, function and development. Butterworths, London, pp

1–21

26. Bergen WG, Mersmann HJ (2005) Comparative aspects of lipid

metabolism: impact on contemporary research and use of animal

models. J Nutr 135:2499–2502

27. Schoenborn V, Heid IM, Vollmert C, Lingenhel A, Adams TD,

Hopkins PN, Illig T, Zimmermann R, Zechner R, Hunt SC,

Kronenberg F (2006) The ATGL gene is associated with free

fatty acids, triglycerides, and type 2 diabetes. Diabetes 55:1270–

1275

28. Kim JY, Tillison K, Lee JH, Rearick DA, Smas CM (2006) The

adipose tissue triglyceride lipase ATGL/PNPLA2 is downregu-

lated by insulin and TNF-alpha in 3T3-L1 adipocytes and is a

target for transactivation by PPARgamma. Am J Physiol Endo-

crinol Metab 291:E115–E127

29. Haemmerle G, Lass A, Zimmermann R, Gorkiewicz G, Meyer C,

Rozman J, Heldmaier G, Maier R, Theussl C, Eder S, Kratky D,

Wagner EF, Klingenspor M, Hoefler G, Zechner R (2006)

Defective lipolysis and altered energy metabolism in mice lack-

ing adipose triglyceride lipase. Science 312:734–737

30. Manners MJ, McCrea MR (1963) Changes in the chemical

composition of sow-reared piglets during the 1st month of life. Br

J Nutr 17:495–513

31. McNeel RL, Ding ST, Smith EO, Mersmann HJ (2000) Expres-

sion of porcine adipocyte transcripts during differentiation in

vitro and in vivo. Comp Biochem Physiol B Biochem Mol Biol

126:291–302

32. Abdallah BM, Jensen CH, Gutierrez G, Leslie RG, Jensen TG,

Kassem M (2004) Regulation of human skeletal stem cells dif-

ferentiation by Dlk1/Pref-1. J Bone Miner Res 19:841–852

33. Smas CM, Chen L, Sul HS (1997) Cleavage of membrane-

associated pref-1 generates a soluble inhibitor of adipocyte dif-

ferentiation. Mol Cell Biol 17:977–988

34. Moon YS, Smas CM, Lee K, Villena JA, Kim KH, Yun EJ, Sul

HS (2002) Mice lacking paternally expressed Pref-1/Dlk1 display

growth retardation and accelerated adiposity. Mol Cell Biol

22:5585–5592

35. Hart HA, Azain MJ, Hausman GJ, Reeves DE, Barb CR (2007)

Failure of short-term feed restriction to affect luteinizing hor-

mone and leptin secretion or subcutaneous adipose tissue

expression of leptin in the prepuberal gilt. Can J Anim Sci

87:191–197

36. McNeel RL, Ding ST, Smith EO, Mersmann HJ (2000) Effect of

feed restriction on adipose tissue transcript concentrations in

genetically lean and obese pigs. J Anim Sci 78:934–942

37. McNeel RL, Mersmann HJ (2000) Nutritional deprivation redu-

ces the transcripts for transcription factors and adipocyte-

characteristic proteins in porcine adipocytes. J Nutr Biochem

11:139–146

Lipids (2008) 43:215–225 225

123



COMMUNICATION

Docking of Fatty Acids into the WIF Domain
of the Human Wnt Inhibitory Factor-1

Tomas Malinauskas

Received: 10 September 2007 / Accepted: 4 December 2007 / Published online: 7 February 2008

� AOCS 2008

Abstract Palmitoylated Wnt proteins comprise a con-

served family of secreted signaling molecules associated

with variety of human cancers. WIF domain of the human

WIF (Wnt inhibitory factor)-1 is sufficient for Wnt

binding and signaling inhibition. Detailed interactions

between Wnt and WIF-1 are not known. Computational

docking was employed to identify a possible fatty acid

binding site in the WIF domain. A putative binding site

was identified inside the domain. WIF domain exhibited

the highest affinity for C16:0–C18:0 (-22 kJ/mol free

energy of binding) fatty acids. The results suggest a role

of the WIF domain as a palmitoyl binding domain

required for WIF-1 binding to palmitoylated Wnt and

signaling inhibition.

Keywords Wnt inhibitory factor-1 � WIF domain �
Wnt � Lipoprotein � Signaling � Palmitoylation �
Docking � Fatty acids � Cancer

Introduction

Palmitoylated wingless-type (Wnt) proteins comprise a

conserved family of secreted signaling molecules [1]. They

play key roles during embryogenesis and adult tissue

homeostasis. Canonical Wnt proteins bind to the Frizzled

(Fz)/low-density-lipoprotein-receptor-related protein (LRP)

complex at the target cell surface (Fig. 1). These cell surface

receptors can transduce a signal through several cytoplasmic

proteins eventually leading to the transcription of target

genes. Aberrant regulation of the Wnt pathway is associated

with variety of human cancers and degenerative diseases [2].

Wnt antagonists interrupt binding of Wnts to their

receptors [3]. Antagonists form two functional classes.

Members of the sFRP class (which includes secreted Friz-

zled-related proteins (sFRP) [4], WIF (Wnt inhibitory

factor)-1 [5–10] and Cerberus [11]) bind to the Wnt proteins

and inhibit their ability to interact with the receptor complex.

Members of the Dickkopf class [12] inhibit Wnt signaling by

binding to the LRP component of the Wnt receptor complex.

Interactions between Wnts and their antagonists remain

elusive due to the lack of tertiary structures.

The Wnt inhibitory factor-1 is a secreted protein of 379

amino acid residues that binds to palmitoylated Wnt pro-

tein and inhibits its activity [5]. WIF domain (about 140

residues) of WIF-1 is sufficient for Wnt binding and sig-

naling inhibition. The tertiary structure of the WIF domain

was solved using NMR spectroscopy [6]. The unexpected

association between detergent Brij-35 [dodecylpoly(ethyl-

eneglycolether)23] and the WIF domain suggests its affinity

for alkyl chains and palmitoylated Wnts. Removal of the

palmitate leads to the loss of Wnt activity. Wnt proteins are

difficult to purify due to inefficient secretion [13], high

degree of insolubility [1]; the WIF domain tends to pre-

cipitate [6]. Thus detailed interactions between
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material, which is available to authorized users.
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palmitoylated Wnt and WIF-1 remain hardly approachable

by traditional biochemical methods. Computational studies

presented here aim to determine a possible fatty acid

binding site in the WIF domain and propose thermody-

namically favorable interactions in the Wnt signaling

pathway associated with variety of cancers and intercellu-

lar communication.

Experimental Procedures

Twenty conformers representing the NMR structure of the

WIF domain of the human WIF-1 were downloaded from the

Protein Data Bank (PDB ID code 2D3J). The average

structure of 20 conformers was calculated and each con-

former was aligned with it individually. The RMSD (root

mean square deviation) between the average structure and

individual conformers was calculated. The best fitting

(lowest all-atom RMSD value, 0.57 Å) conformer (MODEL

1 from 2D3J file) was selected for docking studies. As a

control experiment, palmitic acid (C16:0) was docked with

all of the 20 WIF domain conformers. The same fatty acid

binding site with similar C16:0 conformations and free

energy of binding (DGbinding) was identified in all of the 20

WIF domain conformers (Supplementary Fig. 1).

Structures of fatty acids were constructed manually

using program ACD/ChemSketch 10.02. Energy minimi-

zation of the three-dimensional structures was performed

using CHARMM force field [14] as implemented in the

ChemSketch prior to docking.

Molecular docking was carried out using program

AutoDock 4.0 [15] in order to identify possible binding

sites and conformations of fatty acids, estimate DGbinding.

The estimation function of DGbinding is based on an

empirical function derived by linear regression analysis of

a set of diverse protein-ligand complexes with known

inhibition constants in the AutoDock 4.0. All torsions of

fatty acids except double bonds were unconstrained during

the docking. The protein was treated as a rigid body.

Docking was accomplished using the Lamarckian genetic

algorithm (LGA) with the following modifications of the

default parameters leading to higher accuracy of calcula-

tions. Atomic interaction energy grid maps were calculated

with 0.3 Å (the default is 0.375 Å) grid spacing. The WIF

domain was placed in a 39 9 90 9 39 Å box. The space of

the box covered the whole WIF domain and the space

beyond. Thus identification of the fatty acid binding site

both on the surface and inside the domain was possible. A

hundred conformers of each fatty acid were generated

during the docking experiment (Suppl. Fig. 2). The maxi-

mum number of energy evaluations was set to 1 9 106.

Results and Discussion

To aid the experimental analysis of interactions between

the palmitoylated protein Wnt and its antagonist WIF-1,

binding of fatty acids to the available tertiary structure of

the WIF domain was investigated. The surface of the

WIF domain was probed to identify sites that are ener-

getically most favorable for interaction with the flexible

ligand.

Fatty acid docking revealed no binding sites at the outer

surface of the WIF domain. A hydrophobic binding site

was observed between hydrophobic residues of strand 4

(Phe65, Trp67) and 8 (Val128/130/132) surrounded by

Leu12, Leu14 and Val110 inside the domain (Fig. 2).

Residues Phe65 and Trp67 are highly conserved within the

WIF domains (also identified in the extracellular domains

of Ryk (receptor-like tyrosine kinase) [16], Wnt binding

protein) although their function remains unknown. Leu12

is not associated with any secondary structure element and

may serve as a flexible boundary of the entry point for alkyl

chain into the hydrophobic site.

Free energies of fatty acid binding to the WIF domain

were estimated. DGbinding decreased gradually from

approx. -14 to -22 kJ/mol for saturated fatty acids C8:0–

C16:0 (Fig. 3). A steady increase of DGbinding was

observed for fatty acids with a longer alkyl chain. Unfa-

vorable DGbinding for longer acids might be explained by

steric hindrances between limited-size binding site and

fatty acids. It is noteworthy that the lowest DGbinding of

approx. -22 kJ/mol was observed for C16:0–C18:0 in case

Fig. 1 Role of palmitoylation in Wnt signaling. Canonical Wnt

signaling pathway is initiated when palmitoylated Wnt binds to the

Frizzled and LRP5/6 receptor complex at the cell surface. Loss of

palmitoyl or presence of WIF domain leads, by unknown mechanism,

to inactivation of signal transduction. This study aims to propose

thermodynamically favorable interactions between palmitoylated Wnt

and WIF domain
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of saturated fatty acids. This suggests that the WIF domain

might serve as the palmitoyl binding domain during the

binding between palmitoylated Wnt and WIF-1.

No significant differences in the DGbinding between even

and odd chain fatty acids were observed. The influence of

double C-C bonds on DGbinding remained negligible in the

case of C16:0 versus cis-9 C16:1 (Fig. 3, an inset).

Interestingly, the trans-9 C18:1 lowest energy conformer

exhibited the DGbinding of -24.5 kJ/mol (Fig. 2) while the

corresponding cis-9 C18:1 conformer docked with the

DGbinding of -18.2 kJ/mol. The identified differences

between C18 fatty acid isomers probably could be

explained by limitations of the program as no specific

interactions between double C-C bond and WIF domain

were observed (Fig. 2). However, it is tempting to specu-

late that Wnt signaling might be regulated using alternative

saturated or unsaturated alkyl chains on the Wnt proteins.

To summarize, the putative fatty acid binding site was

identified inside the WIF domain of the Wnt antagonist

human WIF-1 using the computational docking method.

The WIF domain exhibited the highest affinity for C16:0–

C18:0 (-22 kJ/mol free energy of binding). The results

suggest a possible role of the WIF domain as a palmitoyl

binding domain required for WIF-1 binding to palmitoy-

lated Wnt. Although molecular docking and NMR studies

indicate high affinity of the WIF domain for alkyl chains,

determination of the tertiary structure of palmitoylated Wnt

in complex with its antagonist WIF-1 are highly desirable

for the understanding of Wnt signaling pathway.
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Abstract Atorvastatin calcium (AC) is a second-genera-

tion 3-hydroxy-3-methylglutaryl-CoA reductase inhibitor

approved for clinical use as a lipid lowering agent. AC, the

world’s best selling drug is associated with poor oral

bioavailability and serious adverse effects like rhabdo-

myolysis on chronic administration. A biodegradable

nanoparticulate approach was introduced here with a view

to improving the efficacy and safety of AC. Poly lactide-

co-glycolic acid (PLGA) nanoparticles containing atorva-

statin calcium were prepared using two stabilizers i.e.

didodecyl dimethyl ammonium bromide (DMAB) and

Vitamin E tocopheryl polyethylene glycol 1000 succinate

(Vit E-TPGS) using a co-solvent approach by emulsion–

diffusion–evaporation method. AC loaded PLGA nano-

particles prepared using DMAB and Vit E-TPGS were

found to be 120.0 ± 4.2 nm and 140.0 ± 1.5 nm (z-aver-

age) in size respectively. In vitro release studies at pH 7.4

revealed a zero order release profile for nanoparticles.

Efficacy and safety parameters of the prepared nanoparti-

cles against marketed formulation were evaluated in high

fat diet fed (hyperlipidemic) rats. It was found that ator-

vastatin calcium nanoparticles were equally effective in

comparison to Lipicure�, at a 66%-reduced dose in treating

the hyperlipidemia characterized by alterations in PTC,

LDL-C, VLDL-C, HDL-C, PTG and PGL in the high fat

diet fed rats. On the other hand, when evaluated for safety,

nanoparticulate formulation showed no/negligible myo-

toxicity characterized by lower PC, BUN, CK, LDH and

AST levels in comparison to the marketed formulation.

Keywords Bioavailability � Hyperlipidemia �
Nanoparticles � Oral delivery � Rhabdomyolysis

Abbreviations

AC Atorvastatin calcium

AST Aspartate amino transferase

BUN Blood urea nitrogen

PTC Plasma total cholesterol

PTG Plasma triglyceride

LDL-C Low-density lipoprotein cholesterol

HDL-C High-density lipoprotein cholesterol

VLDL-C Very low-density lipoprotein cholesterol

CK Creatinine kinase

LDH Lactate dehydrogenase

PC Plasma creatinine

NPD Normal pellet diet

HFD High fat diet

Introduction

Statins are the treatment of choice for the management of

hyperlipidemia because of their proven efficacy.
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Atorvastatin, the leading drug among statins, inhibits the

enzyme 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG

CoA) reductase resulting in reduced cholesterol synthesis.

The salt form of the drug, atorvastatin calcium is most

widely used for the treatment of hyperlipidemia. The

statin market is increasing globally because of the asso-

ciated risk of cardiovascular disorders with elevated lipid

profiles.

All the drug candidates of statin group exhibit varied

absorption rates upon oral administration. The oral

absorption of atorvastatin is 30% and bioavailability is only

12% [1]. Atorvastatin is absorbed primarily from the

intestine and to a lesser extent from the stomach and pre-

systemic metabolism is the major cause for the poor

bioavailability. Lau et al. [2] showed that saturable trans-

port system involves in the hepatic uptake of atorvastatin in

rats in vivo. Metabolic studies in animals revealed that

more than 98% of the dose of atorvastatin was recovered in

the feces within 48 h [3]. It was also reported that

atorvastatin is metabolized extensively by cytochrome

P-450 3A4 which was found extensively in the gut wall and

liver [4].

Patients under statin treatment sometimes suffer from a

number of serious adverse effects such as myopathy and

rhabdomyolysis. The incidence of statin-induced rhabdo-

myolysis is low in clinical trials in which high risk patients

were excluded. However, increased scrutiny shows that the

incidence is higher when applied outside of these trials

[5, 6]. The detailed mechanism is unknown but it was

suggested that inhibition of HMG-CoA reductase may

directly cause this myotoxicity [7]. It was thought that the

exposure of statins to extrahepatic tissues leads to adverse

effects, with diminutive pharmacological effect [8]. The

most common explanations include the deficiency of one of

three main end products: cholesterol deficiency with sec-

ondary abnormal membrane behavior, coenzyme Q10

deficiency causing abnormal mitochondrial respiratory

function, or prenylated protein abnormalities causing

imbalances in intracellular protein messaging [9]. The root

cause is related to increased distribution or accumulation of

atorvastatin calcium in the muscles.

We hypothesize that oral nanoparticulate formulations

by virtue of their unique uptake mechanism and sustained

release of the loaded drug would improve the efficacy of

atorvastatin and at the same time reduce the associated side

effects. Therefore, the present work deals with the devel-

opment of atorvastatin calcium nanoparticles using a

biodegradable polymer, poly(lactide-co-glycolate) (PLGA)

and their evaluation in hyperlipidemic rats for efficiency as

well as safety.

Experimental Procedure

Nanoparticle Preparation and Characterization

Nanoparticles of AC were prepared by an emulsion–

diffusion–evaporation technique with modifications [10].

AC has poor solubility in routinely used organic solvents,

thus a co-solvent approach was adopted to formulate

nanoparticles using poly(ethylene glycol) 400 (PEG 400)

(S.d. fine-chem, India). 0.5 ml PEG 400 was used to

dissolve required amount of AC (2.5–25 mg) while

50 mg PLGA (50:50) molecular weight 38,400 Da

(Boehringer Ingelheim, Germany) was dissolved in

2.5 ml ethyl acetate followed by mixing both the solu-

tions (organic phase) at room temperature. The organic

phase was then added to the 5 ml aqueous phase con-

taining either DMAB (Aldrich, USA) or Vit E-TPGS

(Peboc, UK) as stabilizer at 1% w/v strength. This is

homogenized at 15,000 rpm for 5 min using a high-speed

homogenizer (Polytron PT4000, Switzerland) to form

emulsion. The organic solvent was allowed to diffuse

overnight at room temperature, which was facilitated by

adding 20 ml water. The prepared nanoparticles were

characterized using a zeta sizer (Nano ZS, Malvern

Instruments, Malvern, UK) for size (average of 5 mea-

surements for one batch) and zeta potential (average of

20 measurements for a batch). Three batches with each

stabilizer were prepared in the same manner. The surface

morphology of nanoparticles was analyzed by AFM

(Veeco Bioscope II) that was attached with a Nikon

eclipse TE 2000-S microscope. The system was run by

Nanoscope software. The nanoparticles suspension was

placed on the silicon wafer with the help of a micropi-

pette and allowed to dry in air. The microscope was

vibration damped and measurements were made using

commercial pyramidal Si3N4 tip (Veeco’s CA, USA).

The cantilever used for scanning had a length of 325 lm

and a width of 26 lm with a nominal force constant

0.1 N/m.

The drug-loading was optimized by preparing the par-

ticles at different initial loadings (5–50% w/w of polymer).

Entrapment efficiency is the percentage of drug incorpo-

rated in the nanoparticles. It was determined by

centrifuging (25,000g and 10,000g for 5 min, respectively,

for DMAB and Vit E-TPGS stabilized nanoparticles) the

drug-loaded nanoparticles and separating the supernatant

and pellet. The pellet was washed and dissolved in ethyl

acetate followed by extraction of the drug. The drug con-

tent in the pellet and supernatant were analyzed using a

validated HPLC method [11].
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In Vitro Drug Release Studies

The release of atorvastatin calcium from the nanoparticles

was determined by a dialysis membrane method. Freshly

made PLGA nanoparticles of DMAB or Vit E-TPGS

(single batch is approximately 20 ml), were centrifuged (at

25,000g for DMAB and 10,000g, for 5 min, for Vit E-

TPGS stabilized particles) and redispersed in 2 ml of

phosphate buffer and put in the dialysis bags (Sigma) with

a molecular mass cut-off of 12,000 Da. The bags were

suspended in vials containing 5 ml phosphate buffer (pH

7.4). All the vials were kept in a shaking water bath

maintained at 37 �C and 100 rpm. The release medium was

completely replaced with 10 mM phosphate buffer at pre-

determined intervals of 2, 4, 6, 8, 12 and 24 h on first day

followed by sampling at 24 h interval every day till the

release was observed. The amount of atorvastatin calcium

released in the medium was estimated using HPLC method.

Animals

Male Sprague-Dawley (SD) rats (180–200 g) were pro-

cured from the central animal facility of the Institute. The

animals were housed in standard polypropylene cages

(three rats/cage) and maintained under controlled room

temperature (22 ± 2 �C) and humidity (55 ± 5%) with

12 h light and 12 h dark cycle. All the rats were fed with

commercially available rat normal pellet diet (NPD)

(Amrut Diet, New Delhi) and water ad libitum, prior to the

dietary manipulation. The guidelines of committee for the

purpose of control and supervision of experiments on

animals (CPCSEA), Government of India were followed

and prior permission was sought from the institutional

animal ethics committee for conducting the study.

Development of Hyperlipidemic Rats

Except for the control group, which was fed NPD all the

other group animals were fed high fat diet (HFD). The

HFD comprises 58% fat, 25% protein and 17% carbohy-

drate, as a percentage of total kcal. The composition is

described in Table 1 and preparation of HFD is described

elsewhere [12].

Experimental Design

The rats were divided into seven groups of n = 6. One

group received NPD and all other groups received HFD.

Groups receiving HFD were again divided into no treat-

ment, and treatment groups. After 4 weeks, the animals

were treated with Lipicure� (HLI), AC loaded nanoparti-

cles of DMAB (HAD) & Vit E-TPGS (HAE), and blank

nanoparticles of DMAB (HBD) & Vit E-TPGS (HBE).

Treatment was carried out for 2 weeks till the end of the

sixth week. Drug treatment groups (HLI, HAD & HAE)

received a dose of atorvastatin calcium equivalent to 3 mg/

kg atorvastatin, through the oral route using an oral gavage

needle. The blank nanoparticle groups (HBD & HBE)

received the blank nanoparticles containing an equivalent

polymer amount, which was associated with the AC

nanoparticle dose. Dosing frequency was once every

3 days in the case of nanoparticles and daily for the com-

mercial formulation (Table 2). Blood sampling was done

after two, four, six, seven, and eight weeks and various

biochemical parameters related to hyperlipidemia and

atorvastatin toxicity were studied.

Estimation of Biochemical Parameters

Plasma total cholesterol levels (PTC), plasma triglyceride

levels (PTG), high-density lipoprotein cholesterol (HDL-

C), plasma glucose levels (PGL), plasma creatinine levels

(PC), blood urea nitrogen levels (BUN) were estimated

using commercially available diagnostic kits (Accurex�

kits,). Plasma enzyme activities of creatinine kinase (CK),

lactate dehydrogenase (LDH) and aspartate transaminase

Table 1 Composition of high fat diet

Ingredients Diet (g/kg)

Powdered NPD 365

Lard 310

Casein 250

Cholesterol 10

Vitamin and mineral mix 60

DL-Methionine 03

Sodium chloride 01

Yeast powder 01

Table 2 Treatment regimen applied for hyperlipidemic rat model

Group Frequency of

dosing

AC dose

(mg/kg)

Total AC

Dosea (mg)

NPD – – –

HFD – – –

HLI Daily 3 11.25

HAD Once every 3 days 3 3.75

HAE Once every days 3 3.75

HBD Once every 3 days – –

HBE Once every 3 days – –

a Dose for a 250 g body weight rat for 15 days
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(AST) were estimated using commercially available diag-

nostic kits (Pointe Scientific Inc., USA and Crest

Biosystems, India, respectively). Low-density lipoprotein

cholesterol (LDL-C) levels were calculated using the

Friedewald formula [13].

Results and Discussion

Nanoparticle Preparation and Characterization

Previous reports from our laboratory clearly indicate that

water insoluble drugs can be efficiently loaded onto PLGA

nanoparticles using various surfactants [10, 14–17]. How-

ever, considering the poor solubility of AC in common

organic solvents used to make nanoparticles, a co-solvent

approach [10] was adopted with suitable modifications.

The particle preparation process was optimized for varied

drug loading using DMAB and Vit E-TPGS as surfactants.

The previous findings from our laboratory indicate that

DMAB can lead to particles of about 80–200 nm in size

irrespective of the polymer molecular weight, copolymer

composition and the drug used [15–17] depending upon the

process conditions. Furthermore, the studies indicate that

the in vivo fate of these carrier systems is strongly influ-

enced by their size, where the circulation times were

thought to be dictated by their size and the release profiles

by molecular weight and copolymer composition [16]. On

the other hand, literature reports indicate that Vit E-TPGS

is a surfactant with the natural ability to increase the

absorption across the GIT [18–20], therefore, Vit E-TPGS

was used as a second surfactant to make the AC loaded

particles and compared with the particles made of DMAB

for their efficacy. The blank particles (without the drug)

made of DMAB and Vit E-TPGS as surfactants were found

to be in the size range of 95 and 201 nm, respectively,

whereas a slight increase in the size was observed for the

drug loaded particles with DMAB as surfactant, which

corroborates our previous findings as well as the literature

reports that drug loading would add on to the size [10, 15,

16, 20–22]. However, such effect was not seen with Vit E-

TPGS, rather a drastic decrease in the particle size was

observed, which remains to be understood (Table 3). The

zeta potential values of the particles are indicative of the

surfactant nature, where, DMAB lead to cationic particles

on contrary Vit E-TPGS resulted in negatively charged

particles. The polydispersity index for both the formula-

tions indicates the preparations have a very narrow

polydispersity, the characteristic highly desirable in drug

delivery applications (Table 3). Furthermore, these parti-

cles were characterized by Atomic Force Microscope for

shape and size and the results obtained clearly indicate that

the particles are spherical in shape with smooth surfaces

(Fig. 1) and the size of the particles was comparable with

that of the size obtained by zeta sizer measurements.

In Vitro Release Studies

Nanoparticles were prepared using a biocompatible and

biodegradable copolymer PLGA. The release of drug from

the biodegradable particles occurs through several mecha-

nisms of which the release mediated through (1) diffusion

(2) surface erosion (3) bulk degradation and (4) a combined

degradation/diffusion process are of importance [22]. No

initial burst effect was observed with either of the formu-

lations prepared using DMAB and Vit E-TPGS as the

surfactant. A constant release rate for a period of 30 days

was observed at an average release rate of 85.01 and

87.55 lg/day for DMAB and Vit E-TPGS particles, with

50% of the drug being released in 15 days (Fig. 2a, b). The

cumulative release was fitted into different release models:

zero order, first order, Higuchi’s square root plot, and Hi-

xon–Crowell cube root plot. The model giving a correlation

coefficient close to unity was taken as the order of release.

A zero order release pattern was observed with DMAB and

Vit E-TPGS stabilized nanoparticles with r2 of 0.990 and

0.987. We have also fitted the data for the first part of the

release curve (Mt/M?\ 0.6) into the Korsmeyer-Peppas

equation (Mt/M? = Ktn) and we got n values of 0.367 and

Table 3 Characteristics of the nanoparticles used in the present study

Parameters Blank nanoparticles AC loaded nanoparticlesb

DMAB TPGS DMAB TPGS

Size (nm) 95.6 ± 4.8 201.0 ± 2.6 120.0 ± 4.2 140.0 ± 1.5

Polydispersity index 0.310 ± 0.005 0.170 ± 0.004 0.126 ± 0.007 0.150 ± 0.020

Zeta potentiala (mV) 119.0 ± 2.6 -17.3 ± 5.5 70.0 ± 2.3 -16.6 ± 1.2

Entrapment efficiency (%) – – 37.82 ± 6.40 34.54 ± 1.96

Values are depicted as mean ± SD (n = 6)
a pH of the nanoparticles was in the range of 4.5–6.0
b Initial drug loading is 20% w/w of polymer
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0.366 for DMAB and Vit E-TPGS particles, however the

regression was very poor with r2 0.928 and 0.892,

respectively, making it difficult to comment on the mech-

anism of the drug release. Mt/M? is the fraction of drug

released up to time t, K is the kinetic constant and n is the

release exponent indicative of the release mechanism.

From the values, it can only be understood that the

mechanism by which the drug was released is non-Fickian.

The chances are more towards a non-fickian case II release

because of the good r2 value obtained with the zero order

profile.

Traditionally, polymers that undergo surface erosion

(polyanhydrides) are expected to release the entrapped

drug at zero-order rate, where degradation and release

show a strong correlation, in contrast, polymers that

undergo bulk erosion (PLGA) are expected to release the

entrapped drug primarily by diffusion followed by degra-

dation showing a weak correlation between the degradation

and release profile [22, 23]. However, no study has been

reported in the literature, to see if the final manipulation of

those surface-eroding and bulk-eroding polymers into

implants, microparticles, nanoparticles would change the

fate of release kinetics. A series of studies conducted in our

laboratory as well as by other workers with many water

insoluble drugs using PLGA in the form of nanoparticles

did show zero-order release profiles [14, 16, 17]. On the

other hand, we did observe a Higuchi release pattern for

molecules like ellagic acid, where the particles were made

by a co-solvent approach leading us to conclude that the

incorporation of PEG-400 would have made the difference

[10, 21]. However, the present study with AC nanoparticles

demonstrating the zero-order release profile does not sup-

port the foregoing statement. Taking together all the

possibilities, it appears that the drug release kinetics is not

only influenced by the polymer, but also by the final form

of the product (implant, nano-microparticle), the drug,

preparation process, sink conditions, sample withdrawal

(aliquot or complete replacement of the medium) etc. On a

different note, in vitro release studies with polymeric par-

ticulate systems might not be of real significance,

considering the difficulties involved in establishing IVIVC,

Fig. 1 Atomic force micrographs of atorvastatin calcium loaded

nanoparticles prepared using DMAB (a) and Vit E-TPGS (b) as the

stabilizer

Fig. 2 In vitro release of atorvastatin calcium from DMAB (a) and

vit E-TPGS (b) particles in phosphate buffer at pH 7.4 and values are

depicted as mean ± SD (n = 3)
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nevertheless, such studies would certainly give an insight

for new polymers that are synthesized.

In Vivo Efficacy Parameters

The study revealed that after 4 weeks of HFD treatment the

biochemical parameters PTC, PTG (Fig. 3a, b), and LDL-C

levels were elevated, where as HDL-C levels decreased

significantly (Fig. 4a, b). The plasma glucose levels were

also elevated with this treatment (Fig. 5). During the forth

and sixth weeks different groups were treated as described

in Table 2. Competitive inhibition of HMG CoA reductase

by the AC decreases intracellular cholesterol synthesis. The

associated reduction in concentration induces LDL-receptor

expression leading to an increase in LDL-C clearance from

plasma. Two direct mechanisms have been suggested for

the reduction of triglycerides by atorvastatin calcium.

Firstly, marked inhibition of cholesterol synthesis would

impair the assembly and secretion of VLDL particles, of

which cholesterol is an essential component, therefore

causing a reduction in triglyceride levels. Secondly,

reduction in hepatic cholesterol levels would lead to an

increase in LDL-receptor expression and hence increased

binding of VLDL and LDL particles reduction in both

cholesterol and triglyceride levels [24]. There have been a

number of clinical trials reporting the HDL-C increasing

beneficial effect of atorvastatin [25], however, there is no

established mechanism explaining this phenomenon.

Another pleiotropic effect of atorvastatin includes insulin

sensitization through which it reduces the glucose levels to

some extent. Post hoc analysis of the West of Scotland

Fig. 3 Plasma total cholesterol levels (a) and plasma triglyceride

levels (b). NPD- normal pellet diet, HFD- high fat diet only, HLI-

hyperlipidemic rats treated with commercial formulation (Lipicure�),

HAD- hyperlipidemic rats treated with DMAB stabilized nanoparti-

cles of AC, HAE- hyperlipidemic rats treated with Vit E-TPGS

stabilized nanoparticles, HBD- hyperlipidemic rats treated with blank

DMAB stabilized nanoparticles, HBE- hyperlipidemic rats treated

with blank TPGS stabilized nanoparticles. Values are depicted as

mean ± SEM (n = 6). ***P \ 0.001, **P \ 0.01; a NPD versus all

other groups; b HFD versus HLI, HAD and HAE at same week

Fig. 4 Plasma LDL-cholesterol levels (a) and HDL-cholesterol

levels (b). NPD- normal pellet diet, HFD- high fat diet only, HLI-

hyperlipidemic rats treated with commercial formulation (Lipicure�),

HAD- hyperlipidemic rats treated with DMAB stabilized nanoparti-

cles of AC, HAE- hyperlipidemic rats treated with Vit E-TPGS

stabilized nanoparticles, HBD- hyperlipidemic rats treated with blank

DMAB stabilized nanoparticles, HBE- hyperlipidemic rats treated

with blank TPGS stabilized nanoparticles. Values are depicted as

mean ± SEM (n = 6). ***P \ 0.001, **P \ 0.01, *P \ 0.05; a NPD

versus all other groups; b HFD versus HLI, HAD, HAE and NPD;

c NPD versus HFD, HLI, HAE, HBD and HBE at same week
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Coronary Prevention Study (WOSCOPS) observed an

intriguing and unexpected significant reduction in the

development of diabetes with statin therapy, suggesting a

potential for regulating multiple complications associated

with type II diabetes [26]. Recently atorvastatin treatment

of insulin-resistant, fructose-fed hamsters appeared to

ameliorate hepatic insulin resistance based on an increase in

the tyrosine phosphorylation status of insulin receptors [27].

At the end of treatment (after six weeks) both the types

of drug nanoparticles and commercial formulation of

atorvastatin calcium had shown almost equal effects in

assuaging the elevated levels of PTC, PTG, VLDL, LDL-C

and reducing HDL-C levels. The exciting outcome of this

study is that nanoparticles are as efficient as the commer-

cial formulation although the nanoparticles were used at

one-third the dose of the commercial formulation. Nano-

particles have been reported to increase the absorption of

the encapsulated drugs when compared to the suspension

form or any simple formulation type of the drug [28, 29].

By the virtue of enhanced absorption and the sustained

release of drug these nanoparticles might have shown equal

effects as the commercial formulation, which was given

once daily. From this we can say that a once-in-3-days

regimen of nanoparticles matched the once-daily regimen

of the commercial formulation and showed a similar trend

in the assuaging of different efficacy parameters during the

treatment and elevation of the same parameters during the

follow up after stoppage of treatment.

The literature has reported improved particle uptake in

vivo and in vitro cell culture models when nanoparticles

were coated with mucoadhesive polymers such as chitosan

or surfactants like Vit E-TPGS as well as the size depen-

dent uptake, where smaller particles are absorbed better

than larger ones [10, 14–16, 18]. Therefore, the present

investigation aimed at screening two different formulations

made of distinctly different surfactants DMAB and Vit

E-TPGS, where DMAB leads to particles of smallest size

as discussed in the foregoing sections, on the other hand,

Vit E-TPGS with ability to enhance the absorption across

the GIT. In our previous studies we have seen distinct

differences in the bioavailability with different sized par-

ticles, where smaller particles showed better circulations

times [16]. In the present study, we have not seen any

difference in the efficacy of the two formulations though

there is a significant difference in the particle size

(Table 3) further supporting the hypothesis described

above, that the size and nature of the surfactant can

Fig. 5 Plasma glucose levels. NPD- normal pellet diet, HFD- high fat

diet only, HLI- hyperlipidemic rats treated with commercial formu-

lation (Lipicure�), HAD- hyperlipidemic rats treated with DMAB

stabilized nanoparticles of AC, HAE- hyperlipidemic rats treated with

Vit E-TPGS stabilized nanoparticles, HBD- hyperlipidemic rats

treated with blank DMAB stabilized nanoparticles, HBE- hyperlipi-

demic rats treated with blank TPGS stabilized nanoparticles. Values

are depicted as mean ± SEM (n = 6). *P \ 0.05, a HLI versus all

other groups at that week

Fig. 6 Activities of different enzymes, SGOT (a), LDH (b) and CK

(c). NPD- normal pellet diet, HFD- high fat diet only, HLI-

hyperlipidemic rats treated with commercial formulation (Lipicure�),

HAD- hyperlipidemic rats treated with DMAB stabilized nanoparti-

cles of AC, HAE- hyperlipidemic rats treated with Vit E-TPGS

stabilized nanoparticles, HBD- hyperlipidemic rats treated with blank

DMAB stabilized nanoparticles, HBE- hyperlipidemic rats treated

with blank TPGS stabilized nanoparticles. Values are depicted as

mean ± SEM (n = 6). ***P \ 0.001, *P \ 0.05; a HLI versus all

other groups at that week
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influence the overall performance of the formulations.

After six weeks, the treatment was stopped and the same

parameters were followed until the biochemical parameters

matched the HFD control animals. The levels elevated

gradually with time and reached the HFD control levels at

the end of the 8th week. Though the nanoparticulate AC

showed similar/better effects in comparison to Lipicure�,

at a 66%-reduced dose, the formulations did not show any

activity beyond sixth week, which was comparable to

Lipicure� treated groups and this could be due to particle

elimination or limited dose administered in comparison to

the Lipicure� (3.75 vs. 11.25 mg total dose) (Table 2). The

elevation trend of efficacy parameters of both types of

nanoparticles from sixth to eighth week is completely

overlapped with the trend followed by the commercial

formulation. On the other hand the blank nanoparticles

were equivalent to the HFD group indicating least possible

effect of nanoparticles as such without the drug.

During the treatment period (four to six weeks) the

treatment groups (Lipicure� and both the nanoparticles

formulations) effectively reduced the PTC, PTG, VLDL-C,

LDL-C levels and elevated the HDL-C, however, the same

was found to increase and decrease in the case of HDL-C

by the seventh week and further matched the HFD group

by the eighth week. The intriguing finding in the study is

the effectiveness of the nanoparticulate groups at a 66%-

reduced dose in comparison to Lipicure�.

Safety Parameters

Concern over the safety of the HMG-CoA reductase inhib-

itors, or statins, followed the worldwide withdrawal of

cerivastatin in 2001, a drug that had been thought to be rel-

atively free of serious adverse effects over the 4 years it was

marketed [29]. Further concern followed documentation of

the hazards of rosuvastatin after regulatory approval by the

US Food and Drug Administration (FDA) and marketing

[30]. Nowadays, there are increasing numbers of reports on

the atorvastatin associated complications. The elimination

half-life of atorvastatin is longer when compared with some

other statins. There are more chances of tissue accumulation

of AC on repeated administration. Due to its long elimina-

tion half-life and the presence of detectable plasma levels of

active metabolites for a prolonged period of time ([24 h),

AC can accumulate in the plasma, achieving a steady state

drug concentration after multiple doses. After a single

atorvastatin dose on day 1, drug concentrations increased

more than proportionally with a 5–80 mg dose range.

Atorvastatin equivalent concentrations achieved a steady

state by the third day of multiple dosing [31]. Cmax and AUC

increased more than proportionally with dose during multi-

ple administrations. Atorvastatin accumulation was 1.6-fold

and 3.3-fold on the 22nd day after once- and twice-daily

administration, respectively. From the efficacy parameters,

it is evident that the nanoparticulate formulations are equally

effective to Lipicure� at a 66%-lower dose, on the other

hand, nanoparticulate formulations showed no/negligible

toxicity, which could be due the following two reasons, (1)

nanoparticles can protect the drug from being degraded,

instant metabolism and can release the entrapped drug at a

sustained rate all contributing to improved efficacy and

reduced toxicity, (2) nanoparticles can modify the tissue

distribution and could be quite different from the native drug

distribution profiles.

There were no significant changes in CK levels with the

commercial formulation and nanoparticulate formulation

(Fig. 6). AST levels and LDH levels were increased with

HLI treatment (Fig. 6). Commercial AC formulation

Fig. 7 Plasma creatinine levels (a) and blood urea nitrogen levels

(b). NPD- normal pellet diet, HFD- high fat diet only, HLI-

hyperlipidemic rats treated with commercial formulation (Lipicure�),

HAD- hyperlipidemic rats treated with DMAB stabilized nanoparti-

cles of AC, HAE- hyperlipidemic rats treated with Vit E-TPGS

stabilized nanoparticles, HBD- hyperlipidemic rats treated with blank

DMAB stabilized nanoparticles, HBE- hyperlipidemic rats treated

with blank TPGS stabilized nanoparticles. Values are depicted as

mean ± SEM (n = 6). ***P \ 0.001, **P \ 0.01, *P \ 0.05, a HLI

versus all other groups; b HAD and HAE versus all other groups at

that week
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increased the levels of PC, which are indicative of muscle as

well as kidney toxicity, which was not observed with

nanoparticles (Fig. 7a). A similar case is with the other

marker measured for renal failure, BUN (Fig. 7b). All these

toxicity parameters if raised were only with the commercial

formulation and not with the nanoparticles. Overall, the

nanoparticles at reduced dose and frequency showed no

adverse effects without compromising the efficacy.

The Clinical Advisory on Statins made a significant step

towards standardization of the terms in myotoxicity [32].

Rhabdomyolysis required muscle symptoms with marked

creatine kinase elevation typically substantially greater

than ten times the upper limit of the normal, with a cre-

atinine elevation consistent with pigment nephropathy and

usually with brown urine with myoglobinuria. Although

this is an improvement over prior classifications, the

requirement that creatine kinase exceed ten times the upper

limit of normal is arbitrary and excludes some cases of

serious muscle toxicity. It is also unclear why the diagnosis

of rhabdomyolysis, a muscle disorder, should require evi-

dence of renal impairment. There is no specific biomarker

available to date for the statin induced myotoxicity. Ele-

vation of PC with or without elevation of CK is generally

used to establish the myotoxicity of statins with elevation

of other parameters like LDH, AST, and BUN [33, 34].

The remarkable observation of this study was that the

adverse effects of atorvastatin calcium were suppressed

when nanoparticles were used. The reason could be the

reduced total dose and frequency with sustained release of

the nanoparticles resulting in reduced accumulation of the

drug upon chronic treatment. It is well established that the

adverse effects of atorvastatin calcium are dose dependent.

From the literature it is evident that chronic treatment with

atorvastatin calcium results in accumulation and exposure

of statins to extra hepatic tissues leading to adverse effects

[35]. Lipid lowering drugs may induce necrotizing myop-

athy of the direct type. The fundamental change may be a

disturbance of the integrity of the plasma membrane of the

muscle fiber, allowing an efflux of calcium ions into

the fiber which leads to over contraction and breakdown of

the contractile apparatus and to a disturbance of protein

synthesis and mitochondrial metabolism, culminating in

death of the fiber. This reaction is dose-dependent [35].

Conclusion

The possible approaches in managing hyperlipidemia

include life style management and drug therapy. However,

drug therapy was adopted very rapidly by physicians as well

Table 4 Safety and efficacy parameters with different treatments in hyperlipidemic rats at sixth week

Biochemical

parameters

NPD HFD HLI HAD HAE HBD HBE

PTC (mg/dl) 51.68 ± 2.88 95.21 ± 3.45***a 66.77 ± 5.60**b 71.33 ± 4.25**b 70.04 ± 4.88**b 90.87 ± 8.17 90.79 ± 5.36

LDL-C
(mg/dl)

15.89 ± 2.01 52.73 ± 1.82***a 28.92 ± 2.32**b 35.32 ± 3.36**b 34.06 ± 2.58**b 47.81 ± 5.88 47.65 ± 2.55

VLDL-C
(mg/dl)

15.45 ± 1.53 25.66 ± 0.79***a 16.95 ± 1.46***b 15.93 ± 0.58***b 15.82 ± 1.77***b 25.90 ± 1.01 25.34 ± 1.29

HDL-C
(mg/dl)

20.34 ± 0.62 16.82 ± 1.35***a 20.90 ± 0.56*b 20.08 ± 0.65*b 20.16 ± 0.75*b 17.16 ± 0.82 17.80 ± 0.78

PTG (mg/dl) 77.26 ± 1.23 128.28 ± 4.79***a 84.75 ± 1.60***b 79.66 ± 1.20***b 79.10 ± 0.74***b 129.50 ± 7.37 126.69 ± 1.01

PGL (mg/dl) 107.42 ± 8.80 153.33 ± 5.03***a 125.75 ± 5.40**b 118.54 ± 4.56**b 115.03 ± 4.28**b 147.03 ± 4.30 143.55 ± 5.10

PC (mg/dl) 2.36 ± 0.06 2.43 ± 0.11 4.58 ± 0.15***c 2.80 ± 0.07*c 2.78 ± 0.09*c 2.37 ± 0.03 2.37 ± 0.04

BUN (mg/dl) 16.71 ± 0.25 17.54 ± 1.55 32.71 ± 2.81***c 23.88 ± 1.76 22.32 ± 0.33 18.34 ± 1.24 20.57 ± 0.71

CK (U/L) 86.14 ± 14.58 98.88 ± 10.37 128.32 ± 10.93 115.09 ± 17.08 162.05 ± 34.31 121.82 ± 11.62 103.69 ± 39.46

LDH (U/L) 241.18 ± 76.52 259.09 ± 25.13 481.25 ± 70.03*c 274.64 ± 59.03 230.35 ± 19.22 218.57 ± 47.13 237.36 ± 18.01

AST (U/L) 51.31 ± 0.91 53.45 ± 1.53 71.87 ± 0.45***c 55.68 ± 2.05 54.11 ± 1.86 55.57 ± 1.15 54.22 ± 0.97

PTC, Plasma total cholesterol; LDL-C, Low density lipoprotein cholesterol; VLDL-C, very low density lipoprotein cholesterol; HDL-C, High

density lipoprotein cholesterol; PTG, plasma triglyceride levels; PGL, Plasma glucose levels; PC, Plasma creatinine; BUN, Blood urea nitrogen;

CK, Creatinine kinase; LDH, Lactate dehydrogenase; AST, Aspartate aminotransferase; NPD, normal pellet diet; HFD, High fat diet; HLI,

hyperlipidemic rats treated with commercial formulation (Lipicure�); HAD, hyperlipidemic rats treated with DMAB stabilized nanoparticles of

AC; HAE, hyperlipidemic rats treated with TPGS stabilized nanoparticles; HBD, hyperlipidemic rats treated with blank DMAB stabilized

nanoparticles; HBE, hyperlipidemic rats treated with blank TPGS stabilized nanoparticles

All values are at the sixth week and are depicted as mean ± SEM (n = 6)

*** P \ 0.001, ** P \ 0.01, ** P \ 0.05
a Versus NPD
b Versus HFD, HBD and HBE
c Versus NPD and HFD
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as patients. After the introduction of atorvastatin onto the

market, it has become the best selling drug in this category.

However, there have been certain reports recently reporting

the toxicity of atorvastatin. The feasibility of nanoparticulate

delivery of AC, capable of releasing the entrapped drug in a

sustained fashion over a period of time has been evaluated in

hyperlipidemic rats. The study clearly demonstrates the

proof of the concept that drug delivery systems can improve

the performance of the drugs and minimize the side effects

(Table 4), in this case AC nanoparticulate formulations.
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Abstract Lysophosphatidylcholine (LysoPtdCho) levels

are elevated in sera in patients with atherosclerosis and in

atherosclerotic tissue. Previous studies have shown that

reactive chlorinating species attack plasmalogens in human

coronary artery endothelial cells (HCAEC), forming

lysoPtdCho and lysoPtdCho–chlorohydrin (lysoPtdCho–

ClOH). The results herein demonstrate for the first time

that lysoPtdCho–ClOH is elevated over 60-fold in human

atherosclerotic lesions. In cultured HCAEC, 18:0

lysoPtdCho–ClOH led to a statistically significant increase

in P-selectin cell-surface expression, but unlike 18:1

lysoPtdCho did not lead to cyclooxygenase-2 protein

expression. These data show that 18:0 lysoPtdCho–ClOH is

elevated in atherosclerotic tissue and may have unique

pro-atherogenic properties compared to lysoPtdCho.

Keywords Myeloperoxidase � Reactive

chlorinating species (RCS) � Plasmalogen � P-selectin

Abbreviations

RCS Reactive chlorinating species

LysoPtdCho Lysophosphatidylcholine

ClOH Chlorohydrin

lysoPtdCho–ClOH Lysophosphatidylcholine–

chlorohydrin

PtdCho–ClOH Phosphatidylcholine–chlorohydrin

FFA–ClOH Free fatty acid chlorohydrin

HCAEC Human coronary artery endothelial

cells

MPO Myeloperoxidase

GC–MS Gas chromatography–mass

spectrometry

ESI–MS Electrospray ionization–mass

spectrometry

HOCl Hypochlorous acid

LDL Low-density lipoprotein

2-ClHDA 2-chlorohexadecanal

Introduction

Lysophosphatidylcholine (LysoPtdCho) is elevated in ath-

erosclerotic lesions from monkey [1], rat [2], and human

[3] and may be an important pro-atherogenic mediator.

LysoPtdCho comes from a variety of sources including the

enzymatic action of a variety of phospholipase A2s (PLA2)

on low-density lipoprotein (LDL) and membrane

phosphatidylcholine (PtdCho) [4]. Numerous studies have

shown that serum levels of lysoPtdCho are elevated from

patients that have chronic inflammatory conditions such as

renal failure on hemodialysis [5], diabetes [6], cancer [7],

asthma [8], and atherosclerosis [9].

Activated monocytes and a subpopulation of macro-

phages release myeloperoxidase (MPO), which is an

enzyme that catalyzes the production of reactive chlori-

nating species (RCS) such as hypochlorous acid (HOCl)

[10]. Levels of MPO are elevated in atherosclerotic plaques
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[11], as well as MPO-derived oxidation products such as 3-

chlorotyrosine [12] and 2-chlorohexadecanal (2-ClHDA)

[3]. It has been shown that phosphatidylcholine-chloro-

hydrins (PtdCho–ClOHs) are produced from isolated LDL

treated with physiologically-relevant concentrations of

HOCl [13]. PtdCho–ClOHs have been shown to elicit ATP

depletion and necrosis in HL60, U937, Jurkat, and THP-1

cells [14, 15]. Additionally, Dever et al. [15] demonstrated

that 25–50 lM PtdCho–ClOHs increased leukocyte adhe-

sion to mouse artery segments by P-selectin expression

[16] and increased caspase-3 activity [15]. There are sev-

eral classes of phospholipase A2 (PLA2) that function to

release the sn-2 fatty acid chains from the glycerol back-

bone of PtdCho, thereby potentially releasing free fatty

acid-chlorohydrins (FFA–ClOHs). FFA–ClOHs cause ATP

depletion [15] and cell death of erythrocytes [17] and

endothelial cells [18]. In particular, administration of lin-

oleic acid monochlorohydrin elicited decreased muscle

tension using an isolated guinea-pig heart papillary muscle

preparation [6].

Plasmalogens are a subclass of glycerophospholipids

enriched in the cells of the cardiovascular system, and is

thought to play an important role in normal heart function, as

well as serve as an endogenous lipoprotein antioxidant [19].

Recently, our lab and others have shown that RCS attack of

plasmenylcholine in liposomes and in human coronary artery

endothelial cells (HCAEC) yields lysoPtdCho [20, 21] and

lysoPtdCho-chlorohydrin (lysoPtdCho–ClOH) [21–23].

Additionally, we have shown that HOCl preferentially tar-

gets lysoPtdCho in comparison to PtdCho [22]. Since

lysoPtdCho is elevated in atherosclerotic lesions and is

preferentially targeted by RCS in vitro, the present study was

designed to determine that lysoPtdCho–ClOH levels

increase in atherosclerotic lesions. We show here, for the first

time, that lysoPtdCho–ClOH is elevated in atherosclerotic

lesions, and that lysoPtdCho–ClOH induces P-selectin cell-

surface expression on HCAEC.

Materials and Methods

Lipids

Lysoplasmenylcholine (1-O-hexadec-10-enyl-GPC) was

prepared from bovine heart lecithin and purified as described

previously [24]. 1-O-Hexadec-10-enyl-2-heptadec-100-
enoyl-GPC (16:0–17:1 plasmenylcholine), 1-O-hexadec-10-
enyl-2-octadec-90-enoyl-GPC (16:0–18:1 plasmenylcho-

line), and 1-O-hexadec-10-enyl-2-nonadec-100-enoyl-GPC

(16:0–19:1 plasmenylcholine) were synthesized by an

anhydrous reaction utilizing 1-O-hexadec-10-enyl-GPC and

heptadec-100-enoyl chloride, octadec-90-enoyl chloride, and

nonadec-100-enoyl chloride, respectively, as precursors and

dimethylaminopyridine as a catalyst. The reactions were

purified sequentially by normal phase HPLC and then by

reversed phase HPLC. Purity of the plasmalogen fraction

was confirmed by ESI–MS and quantified by GC following

acid methanolysis using arachidic acid as an internal stan-

dard. 16:0–17:1 and 16:0–19:1 plasmenylcholine were

treated with tenfold molar excess HOCl [25, 26], which

simultaneously cleaved the vinyl ether bond and formed 17:0

and 19:0 lysoPtdCho–ClOH, respectively. The desired

reaction product, lysoPtdCho–ClOH, was purified by HPLC,

quantified by Bartlett [27], extracted in chloroform and

stored at -20 �C under N2. All other materials were of the

highest grade available and were purchased from Sigma–

Aldrich or Fisher.

Cell Culture

HCAEC (Cell Applications) were seeded onto 60 or 35-mm2

6-well tissue culture dishes and cultured in EGM-2-MV

(Lonza) at 37 �C in a 5% CO2 and 95% air atmosphere.

Experiments were performed on *80% confluent mono-

layers (*1 9 106 cells/60-mm2 dish) between passages 5

and 9. HCAEC growth medium was replaced with growth

medium containing 2% FBS for 4–6 h prior to experiments.

Lipids were dried under a stream of nitrogen and reconsti-

tuted in ethanol at a concentration of 0.1% (v/v) per well.

Lipids were mixed with EGM-2MV and added by pipette to

each dish dropwise for a final concentration of 1–50 lM,

while control dishes received 0.1% ethanol vehicle mixed

into EGM-2MV.

Human Tissue

Atherosclerotic and normal aortic tissue was collected from

human postmortem autopsy specimens as authorized by

Saint Louis University Institutional Review Board Protocol

#10014. In general, tissues were harvested 6–12 h post-

mortem and then were sequentially rinsed, and submerged

in PBS supplemented with 100 lM diethylenetriamine-

pentaacetic acid and 100 lM butylhydroxytoluene, frozen

in liquid N2, and stored at -80 �C until analysis. Normal

tissue was collected from subjects showing no overt indi-

cations of atherosclerotic vascular disease. Frozen tissue

was weighed and then crushed in a liquid nitrogen-chilled

mortar and pestle. Lipids and internal standards 17:0 and

19:0 lysoPtdCho–ClOH were added to the crushed tissue in

methanol/chloroform/saline (2.5:1.5:1 v/v/v). After 5 min,

chloroform was added resulting in a 1:1:0.8 methanol/

chloroform/saline ratio [28]. The extracted organic phase

was stored in chloroform at -20 �C under N2 until

analysis.
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Electrospray Ionization–Tandem Mass Spectrometry

Lipid extracts were reconstituted in methanol containing

10 lM NaOH and analyzed by ESI–MS in the direct

infusion mode at a flow rate of 1–3 lL/min using Thermo

Electron TSQ Quantum Ultra instrumentation. The choline

glycerophospholipids yield intense [M + Na]+ adduct ions

by electrospray ionization in the positive ion mode.

Tandem mass spectrometry was performed on selected ions

(collision energies were *32–38 eV). To detect lysoPtd-

Cho and lysoPtdCho– molecular species, survey scan and

neutral loss scanning of 95 amu (NL 95) was employed.

Spectra were averaged at 3–5 min and processed utilizing

Xcalibur software (Thermo), and molecular species were

quantified by comparing the ion intensity of individual

molecular species to that of the internal standards.

The differences in 13C isotope effects (Z1) between the

endogenous 16:0 and 18:0 lysoPtdCho–ClOH and the

internal standards 17:0 and 19:0 lysoPtdCho–ClOH were

corrected [29].

P-selectin Surface Expression

P-selectin expression on the surface of HCAEC was mea-

sured by a modified ELISA with nonpermeabilized

monolayers using a modified version of the method

described by Willam et al. [30]. HCAEC, grown to con-

fluence in 24-well plates, were incubated with indicated

lipids in Hanks’ buffer for 5 min at 37 �C in 95% O2/5%

CO2. At the end of incubations, buffer was quickly

removed and cells were immediately fixed with 1% para-

formaldehyde overnight at 4 �C. Cells were then washed 3

times with PBS and then blocked with Tris-buffered saline

containing 0.1% Tween 20 (v/v) supplemented with 0.8%

BSA (w/v) and 0.5% fish gelatin (w/v) for 1 h at 24 �C.

Primary goat polyclonal antibody (1:500) for P-selectin

(Santa Cruz) was used before treatments with horseradish

peroxidase-conjugated rabbit-anti-goat secondary antibody

(1:5,000). Subsequently, each well was incubated in the

dark with the 3,30,5,50-tetramethylbenzidine liquid sub-

strate system. Reactions were stopped by the addition of

sulfuric acid, and color development was measured with a

microtiter plate spectrophotometer (Wallac) at 450 nm [3].

Western Blotting

HCAEC monolayers in 60-mm2 dishes were exposed to

various experimental conditions in the presence of 2%

FBS-supplemented EGM-2-MV. At the end of the treat-

ment, the medium was aspirated from the dishes and

monolayers were rinsed with PBS. Cells were scraped in

SDS sample buffer containing DTT, boiled, and subjected

to SDS-PAGE utilizing 10% polyacrylamide gels followed

by transfer of proteins to polyvinylidene difluoride

(PVDF)-plus membranes (GE Waters) for Western blot

analysis. Blots were probed with an antibody to COX-2

(1:1,000) (Zymed) and an HRP-conjugated secondary

antibody (1:7,000) (Sigma). Blots were stripped (0.1 M

glycine, pH 2.5) and, following extensive washing, repro-

bed with an antibody to b-actin (1:5,000) (Abcam) and

probed with an HRP-conjugated goat-anti-rabbit (1:7,000)

(Sigma). Immunoreactive bands were visualized by expo-

sure to autoradiographic film following incubation with

enhanced chemiluminescence reagent (GE Healthcare).

Data Analysis

Data were normalized to the respective control mean val-

ues and are expressed as means ± SEM. Statistical

analyses of data were performed by t-test and P B 0.05

was considered statistically significant.

Results

Lipid extracts from both atherosclerotic and normal human

aorta samples were analyzed by ESI–MS. Previous studies

have shown that unsaturated lysoPtdCho is present in higher

levels of atherosclerotic lesions [3] and that MPO-derived

oxidation products such as 3-chlorotyrosine [12] and the a-

chlorofatty aldehyde, 2-ClHDA [3], have been detected in

lesions. Since MPO-derived RCS have been shown to attack

lysoPtdCho to produce lysoPtdCho–ClOH [21–23], ESI–

MS was used to assess lysoPtdCho–ClOH accumulation in

atherosclerotic lesions. Initial inspection of the spectra from

normal and atherosclerotic tissue in the positive ion mode

show noticeable differences, qualitatively revealing an

increase in lysoPtdCho molecular species, which include m/

z 518, 542, 544, 546, and 566, corresponding to 16:0, 18:2,

18:1, 18:0, and 20:4 lysoPtdCho, respectively (Fig 1a).

Neutral loss scanning of 95 amu, which corresponds to the

combined neutral loss of the trimethylamine and HCl [22],

was utilized to detect chlorinated choline glycerophospho-

lipid species. Figure 1b (traces 1 and 2) shows molecular

ions with NL 95 scanning of lipid extracts from normal

tissue extracted in the presence of synthetic internal stan-

dards 17:0 and 19:0 lysoPtdCho–ClOH at m/z 582 and 610,

respectively. Figure 1b (traces 3 and 4) shows molecular

ions with NL 95 scanning from atherosclerotic tissue

extracted in the presence of synthetic internal standards

(e.g., m/z 582 and 610) and demonstrate the appearance of

18:0 lysoPtdCho–ClOH at m/z 596. Atherosclerotic tissue

also contains 16:0 lysoPtdCho–ClOH (m/z 568).
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Utilizing neutral loss scanning of 95 amu, the relative

abundance of 18:0 and 16:0 lysoPtdCho–ClOH were

compared to the relative intensities of the internal standards

for quantification. Atherosclerotic tissue contains approxi-

mately 69-fold more 16:0 lysoPtdCho–ClOH and 82-fold

more 18:0 lysoPtdCho–ClOH than normal tissue (Fig. 2).

However, 18:0 lysoPtdCho–ClOH is about 10.7-fold more

abundant than 16:0 lysoPtdCho–ClOH. This likely reflects

the abundance of 18:1 lysoPtdCho compared to 16:1 lys-

oPtdCho in atherosclerotic tissue (see Fig. 1a, spectra 2).

Other unsaturated lysoPtdCho molecular species, such as

18:2 and 20:4 lysoPtdCho (e.g., m/z 544 and 566, respec-

tively), are elevated in atherosclerotic tissue compared to

control tissue (Fig. 1a). The accumulation of these unsat-

urated lysoPtdCho molecular species in atherosclerotic

vascular tissue has previously been shown [3], which likely

reflect phospholipase A1 or lipase activity directed at

phosphatidylcholine or alternatively RCS attack of unsat-

urated plasmenylcholine molecular species [3]. It should be

appreciated that lysoPtdCho molecular species containing

multiple chlorohydrin residues were not observed in ath-

erosclerotic tissue as well as in our previous in vitro studies

[22]. These findings are similar to those of Panasenko et al.

[31] who showed that multi-chlorohydrin species are

unstable and degrade to short-chained lysoPtdCho molec-

ular species.

Endothelial activation, and subsequent dysfunction, is

recognized as a major hallmark in the development and

progression of atherosclerosis [32]. LysoPtdCho induces a

wide range of pro-atherogenic effects [33], however the

effects of lysoPtdCho–ClOHs are unknown. Two critical

events in the development of atherosclerosis are cell-sur-

face expression of proteins that tether blood monocytes to

inflamed endothelium and release of chemotactic mole-

cules [34]. Figure 3 shows that 10 lM 18:0 lysoPtdCho–

ClOH elicits HCAEC surface expression of P-selectin at

levels similar to that elicited by platelet activating factor

[3]. The results suggest that lysoPtdCho–ClOH may func-

tion to recruit leukocytes to the endothelium by inducing an

increase in coronary artery endothelial cell surface

expression of P-selectin, an adhesion factor implicated in

the development of vascular inflammation [35].

Cyclooxygenase-2 (COX-2) is an inducible enzyme that

catalyzes the production of prostaglandin H2 (PGH2) from

phospholipid-derived arachidonic acid [36, 37]. COX-2 is

Fig. 1 18:0 LysoPtdCho–ClOH is detected in atherosclerotic tissue.

Lipids from normal and atherosclerotic aorta were analyzed by ESI–

MS in positive ion mode with spectra from a survey scan shown in a
and neutral loss scanning of 95 amu (b). The spectra of molecular ions

from normal tissue (spectra 1 and 2) show the synthetic internal

standards 17:0 and 19:0 lysoPtdCho–ClOH at m/z 582 and 610,

respectively. The spectra of molecular ions atherosclerotic tissue

contain 16:0 lysoPtdCho–ClOH at m/z 568, 18:0 lysoPtdCho–ClOH at

m/z 596, and the synthetic internal standards (spectra 3 and 4)

Fig. 2 16:0 and 18:0 LysoPtdCho–ClOH molecular species are

elevated in atherosclerotic tissue. Lipids from normal and athero-

sclerotic aorta tissue were extracted and analyzed by direct infusion

ESI–MS using neutral loss scanning of 95 amu in positive ion mode.

Quantification of 16:0 and 18:0 lysoPtdCho–ClOH was performed by

comparison to the relative intensities of the internal standards 17:0

and 19:0 lysoPtdCho–ClOH, respectively, as described in ‘‘Materials

and Methods’’
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highly expressed in atherosclerotic plaques [38] and

increased COX-2 expression in endothelial cells has been

shown to increase prostacyclin production [39]. Under

normal conditions, prostacyclin has a variety of effects in

the vasculature, including inhibiting platelet aggregation

and adhesion, relaxing smooth muscle cells, and inhibiting

leukocyte activation and adhesion [40]. Palmitoyl

lysoPtdCho has been shown to induce COX-2 protein

expression in vascular endothelial cells [41–43]. Our pre-

vious studies showed that unsaturated lysoPtdCho is

elevated in human atherosclerotic plaques [3]. Robust

COX-2 protein expression was elicited in HCAEC by

50 lM 18:1 lysoPtdCho, whereas only slight induction of

COX-2 was seen following 50 lM 18:0 lysoPtdCho, and

no COX-2 expression was observed after treatment with

18:0 lysoPtdCho–ClOH (Fig. 4).

Discussion

Myeloperoxidase is found in human atherosclerotic lesions

[11] and is localized in the shoulder regions of the plaque

[44]. Products from MPO-derived RCS attack of tissue

targets include, 3-chlorotyrosine, which is elevated sixfold

in human atherosclerotic vascular tissue compared to nor-

mal vascular tissue [45]. Previous studies have shown that

RCS attack of plasmenylcholine leads to the formation of

unsaturated lysoPtdCho [20, 21] and a-chlorofatty alde-

hyde [46] (Scheme 1). Furthermore unsaturated

lysoPtdCho is targeted by RCS leading to the production of

lysoPtdCho–ClOH [21, 22] (Scheme 1). a-Chlorofatty

aldehydes [3], were the first chlorinated lipids found in

atherosclerotic lesions and are elevated *1400-fold in

atherosclerotic aorta. In this study, we utilized a soft ion-

ization technique, ESI–MS/MS, and determined that

human atherosclerotic tissue contains 69-fold more 16:0

and 82-fold more 18:0 lysoPtdCho–ClOH than normal

tissue. Similar to our previous in vitro studies, only chlo-

rohydrins derived from monoenoic lysoPtdCho molecular

species were detected which likely reflects the instability of

the lysoPtdCho chlorohydrins produced from polyunsatu-

rated molecular species of lysoPtdCho [31].

LysoPtdCho is elevated in atherosclerotic lesions [3]

and in sera of people with atherosclerosis [9]. Interestingly

the mechanism leading to the production of unsaturated

molecular species of lysoPtdCho (e.g. 20:4 lysoPtdCho as

observed as m/z 566 in Fig. 1a) reflects a combination of

activation of phospholipase A1 lipase activities and RCS

attack of plasmenylcholine molecular species. The results

from this study demonstrate that 18:1 lysoPtdCho induces

increased COX-2 protein expression in HCAEC. There are

contradictory reports on the role of COX-2 in the devel-

opment of atherosclerosis. Recent studies show that

prostanoid synthases, such as those responsible for the

synthesis of PGE2, PGD2, PGF2a, PGI2, and TXA, differ-

entially couple with upstream COX-1 and COX-2 and that

colocalization is essential for terminal prostanoid produc-

tion. Prostanoid synthases preferentially localize to either

COX isozyme, and some localize to both COX-1 and

COX-2 depending on the stimulus [47]. It appears that the

addition of a chlorohydrin moiety across the alkene bond

led to the ablation of the robust increase in COX-2 protein

induced by 18:1 lysoPtdCho in HCAEC. The elevation of

18:1 lysoPtdCho in atherosclerotic tissue may confer anti-

atherogenic properties in endothelial cells by increasing

COX-2 protein expression and prostacyclin production. If

this is the case, chlorohydrin formation of 18:1 lysoPtdCho

due to RCS attack, leads to a molecular species that is

unable to elicit COX-2 expression. If, however, 18:1 lys-

oPtdCho induces preferential coupling of pro-atherogenic

PGE2 or TXA to COX-2, further oxidation to 18:0

Fig. 3 P-selectin is expressed on the surface of HCAEC following

18:0 lysoPtdCho–ClOH treatment. HCAEC were treated with Hank’s

buffer alone (control) or buffer containing 10 lM 18:0 lysoPtdCho–

ClOH for 5 min. A modified ELISA was utilized to assay P-selectin

cell surface expression and is expressed as increased absorbance,

P \ 0.01

Fig. 4 18:1 LysoPtdCho induces COX-2 protein expression. HCAEC

were treated with vehicle or were treated with 1, 10, or 50 lM (in

triplicate) of various lysoPtdCho for 8 h. Western blotting was

performed for COX-2 and b-actin
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lysoPtdCho–ClOH would prevent further pro-atherogenic

prostaglandin production.

Previous studies have demonstrated that 2-ClHDA is a

potent neutrophil chemoattractant, while unsaturated

lysoPtdCho increases P-selectin surface expression on

HCAEC [3, 20]. The results from this study show that 18:0

lysoPtdCho–ClOH also leads to increased P-selectin sur-

face expression on HCAEC, which may function to recruit

more MPO-containing leukocytes to sites of inflammation.

RCS attack of plasmenylcholine may lead to the production

of molecular species that lead to both leukocyte attraction

and adhesion. Collectively these data suggest that lys-

oPtdCho–ClOH in injured blood vessels may propagate

inflammation by facilitating leukocyte recruitment through

a mechanism leading to P-selectin surface expression on

endothelial cells.

Collectively the data presented herein show that lys-

oPtdCho–ClOH accumulate in human atherosclerotic tissue

and have a potential role in the inflammatory state of the

atherosclerotic lesion. It will be important in future studies

to determine the accumulation and role of these lipids in

early stages of atherosclerotic tissue as well as determine

the tissue distribution of lysoPtdCho–ClOH at lesion sites

as well as adjacent tissue. It will also be of great impor-

tance to determine that lysoPtdCho–ClOH are associated

with oxidized LDL in the subintima. It would then follow

that levels of 16:0 and 18:0 molecular species of lysoPtd-

Cho–ClOH in blood LDL could potentially serve as a

marker of coronary artery disease risk. It would be of

interest as well to determine the choline glycerophospho-

lipid, lysoPtdCho and lysoPtdCho–ClOH molecular species

profile in diet-controlled studies comparing diets enriched

in either monoenoic, saturated or cardioprotective x-3 fatty

acids. Further studies on these novel chlorinated lipids as

well as other blood-borne chlorinated lipids derived from

MPO activity may prove to be important in the develop-

ment of biomarkers for cardiovascular disease.
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Abstract The objective of the present study was to

compare the effects of cis-9,trans-11 + trans-8,cis-10

conjugated linoleic acid (CLA) mixture to those of cis-

9,trans-11 + trans-10,cis-12 CLA mixture and linoleic

acid (LA) on lipoprotein profile, hepatic lipids, body

composition and digestibility of dietary fat in hamsters

(n = 17) fed diets containing 2% of experimental fat (w/w)

for 28 days. The cis-9,trans-11 + trans-10,cis-12 CLA

mixture showed higher LDL cholesterol concentrations

than LA and the cis-9,trans-11 + trans-8,cis-10 CLA

mixture. The cis-9,trans-11 + trans-8,cis-10 CLA mixture

induced similar plasma LDL cholesterol and hepatic lipid

concentrations, and coefficient of digestibility as LA,

indicating no effect of the trans-8,cis-10 CLA isomer

on these lipid parameters. On the other hand, the cis-9,

trans-11 + trans-8,cis-10 CLA mixture induced higher

plasma VLDL cholesterol and triglycerides than LA and

the cis-9,trans-11 + trans-10,cis-12 CLA mixture. The

cis-9,trans-11 + trans-8,cis-10 CLA mixture also induced

the highest plasma glucose concentrations compared with

the two other groups, indicating an impairment of glycemic

control. No differences in body composition were noted

between the three groups. The present results thus show

that the cis-9,trans-11 + trans-8,cis-10 CLA mixture can

deteriorate plasma VLDL cholesterol and triglycerides in

hamsters, possibly due to an increased flux of glucose.

Keywords Conjugated linoleic acid � Isomers �
Lipoproteins � Lipid metabolism � Body composition �
Hamsters

Abbreviations

CLA Conjugated linoleic acid

DM Dry matter

LA Linoleic acid

LDL Low density lipoproteins

VLDL Very low-density lipoproteins

HDL High-density lipoproteins

ED Experimental diets

NPD Nonpurified diet

Introduction

Conjugated linoleic acid (CLA) represents a series of

heterogeneous polyunsaturated fatty acids that exist as

positional and geometric isomers of conjugated octadeca-

dienoic acid (18:2) varying in double bonding pattern.

Unlike linoleic acid (LA), which is a single unique mole-

cule, several different CLA isomers are possible depending

on which carbon atom the double bonds are relocated and

the resulting isomeric reconfigurations [1]. CLA is found in

foods such as beef and lamb, as well as dairy foods derived
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from these ruminant sources, formed largely as a result of

rumen microbial isomerisation of dietary linoleic acid as

well as desaturation of octadecanoic acid derivatives. Of

these, the predominant geometric isomer of CLA in foods

is the cis-9,trans-11 C18:2, followed by trans-7,cis-9

C18:2, cis-11,trans-13 C18:2, trans-8,cis-10 C18:2 and the

trans-10,cis-12 C18:2 [2]. CLA produced chemically is

available as dietary supplement, usually containing equal

amounts of cis-9,trans-11 CLA, and trans-10,cis-12 CLA

as well as a proportion of other fatty acids [3]. The most

dominant CLA isomer in milk fat is cis-9,trans-11 C18:2.

Recent work has shown that this isomer can be transformed

into trans-8,cis-10 C18:2 by heating butterfat under spe-

cific conditions [4].

A number of animal studies, primarily in rodents, showed

that the consumption of CLA results in beneficial effects on

plasma lipids and lipoproteins [5–9], atherogenic risk [8, 10]

and body fat accumulation [5, 9, 11, 12]. In the majority of

the animal studies, the CLA preparations used have been

either individual cis-9,trans-11 CLA isomer (90%), trans-

10,cis-12 CLA isomer (90%) or mixtures of CLA isomers,

i.e. usually mixtures of 30–40% of each of the cis-9,trans-11

and trans-10,cis-12 isomers, the residue consisting of vari-

ous less common isomers [13]. The effects of CLA on plasma

lipids and body composition have been first attributed spe-

cifically to the trans-10,cis-12 CLA isomer [14–16].

However, CLA does not appear to produce identical results

in all studies due to variations in experimental conditions

such as age, dose, duration of the study, animal species, food

consumption, body weight and initial metabolic status. A

recent study conducted in our laboratory [17] showed that

trans-10,cis-12 CLA isomer fed to hamsters had an unde-

sirable effect on plasma lipids by increasing LDL cholesterol

concentrations but had no impact on body composition.

Until now, most investigations have studied the effects

of the individual or mixed cis-9,trans-11 + trans-10,cis-12

CLA isomers, and few have addressed the effects of trans-

8,cis-10 CLA isomer on plasma lipoproteins. In the present

study, we thus compared, under isoenergetic conditions,

the effects of a mixture of cis-9,trans-11 + trans-8,cis-10

CLA isomers to those of a mixture of cis-9,trans-

11 + trans-10,cis-12 CLA isomers and LA on plasma and

hepatic lipids, body composition and other related meta-

bolic parameters in hamsters. The highest concentration of

trans-8,cis-10 CLA isomer that could be obtained was 35%

in the cis-9,trans-11 + trans-8,cis-10 CLA mixture, since

individual purified trans-8,cis-10 CLA isomer was not

available on the market. Although it was highly speculative

due to lack of scientific data, we hypothesized that the cis-

9,trans-11 + trans-8,cis-10 CLA mixture would induce

different effects on plasma and hepatic lipids as well as on

body composition than the cis-9,trans-11 and trans-10,cis-

12 CLA mixture in hamsters.

Experimental Procedures

Experimental Diets

All animals were assigned to one of the three experi-

mental diets varying in CLA isomers, namely a 50:50

cis-9,trans-11 + trans-10,cis-12 CLA mixture, a CLA

mixture consisting of cis-9,trans-11 + trans-8,cis-10 (as

approximately 40% cis-9,trans-11 CLA and 35% trans-8,

cis-10 CLA), and LA. The latter fatty acid was used as

the reference fatty acid. The CLA mixtures were sup-

plied by Natural ASA (Hovdebygda, Norway). The fatty

acid composition of the three experimental groups is

shown in Table 1.

Table 2 shows the composition of the experimental

diets (ED). Except for lard, which was purchased from a

local supermarket, all dietary ingredients were provided

by MP Biomedical Inc (Aurora, OH). To minimize the

oxidation of the fatty acids, BHT was added to the

diets [18]. As confirmed by bomb calorimetry using an

automatic adiabatic calorimeter (Model 1241, Parr

Instruments, Moline, IL), the three purified diets were

isoenergetic, providing 4,7 kcal/g each. Diets were also

found to be isonitrogenous and isolipidic. The protein

content of each diet (N 9 6.25) (20–22% w/w) was

assayed by Leco FP-528 (ISO 34/SC 5, Principle of

Dumas). The lipid content of each diet measured by

Manual Soxtec System HT6 (Tecator AB, Box70.S-2601,

HOGANAS, Sweden) was approximately 12.0–12.6%

(w/w). The dry matter of each diet was also measured by

Fisher Econo Temp Laboratory Oven Model 30G. The

percentage of water obtained from the samples was

between 6 and 6.5% (w/w).

Table 1 Fatty acid composition of the three experimental fats (Pro-

vided by Natural ASA)

Fatty acid LA cis-9,trans-11 +

trans-10,cis-12

CLA

cis-9,trans-11 +

trans 8,cis-10

CLA

16:0 0.1 0.1 \0.1

18:0 0.4 \0.1 \0.1

cis-9 18:1 5.3 5.0 3.6

cis-9,cis-12 18:2 93.0 0.7 0.7

cis-9,trans-11 18:2 – 44 42

trans-10,cis-12 18:2 – 44 0.8

trans-8,cis-10 18:2 – – 35

Other conjugated 18:2a,b \0.1 5.1 18

LA linoleic acid, CLA conjugated linoleic acid
a Principally cis-cis-9,11 & 10,12 + trans-trans-9,11 & 10,12
b For cis-9,trans-11 + trans-8,cis-10 CLA mixture, 5.6% are trans-

8,trans-10, trans-9,trans-11 and trans-10,trans-12
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Experimental Animals

Fifty-one growing golden Syrian hamsters (Charles River

laboratories, St-Constant, QC, Canada) weighing 50–60 g

on arrival were housed individually in plastic cages. The

temperature (20 ± 2�C) and relative humidity (45–55%) of

the animal room were constant, and the hamsters were kept

under a daily light–dark cycle (0900 to 2100). Upon arri-

val, hamsters were maintained on a ground non purified

(NPD) commercial diet (Purina, St Louis, MO) for 6 days

to adapt them to their new environment. Following this

adaptation period, they were then randomly assigned to one

of the three dietary groups on the basis of their body weight

and feed intake during the 6-day adaptation period (n = 17

per group). They were then gradually transferred to their

respective purified diet differing in lipid source by feeding

a mixture of ground NPD and experimental diet over a

5-day period (25%ED/75%NPD for 3 days, 50%ED/

50%NPD for 1 day and 75%ED/25%NPD for 1 day).

Experimental diets and tap water were provided once

daily on an ad libitum basis for a 28-day period. Records of

food intake and body weight were taken every morning.

This protocol was approved by the Animal Care Commit-

tee of Laval University according to the guidelines of the

Canadian Council on Animal Care.

At day zero, prior to the 28-day feeding 100%ED period,

measurements of body composition were taken when the

hamsters were on front in the Piximus apparatus (Lunar,

Madison, WI). After a 12-h fast, animals were weighed and

anaesthetized with isoflurane in order to proceed to the

measurement of body fat and lean mass with the help of

X-ray from the sternum to the tail of the hamster. At the

end of the 28-day feeding 100%ED period, similar body

composition measurements were taken before sacrifice.

On day 18–20, hamsters were transferred to individual

stainless-steel wire bottom mesh cages, for a 3-day feces

collection. Feces were weighed and stored at -80 �C until

further analysis.

Laboratory Analyses

After 28 days on experimental diets and after a 12-h

overnight fast, immediately after body composition mea-

surements, blood samples were collected by cardiac

puncture in tubes containing disodium EDTA (0.05%).

After blood collection, hamsters were quickly sacrificed by

asphyxia with CO2. Epididymal tissue and liver were rap-

idly removed, weighed, and frozen in liquid nitrogen and

stored at -80 �C until subsequent analysis. Plasma was

separated by centrifugation at 2,500 rpm for 10 min. An

aliquot of plasma was frozen at -80 �C for further total

lipid, glucose and insulin determinations. Another aliquot

was stored at 4 �C until the next day.

The day following blood sampling, lipoproteins were

separated from fresh plasma by ultracentrifugation (TL-100

Tabletop Ultracentrifuge, Beckman, Palo Alto, CA) at

100,000 rpm and 15 �C for 120 min using a TLA-100.4

rotor. The density of plasma samples was adjusted to

1.063 g/ml by adding a solution of NaBr–NaCl 1.478 g/ml

[19]. A two-step density gradient was formed by layering the

density-adjusted plasma underneath NaCl solution

(d = 1.006 g/ml). Triglyceride-rich lipoproteins, chylomi-

crons and very low-density lipoproteins (VLDL) (d \
1.006 g ml), low-density lipoproteins (LDL) (1.006 \
d \ 1.063 g/ml) and high-density lipoproteins (HDL)

(1.06 \ d \ 1.21 g/ml) were then fractionated. Coomassie

blue (5% w/w) was used as a dye to locate the lipoprotein

fractions. Plasma cholesterol and triglycerides were mea-

sured in these lipoproteins as well as in the total fresh plasma

using the Triglycerides/GB and CHOD-PAP enzymatic kits

(Roche Diagnostics, Laval, Quebec). Phospholipids in

plasma were determined using Phospholipids B Enzymatic

colorimetric Method (Wako Chemicals USA).

According to the method of Folch et al. [20], hepatic

lipids were extracted with chloroform/methanol (2:1, v/v).

Hepatic triglycerides and cholesterol were then measured

using the Triglycerides/GB and CHOD-PAP enzymatic kits

(Roche Diagnostics, Laval, Quebec), as described above.

Plasma glucose was measured with a glucose oxidase

method [21] using a glucose analyzer (Technicon RA-TX),

and the plasma insulin level was measured by radioim-

munoassay using rat insulin standards and polyethylene

glycol for separation [22].

In order to determine fecal fat content, extraction with

anhydrous diethyl ether (Soxtec System HT 1043 Extrac-

tion Unit; Tecator Inc., Höganäs, Sweden) after acid

Table 2 Composition (w/w) of the five experimental purified diets

Ingredient (%)

Casein 23

DL-methionine 0.3

Cornstarch 38.2

Sucrose 15

Lard 10

CLA or LAa 2

Cellulose 5

Minerals AIN-93 3.5

Vitamins AIN-93VX 1

CaHPO4 1.5

Choline Bitartrate 0.2

Cholesterol 0.3

BHTb 0.002

a Conjugated linoleic acid or linoleic acid
b Butylated Hydroxytoluene
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hydrolysis (4M HCL) for 30 min (Soxtec System 1047

Hydrolysing Unit; Tecator Inc.) was performed on lyoph-

ilized and ground feces [23].

Statistical Analysis

Results were analyzed using the general linear model

(GLM) procedure of the Statistical Analysis System (SAS

Institute, Cary, NC, USA). When statistically significant

diet effects were detected by ANOVA (at a probability

level inferior to 0.05), Tukey’s studentized range (HSD)

test was performed to identify differences among diet

groups. However data on fecal fat content were log-trans-

formed in order to normalize their distribution prior to

statistical analysis. All data, including those on fecal fat

content, are presented in tables as non-transformed

means ± SEM. Pearson correlation coefficients were used

to quantify the univariate associations among variables.

Results

Food Intake and Body Weight and Composition

At the end of the 28-day experimental period, hamsters

displayed similar daily food intake and body weight gain

regardless to the lipid source (Table 3).

Plasma Lipids

The CLA mixtures used in this study differently affected

LDL cholesterol as well as VLDL cholesterol and triglyc-

eride concentrations (Table 4). The cis-9,trans-11 + trans-

10,cis-12 CLA mixture induced higher LDL cholesterol

concentrations than the cis-9,trans-11 + trans-8,cis-10

CLA mixture and LA. On the other hand, feeding the cis-

9,trans-11 + trans-8,cis-10 CLA mixture increased VLDL

cholesterol and triglyceride concentrations compared to LA

and the cis-9,trans-11 + trans-10,cis-12 CLA mixture.

Plasma Glucose and Insulin

The cis-9,trans-11 + trans-8,cis-10 CLA mixture showed

the highest plasma glucose concentration compared to the

other two groups. However, no significant differences were

observed for plasma insulin among the three experimental

diets (Table 5).

Hepatic Lipids

Hepatic cholesterol concentrations of the animals fed the

cis-9,trans-11 + trans-10,cis-12 CLA mixture were

Table 3 Mean food intake and body weight of male hamsters fed the

five purified diets for 28 days

LA cis-9,trans-11 +

trans-10,cis-12

CLA

cis-9,trans-11 +

trans-8,cis-10

CLA

Mean food intake

(g/day)

6.7 ± 0.2 7.0 ± 0.2 6.5 ± 0.1

Initial body

weight (g)

69 ± 1 70 ± 1 67 ± 1

Final body

weight (g)

99 ± 2 102 ± 2 97 ± 2

Body weight

gain (g)

30 ± 2 31 ± 1 30 ± 2

Values are mean ± SEM. For abbreviations see Table 1

Number of animals: n = 17, except for cis-9,trans-11 + trans-10,

cis-12 CLA, n = 16

Diets were similar in content, except for the source of fat: LA linoleic

acid, CLA conjugated linoleic acid having different isomerisation

Table 4 Plasma lipids of male hamsters fed the five purified diets for 28 days

LA cis-9,trans-11 + trans-10,cis-12 CLA cis-9,trans-11 + trans-8,cis-10 CLA

Total cholesterol (mmol/L) 5.3 ± 0.3 6.0 ± 0.3 6.2 ± 0.2

VLDL cholesterol (mmol/L) 2.0 ± 0.3b 1.8 ± 0.1b 2.7 ± 0.2a

LDL cholesterol (mmol/L) 0.7 ± 0.1b 1.0 ± 0.1a 0.7 ± 0.1b

HDL cholesterol (mmol/L) 3.0 ± 0.2 3.0 ± 0.2 2.9 ± 0.1

Total triglycerides (mmol/L) 2.5 ± 0.2 3.0 ± 0.3 3.3 ± 0.3

VLDL triglycerides (mmol/L) 2.4 ± 0.3b 2.7 ± 0.4b 3.7 ± 0.3a

LDL triglycerides (mmol/L) 0.06 ± 0.02 0.06 ± 0.01 0.05 ± 0.01

HDL triglycerides (mmol/L) 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.01

Total phospholipids (mmol/L) 3.9 ± 0.2 4.5 ± 0.3 4.0 ± 0.1

Values are mean ± SEM. Number of animals: n = 17, except for cis-9,trans-11 + trans-10,cis-12 CLA, n = 16

Diets were similar in content, except for the source of fat: LA linoleic acid; CLA conjugated linoleic acid having different isomerisation
a,b Mean values within a row not sharing a common letter were significantly different (P \ 0.05)
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significantly lower to those of animals fed either LA and

the cis-9,trans-11 + trans-8,cis-10 CLA mixture. No dif-

ference was observed neither on hepatic triglyceride

concentrations nor on liver weight between the three die-

tary groups (Table 6).

Body Composition

The hamsters from the three diet groups had a similar

weight gain (30–31 g/day on the average) (Table 3). In

accordance with this result, no difference was observed

neither in body composition (lean mass, fat mass, total

(fat + lean) mass, percentage fat, bone mass content and

bone mass density) nor in the weight of epididymal fat pads

between our three experimental groups (Table 7).

Fat Digestibility

The cis-9,trans-11 + trans-8,cis-10 CLA mixture and LA

feeding led to lower fecal fat content than the cis-9,

trans-11 + trans-10,cis-12 CLA mixture (Table 8). We

also calculated a coefficient of digestibility of dietary fat

[(fat intake - fat excreted)/fat intake] in order to take into

account fat intake in addition to fecal fat. Based on those

calculations, the cis-9,trans-11 + trans-8,cis-10 CLA

mixture and LA had thus similar and higher coefficient of

digestibility than the cis-9,trans-11 + trans-10,cis-12 CLA

mixture (Table 8).

Discussion

Previous and current researches have focused their atten-

tion on the cis-9,trans-11 isomer and trans-10,cis-12

isomer and the CLA mixture composed of these two forms

usually at a ratio of approximately 50:50 because they are

produced in high quantities successfully by various meth-

odologies. There is however, an increasing awareness that

the other isomers may be responsible for certain metabolic

changes [24]. Recently, a CLA mixture composed of cis-

9,trans-11 + trans-8,cis-10 isomers has been produced.

The results of the present study demonstrate that feeding a

CLA mixture composed of cis-9,trans-11 + trans-8,cis-10

isomers induced higher plasma concentrations of VLDL

cholesterol and triglycerides concomitant with higher

plasma glucose compared with LA and the cis-9,trans-

11 + trans-10,cis-12 CLA mixture in hamsters.

The cis-9,trans-11 + trans-8,cis-10 CLA mixture

induced similar plasma LDL cholesterol and hepatic lipid

concentrations, and coefficient of digestibility than LA,

indicating no effect of the trans-8,cis-10 CLA isomer on

these parameters. The trans-10,cis-12 isomer has been

previously identified, rather than the cis-9,trans-11, as the

ingredient being responsible for the biological effects on

plasma lipids [5, 6, 14, 17]. In the present study, our data

show that the cis-9,trans-11 + trans-10,cis-12 CLA mix-

ture can increase LDL cholesterol and decrease hepatic

cholesterol as previously did the trans-10,cis-12 isomer in

Table 5 Glycemia and insulinemia of male hamsters fed the five

purified diets for 28 days

LA cis-9,trans-11 +

trans-10,cis-12

CLA

cis-9,trans-11 +

trans-8,cis-10

CLA

Glycemia

(mmol/L)

14 ± 1a 15 ± 1a 18 ± 1b

Insulinemia

(pmol/L)

444 ± 144 381 ± 92 507 ± 186

Values are mean ± SEM. Number of animals: n = 17, except for cis-

9,trans-11 + trans-10,cis-12 CLA, n = 16

Diets were similar in content, except for the source of fat: LA linoleic

acid; CLA conjugated linoleic acid having different isomerisation
a,b Mean values within a row not sharing a common letter were

significantly different (P \ 0.05)

Table 6 Liver weight and hepatic lipids of male hamsters fed the five purified diets for 28 days

LA cis-9,trans-11 + trans-10,cis-12 CLA cis-9,trans-11 + trans-8,cis-10 CLA

Liver weight (g) 4.9 ± 0.2 5.3 ± 0.2 5.1 ± 0.1

Hepatic triglycerides (lmoL/g) 7.1 ± 0.8 6.1 ± 1.1 5.9 ± 0.7

Total hepatic triglycerides (lmoL)c 32 ± 4 32 ± 3 30 ± 3

Hepatic cholesterol (lmoL/g) 83 ± 4a 62 ± 6b 83 ± 4a

Total hepatic cholesterol (lmoL)d 392 ± 30a 338 ± 32b 420 ± 33a

Values are mean ± SEM. Number of animals: n = 17, except for cis-9,trans-11 + trans-10,cis-12 CLA, n = 16

Diets were similar in content, except for the source of fat: LA linoleic acid; CLA conjugated linoleic acid having different isomerisation
a,b Mean values within a row not sharing a common letter were significantly different (P \ 0.05)
c Total hepatic triglycerides = hepatic triglyceride concentrations 9 liver weight
d Total hepatic cholesterol = hepatic cholesterol concentrations 9 liver weight
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hamsters under physiological isoenergetic conditions [17].

These results suggest that the cis-9,trans-11 + trans-

10,cis-12 CLA mixture may cause redistribution of cho-

lesterol between serum and tissues leading to a lower level

of hepatic cholesterol but a higher level of LDL choles-

terol. Because this redistribution can result in part from

variations in VLDL secretion and hydrolysis into the cir-

culation and less affinity of LDL particles with LDL

receptors following trans-10,cis-12 CLA feeding in ham-

sters, further studies on VLDL and LDL metabolism are

thus necessary to gain more insight into this controversial

result.

In the present work, reductions in hepatic cholesterol

observed following cis-9,trans-11 + trans-10,cis-12 CLA

mixture may also be attributed to decreased intestinal

absorption of dietary fats. The cis-9,trans-11 + trans-

10,cis-12 CLA mixture indeed lowered the coefficient of

digestibility of dietary lipids and enhanced fecal fat content

compared with LA. These results agree well with those of

Terpstra et al. [25] observing increased energy lost in feces

of mice fed cis-9,trans-11 + trans-10,cis-12 CLA mixture.

Yeung et al. [26] have also shown a greater fecal neu-

tral lipid (cholesterol and coprostanol) output in cis-9,

trans-11 + trans-10,cis-12 CLA mixture fed hamsters and

noted a downregulation of intestinal acyl CoA: cholesterol

acyltransferase (ACAT) activity, an enzyme involved in the

esterification and storage of intestinal cholesterol, associ-

ated with increased fecal sterols in hamsters following CLA

mixture supplementation. According to Wrenn et al. [27],

intestinal cholesterol is esterified before it is assembled in

the chylomicrons and secreted into the lymphatic system.

We thus hypothesized that the cis-9,trans-11 + trans-

10,cis-12 CLA mixture may interfere with the absorption of

dietary fats and cholesterol either by interfering with the

action of intestinal fatty acid-binding proteins or by inhib-

iting ACAT activity in intestinal cells or both.

The most novel result of the present study is the dem-

onstration that the cis-9,trans-11 + trans-8,cis-10 CLA

Table 7 Body composition of male hamsters on day 0 and after 28 days of purified diets

Day LA cis-9,trans-11 +

trans-10,cis-12 CLA

Cis-9,trans-11 +

trans-8,cis-10 CLA

Lean body mass (g) 0 52 ± 0.9 53 ± 1 50 ± 1

28 73 ± 2 75 ± 2 72 ± 1

Body fat mass (g) 0 12 ± 0.5 11 ± 0.4 11 ± 0.4

28 21 ± 1.0 22 ± 0.7 20 ± 0.6

Total (fat + lean) (g) 0 70 ± 1 64 ± 2 62 ± 2

28 94 ± 2 97 ± 2 92 ± 2

Percentage body fat (%) 0 18 ± 0.5 18 ± 0.4 18 ± 0.4

28 22 ± 0.5 22 ± 0.4 22 ± 0.5

Bone mass content (g) 0 0.8 ± 0.02 0.8 ± 0.02 0.8 ± 0.02

28 1.5 ± 0.03 1.5 ± 0.04 1.4 ± 0.03

Bone mass density (g/cm2) 0 0.05 ± 0.001 0.05 ± 0.001 0.05 ± 0.001

28 0.1 ± 0.001 0.1 ± 0.001 0.1 ± 0.001

Epididymal fat tissue (g) 0 ND ND ND

28 2.1 ± 0.2 2.4 ± 0.1 2.2 ± 0.1

Values are mean ± SEM. Number of animals: n = 17, except for cis-9,trans-11 + trans-10,cis-12 CLA, n = 16

Diets were similar in content, except for the source of fat: LA linoleic acid; CLA conjugated linoleic acid having different isomerisation

ND not determined

Table 8 Mean fecal fat content and coefficient of digestibility of dietary fat in male hamsters fed the three purified diets

LA cis-9,trans-11 + trans-10,cis-12 CLA cis-9,trans-11 + trans-8,cis-10 CLA

Fecal fat content (% DM basis)c 3.44 ± 0.1b 4.89 ± 0.27a 4.03 ± 0.16b

Coefficient of digestibilityd 0.964 ± 0.008a 0.943 ± 0.004b 0.957 ± 0.003a

Values are mean ± SEM. Number of animals: n = 15

Diets were similar in content, except for the source of fat: LA linoleic acid; CLA conjugated linoleic acid having different isomerisation
a,b Mean values within a row not sharing a common letter were significantly different (P \ 0.05)
c Mean fecal fat content from pooled fecal samples, which were collected from day 18 to 20
d Coefficient of digestibility = (fat intake - fat excreted)/fat intake
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mixture increased plasma VLDL cholesterol and triglyc-

eride concentrations. It is unlikely that this effect can be

attributed to the cis-9,trans-11 CLA isomer contained in

the mixture since in a previous study using similar exper-

imental conditions than this one [17], feeding hamsters

with the cis-9,trans-11 isomer only did not modify VLDL

composition as compared to LA. There is thus a high

possibility that the trans-8,cis-10 CLA found at 35% in this

mixture might be the physiologically active CLA isomer

regarding VLDL cholesterol and triglyceride concentra-

tions in the present study. However, because there were

18% of other minor isomers such as cis-cis-9,11 & 10,12 +

trans-trans 8,10 & 9,11 & 10,12 in this CLA mixture

(Table 1), we cannot completely exclude a contribution

of those minor isomers in the deterioration of VLDL

composition.

Based on normal fasting glucose concentrations of 3.6–

9.5 mmol/L in hamsters [28], it appears that the lard-based

diet in golden Syrian hamsters induced hyperglycemia under

our control conditions (LA group). In the present study, the

cis-9,trans-11 + trans-8,cis-10 CLA mixture compared

with LA and the cis-9,trans-11 + trans-10,cis-12 CLA

mixture worsened the existing hyperglycemia of our ham-

sters from 14 to 18 mmol/L, although plasma insulin levels

were not different among the three experimental groups.

There is a possibility that an increased hepatic lipogenesis

stimulated by an increased flux of glucose could explain, at

least in part, some of the increase of VLDL triglycerides in

the animals fed the cis-9,trans-11 + trans-8,cis-10 CLA

mixture. We also observed a slight positive correlation

between VLDL triglycerides and percentage body fat

(r = 0.31, P = 0.007, n = 50), suggesting a slightly greater

transport of free fatty acids from adipose tissue to the liver

that can also be used for de novo hepatic VLDL triglyceride

synthesis. However, plasma free fatty acid concentrations

have not been measured to support this explanation. The

impact of the cis-9,trans-11 + trans-8,cis-10 CLA mixture

on glucose tolerance, however, remains to be studied further.

In conclusion, we confirmed part of our hypothesis that

the effects of cis-9,trans-11 + trans-8,cis-10 CLA mixture

on plasma lipids differed from those of cis-9,trans-11 +

trans-10,cis-12 CLA mixture by causing a deterioration of

VLDL cholesterol and triglycerides associated with

increased plasma glucose. Future studies are thus required to

study the impact of the cis-9,trans-11 + trans-8,cis-10 CLA

mixture on hepatic VLDL secretion into the circulation, on

postheparin lipoprotein lipase and hepatic triglyceride lipase

activities in plasma as well as on insulin sensitivity.
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METHODS

Combining Results of Two GC Separations Partly Achieves
Determination of All cis and trans 16:1, 18:1, 18:2 and 18:3
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Abstract Milk fat is a complex mixture of geometric

and positional isomers of monounsaturated and polyun-

saturated, including short-, long- and branch-chain fatty

acids (FAs). There has been partial success to resolve this

mixture of FAs using different GC temperature programs,

or a combination of GC isothermal and temperature

programs. To overcome the problem associated with

overlapping isomers prior silver-ion separation was rec-

ommended. However, this procedure is time consuming

and not practical for routine analysis. In addition, previ-

ous methods focused mainly on the trans and cis isomers

of 18:1. The present method takes advantage of differ-

ences in the relative elution times between different types

of FAs. The method involved analyzing each milk fat

using the same highly polar 100-m capillary column and

GC instrument, and conducting two separations using

temperature programs that plateau at 175 and 150 �C. The

relative shift among the geometric and positional isomers

at these two temperature settings was enough to permit

identification of most of the trans and cis 16:1, 18:1 and

20:1, the c/t-18:2 and the c/c/t-18:3 isomers found in milk

fat. The identity of these FAs was confirmed by prior

separation of the total fatty acid methyl esters (FAMEs)

of milk fat using Ag+-SPE columns, and comparing the

fractions to the total milk fat. The Ag+-SPE technique

was modified to obtain pure saturated, trans- and cis-

monounsaturated and diunsaturated FAMEs. By combin-

ing the results from these two separate GC analyses,

knowing the elution order, it was possible to determine

most of the geometric and positional isomers of 16:1,

18:1, 20:1, 18:2 and 18:3 without a prior silver-ion sep-

aration. Only few minor FAs could not be resolved,

notable the conjugated linoleic acid isomers that still

required the complimentary Ag+-HPLC separation. The

two GC temperature programs have been successfully

used to routinely analyze most FA isomers in total milk

and beef fats in about 200 min without the use of prior

silver-ion separations.

Keywords Gas chromatography � Ag-ion SPE �
Milk fat � cis and trans isomers

Abbreviations

Ag+-HPLC Silver ion-high performance liquid

chromatography

Ag+-TLC Silver ion-thin layer chromatography

CLA Conjugated linoleic acid

FA Fatty acid

FAME Fatty acid methyl ester

GC Gas chromatography

HPLC High-performance liquid chromatography

MUFA Monounsaturated fatty acid

PHVO Partially hydrogenated vegetable oil

PUFA Polyunsaturated fatty acid

SPE Solid phase extraction

SFA Saturated fatty acid
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Introduction

Considerable efforts have been made in the past few years

to modify the profile of milk fats by increasing such fatty

acids (FAs) as rumenic (9c11t-18:2) and vaccenic acids

(11t-18:1), as well as essential FAs and the long-chain

polyunsaturated fatty acids (PUFAs), but their compre-

hensive analysis has proven challenging. Milk fat is already

a complex mixture of up to 400 different FAs [1]. These

can be short or long (4–26 carbons), branched or not, sat-

urated, unsaturated (0–6 double bonds) or conjugated, and

there are all possible geometric and positional isomers of

mono-, di-, highly unsaturated poly- and conjugated FAs.

Some FAs also contain hydroxyl, keto, or cyclic functional

groups. By far the most common and convenient method to

analyze such a complex mixture of FAs is by gas chro-

matography (GC) as their fatty acid methyl esters

(FAMEs). There is general agreement that 100 m highly

polar flexible fused-silica capillary columns are absolutely

mandatory to help resolve this isomeric mixture [2–7].

Most researchers have used the 100% cyano-

propylpolysiloxane coated phases (CP-Sil 88 by Varian

Inc.; SP 2560 by Supelco Inc.; HP88 by Agilent Technol.)

[2–13], while others have chosen slightly less polar phases

equivalent to 70% cyanopropylpolysiloxane (BPX-70 by

SGE Co. [14, 15] or CP Select by Varian Inc. [16]) that are

slightly longer (BPX-70 at 120 m, and CP Select at 200 m)

but more stable because these stationary phases are bonded.

The ideal method would be a single GC analysis but this

is currently not possible. Therefore, several different

approaches have been used to analyze the complete FA

composition of milk fat. We developed a GC temperature

program starting at 45 �C to resolve the short-chain FAs

followed by a plateau temperature at 175 �C during the

elution of the 18:1 isomers to resolve as many of the 16:1,

18:1 and 18:2 isomers as possible [3, 5, 9]. Decreasing the

plateau temperature to 170 [11] or 165 �C [7], or intro-

ducing two plateau stages at 100 and 175 �C [13], did not

improve the separation. To provide a definitive composi-

tion of many of these FA isomers, a prior separation of

geometric isomers was introduced using silver ion-thin

layer chromatography (Ag+-TLC) followed by a GC

analysis of the fractions at a low isothermal temperature of

120 �C that resolved all the 18:1 isomers except 6t-8t-18:1

and 6c-8c-18:1 [2, 3, 5–8, 14]. Prior fractionation using

Ag+-TLC has also been used to identify overlapping iso-

mers in the 16:1 [17], 18:2 [18], and 18:3/20:1 [19] regions.

An alternative approach was to resolve the total milk fat

FAMEs using one GC column to resolve the total milk

lipids, followed by second GC operation at isothermal

temperatures between 160 and 180 �C with a 100-m highly

polar column to resolve the 18:1 isomers. The isothermal

GC separations were performed using either the same [13,

20], or a different GC column [2, 17–19]. Some isothermal

separations gave a partial resolution of 15t-18:1 from 9c-

18:1, but with little improvement in the separation of the

remaining 18:1 isomers. This approach requires two sepa-

rate GC analyses and addressed only the resolution of 18:1

isomers, while ignoring overlapping in the 16:1, 18:2 and

18:3/20:1 regions.

Another technique was recently reported in which the

FAMEs from milk fat were analyzed by GC using the 100-

m highly polar columns, and the cis- and trans-18:1 iso-

mers were isolated using reversed-phase HPLC followed

by GC analyses [14]. This method is complicated involving

two different instruments, at least three GC separations,

and again only addressing the overlapping 18:1 isomers.

The analyses of the different conjugated linoleic acid

(CLA) isomers is particularly challenging since many of

the isomers do not separate under any of the isothermal or

temperature program GC conditions [5, 6, 9, 12], even at

isothermal conditions at 120 �C [3]. Therefore, regardless

of the GC method used, a complimentary Ag+-HPLC

separation will be necessary to resolve most of the CLA

isomers [21]. The final CLA isomer composition can then

be determined by combining the GC and Ag+-HPLC results

[5, 6].

It is interesting to note that operating the GC under

different isothermal temperature conditions has been

shown to resolve overlapping peaks by taking advantage of

differences in the relative elution times of different FA

families. For example, the 20:1 and 18:3 isomers were

resolved by decreasing the temperature from 180 to 155 �C

that partly reversed the elution order of the 20:1 and 18:3

isomers relative to each other [22]. Several overlapping

saturated FAMEs were also identified amongst the 18:1 and

18:2 isomers in milk fat by conducting isothermal separa-

tions between 130 and 190 �C [18].

In the present communication a GC method is described

in which total milk lipids were analyzed using the same

100-m polar capillary column and two complementary GC

temperature programs that resolved most of the 16:1, 18:1,

18:2, 18:3 and 20:1 isomers without the need for a prior

argentation or reversed-phase chromatographic separation.

Employing the two complementary GC temperature pro-

grams took advantage of changes in the elution order at

different temperatures, the high efficiency of the 100-m

polar capillary column to resolve FA isomers, and consis-

tent column characteristics and detector responses when

using the same GC column for both temperature programs.

Partial support for the identity of the FAME isomers in

milk fat was obtained by comparing the results with sep-

arations prepared using silver ion-solid phase extraction

(Ag+-SPE) columns recently available from Supelco Inc.

(Bellefonte, PA). The separation of saturated, trans, cis,

dienes, and trienes FAME fractions was achieved by
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modifying the solvent system reported recently for the

Ag+-SPE columns [23]. In this study, four milk lipids were

selected that differed greatly in their total trans-18:1 con-

tent and isomer profile to demonstrate the effectiveness of

resolving FAME pairs in the 16:1, 18:1/18:2, and 18:3/20:1

regions, particularly when adjacent isomers had large

asymmetric distributions.

Materials and Methods

Selected milk fats were obtained from a previous study

[24]. They were transesterified using NaOCH3 as previ-

ously described [5, 25]. Details of the Ag+-HPLC

methodology for the complimentary separation and analy-

sis of the CLA isomers were previously published [3, 5,

26]. All chemicals and solvents were of analytical grade.

Ag+-SPE Cartridges

Ag+-SPE cartridges (750 mg/6 mL) were purchased from

Supelco Inc. (Bellafonte, PA). Before use, the cartridges

were conditioned with 4 mL of acetone to remove any

moisture followed by 4 mL of hexane. Total methylated

lipids (about 1 mg total FAMEs in 1 mL hexane) were

applied onto the column and eluted with 6 mL volumes of

hexane containing increasing amounts of acetone: 99:1 (v/v)

eluted saturated FAMEs, 96:4 (v/v) eluted mono-trans

FAMEs plus the t/t FAME isomers of CLA; 90:10 (v/v)

eluted mono-cis FAMEs plus the c/t FAME isomers of

CLA; 0:100 (v/v) eluted dienoic FAMEs. This was fol-

lowed by 3% acetonitrile in acetone to elute trienoic

FAMEs, and 6% acetonitrile in acetone to elute tetraenoic

FAMEs. All fractions were taken to dryness in a stream of

N2, reconstituted in an appropriate volume of hexane for

analysis by GC.

Gas Chromatography (GC)

A Hewlett Packard Model 5890 Series II GC was used and

equipped with a flame ionization detector operated in

splitless mode and flushed 0.3 min after injection, an

autosampler (HP Model 7673), a 100-m CP-Sil 88 fused

capillary column (Varian Inc., Mississauga, ON) and a

software program (Agilent ChemStation, Version A.10).

Injector and detector temperatures were kept at 250 �C.

Hydrogen was used as carrier gas at a flow rate of 1 mL/

min and for the flame ionization detector at 40 mL/min.

The other gases were purified air at 250 mL/min and N2

makeup gas at 25 mL/min. The injection volume was 1 lL

of FAME mixtures containing about 1–2 lg/lL. The three

temperature programs evaluated are summarized in

Table 1. Each milk fat was routinely analyzed using the

three GC programs in series in this study but only the

results of the 175 and 150 �C programs were used in

determining the final analysis.

FAME Standards

The FAMEs were compared to a GC reference standard

(#463) and spiked with a mixture of four positional CLA

isomers (#UC-59M) and long-chain saturated FAMEs 21:0,

23:0 and 26:0; all FAMEs were obtained from Nu-Chek

Prep Inc. (Elysian, MN). A branch-chain FAs standard was

available from Matreya Inc. (Pleasant Gap, PA). Identifi-

cation of the trans-18:1, 16:1 and 20:1 isomers are based

on principles of silver-ion separation, selected isomers in

the GC reference standard #463, and on comparison with

previously published reports [2, 3, 5, 19, 27]. A few t/t- and

c/t-18:2 and c/c/t-18:3 standards were available, i.e., 9t12t-

18:2 in GC standard #463, and previously synthesized

9c12t- and 9t12c-18:2, and 9c12c15t-, 9c12t15c- and

9t12c15c-18:3 [4]. The assignment of the remaining c/t-

18:2 isomers was based on GC chromatographic principles,

known diet related metabolites, and on comparison with

previously published reports [18, 28]. It is important to

evaluate each GC column with the standards given there

are slight differences between columns even from the same

supplier [5, 29].

Combining Selective Sections from the Two GC

Programs

It was found that comprehensive FA analysis could be

achieved by combining the results of the 175 and 150 �C

temperature programs. The 175 �C results were used as the

quantitative reference, while the results at 150 �C were

used to complement or correct these data. When selecting

Table 1 Details of the three GC temperature programs evaluated

Descriptions 175 �C 163 �C 150 �C

Initial temperature (�C) 45 45 45

Time (min) 4 4 4

First rate of increase (�C/min) 13 13 13

Plateau temperature (�C) 175 163 150

Time (min) 27 37 47

Second rate of increase (�C/min) 4 4 4

Final temperature (�C) 215 215 215

Time (min) 35 40 35

Total time (min) 86 103.8 110.33
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groups of FAs to be corrected, the beginning and end

position of the FA cluster should be baseline resolved and

each cluster should contain the same FAs from both GC

separations. In the case of the 18:1 isomers the region from

4t-18:1 to 19:0/15c-18:1 was selected, for the 16:1 isomers

the 4t-16:1 to 17:0/13c-16:1 region was selected, and for

the 20:1/18:3 isomers the 18:3n-6 to 18:3n-3/13c-20:1

region was used. The 175 �C results were calculated as

relative percent of total FAMEs, while only the integrated

values were used from the 150 �C results to calculate the

corrected composition. If a specific FA was resolved in

both chromatographic separations, the 175 �C value was

chosen. Sample calculations are provided in the Results

and discussion and in the tables. It should be noted that in

attempting to calculate FAs present in trace amounts by

difference, these can at times result in negative values. The

short-chain FAs from 4:0 to 11:0 were corrected for mass

discrepancy using the correction factors published by

Wolff et al. [30].

Results and Discussions

To evaluate this method, four milk fats were selected from

a recent study in which cows were fed a barley-corn based

concentrate containing a mixture of 4.5% sunflower oil and

0.5% fish oil in which the concentrate to forage ratio was

50:50 [24]. These milk fats showed great differences in the

total trans-18:1 content and isomer distribution. One milk

fat contained 3% total trans-18:1 and showed a pattern of

18:1 isomers general seen in commercial milk fats in

Canada [5, 6] (Fig. 1, milk fat A), while the other three

milk fats selected contained much higher levels of total

trans-18:1 (13–21%) that is often observed when diets with

a high concentrate (consisting of corn, barley or wheat,

etc.) to forage ratio, and/or PUFAs are fed. In these sam-

ples the predominant trans-18:1 isomer was either 11t

(Fig. 1, milk fat B), 10t (Fig. 1, milk fat D) or both (Fig. 1,

milk fat C). The separations shown in Fig. 1 were those

obtained using the temperature program with a plateau at

175 �C. Except for the milk fat low in total trans (Fig. 1,

milk fat A), most of the trans-18:1 isomers from 6t-8t- to

11t-18:1 were not well resolved that often leads to misi-

dentification of the isomers.

Three separate GC temperature programs were evalu-

ated in this study (Table 1). Decreasing the temperature at

the plateau from 175 to 163 and 150 �C resulted in a

marked improvement in the separation of the isomers 6t-8t-

to 11t-18:1 (Fig. 2). The resolution of these isomers is

crucial when evaluating milk fats with increased levels of

total trans-18:1 to determine whether 11t- (Fig. 2, milk fat

B) or 10t-18:1 (Fig. 2, milk fats C and D) was predomi-

nantly produced. At 175 �C the isomers adjacent to the

major trans-18:1 isomers were barely recognizable, while

at 150 �C all isomers were clearly resolved. The decrease

in temperature from 175 to 150 �C resulted in an increase

in the elution times of the trans-18:1 isomers relative to the

saturated FAs (carbon number increased by about 0.2),

which improved the resolution of the trans isomers, while

the elution times of the cis-18:1 isomers relative to the

saturated FAs remained virtually the same. This relative

shift among the geometric 18:1 isomer with temperature

resulted in 15t-18:1 eluting between 9c- and 11c-18:1 at

163 �C, and coeluting with 11c-18:1 at 150 �C (Fig. 2).

There was also a reversal in the elution sequence of 16t-

and 14c-18:1; at 175 �C 16t-18:1 eluted slightly before, at

163 �C coeluted with, and at 150 �C slightly after 14c-

18:1. Confirmation of identification will be provided based

on silver ion separation, see below.

Confirmation of 18:1 Isomers Using Ag+-SPE

Separated Fractions

To establish identification of all the geometric and posi-

tional 18:1 isomers in total milk FAMEs, fractions were

prepared using Ag+-SPE cartridges to separate the total

milk fat FAMEs based on the number and geometric

configuration of double bonds. The procedure using Ag+-

SPE columns was modified to yield highly purified frac-

tions of saturated, mono trans plus t,t-CLA, mono cis plus

c/t-CLA, and diene FAMEs; the more polyunsaturated

fractions are not presented. The Ag+-SPE fractions

obtained from each of the milk fats were compared to the

total FAME mixture from each milk fat at 175 �C (Fig. 3),

163 �C (Fig. 4) and 150 �C (Fig. 5). In each of these

Fig. 1 Partial GC chromatogram of the four milk fats selected (A–D)

are shown from 18:0 to 18:2n-6. The total trans-, 10t- and 11t-18:1

content of each of the milk fats is listed on the left hand side. The

trans- and cis-18:1 isomers are identified. The 175 �C GC temper-

ature program was used for the analysis of these milk fats; see

specifics of GC program in Table 1
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figures the region between 9c-18:1 and 18:2n-6 was

enlarged and inserted for clarity in the partial GC chro-

matogram of total milk fat.

Each of the temperature programs provided a slightly

different separation that made possible the identification of

all the trans-18:1 isomers either directly or indirectly by

difference (Figs. 3, 4, 5). The isomers 4t- to 11t-18:1 were

best resolved at 150 �C (Fig. 5). The 12t-18:1 isomer was

only free of interfering cis-18:1 isomers at 175 �C (Fig. 3);

at both 163 and 150 �C it coeluted with 6c-8c-18:1

(Figs. 4, 5). On the other hand, 13t-/14t-18:1 coeluted with

6c-8c-18:1 at 175 �C (Fig. 3) and with 9c-18:1 at 163 and

150 �C (Figs. 4, 5). The 15t-18:1 isomer coeluted with 9c-

18:1 at 175 �C and with 11c-18:1 at 150 �C, but was

resolved at 163 �C (Fig. 4). Generally, either the GC sep-

arations at 175 �C (Fig. 3) or 150 �C (Fig. 5) provided an

adequate separation of 16t- and 14c-18:1.

The 6c-8c-18:1 isomers are generally minor components

in milk fat but they can be determined by difference from

Fig. 2 Partial GC

chromatogram of three milk fats

(B–D) are shown from 4t- to

12c-18:1 that contained a high

total trans-18:1 content.

Separations were performed

using the 175 �C (top row),

163 �C (middle row) and

150 �C (bottom row) GC

programs. Selected trans- and

cis-18:1 isomers are identified

to indicate the changes in the

elution order of these 18:1

isomers with temperature

Fig. 3 Partial GC chromatogram of milk fat C separated using GC

program 175 �C and showing the 18:0 to 18:2n-6 region. An

enlargement of the 11c-18:1 to 11t15c-18:2 is inserted for clarity.

The trans, cis and diene fractions isolated from total milk fat FAMEs

using Ag+-SPE columns and are compared to the total milk fat

FAMEs. The structure of all the t/t-18:2 isomers, except 9t12t-18:2 is

unknown. The assignments of most c/t-18:2 isomers and methyl 11-

cyclohexylundecanoate (17cyclo) is tentative, and based on compar-

ison with some standards (9c12t-18:2 and 9t12c-18:2) and on

previously published reports [4,18,19]
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the 13t-/14t-18:1 peak at 175 �C (Fig. 3), or from the 12t-

18:1 peak at 163 and 150 �C (Figs. 4, 5). The predominant

9c-18:1 isomer contained 10c- and 15t-18:1 at 175 �C

(Fig. 3), and 10c- plus 13t-/14t-18:1 at 163 and 150 �C

(Figs. 4, 5). Unfortunately, the minor 10c-18:1 isomer

cannot be resolved from the 9c-18:1 peak under any of

these temperature conditions; and even at an isothermal

conditions at 120 �C a separation was not often always

possible because of the predominance of the 9c-18:1 iso-

mer [5, 6, 31]. The 11c- and 12c-18:1 isomers are free of

interferences at 175 �C (Fig. 3) and 163 �C (Fig. 4),

however, at 150 �C 15t- coeluted with 11c-18:1 (Fig. 5).

The isomers 13c-, 15c- and 16c-18:1 all coeluted with t,t-

or c/t-18:2 isomers using all GC programs (Figs. 3, 4, 5). In

the case of 13c-18:1, the coeluting t,t-18:2 isomer was

similar in abundance, while 16c-18:1 was a minor com-

ponent compared to the coeluting c/t-18:2 isomers (Fig. 5).

Representative Calculations of the 18:1 Isomers

The region from 4t-18:1 to 15c-18:1/19:0 in the 175 and

150 �C GC separations was chosen to calculate all the 18:1

isomers except 16c-18:1, since it encompasses all the same

FAs in both chromatograms, and the terminal FAMEs were

base line resolved. Table 2 lists each of the peaks identified

in both chromatograms. Also included in Table 2 is the

best GC program, or combination of programs to calculate

the correct composition for each of the 18:1 isomers. To

determine the concentration of any FA isomer from the

150 �C results, simply multiply the ratio of area counts of

that FA over the total area count of 4t-18:1 to 15c-18:1/

19:0 at 150 �C by the total relative percent of all FAMEs

from 4t-18:1 to 15c-18:1/19:0 at 175 �C. Examples of

several FAs are included in Table 2. Several 18:1 isomers

could not be resolved using this method, i.e., 6t-8t-, 6c-8c-,

13t/14t-, and 9c/10c-18:1. The first two groups of isomers

have never been resolved by GC, while the last two pairs

can be resolved, but only at low isothermal conditions after

prior argentation separation. Unequivocal identification of

all the trans- and cis-18:1 can be obtained by analyzing the

trans and cis fraction from Ag+-SPE at a low isothermal

temperature condition of 120 �C that resolved the isomers

except 6t-8t-18:1 (Fig. 6) and 6c-8c-18:1 (results not pre-

sented). These results have been previously reported [3, 5,

6, 8, 17, 19], and therefore will not be discussed further.

Resolution of the 18:2 Isomers

Seldom discussed is the presence of t,t- and c/t-18:2 iso-

mers in the region between 13c-18:1 and 18:2n-6, with few

exceptions [4, 18, 19]. The peaks in this region were

enlarged and appropriately inserted in Figs. 3, 4, 5, and the

isolated diene fraction from each of the milk fats was

included in each of these figures. In general, the t,t-18:2

isomers eluted ahead of the c/t-18:2 isomers on these GC

columns in the region between 13c-18:1 and 9t13c/8t12c-

18:2. The magnitude of the interferences of these t,t-18:2

isomers in total milk fat was not previously recognize; see

diene fraction in Figs. 3, 4, 5. Selectively using the 175 and

150 �C program provides a more accurate estimate of the

cis-18:1 isomers among these 18:2 dienes. The structure of

most of the t,t-18:2 isomers remain to be identified, other

than 9t12t-18:2, for which a standard is available. How-

ever, this isomer is only present as a trace component in

milk fat.

The major c/t-18:2 peak in milk fat was 9t13c- plus

8t12c-18:2 that was partially resolved at 150 �C (Fig. 5).

The 8t13c- plus 9c12t-18:2 isomers coelute with 16c-18:1

and they were partially resolved at all the temperatures.

The third group of c/t-18:2 isomers include 9t12c-, 11t15c-

plus an unknown c/t-18:2 isomer evident from the sepa-

rations. The identification and resolution of the c/t-18:2

isomers in milk fat are of particular interest since they arise

as intermediates of PUFA metabolism by rumen bacteria,

for instance, 11t15c-18:2 is a metabolite of 18:3n-3.

Therefore, many of the t,t- and c/t-18:2 isomers in milk fat

might be different from those found in partially hydroge-

nated vegetable oils (PHVOs) that arise by random

processes. Canola and soybean oils that contain both

18:2n-6 and 18:3n-3 were shown to give rise to four major

(9t13c-, 9c12t-, 9t12c-, 9c15c-18:2) and seven minor

isomers (9t12t-, 8t12c-, 8t13c-, 8c13c-, 9t15c-, 10t15c- and

9c13c-18:2) during partial hydrogenation [32]. If the trans

containing dienoic FA isomers are confirmed as contrib-

uting to the development of coronary heart disease [33],
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Table 2 Resolution of the geometric and positional 18:1, 16:1 and 20:1/18:3 isomers using the two GC programs

Fatty acids 175 �C 150 �C Best GC program

Determination of the 18:1 isomers

4t-18:1 4t-18:1 4t-18:1 175 �C

5t-18:1 5t-18:1 5t-18:1 175 �C

6t-8t-18:1 6t-8t-18:1 6t-8t-18:1 150 �C

9t-18:1 9t-18:1 9t-18:1 150 �C

10t-18:1 10t-18:1 10t-18:1 150 �C

11t-18:1 11t-18:1 11t-18:1 150 �C

12t-18:1 12t-18:1 12t/6c-8c-18:1 175 �C

6c-8c-18:1 13t/14t/6c-8c-18:1 12t/6c-8c-18:1 150 �C-(12t) 175 �C

13t/14t-18:1 13t/14t/6c-8c-18:1 9c/10c/13t/14t-18:1 175 �C-(6c-8c) calc

9c/10c-18:1 9c/10c/15t-18:1 9c/10c/13t/14t-18:1 175 �C-(15t) calc

15t-18:1 9c/10c/15t-18:1 11c/15t-18:1 150 �C-(11c) 175 �C

11c-18:1 11c-18:1 11c/15t-18:1 175 �C

12c-18:1 12c-18:1 12c-18:1 175 �C

13c-18:1 13c-18:1/tt-18:2 13c-18:1 150 �C

14c-18:1 14c-18:1 14c-18:1 175 �C

16t-18:1 16t-18:1 16t-18:1 175 �C

15c-18:1 15c-18:1/19:0 15c-18:1 150 �C

19:0 15c-18:1/19:0 19:0 150 �C

X = % total FAMEa Y = Total area countb

Determination of the 16:1 isomers

4t-16:1 4t-16:1 4t-16:1 175 �C

5t-16:1 5t-16:1 5t-16:1 175 �C

17:0 iso 17:0 iso/6t/7t/8t-16:1 9t-16:1/17:0 iso 150 �C-(9t) 175 �C

6t-7t-16:1 17:0 iso/6t/7t/8t-16:1 6t-7t-16:1 150 �C

8t-16:1 17:0 iso/6t/7t/8t-16:1 8t-16:1 150 �C

9t-16:1 9t-16:1 9t-16:1/17:0 iso 175 �C

10t-16:1 10t-16:1 10t-16:1 175 �C

11t/12t-16:1 11t/12t-16:1 7c/11t/12t-16:1 175 �C

13t-16:1 7c/13t-16:1/17:0 ai 13t-16:1 150 �C

17:0 ai 7c/13t-16:1/17:0 ai 9c-16:1/17:0 ai 150 �C-(9c) 175 �C

7c-16:1 7c/13t-16:1/17:0 ai 7c/11t/12t-16:1 150 �C-(11t/12t) 175 �C

9c-16:1 9c-16:1 9c-16:1/17:0 ai 175 �C

10c-16:1 10c-16:1 10c-16:1 175 �C

11c-16:1 11c-16:1 11c/14t-16:1 175 �C

12c-16:1 12c/14t-16:1/17:0 12c-16:1 150 �C

13c-16:1 13c-16:1 13c-16:1 175 �C

14c-16:1 Not in partial GC graph 14c-16:1 150 �C

17:0 12c/14t-16:1/17:0 17:0 150 �C

14t-16:1 12c/14t-16:1/17:0 11c/14t-16:1 150 �C-(11c) 175 �C

M = % total FAMEc N = Total area countd

Determination of the 20:1/18:3 isomers

18:3n-6 18:3n-6 18:3n-6 175 �C

9c12c15t-18:3 cct-18:3/6t-11t-20:1 9c12c15t-18:3 150 �C

6t-11t-20:1 6t-11t-20:1/cct-18:3 6t-11t-20:1 150 �C

12t-20:1 12t-20:1 12t-20:1 175 �C

13t-20:1 13t-20:1 13t-20:1 175 �C

14t-20:1 14t/9c-20:1 14t/9c-20:1 Cannot be resolved
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then the differences in the c/t-18:2 isomer composition

between milk fat and PHVOs will need to be examined

closer to differentiate these two trans-containing fats. The

combination of these two GC programs will be helpful to

provide this information.

Resolution of FA Isomers in the 16:1 Region

The 16:1 region is as complex as the 18:1 region, consisting

of overlapping C17 branch-chain FAs, and cis- and trans-

16:1 isomers. Precht and Molkentin [17] demonstrated with

human milk fat that an inaccurate identification of these

FAs leads to wrong conclusions as to a potential cause of

coronary heart disease. These authors confirmed the identity

of each of these FAs after prior separation using Ag+-TLC

and subsequent GC analysis of the fractions. In this study,

we evaluated the results of the three GC temperature pro-

grams to see whether the FA composition of milk fat can be

determined without prior argentation fractionation.

The separation of two milk fats is presented because the

high content of total trans FAs markedly affected the 16:1

profile. The GC separation of a milk fat with a low content

of total trans fat and analyzed using the 175 �C program is

shown in Fig. 7, and the milk fat with a higher total trans

content is shown in Fig. 8. In each figure the total milk fat

separation was compared with the trans, cis and saturated

Table 2 continued

Fatty acids 175 �C 150 �C Best GC program

15t/16t-20:1 15t/16t-20:1 15t/16t/11c-20:1/tcc-18:3 175 �C

9c-20:1 9c-20:1 14t/9c-20:1 175 �C

9t/12c/15c-18:3 11c-20:1/tcc-18:3 15t/16t/11c-20:1/tcc-18:3 175 �C-(11c) calc

11c-20:1 11c-20:1/tcc-18:3 15t/16t/11c-20:1 150 �C-(15t/16t) 175 �C

13c-20:1 13c-20:1/18:3n-3 13c-20:1 150 �C

18:3n-3 13c-20:1/18:3n-3 18:3n-3 150 �C

P = % total FAMEe Q = Total area countf

Included is the suggested GC program to give the best results and the footnote has sample calculations

ai Anteiso, calc calculated, cct or tcc isomers of 18:3n-3; FAMEs fatty acid methyl esters
a X Total % FAMEs of 4t-18:1 to 15c-18:1/19:0 from GC results at 175 �C
b Y Total area response of FAMEs 4t-18:1 to 15c-18:1/19:0 from GC results at 150 �C
c M Total % FAMEs of 4t-16:1 to 13c-16:1/17:0 from GC results at 175 �C
d N Total area response of FAMEs 4t-16:1 to 13c-16:1/17:0 from GC results at 150 �C
e P Total % FAMEs of 18:3n-6 to 18:3n-3/13c-20:1 from GC results at 175 �C
f Q Total area response of FAMEs 18:3n-6 to 18:3n-3/13c-20:1 from GC results at 150 �C

Calculating the concentration of 9t-18:1 taken from the 150 �C results:

% [9t-18:1] = (area count of 9t-18:1 at 150 �C) (X % total FAMEs of 18:1 region)/(Y total area count of 18:1 region at 150 �C)

Calculating the concentration of 6c-8c-18:1 using values from both GC programs:

% [6c-8c-18:1] = [(area count of 12t/6c-8c-18:1 at 150 �C) (X % total FAMEs of 18:1 region)/(Y total area count of 18:1 region at 150 �C)] –

[% 12t-18:1 taken from 175 �C results]

Calculating the concentration of 15t-18:1 using values from both GC programs:

% [15t-18:1] = [(area count of 11c/15t-18:1 at 150 �C) (X % total FAMEs of 18:1 region)/(Y total area count of 18:1 region at 150 �C)]–[% 11c-

18:1 taken from 175 �C results]

Calculating the concentration of 9c/10c-18:1 using values from both GC programs:

% [9c/10c-18:1] = [% 9c/10c/15t-18:1 taken from 175 �C results] – [% 15t-18:1, calculation shown above]

Fig. 6 Partial GC chromatogram of the 18:1 region of the trans
fraction isolated from all four milk fats selected (A–D) using Ag+-SPE

chromatography and analyzed by GC operated isothermally at

120 �C. Details regarding the Ag+-SPE separation are provided in

Materials and methods section
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fractions obtained using the Ag+-SPE columns. At 175 �C

both of the 17:0 branch-chain FAs coeluted, 17:0 iso with

6t- to 8t-16:1, and 17:0 anteiso with 7c- and 13t-16:1

(Figs. 7, 8). The trans-16:1 isomers were present as small

peaks in the milk fat with a low total trans content; only

small peaks corresponding to 9t- and 11t-/12t-16:1 were

evident in the total milk fat (Fig. 7). On the other hand,

when the total trans content was high, it was difficult to

differentiate 17:0 iso among the trans-16:1 isomers, and

the contribution of 13t- and 7c-16:1 to 17:0 anteiso were

not negligible (Fig. 8). Several of the trans- and cis-16:1

isomers were well resolved using the 175 �C program, such

as 9t-, 10t-, 11t-/12t-, 9c-, 10c-, 11c- and 13c-16:1 (Figs. 7,

8), while the minor isomers 12c- and 14t-16:1 coeluted

with 17:0 at 175 �C. The assignment of the geometric 16:1

isomers was based on argentation chromatographic prin-

ciples (number and geometric configuration of double

bonds), on several authentic FAME standards, and on

agreement with published reports in which the isomers

were confirmed by GC/MS [17].

Lowering the plateau from 175 to 150 �C caused a

similar relative shift among the trans- and cis-16:1 isomers

as was observed among the 18:1 isomers, resulting in an

altered pattern of elution of these FA isomers (Fig. 9). For

example, at 150 �C there was a near baseline resolution of

8t- and 9t-16:1, but now 11t-/12t-16:1 and 7c-16:1, 13t-

16:1 and 17:0, and 11c- and 14t-16:1 coeluted. There was

also a shift of the branch-chain FAs relative to both the

trans- and cis-16:1 isomers, such that 17:0 iso now coe-

luted with 9t-16:1, and 17:0 anteiso with 9c-16:1. At

150 �C several trans- and cis-16:1 isomers were well

resolved, such as 4t- to 8t-, 10t-, 10c-, 12c-, 13c- and 14c-

16:1 (Fig. 9). A section is included in Table 2 that sum-

marizes the trans- and cis-16:1 isomers, and how best to

determine the concentration of each of these isomers. For

the 16:1 isomers the region from 6t-8t- to 17:0/13c-18:1

was selected.

The individual trans-16:1 isomers isolated from the four

milk fats by Ag+-SPE are compared at the two GC tem-

perature programs (Fig. 10). The separations were

improved for each of the milk fats by decreasing the tem-

perature from 175 to 150 �C, and there was a partial

resolution of the 11t-/12t-16:1 pair at 150 �C. It is of

Fig. 7 Partial GC chromatogram of milk fat A separated using GC

program 175 �C and showing the 16:1 region. The total milk FAMEs

were compared to the trans, cis and saturated FA fractions isolated

from total milk fat FAMEs using Ag+-SPE columns. Details regarding

the Ag+-SPE separation are provided in Materials and methods. The

assignments of several FAs were based on available standards (17:0,

branch-chain FAs, and 9t- and 9c-16:1), while the others are based on

silver-ion chromatographic principles and on a previously published

report [17]

Fig. 8 Partial GC chromatogram of milk fat D separated using GC

program 175 �C and showing the 16:1 region. The total milk FAMEs

were compared to the trans, cis and saturated FA fractions isolated

from total milk fat FAMEs using Ag+-SPE columns. For remaining

description see caption Fig. 7

Fig. 9 Partial GC chromatogram of milk fat C separated using GC

program 150 �C and showing the 16:1 region. The total milk FAMEs

were compared to the trans, cis and saturated FA fractions isolated

from total milk fat FAMEs using Ag+-SPE columns. For remaining

description see caption Fig. 7
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interest to note that the trans-16:1 isomers have a similar

pattern as the trans-18:1 isomers, except being two carbons

shorter. The milk fat with the predominant 11t-18:1 isomers

(Fig. 2, milk fat B) had 9t-16:1 as the major trans-16:1

isomers (Fig. 10, milk fat B), and the milk fat with the

predominant 10t-18:1 isomers (Fig. 2, milk fat D) had 8t-

16:1 as the major trans-16:1 isomers (Fig. 10, milk fat D).

On the other hand, the milk fat enriched with both 10t- and

11t-18:1 (Fig. 2, milk fat C) contained high amounts of both

8t- and 9t-16:1 (Fig. 10, milk fat C). Peroxisomal oxidation

is a well-recognized process of FAs metabolism in cells in

which FAs are chain-shortening [34]. The CLA isomers

were also observed to convert to 16:2 products in rats [35,

36]. This is the first report demonstrating that altering the

trans-18:1 profile affected the trans-16:1 isomer composi-

tion consistent with the expected peroxisomal oxidation

products from the trans-18:1 isomers. It is unlikely that the

trans-16:1 isomers were formed by biohydrogenation from

C16 PUFA (16:2 or 16:3) precursors, analogous to 18:2n-6

and 18:3n-3 giving rise to trans-18:1 in ruminants [10–13,

20, 28], since C16 PUFAs were not present in the cow’s

diet. Furthermore, the presence of the peroxisomal oxida-

tion products in milk fat does not exclude the possibility of

their formation in other tissues and then being transferred

into milk. It should be noted that the remaining milk fats

from this feeding study [24] from which these four exam-

ples were selected also showed the same pattern in of the

trans-18:1 and trans-16:1 isomers (data not shown).

Resolution of FA Isomers in the 20:1/18:3 Region

The 20:1/18:3 region in milk fat consists mainly of a

mixture of overlapping cis and trans-20:1 and geometric

and positional 18:3 isomers. The predominant FAs in this

region are 9c- and 11c-20:1 and 18:3n-3, with minor

amounts of 13c-20:1 and 18:3n-6 (Figs. 11, 12). However,

depending on the diet fed to dairy cows, substantial

amounts of either trans-20:1, c/c/t-18:3, or both can be

present. The dairy cows in this study were fed a 50:50

forage to concentrate mixture containing sunflower oil that

was high in 18:2n-6 [24], and therefore the milk fat had

significantly elevated levels of trans-20:1 isomers (trans

fraction), and only trace amounts of the 18:3 isomers

(diene fraction) (Figs. 11, 12). Dairy cows fed diets sup-

plemented with either soybean or canola oil would be

Fig. 10 Comparison of the trans-16:1 isomers from the trans fraction

isolated using Ag+-SPE columns of all four milk fats (A–D) that were

separated by GC using the 175 and 150 �C temperature program. The

assignments were based on silver-ion chromatographic principles and

on a previously published report [17]. A partial separation of the 11t-
and 12t-16:1 isomers was observed at 150 �C

Fig. 11 Partial GC chromatogram of milk fat A separated using GC

program 175 �C and showing the 20:0 to 20:2 region. The total milk

FAMEs were compared to the trans, cis and diene fractions isolated

from total milk fat FAMEs using Ag+-SPE columns, and the GC

standard #463 spiked with the CLA isomers and 21:0. The assign-

ments of several FAs were based on available standards, on silver-ion

chromatographic principles, and on previously published reports [4,

17, 27, 39]. The peaks in the diene fraction isolated using Ag+-SPE

and eluting before 20:2n-6 are t/t- or c/t-20:2 isomers that were

confirmed by high-resolution selected-ion mass spectrometry [39] but

their structure remains unknown

Fig. 12 Partial GC chromatogram of milk fat C separated using GC

program 150 �C and showing the 20:0–20:2 region. The total milk

FAMEs were compared to the trans, cis and diene fractions isolated

from total milk fat FAMEs using Ag+-SPE columns, and the GC

standard #463 spiked with the CLA isomers and 21:0. For remaining

description see caption Fig. 11
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expected to have a more complex pattern of trans-20:1 and

c/c/t-18:3 isomers in the milk fat, since these oils contain

substantial amounts of 18:3n-3 compared to sunflower oil

used in the feeding study from which these milk fats were

taken [24]. There were two unknown peaks in the diene

fraction near 20:0 (labeled unknown, ‘?’) that appear to

elute in the c,t,t- and t,t,t-18:3 region, but their identifica-

tion will need to be confirmed by GC/MS.

The major trans-20:1 isomers were resolved from the

cis-20:1 isomers at both 175 and 150 �C, i.e., the isomers

6t- to 13t-20:1 eluted well ahead of 9c-20:1 in both 175 and

150 �C (Figs. 11, 12). The unresolved 15t-/16t-20:1 pair

was resolved from the cis-20:1 isomers only at 175 �C

(Fig. 11), while 13c-20:1 was well separated at 150 �C

(Fig. 12). However, the minor 14t-20:1 isomer could not be

separated using either temperature program. The major c/c/

t-18:3 isomers in the milk fat are 9c12c15t- and 9t12c15c-

18:3 with trace amounts of 9c12t15c-18:3. The 9c12c15t-

18:3 isomer eluting shortly after 18:3n-6, the 9t12c15c-

18:3 isomers was best resolved from the 20:1 isomers at

150 �C (Fig. 12). A similar shift in the 20:1 and 18:3

isomers with temperature was previously reported by Wolf

[22]. A summary of the FAs in the 20:1/18:3 region

ranging from 18:2n-6 to 18:3n-3 is included in Table 2 and

the GC program that is best used for their analysis.

Only the trans-20:1 isomers profile of the high trans

containing milk fats are compared in Fig. 13. The low total

trans milk fat (milk fat A) was not included since the trans-

20:1 isomers in this sample were present only in trace

amounts. The unresolved pair of 15t-/16t-20:1 was the

predominant peak among the trans-20:1. This is the first

report showing evidence that the pattern of the trans-18:1

isomers in milk fat were similar to the trans-20:1 isomers,

except for being two carbons longer. The milk fat with the

predominant 11t-18:1 isomer (Fig. 2, milk fat B) gave rise

to increased levels of 13t-20:1 (Fig. 13, milk fat B), while

the milk fat with the predominant 10t-18:1 isomer (Fig. 2,

milk fat D) gave rise to 12t-20:1 (Fig. 13, milk fat D). The

milk fat contained similar amounts of 10t- and 11t-18:1

(Fig. 2, milk fat C) gave rise to both 12t- and 13t-20:1

(Fig. 13, milk fat C). This suggests that the trans-18:1

isomers were chain-elongated to the trans-20:1 isomers.

Analogous to the argument above for the trans-16:1 iso-

mers, the origin of trans-20:1 isomers could not have been

C20 PUFAs, but the site of chain-elongation is not clear.

Resolution of CLA Isomers

There was no difference in the separation of the CLA

isomers using either of the two temperature programs;

9c11t-, 7t9c- and 8t10c-18:2 coeluted, as well as 9c11c-

and 11t13c-18:2 and most of the t,t-18:2 isomers (10t12t-

to 7t9t-18:2) (Figs. 11, 12). However, some of the isomers

were resolved at both temperatures, such as 9t11c-, 10t12c-

, 11c13t- and 11t13t-18:2. Lowering the GC temperature to

120 �C was successful in resolving the trans-18:1 isomers,

but it did not further resolve the CLA isomers [3]. There-

fore, a complete resolution of all the CLA isomers still

requires the use of a complimentary Ag+-HPLC technique,

since the separation of the CLA isomers is not possible by

any GC program [5, 21, 26, 37]. The argument has often

been made that the isomers coeluting with the major CLA

isomer 9c11t-18:2 can be estimated as constant percentage

of total CLA [13]. However, such an assumption may not

be valid when analyzing milk and meat fats from ruminants

fed different diets that greatly impact the rumen bacterial

population [5, 6, 38]. Preliminary results from a survey of

North American milk and meat samples show substantial

amounts of 7t9c-18:2 that occasionally are present at

similar levels as 9c11t-18:2 in these fats [6]. Not separating

these isomers will leads to inaccuracies and misinterpre-

tations of FA metabolism in these animals.

There are two major interferences in the CLA region

with GC analysis, 21:0 [3, 5, 29, 39] and several isomers of

20:2 [39]. The elution of 21:0 depends on the polarity of

the GC column, and slight differences in polarity caused

21:0 to elute anywhere between 9t11c- and 9c11c/11t13c-

18:2 [3, 5, 6, 29, 39] using the 175 �C GC program.

Therefore, inclusion of 21:0 is necessary for all GC stan-

dards for analyzing CLA [5, 6]. Using the same GC column

and decreasing the temperature from 175 to 150 �C

increased the elution time of 21:0 relative to the CLA

isomers. In the present separation 21:0 eluted with 9t11c-

18:2 at 175 �C (Fig. 11), and between 10t12c- and 9c11c/

11t13c-18:2 at 150 �C (Fig. 12). Several 20:2 isomers were

identified in the diene fraction that eluted in the CLA

region and may result in misidentification of minor c,c- and

t,t-CLA isomers at both temperatures (Figs. 11, 12). The

presence of 20:2 isomers in the CLA region was previously

confirmed by GC/MS using high-resolution select-ion

recording at m/z 322.2872 [39].

Fig. 13 Comparison of the trans-20:1 isomers from the trans fraction

isolated using Ag+-SPE columns of milk fats B to D that were

separated by GC using the 175 �C temperature program. The

assignments were based on silver-ion chromatographic principles

and on a previously published report [27]
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The FA Composition of the Milk Fats

The complete FA composition of all four milk fats as

determined by combining the results of the two GC tem-

perature programs are presented in Table 3; and the

individual trans and cis isomer of 16:1, 18:1 and 20:1/18:3

are listed separately in Table 4. Most of the geometric and

positional isomers of the MUFAs in milk fat were analyzed

without prior separation of the total milk FAMEs. The

isomers were confirmed by comparison to milk fat frac-

tions isolated using Ag+-SPE columns. There are some

isomers that could not resolved apart from those that can-

not be resolved even at 120 �C (6t/7t-16:1, 6t-8t-18:1, 6c-

8c-18:1, 4t-11t-20:1), and they included 11t/12t-16:1, 13t/

14t-18:1, 9c/10c-18:1, 15t/16t-20:1, 9c/14t-20:1 and 11c-

20:1/tcc-18:3 (Table 4). In some cases one of the two FAs

is present in milk fat in trace amounts (10c-18:1, 14t-20:1,

ctc-18:3). Identification of some isomers (11t- and 12t-

16:1, 13t- and 14t-18:1, 15t- and 16t-20:1) if required, will

require the more elaborate prior argentation chromato-

graphic separation followed by GC analyses at low

isothermal conditions [3, 5, 17, 19]. The individual t/t- and

c/t-18:2 are not separately listed in the Table 4 because the

identity of most of these isomers will need to be confirmed

by GC/MS, while the c/c/t-18:3 were only present in trace

amounts. The proposed current GC method in this com-

munication was successfully applied for the analysis of

beef and muskox lipids [40], and the method is now fully

described.

Reason for Choosing the Two GC Temperature

Programs for Milk Fat Analysis

It is well known that the analysis of milk and beef fat

requires the use of GC temperature programs rather than

isothermal GC conditions. On the other hand, isothermal

GC conditions were proven to be sufficient to resolve the

FA isomers of PHVO mainly because plant oils and fats are

devoid of short-chain and branch-chain FAs, and do not

contain significant amounts of C16 and C20 PUFAs that

would give rise to complex mixtures of 16:1 and 20:1

geometric and positional isomers during partial hydroge-

nation or deodorization. For this reason, an official method

was successfully established to analyze the FA isomers of

PHVOs using an isothermal GC program, since these oils/

fats contain only 18:1, 18:2 and 18:3 isomers [41–43].

However, it is becoming increasingly evident that the

analysis of milk fat requires more than one GC temperature

program as previously recommended [5]. There are too

many unresolved FAs that necessitated a prior separation

of the total milk fat FAMEs using argentation chromato-

graphic techniques. However, the latter procedures are

Table 3 Total fatty acid composition of the four selected milk fats as

determined using the two GC programs

Fatty acids Milk fat A Milk fat B Milk fat C Milk fat D

4:0 3.86 2.26 3.21 1.74

6:0 2.32 1.17 1.85 0.81

7:0 0.04 0.01 0.01 0.02

8:0 1.36 0.63 1.10 0.40

9:0 0.06 0.02 0.02 0.02

10:0 2.93 1.43 2.31 0.85

9c-10:1 0.01 0.01 0.01 0.01

11:0 0.41 0.12 0.25 0.08

11:1/12:0 3.49 1.92 2.67 1.31

13iso 0.02 0.02 0.03 0.02

13ai 0.10 0.05 0.07 0.04

13:0 0.12 0.08 0.06 0.07

9c-12:1 0.10 0.05 0.07 0.03

14iso 0.07 0.07 0.08 0.04

13:1 0.01 0.00 0.01 0.00

14:0 11.39 8.59 8.72 6.98

15iso 0.16 0.14 0.19 0.10

15ai 0.43 0.40 0.40 0.28

9c-14:1 1.03 0.77 0.79 0.81

15:0 1.17 1.05 0.84 1.05

16 iso 0.21 0.19 0.27 0.15

16:0 33.82 21.16 21.91 22.54
P

trans-16:1 0.14 0.58 0.89 0.96
P

cis-16:1 1.87 2.08 1.56 1.58

17:0iso 0.21 0.53 0.13 0.30

17:0ai 0.47 0.10 0.69 0.31

17:0 0.51 0.57 0.48 0.47

18:0 iso 0.05 0.05 0.07 0.05

5c-17:1 0.04 0.01 0.01 0.01

7c-17:1 0.03 0.71 0.04 0.03

9c-17:1 0.21 1.72 0.23 0.18

11c-17:1 0.00 0.04 0.02 0.01

18:0 6.54 9.35 7.44 8.06
P

trans-18:1 2.71 12.53 12.11 21.40
P

cis-18:1 18.84 22.65 20.72 19.60

19:0 0.05 0.07 0.13 0.15
P

tt-18:2 0.07 0.20 0.11 0.18

9t12t-18:2 0.02 0.05 0.03 0.09

9c13t/8t12c-18:2 0.25 0.57 0.52 0.44

17cyclo 0.01 0.02 0.02 0.02

8t13c-18:2 0.10 0.26 0.19 0.18

9c12t-18:2/16c-

18:1

0.10 0.18 0.18 0.19

9t12c-18:2 0.03 0.10 0.11 0.13

11t15c-18:2 0.13 0.38 0.45 0.41

18:2n-6 1.85 2.56 3.51 3.20

9c15c-18:2 0.02 0.04 0.06 0.04

20:0 0.12 0.19 0.19 0.14
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lengthy, require a certain amount of expertise, and are not

practical for routine analyses. The present method of ana-

lyzing total milk fat using the 175 and the 150 �C

temperature programs takes advantage of differences in the

elution times of different types of FAs with temperature to

resolve most of the FAs in milk fat. We considered

selecting the 163 �C GC temperature program either by

itself or in combination of other GC programs because it

was possible to resolve 15t-18:1. However, this single

advantage was outweighed by an insufficient separation of

the 6-8t- to 11t-18:1 isomers, and many other unresolved

overlaps in the remaining chromatogram. Choosing the 175

and the 150 �C temperature programs maximized the dif-

ferences between the FA families sufficiently to determine

most of the different FA isomers, some by differences.

Identification of the geometric and positional isomers of

16:1, 18:1, 18:2, 18:3 and 20:1 was accomplished by

comparing the total milk lipids with fractions isolated by

argentation chromatographic techniques. In this case, the

silver-ion separation was accomplished using Ag+-SPE

Table 4 The trans- and cis-isomer composition of the four selected

milk fats as determined using the two GC programs

Fatty acids Milk fat A Milk fat B Milk fat C Milk fat D

trans-16:1

6t/7t-16:1 0.04 0.09 0.07 0.09

8t-16:1 0.03 0.05 0.20 0.39

9t-16:1 0.04 0.20 0.36 0.19

10t-16:1 0.00 0.06 0.06 0.08

11t/12t-16:1 0.03 0.13 0.14 0.13

13t-16:1 0.00 0.04 0.04 0.04

14t-16:1 -0.02 0.01 0.00 0.01

cis-16:1

7c-16:1 0.18 0.18 0.12 0.16

8c-16:1 0.02 0.03 0.02 0.03

9c16:1 1.63 1.72 1.29 1.21

10c-16:1 0.02 0.03 0.03 0.03

11c-16:1 0.02 0.04 0.03 0.04

12c-16:1 0.00 0.03 0.03 0.04

13c-16:1 0.00 0.05 0.04 0.06

trans-18:1

6t-8t-18:1 0.25 0.76 0.91 1.15

9t-18:1 0.21 0.75 0.82 0.83

10t-18:1 0.58 1.36 5.58 14.26

11t-18:1 0.60 6.95 2.47 2.97

12t-18:1 0.25 0.69 0.63 0.53

13t/14t-18:1 0.46 1.09 1.00 0.82

15t-18:1 0.08 0.39 0.23 0.31

16t-18:1 0.24 0.54 0.38 0.47

cis-18:1

6c-8c-18:1 0.26 0.70 0.50 1.08

9c/10c-18:1 17.48 19.96 18.39 16.23

11c-18:1 0.62 0.80 0.72 1.21

12c-18:1 0.25 0.69 0.63 0.53

13c-16:1 0.06 0.12 0.14 0.23

14c-18:1 0.05 0.11 0.09 0.07

15c-18:1 0.12 0.26 0.26 0.24

trans-20:1

6t-11t-20:1 0.00 0.01 0.02 0.02

12t-20:1 0.00 0.03 0.02 0.05

13t-20:1 0.04 0.03 0.03 0.03

15t/16t-20:1 0.00 0.05 0.07 0.05

cis-20:1

9c-20:1(14t-20:1) 0.16 0.18 0.20 0.15

11c-20:1(tcc-18:3) 0.05 0.08 0.14 0.17

13c-20:1 0.02 0.04 0.04 0.03

Values in brackets are minor coeluting FA isomers that cannot be

resolved using either GC program

Table 3 continued

Fatty acids Milk fat A Milk fat B Milk fat C Milk fat D

18:3n-6 0.04 0.02 0.03 0.02

cct-18:3 0.00 0.03 0.02 0.02
P

trans-20:1 0.04 0.12 0.13 0.15
P

cis-20:1 0.23 0.30 0.38 0.36

18:3n-3 0.32 0.33 0.39 0.29

9c11t-18:2 0.45 1.58 3.25 1.32

9t11c-18:2/21:0 0.04 0.13 0.07 0.23

10t12c-18:2 0.02 0.06 0.03 0.08

9c11c/11t13c-18:2 0.01 0.01 0.02 0.01

11t13t-18:1 0.02 0.01 0.01 0.01

9t11t/10t12t-18:2 0.04 0.06 0.08 0.11
P

c/t-20:2 0.04 0.11 0.16 0.14

20:2n-6 0.03 0.03 0.05 0.03

22:0 0.03 0.07 0.06 0.06

20:3n-6 0.09 0.07 0.10 0.04

20:3n-3 0.01 0.02 0.04 0.03

20:4n-6 0.14 0.05 0.12 0.05

23:0 0.01 0.01 0.01 0.02

20:5n-3 0.01 0.02 0.01 0.02

24:0 0.05 0.04 0.07 0.04

26:0 0.04 0.01 0.03 0.01

22:5n-3 0.06 0.05 0.08 0.05

22:6n-3 0.02 0.03 0.05 0.02
P

SFA 70.51 51.27 54.12 47.03
P

cis-MUFA 22.77 26.09 24.01 21.91
P

trans MUFA 2.84 15.17 11.49 23.16
P

trans-18:1 2.68 12.61 12.03 21.33
P

n-6 PUFA 2.11 2.71 3.78 3.33
P

n-3 PUFA 0.41 0.47 0.69 0.48
P

c/t-18:2 0.77 1.90 1.86 1.88

Some FA pairs cannot be resolved using either GC programs
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columns. The solvent mixtures were modified to provide

pure fractions of saturated, trans- and cis-monounsaturated

and diunsaturated FAMEs. The Ag+-SPE method proved to

be easier and in general gave improved separations com-

pared to those obtained using Ag+-TLC [5, 6]. Combining

the results from these two separate GC analyses, and

establishing the elution order of most FA isomers, made it

possible to determine many of the geometric and positional

isomers of 16:1, 18:1, 20:1, 18:2 and 18:3 without a prior

silver ion chromatographic separation. Only few minor

FAs remained unresolved notably the CLA isomers that

still require Ag+-HPLC separation. The total time required

for the two GC temperature program was about 200 min

per sample.
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Abstract Negative ion mass spectrometric techniques, for

compounds having good ionization properties, such as pen-

tafluorobenzyl derivatives, are believed to be more sensitive

than positive ion methods. Preparation of PFB oximes of

fatty aldehydes from crude lipid extracts is problematic due

to the release of free aldehydes from plasmalogens during

derivatization. Accordingly, in these studies plasmalogens

were removed by silicic acid column chromatography prior

to pentafluorobenzyl derivatization. This simple purification

step to remove plasmalogens is shown to facilitate the

quantification of long-chain aldehydes by analysis of their

pentafluorobenzyl oxime derivatives utilizing gas chroma-

tography–mass spectrometry in the negative ion chemical

ionization mode. The limit of detection for long chain fatty

aldehydes using this method is 0.5 pmol and it is linear over

two orders of magnitude. Silicic acid column chromatogra-

phy followed by electrospray ionization mass spectrometry

demonstrated that plasmalogens were removed (the detec-

tion limit for this analyses was B0.3 pmol). Furthermore, we

have exploited the utility and sensitivity of this method to

identify increases in hexadecanal and octadecanal in 3-

amino-1,2,4-triazole treated human neutrophils.

Keywords Gas chromatography �Mass spectrometry �
Aldehydes � Pentafluorobenzyl � Hexadecanal �
Octadecanal � Aminotriazole � Negative ion

chemical ionization

Abbreviations

AAG 1-O-alk-10-enyl-2-acyl-sn-glycerol

di-16:0 GPC 1,2-Dihexadecanoyl-sn-glycero-3-

phosphocholine

di-20:0 GPC 1,2-Diicosanoyl-sn-glycero-3-

phosphocholine

16:0-18:1

pPC

1-O-hexadec-10-enyl-2-octadec-90-enoyl-

sn-glycero-3-phosphocholine

2-ClHDA 2-Chlorohexadecanal

ATZ 3-Amino-1,2,4-triazole

DAG Diacylglycerol

DI-ESI-MS/

MS

Direct-infusion electrospray ionization

tandem mass spectrometry

GC–MS Gas chromatography–mass spectrometry

HCAEC Human coronary artery endothelial cells

HNE 4-Hydroxynonenal

MDA Malondialdehyde

NICI Negative ion chemical ionization

18:0 SM N-octadecanoyl

sphingosylphosphorylcholine

PFB Pentafluorobenzyl

PC Phosphatidylcholine

SIM Selected ion monitoring

TLC Thin layer chromatography

Introduction

Lipid oxidation through a variety of enzymatic and

non-enzymatic mechanisms can lead to the formation of

Electronic supplementary material The online version of this
article (doi:10.1007/s11745-008-3153-x) contains supplementary
material, which is available to authorized users.

V. V. Brahmbhatt � C. Nold � C. J. Albert � D. A. Ford (&)

Department of Biochemistry and Molecular Biology,

St Louis University School of Medicine,

1100 South Grand Blvd, St Louis, MO 63104, USA

e-mail: fordda@slu.edu

123

Lipids (2008) 43:275–280

DOI 10.1007/s11745-008-3153-x

http://dx.doi.org/10.1007/s11745-008-3153-x


aldehydes [1, 2]. The generation of aldehydes from poly-

unsaturated fatty acids through the attack of reactive

oxidizing species is considered particularly facile and leads

to the formation of aldehydes such as 4-hydroxynonenal

(HNE) and malondialdehyde (MDA) [3–5]. Both, HNE and

MDA have been extensively studied and are involved in

numerous signaling pathways [1, 2, 6]. Besides short-chain

aldehydes, the formation of long-chain aldehydes such as

2-chlorohexadecanal (2-ClHDA) and 2-hexadecenal is also

known [7, 8]. 2-ClHDA is a neutrophil chemoattractant and

can also inhibit endothelial nitric oxide synthase [9, 10].

Thus, knowledge of the overall load of aldehydes can

provide an insight into the pathogenesis of diseases related

to oxidative stress.

Aldehydes have been measured by a variety of tech-

niques including spectrophotometry [11, 12] and mass

spectrometry. Derivatization techniques that introduce

electron-withdrawing groups enhance the sensitivity of

analyte signal using negative ion mode detection [13].

Hence, pentafluorobenzyl (PFB) oxime derivatization of

aldehydes followed by gas chromatography-mass spec-

trometry (GC–MS) analysis has been a commonly

employed technique for aldehyde quantification. Mass

spectrometric determination of PFB oximes has been per-

formed by electron impact [14] and negative ion chemical

ionization (NICI) [15]. While most of these studies were

performed for short-chain aldehydes, detection of long-

chain aldehydes in biological tissue has not been studied in

depth. We have previously quantified a-chlorinated fatty

aldehydes and 2-hexadecenal as their PFB oximes utilizing

GC–MS in NICI mode [7, 8]. However, for measurement

of long-chain saturated aldehydes in biological tissue, thin

layer chromatography (TLC) separated aldehydes were

oxidized to the corresponding acids, followed by their

quantification as bromophenacyl esters [16].

Plasmalogens are a major phospholipid subclass in

many mammalian tissues [17]. Plasmalogens contain a

masked fatty aldehyde in the sn-1 position and in presence

of acidic conditions this aldehyde is released [17, 18]. This

property of plasmalogens may impede the utilization of

some derivatization techniques that can be applied for lipid

analyses. It is likely that the conversion of free fatty

aldehydes to PFB oximes in crude lipid extracts will lead to

the release of fatty aldehydes from plasmalogen pools

potentially rendering this technique ineffective. In this

report, we separate plasmalogens from aldehydes prior to

their derivatization utilizing silicic acid column chroma-

tography. After removal of plasmalogens from crude lipid

extracts long-chain aldehydes can then be quantified fol-

lowing conversion to their PFB oximes with subsequent

analysis in the NICI mode. We use the method to detect

changes in the aldehyde content of 3-amino-1,2,4-triazole

(ATZ) treated human neutrophils.

Experimental Procedures

Materials

Hexadecanal and octadecanal were synthesized using Dess-

Martin oxidation as described [19]. [d4]-Hexadecanal was

synthesized utilizing Mancuso oxidation of [d4]-hexadeca-

nol, which was prepared by reduction of the corresponding

acid. A similar procedure has been described earlier [9].

Bovine heart phosphatidylcholine (PC), 1,2-dihexadeca-

noyl-sn-glycero-3-phosphocholine (di-16:0 GPC) and1,2-

diicosanoyl-sn-glycero-3-phosphocholine (di-20:0 GPC)

were purchased from Avanti Polar Lipids. 1-O-hexadec-10-
enyl-2-octadec-90-enoyl-sn-glycero-3-phosphocholine (16:

0–18:1 pPC) was synthesized as described previously [20]

and N-octadecanoyl sphingosylphosphorylcholine (18:0

SM) was purchased from Matreya, Inc. Human coronary

artery endothelial cells (HCAEC) were purchased from

Cambrex and maintained according to manufacturer’s pro-

tocol. Silicic acid columns (1 ml) were purchased from

Sigma. All other reagents were obtained either from Sigma

or Fisher.

Silicic Acid Column Separation

Organic extracts of either HCAEC or neutrophils were

obtained after a modified Bligh and Dyer extraction [21].

[d4]-hexadecanal was added in methanol as the internal

standard during extraction. Organic extracts were dried and

resuspended in 500 ll chloroform. Each extract was loaded

onto a pre-equilibrated Silicic acid column (pre-equilibra-

tion was performed with 10 ml chloroform) and eluted

with 5 ml of chloroform. The void and elute fractions were

collected in 15 ml screw-top tubes, and these fractions

were sequentially dried under nitrogen and aldehydes were

derivatized to their PFB oximes for GC–MS analysis. In

parallel studies bovine heart PC (150 lg) was suspended in

500 ll chloroform and subjected to silicic acid column

chromatography. The void and elute fractions were

sequentially dried under nitrogen, resuspended in a 4:1

mixture of methanol/chloroform and subjected to direct-

infusion electrospray ionization tandem mass spectrometry

(DI-ESI-MS/MS). Following silicic acid column chroma-

tography, organic extracts were dried and resuspended in a

4:1 mixture of methanol/chloroform (1 ml). These were

injected onto the electrospray ionization interface (TSQ

Quantum Ultra, Thermo-Fisher Corporation) at a flow rate

of 3 ll/min (after addition of the internal standard di-20:0

PC at 1.3 pmol/ll). Spectra were averaged over 3–5 min

and processed utilizing Xcalibur software. Ions were

monitored in the positive ion mass scan mode. The limit of

detection for this specific assay for plasmalogens at
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dilutions similar to those used for analyses is B0.3 pmol

(in 1 ml).

PFB Oxime Derivatization and GC–MS Analysis

Silicic acid column chromatography column-purified

extracts or known amounts of aldehydes or lipids (100 lg)

were taken, dried and derivatized to their respective PFB

oximes utilizing PFB hydroxylamine as the reagent. The

PFB oximes were resuspended in 50–100 ll of petroleum

ether and analyzed by GC–MS as described earlier [8]. The

analyses were performed either by mass scan analysis from

m/z 100 to 800 or by selected ion monitoring (SIM) of the

[M-HF]- ion of the PFB oximes of respective aldehydes.

The ions monitored for the PFB oximes of hexadecanal,

octadecanal and [d4]-hexadecanal were m/z 415, m/z 443

and m/z 419, respectively.

Limit of Detection

HCAEC were incubated on 60 mm plates to confluency.

The media was discarded and the cells were scraped with

1:1 mixture of methanol/saline (1 ml 9 2). Varying

amounts of [d4]-hexadecanal were added in methanol (0–

50 pmol). Organic extracts collected using a Bligh and

Dyer extraction were subjected to silicic acid column

chromatography. The chloroform extracts were derivatized

by PFB hydroxylamine and analyzed by GC–MS for [d4]-

hexadecanal. The area under the curve was integrated using

the Chemstation software and plotted against the amount of

[d4]-hexadecanal added.

Neutrophil ATZ Treatment

Human neutrophils were isolated from whole blood as

described earlier [9]. A total of 0.5 9 106 neutrophils/ml

were incubated in the presence or absence of 10 mM ATZ

at 37 �C for 10 min. The reactions were terminated with

the addition of methanol containing 20 pmol of [d4]-hex-

adecanal as the internal standard. Following an extraction,

samples were subjected to silicic acid column chromatog-

raphy. Column eluates were derivatized and analyzed by

GC–MS. The calculations were based on linear response

curves generated for hexadecanal and octadecanal against

[d4]-hexadecanal.

Results

Plasmalogens are a subclass of lipids with a vinyl ether

bond at the sn-1 position. The vinyl ether bond is readily

susceptible to breakdown under acidic [17, 18] and oxi-

dative conditions [7, 16, 22]. Since PFB hydroxylamine

derivatization requires acidic conditions we tested the

stability of the vinyl ether bond, the acyl ester and the

amide bond under derivatization conditions. Derivatiza-

tion was performed in the presence of 16:0–18:1 pPC, di-

16:0 GPC and 18:0 SM and the derivatives were analyzed

by GC–MS. As shown in Fig. 1, the vinyl ether bond in

plasmalogens degrades to generate the PFB oxime of

hexadecanal (Fig. 1a). For reference, the chromatogram,

mass spectrum and fragment ions of the PFB oxime of

hexadecanal are provided as supplementary data (supple-

mentary data Fig. 1). However, the acyl ester bonds and

the amide bond are stable (Fig. 1b, c). Thus to quantify

aldehydes, which would be of similar structure to the

alkenyl chains of plasmalogens, prior separation is

necessary.

To separate plasmalogens from aldehydes, we used

silicic acid column chromatography. Pre-equilibrated

silicic acid columns were loaded with bovine heart PC in

chloroform. Bovine heart PC was chosen because it con-

tains *33% plasmalogens. The void and the chloroform

elute were collected and analyzed by DI-ESI-MS/MS. As

seen in Fig. 2, the sodiated adduct of plasmalogens present

at m/z 764.7 and 790.7 in bovine heart PC (Fig. 2a) are

absent in the chloroform elute after silicic acid column

chromatography (Fig. 2b). The major PC species are out-

lined in supplementary data (Table 1). The internal

standard seen at m/z 868.8 (sodiated adduct of di-20:0

GPC) was added for comparison after silicic acid column

chromatography. Thus, it was concluded that silicic acid

column chromatography would successfully be able to

separate the plasmalogens and since aldehydes are neutral

lipids they should readily elute in chloroform. Following

this, the aldehydes could be derivatized to their PFB oxi-

mes and analyzed by GC–MS.

Fig. 1 Vinyl ether susceptibility of PFB hydroxylamine derivatiza-

tion. 16:0–18:1 pPC (a), di-16:0 GPC (b) and 18:0 SM (c) were

derivatized by PFB hydroxylamine and analyzed by GC–MS in the

NICI utilizing the mass scan mode. Representative chromatograms

obtained are shown. Each condition was repeated three times
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To test limit of detection of our method we synthesized

[d4]-hexadecanal and added it to HCAEC prior to Bligh

and Dyer extraction. The cellular extracts were separated

on a silicic acid column, derivatized and analyzed for [d4]-

hexadecanal. Figure 3 shows the plot of the amount of [d4]-

hexadecanal added against the area under the chromato-

graphic peak for [M-HF]- ion of its PFB oxime at m/z 419.

The lowest amount we were able to easily detect was

0.5 pmol (inset). The dashed line represents 95% confi-

dence limits of the linear detection curve.

Further, we treated human neutrophils with ATZ, an

inhibitor of hydrogen peroxide scavenging enzymes such

as catalase (EC 1.11.1.6) [23] and myeloperoxidase (EC

1.11.1.7) [24]. It was anticipated that ATZ would increase

fatty aldehyde levels since it reduces the removal of

reactive oxygen species by catalase. Indeed, as shown in

Fig. 4, ATZ causes an increase in hexadecanal and octa-

decanal. The calculations were based on linear response

curves generated for hexadecanal and octadecanal against

the internal standard, [d4]-hexadecanal (supplementary

data Fig. 2). Collectively, these data suggest the sensitivity

and utility of the method for quantification of long-chain

aldehydes under biologically relevant conditions.

Fig. 2 Silicic acid column

chromatography: 150 lg of

bovine heart PC was analyzed

either directly (a) or after silicic

acid column separation (b) by

DI-ESI-MS/MS. The internal

standard di-20:0 GPC was

added just prior to analysis

Table 1 Major phosphatidylcholine (PC) species in bovine heart by

DI-ESI-MS/MS

m/z of [M+Na]+ Molecular species

750.7 32:3 GPC

764.7 34:2 pPC

766.7 34:1 pPC

780.7 34:2 GPC

782.7 34:1 GPC

790.7 36:4 pPC

792.7 36:3 pPC

794.7 36:2 pPC

804.7 36:4 GPC

806.7 36:3 GPC

808.7 36:2 GPC

810.7 36:1 GPC

868.8 40:0 GPC (internal standard)

Column 1: The m/z of sodiated adducts ([M+Na]+

Column 2: The numbers denote the total carbons and double bonds

present at the sn-1 and the sn-2 position of the PC species

GPC glycerophosphatidylcholine species with acyl chains at the sn-1

and the sn-2 position; pPC denotes plasmenylcholine species
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Discussion

Quantification of long-chain aldehydes as PFB derivatives

from crude lipid extracts of biological tissue poses a special

problem due to the presence of masked aldehydes in

plasmalogens. Earlier, TLC separation has been used to

separate polar lipids such as plasmalogens from long-chain

aldehydes prior to their detection after oxidation to the acid

followed by bromophenacyl esterification and liquid

chromatography. Results from this study demonstrated that

plasmalogens are targeted by free radicals but this method

was not quantitative and employed radioactivity [16].

Additionally, others have employed HPLC with UV

detection yielding a sensitivity for detection of *6 pmol

[12, 25]. These methods are time-consuming, employ

acidic conditions used for TLC separation, and the sensi-

tivity of these assays for aldehyde measurement is less than

that described in the method herein. In the present method

we have separated plasmalogen phospholipids from fatty

aldehydes by a simple silicic acid column step. Conversion

of the partially purified fatty aldehydes to their pentafluo-

robenzyl oximes followed by GC–MS analyses using

negative ion chemical ionization allows very sensitive

(limit of detection of 0.5 pmol and a linear range of two

orders of magnitude), rapid and accurate measurements of

fatty aldehydes from biological tissues. Furthermore, we

have used this new methodology to demonstrate increases

in hexadecanal in ATZ-treated human neutrophils.

Several groups including ours have shown that vinyl

ether linked diglycerides (e.g., AAG) are present in cells.

This method for the measurement of long chain fatty

aldehydes could have some aldehydes generated from

AAG since this diglyceride co-elutes with the neutral lipids

present in the void and chloroform elute of the silicic acid

column. In the present study we have shown that fatty

aldehydes range between *20 and 120 pmol/106 neutro-

phils. Others have shown that cytochalasin B primed

human neutrophils have AAG levels up to 1.2 pmol/106

neutrophils while basal AAG levels are two orders of

magnitude less [26]. Thus, it is unlikely that AAG in

neutrophils would significantly effect the fatty aldehyde

determinations in these studies. Additionally TLC of crude

lipid extracts has been used to separate plasmalogens and

AAG from long-chain aldehydes prior to their measure-

ment [16]. Our studies comparing TLC separation with

silicic acid column chromatography indicate a modest

increase in fatty aldehyde measurement using TLC purifi-

cation over silicic acid column chromatography (data not

shown). This likely reflects the masked aldehyde release

from alkenyl bond containing lipids due to the presence of

acetic acid in conventionally used TLC solvent systems

[27].

Taken together these studies demonstrate the utility of a

novel method to quantitate long chain fatty aldehydes that

couples the ease of silicic acid column chromatography to

remove plasmalogens with the sensitivity of quantifying

their PFB oxime derivatives. It is likely that this technique

will be extremely useful in measuring these lipids in tissues

that are susceptible to oxidative stress.
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Fig. 3 Limit of detection: varying amounts of [d4]-hexadecanal (0–

50 pmol) was added to HCAEC prior to extraction. The cell extracts

were then separated over a Si column and analyzed by GC–MS after

derivatization. The figure shows the linear plot of the integrated area

under the curve for chromatographic peak of m/z 419 against the

known initial amount of [d4]-hexadecanal. The individual points

represent the mean with standard deviation of the measured area for

that amount. The dashed lines represent the 95% confidence limits of

the linear curve. The inset shows magnification of the lower end of

the plot. GraphPad Prism (GraphPad Software, Inc, CA) was used for

curve plotting and statistical analyses

Fig. 4 Long-chain aldehydes increase in ATZ treated neutrophils.

Isolated human neutrophils were treated with 10 mM ATZ for

10 min. The amount of hexadecanal and octadecanal in untreated and

treated neutrophils was measured utilizing [d4]-hexadecanal as the

internal standard as outlined in ‘‘Experimental Procedures’’

Lipids (2008) 43:275–280 279

123



References

1. O’Brien PJ, Siraki AG, Shangari N (2005) Aldehyde sources,

metabolism, molecular toxicity mechanisms, and possible effects

on human health. Crit Rev Toxicol 35:609–662

2. Uchida K (2000) Role of reactive aldehyde in cardiovascular

diseases. Free Radic Biol Med 28:1685–1696

3. Esterbauer H, Jurgens G, Quehenberger O, Koller E (1987)

Autoxidation of human low density lipoprotein: loss of polyun-

saturated fatty acids and vitamin E and generation of aldehydes. J

Lipid Res 28:495–509

4. Porter NA, Caldwell SE, Mills KA (1995) Mechanisms of free

radical oxidation of unsaturated lipids. Lipids 30:277–290

5. Yin H, Porter NA (2005) New insights regarding the autoxidation

of polyunsaturated fatty acids. Antioxid Redox Signal 7:170–184

6. Esterbauer H, Schaur RJ, Zollner H (1991) Chemistry and bio-

chemistry of 4-hydroxynonenal, malonaldehyde and related

aldehydes. Free Radic Biol Med 11:81–128

7. Albert CJ, Crowley JR, Hsu FF, Thukkani AK, Ford DA (2001)

Reactive chlorinating species produced by myeloperoxidase tar-

get the vinyl ether bond of plasmalogens: identification of 2-

chlorohexadecanal. J Biol Chem 276:23733–23741

8. Brahmbhatt VV, Hsu FF, Kao JL, Frank EC, Ford DA (2007)

Novel carbonyl and nitrile products from reactive chlorinating

species attack of lysosphingolipid. Chem Phys Lipids 145:72–84

9. Thukkani AK, Hsu FF, Crowley JR, Wysolmerski RB, Albert CJ,

Ford DA (2002) Reactive chlorinating species produced during

neutrophil activation target tissue plasmalogens: production of

the chemoattractant, 2-chlorohexadecanal. J Biol Chem

277:3842–3849

10. Marsche G, Heller R, Fauler G, Kovacevic A, Nuszkowski A,

Graier W, Sattler W, Malle E (2004) 2-chlorohexadecanal

derived from hypochlorite-modified high-density lipoprotein-

associated plasmalogen is a natural inhibitor of endothelial nitric

oxide biosynthesis. Arterioscler Thromb Vasc Biol 24:2302–2306

11. Kim SS, Gallaher DD, Csallany AS (1999) Lipophilic aldehydes

and related carbonyl compounds in rat and human urine. Lipids

34:489–496

12. Csallany AS, Kim SS, Gallaher DD (2000) Response of urinary

lipophilic aldehydes and related carbonyl compounds to factors

that stimulate lipid peroxidation in vivo. Lipids 35:855–862

13. Hunt DF, Stafford GC, Crow FW, Russell JW (1976) Pulsed

positive negative ion chemical ionization mass spectrometry.

Anal Chem 48:2098–2104

14. Kawai Y, Takeda S, Terao J (2007) Lipidomic analysis for lipid

peroxidation-derived aldehydes using gas chromatography-mass

spectrometry. Chem Res Toxicol 20:99–107

15. Hsu FF, Hazen SL, Giblin D, Turk J, Heinecke JW, Gross ML

(1999) Mass spectrometric analysis of pentafluorobenzyl oxime

derivative of reactive biological aldehydes. Int J Mass Spectr

187:795–812

16. Morand OH, Zoeller RA, Raetz CR (1988) Disappearance of

plasmalogens from membranes of animal cells subjected to

photosensitized oxidation. J Biol Chem 263:11597–11606

17. Nagan N, Zoeller RA (2001) Plasmalogens: biosynthesis and

functions. Prog Lipid Res 40:199–229

18. Hayashi H, Hara M (1997) 1-Alkenyl group of ethanolamine

plasmalogen derives mainly from de novo-synthesized fatty

alcohol within peroxisomes, but not extraperoxisomal fatty

alcohol or fatty acid. J Biochem (Tokyo) 121:978–983

19. Dess DB, Martin JC (1983) Readily accessible 12-I-5 oxidant for

the conversion of primary and secondary alcohols to aldehydes

and ketones. J Org Chem 48:4155–4156

20. Han XL, Zupan LA, Hazen SL, Gross RW (1992) Semisynthesis

and purification of homogeneous plasmenylcholine molecular

species. Anal Biochem 200:119–124

21. Bligh EG, Dyer WJ (1959) A rapid method of total lipid

extraction and purification. Can J Biochem Physiol 37:911–917

22. Zoeller RA, Lake AC, Nagan N, Gaposchkin DP, Legner MA,

Lieberthal W (1999) Plasmalogens as endogenous antioxidants:

somatic cell mutants reveal the importance of the vinyl ether.

Biochem J 338(Pt 3):769–776

23. Margoliash E, Novogrodsky A, Schejter A (1960) Irreversible

reaction of 3-amino-1:2:4-triazole and related inhibitors with the

protein of catalase. Biochem J 74:339–348

24. Nauseef WM, Metcalf JA, Root RK (1983) Role of myeloper-

oxidase in the respiratory burst of human neutrophils. Blood

61:483–492

25. Seppanen CM, Csallany AS (2001) Simultaneous determination

of lipophilic aldehydes by high-performance liquid chromatog-

raphy in vegetable oil. J Am Oil Chem Soc 78:1253–1260

26. Tyagi SR, Burnham DN, Lambeth JD (1989) On the biological

occurrence and regulation of 1-acyl and 1-O-alkyl-diradylglyce-

rols in human neutrophils. Selective destruction of diacyl species

using Rhizopus lipase. J Biol Chem 264:12977–12982

27. Kates M (1986) in Laboratory techniques in biochemistry and

molecular biology. In: Burdon RH, Knippenberg PHV (eds) vol.

3, part 2, 2nd revised edn. Elsevier, New York

280 Lipids (2008) 43:275–280

123



METHODS

Determination of Tertiary-butylhydroquinone and Its Metabolites
in Rat Serum by Liquid Chromatography–Ion Trap Mass
Spectrometry

Wen Huang Æ Yinchun Gu Æ Hai Niu

Received: 14 September 2007 / Accepted: 30 October 2007 / Published online: 10 January 2008

� AOCS 2007

Abstract A new method applying sensitive and selective

liquid chromatography coupled with mass spectrometry

(LC/MS/MS) for analyzing tertiary-butylhydroquinone

(TBHQ) and its metabolites in rat serum was validated.

Using an extracted ion chromatogram (EIC) of m/z 149,

free TBHQ was observed in rat serum after dosing TBHQ

at 350 mg/kg to male and female Sprague–Dawley (SD)

rats. Four major metabolites of TBHQ were identified—a

TBHQ-sulfate, two TBHQ-sulfate-derived substances and

a TBHQ-glucuronide through MSn spectra. Besides its

simplicity, the sample treatment allows one to obtain a very

good recovery of analysts, namely around 95%. This result

suggests that the method described here is useful for the

analysis of TBHQ and its metabolites in rat serum. More-

over, the metabolism of TBHQ was investigated using the

method. After oral administration, TBHQ appear to be

more completely absorbed and bio-transformed by males

than females, which may result in higher acute oral toxicity

of TBHQ for males than females.

Keywords Tertiary-butylhydroquinone (TBHQ) �
Metabolites � Liquid chromatography–ion trap mass

spectrometry (LC/ITMS)

Introduction

Tertiary-butylhydroquinone (TBHQ) is one of the most

commonly used antioxidants for preventing lipid peroxi-

dation because of its chemical stability, availability and

low cost [1, 2]. The toxicological effects of TBHQ,

however, have been the subject of controversy in recent

years [3–6]. Because of its possible toxicity, most coun-

tries of the world have regulations for controlling the use

of TBHQ in food applications. For example, TBHQ is

permitted in fatty foods up to a maximum limit of

200 mg/kg in China and USA, whereas it has not been

approved as a food antioxidant yet in Japan and the

European Union.

To evaluate the safety of TBHQ, several methods have

been carried out for the analysis of TBHQ in body fluids

as well as foods including Fourier transform infrared

(FTIR) spectroscopy, colorimetry, UV–visible photome-

try, electroanalytical–voltammetry, paper and thin-layer

chromatography, gas and liquid chromatography [7–11].

Most of these methods require long analysis times and

laborious sample treatment techniques in addition to low

resolution. Meanwhile, it has been found that they are

limited in studying biological samples, such as analysis of

metabolites, which is a very important study in the

pharmacokinetics and toxicology of TBHQ. These reasons

have prompted the need to establish an effective and

convenient method for evaluating safety by analytical

monitoring of TBHQ and its metabolites.
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HPLC coupled with mass spectrometry (MS) is cur-

rently unique technique being developed for monitoring

antioxidant content and studying compound structure. In

particular, MS/MS triple quadrupole mass spectrometry in

the multiple reaction monitoring modes (MRM) provides

excellent speed, sensitivity and selectivity. In our previous

study, we established a rapid, sensitive, precise and accu-

rate quantitative method for the measurement of TBHQ in

commercial edible oil by liquid chromatography/tandem

mass spectrometry (LC/MS/MS) [12].

For this paper, we developed a fast and precise HPLC/

MS/MS method capable of quantifying TBHQ and its

metabolites in rat serum (biological sample) after oral

administration.

Experimental Procedure

Reagents

The purity of TBHQ (J & K Chemica, Augsburg, Germany)

was better than 98%. Methanol and acetonitrile (Fisher

Scientific, Pittsburgh, PA) were of HPLC grade. Water

was purified using a Milli-Q gradient system (Millipore

Corporation, Genay Cedex, France).

Animal Handling and Sample Collection

Adult Sprague–Dawley (SD) rats, weighing 160 ± 10 g,

were obtained from Department of Laboratory Animal

Science of Peking University (Beijing, China). Both male

and female rats were used in each experiment. The rats

were maintained on the basal diet and tap water throughout

the study and were not fasted before dosing, as dosing after

an overnight fast resulted in mortality [13].

To identify the metabolites of TBHQ, the rats were

divided into two groups (four rats/group). Rats in group 1,

as control group, were assigned to receive corn oil at a

gavage dose of 1 ml, respectively. Rats in group 2 were to

receive TBHQ dissolved in corn oil at a gavage dose of

350 mg/kg, respectively. All rats at 1.2 h after oral

administration were killed by cutting behind their heads

using scissors. And then, the blood samples from the rats’

necks were immediately collected into EP (Epoxy epoxide)

tubes (0.5 ml of blood sample/rat).

To study distributions of TBHQ and its metabolites in

rat serum, the rats were divided into four groups (six rats/

group). Group 1–4 were to receive corn oil at a gavage

dose of 1 ml, and TBHQ dissolved in corn oil at gavage

doses of 7, 350 and 700 mg/kg, respectively After oral

administration, serial blood samples (0.25 ml sample/rat)

were collected from tail using clip at 0.08, 0.25, 0.5, 1, 2, 3,

5, 7, 9, 12, 24 and 48 h. Following centrifugation of the

blood samples at 12,000 rpm/min for 20 min, each serum

sample was collected and stored at -20�C until analyzed.

Metabolite Identification

During metabolite identification, serum samples were

analyzed only after a simple pretreatment procedure to

avoid losing any possible metabolite. Three times the

volume of methanol was added to deposit proteins. After

centrifugation at 12,000 rpm/min for 20 min, the upper

liquid was transferred to a filter with a 0.22 lm membrane.

The serum samples were analyzed using liquid chro-

matography–ion trap mass spectrometry (LC/ITMS) on an

Agilent 1100 Series LC/MSD Trap system (Wilmington,

PA) consisting of a G1312A binary pump, a G1306 A

diode array detector, a G1313A automatic sample injector,

a G1316A column oven, an G1379A on-line vacuum

degasser, and electrospray ionization (ESI) source. The

injection volume was 1 ll. The mobile phase was a mix-

ture of methanol and water (60:40 v/v) pumped at 0.15 ml/

min. For ESI, the nebulizer flow was at 35 psi and the

drying gas flow was at 8 l/min and 350 �C. Free TBHQ in

serum was analyzed by extracted ion chromatograms

(EICs) of its MS2 characteristic product ion. Major

metabolites of TBHQ were distinguished from complex

serum matrix by MS1 analysis, and then they were identi-

fied by their characteristic product ion mass spectra of MSn

analysis.

Quantitative Analysis of TBHQ and its Metabolites

in Rat Serum

Each rat serum sample (100 ll) was diluted with water

(100 ll), and then ethyl acetate (1 ml) was added for lipid–

lipid extraction. The mixture was vortexed for 3 min on a

roller shaker and centrifuged at 12,000 r/min for 20 min.

The organic phase (ethyl acetate) was then separated from

the aqueous phase. The ethyl acetate extracts were col-

lected and evaporated to dryness at 25 �C under a gentle

stream of nitrogen gas, and the residue was finally dis-

solved in 100 ll methanol for TBHQ quantitative analysis.

As for the aqueous phase, 200 ll of methanol was added to

deposit proteins, and after centrifugation100 ll of the final

supernatant was transferred to a sample bottle for quanti-

tative analyses of the metabolites.

TBHQ was quantified using an external standard pre-

pared in a blank serum matrix with a concentration range of

49–5,030 lg/l. Due to lack of standards, the metabolites

were semi-quantified using TBHQ as standard. The stock

standard solution containing about 1 mg/ml of TBHQ in
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methanol was prepared and shielded from light and stored

at 4 �C for a maximum of one month for analysis. The

matrix-assisted standards were prepared in the same way as

the samples. To evaluate accuracy and precision, we pre-

pared and analyzed six serum samples, each containing

three different concentrations of TBHQ (328, 998,

1,969 lg/l). The precision was obtained as the inter-day

and intra-day coefficient of variation [relative standard

deviation (RSD %)]. The limit of detection (LOD) was

considered as the concentration that produced a signal-to-

noise (S/N) ratio of 3. The recovery was determined by

comparing the peak areas of TBHQ obtained for the sam-

ples (328, 998, 1,969 lg/l, n = 6) that were subjected to

the extraction procedure with those obtained from blank

serum that were spiked post-extraction at the correspond-

ing concentrations.

TBHQ and its metabolites contents in non-pretreatment

and post-pretreatment serum samples were determined

for evaluating the stability after samples were stored at

-20 �C for 1, 2, 3 and 7 days and at room temperature for

12 and 24 h.

Statistical Analysis

Data are presented as mean ± SD. The results were sta-

tistically analyzed by analysis of variance (ANOVA)

followed by Fisher’s test. Differences were considered

significant at P \ 0.01.

Results and Discussion

Metabolite Identification by LC/ITMS

Analysis of standard solution of TBHQ showed that TBHQ

was well ionized to parent ion m/z 165 with the retention

time of 5.3 min in negative ionization mode, while TBHQ

had no response in positive ionization mode. In the MS2

spectrum (Fig. 1), the product ions of m/z 165 were m/z 149

and m/z 108. The main product ion m/z 149 was due to the

methyl cleavage from tertiary butyl of TBHQ and the other

product ion m/z 108 came from the cleavage of tertiary

butyl of TBHQ. In order to avoid the serum interference,

extracted ion chromatograms (EICs) of the main product

ion m/z 149 were used to identify free TBHQ in rat serum.

In Fig. 2, an apparent peak of the main product ion m/z 149

was observed at the retention time of 5.3 min in rat serum

after 350 mg/kg of oral administration. This indicates the

presence of free TBHQ in rat serum following oral

administration.

Total ion chromatograms (TICs) obtained in positive

and negative ionization modes in Fig. 3 showed that

possible metabolites were found in the region with reten-

tion time of 3–4 min in the negative ionization mode, while

no metabolites were observed in the positive ionization

mode. Mass spectral analysis of the peak of metabolites

revealed four major ionic parent masses [M-H]- at m/z 245

(M1), m/z 305 (M2), m/z 327 (M3) and m/z 341 (M4)

(Fig. 4).

MS2 and MS3 mass spectra of the major metabolites of

TBHQ are given in Fig. 5. For M1 ([M-H]- at m/z 245), a

major product ion was m/z 165 (loss of SO3) using LC/MS2

(Fig. 5a1). MS3 spectral analysis showed that the product

ions of m/z 165 were m/z 149 (loss of the methyl of tertiary

butyl of TBHQ) and m/z 108 (loss of the tertiary butyl of

TBHQ), as evident in Fig. 5a2, consistent with the frag-

mentation pathway of TBHQ (Fig. 1). The characteristic

fragmentation pathway of m/z 245 (M1) can be noted in

Fig.6 [14]. The metabolite M1 was identified as a direct

sulfate conjugate of TBHQ.

MS2 and MS3 spectra of M2 ([M-H]- at m/z 305) and

M3 ([M-H]- at m/z 327) were shown in Fig. 5b, c,

respectively. Using LC/MS2, a major product ion was m/z

245, for both M2 and M3 (Fig. 5b1, c1). MS3 spectral

analysis indicated that product ions of m/z 245 were m/z

165 and m/z 81, as evident in Fig. 5b2 and c2, consistent

Fig. 1 MS–MS product ion spectrum and the predominant fragmen-

tation patterns of TBHQ

Fig. 2 EICs of m/z 149 (MS2) observed in rat serum following oral

administration of corn oil and TBHQ, respectively
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with the fragmentation pathway of M1. So both M2 and

M3 were derived from M1 (a sulfate conjugate of TBHQ).

However, the structures of M2 and M3 have not yet been

completely identified in the present studies.

For M4 ([M-H]- at m/z 341), MS2 spectral analysis

(Fig. 5d1) showed that a major product ion was m/z 165

(from loss of C6H6O6), the other product ion were m/z 175,

a characteristic product ion of glucuronide conjugates [15],

and m/z 113 (the loss of CO2 and H2O from m/z 175). MS3

spectral analysis from Fig. 5 d2 indicated that product ions

of m/z 165 were m/z 149 and m/z 108, which are MS–MS

product ions of TBHQ. The characteristic fragmentation

Fig. 4 Average spectrum of the peak with retention time of 3–4 min

following oral administration of TBHQ, obtained by subtracting the

average spectrum in the region of 3–4 min following oral adminis-

tration of corn oil

Fig. 5 Mass spectra of the major metabolites of TBHQ in rat serum

following oral administration of TBHQ dissolved in corn oil at a

dosage of 350 mg/kg. a1 and a2: MS2 and MS3 mass spectra of M1

(m/z 245 ? 165); b1 and b2: MS2 and MS3 mass spectra of M2

(m/z 305 ? 245); c1 and c2: MS2 and MS3 mass spectra of M3

(m/z 327 ? 245); d1 and d2: MS2 and MS3 mass spectra of M4

(m/z 341 ? 165)

Fig. 3 Total ion chromatograms (MS1) observed in rat serum

following oral administration of corn oil and TBHQ, respectively

Fig. 6 Fragmentation pathway of m/z 245 (M1)
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pathway of m/z 341 (M4) can be seen in Fig. 7. M4 was

identified as a glucuronide conjugate of TBHQ.

The results indicate that besides free TBHQ, TBHQ is

mainly metabolized to a TBHQ-sulfate, a TBHQ-glucuro-

nide and two derivatives from TBHQ-sulfate in rat serum

after oral administration. These findings are consistent with

those results reported in the literature [13, 16]. Astill et al.

reported that 57–74% of the administered TBHQ was

eliminated in the urine as the sulfate conjugate. Ikeda et al.

observed metabolites consisted of TBHQ-glucuronide,

TBHQ-sulfate and unidentified polar substances in rat urine

by thin-layer radiochromatography following sample

treatment with b-glucuronidase and sulfatase.

Serum Distribution of TBHQ and its Metabolites

As evident in Fig. 8, TBHQ and its metabolites were able

to be separated very well and the separations did not suffer

from interference of rat serum substrate using LC/ITMS.

Therefore, TBHQ’s MS2 characteristic product ion and its

MS1 product ions based on extracted ion chromatograms

(EICs) were employed for quantitation of free TBHQ and

semi-quantitation of its metabolites in rat serum.

The concentration of TBHQ in rat serum was quantified

using an external standard prepared in a blank matrix. The

calibration curve was obtained by plotting the peak area

of EIC m/z 149 (MS2) against the concentration of TBHQ.

The calibration curve (Y = 401.2X + 39,958.9) showed

good linearity over the concentration range of 49–5,030 lg/l

with the coefficient (r2) of 0.9985. The detection limit of

TBHQ for serum samples was 14 lg/l (S/N = 3). The

recoveries of TBHQ in serum (n = 6) were 96.1 ± 11.9,

93.4 ± 6.7 and 95.5 ± 9.4%. The intra-day relative stan-

dard deviations (RSDs) (n = 6) were 14.8, 10.3 and 7.7%

and the inter-day RSDs over three consecutive days were

20.6, 14.4 and 8.3%. The results show that the method could

be used for quantifying TBHQ in rat serum.

Under the adopted LC/ITMS conditions, peaks of

TBHQ and its metabolites appear with retention times of

5.3 and 3–4 min, respectively. The nearness of their

chromatographic retention times suggests that the polarities

Fig. 7 Fragmentation pathway of m/z 341 (M4)

Fig. 8 Extracted ion chromatograms for quantitation of free TBHQ

and its metabolites in rat serums following oral administration of corn

oil at a dosage of 1 ml and TBHQ dissolved in corn oil at a dosage of

350 mg/kg. a Product ion m/z 149 from MS2 spectrum for free

TBHQ; b m/z 245 from MS1 spectrum for M1; c m/z 305 from MS1

spectrum for M2; d m/z 327 from MS1 spectrum for M3; e m/z 341

from MS1 spectrum for M4
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of TBHQ and its metabolites are quite similar. The MS1

response of a compound is decided by its polarity to some

extent. So, using TBHQ standards, the semi-quantification

of its metabolites is acceptable for metabolic kinetics

study. In the research, the MS1 responses of per unit con-

centration were defined to be equivalent for TBHQ and its

metabolites; the calibration curve was obtained by plotting

the peak area of EIC m/z 165 against the concentration of

TBHQ. The coefficient (r2) of the calibration curve

(Y = 817.2X - 74268.5) was 0.9893, suggesting that the

curve could work well for semi-quantifying the metabolites

of TBHQ in rat serum.

The stabilities of TBHQ and its metabolites in post-

pretreated and non-pretreated serum samples were evalu-

ated by putting the samples at -20 �C for 24, 48 h, 3 and

7 days and at room temperature for 12 and 24 h. The

results indicate that TBHQ and its metabolites in post-

pretreated serum samples were stable at -20 �C within

Fig. 9 Serum concentration–time profiles for TBHQ and its metab-

olites in both male and female rats after oral administration of TBHQ

at a single dose of 7, 350 or 700 mg/kg. a1 and a2 for TBHQ; b1, b2

and b3 for M1; c1, c2 and c3 for M2; d1, d2 and d3 for M3; e1, e2
and e3 for M4. Error bars represent SD
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7 days and RSDs were less than 6.3%; post-pretreated

samples were stable at room temperature within 24 h and

with RSDs of less than 7.1%; in non-pretreated samples

they were stable at -20 �C for 7 days with RSDs of less

than 8.3%. Afterwards samples were stored at -20 �C for

24, 48 h, 3 and 7 days and at room temperature for 12 and

24 h. In the experiment, the samples used for quantitation

of TBHQ and its metabolites were stored at -20 �C for

7 days.

The acceptable daily intake (ADI) was 0–0.7 mg/kg

body weight allocated by the Joint FAO/WHO Expert

Committee on Food Additives (JECFA). Generally, rats

could tolerate poisons approximately ten times higher than

humans. The LD50 for TBHQ was found to be between 700

and 1,000 mg/kg for rats [15]. On the basis of this infor-

mation, rats were administered TBHQ with a single dose of

7, 350 or 700 mg/kg. After a single dose of 700 mg/kg

TBHQ, two male rats died within 2 h, whereas no female

rats died.

The serum concentrations of TBHQ and its metabolites

M1–M4 of both male and female rats after oral admin-

istration of TBHQ at doses of 7, 350 and 700 mg/kg were

determined (Fig. 9). The serum levels of TBHQ reached

peaks at 0.08–0.50 h after oral administration of 350 and

700 mg/kg TBHQ, and then the concentrations decreased

rapidly and TBHQ disappeared from the serum after 5 h,

as shown in Fig. 9a1 and a2, while the concentration of

free TBHQ in the serum samples at the dose of 7 mg/kg

was not detected because it was lower than the limit of

detection. Following oral administration of 7, 350 and

700 mg/kg TBHQ, the maximum levels of M1 (Fig. 9b1,

b2, b3), M3 (Fig. 9d1, d2 and d3) and M4 (Fig. 9e1, e2,

e3) were observed at 0.25–1.00 h in rat serum, while the

maximum levels of M2 (Fig. 9c1, c2, c3) were observed

at 3.00–7.00 h. The concentrations of M1–M4 decreased

slowly and most metabolites had been eliminated from the

serum after 24–48 h. Meanwhile, it was observed in the

experiment that after oral administration of 350 and

700 mg/kg (except 7 mg/kg), the total concentrations of

TBHQ in serum were much higher for males than for

females during the metabolic process (P \ 0.01). It seems

that TBHQ could be more completely absorbed by males

than by females after oral administration, which may

result in higher acute oral toxicity of TBHQ for males

than females. This may explain why two males (n = 6)

died, but no females (n = 6) died at the high dose of

700 mg/kg. Meanwhile, it was also found that the serum

concentrations of M1, M3 and M4 appeared to be much

higher for males than females (P \ 0.01) during the

metabolic process, while that TBHQ and M2 appeared no

significant differences between male and female

(P [ 0.05). These results suggest that one or two of the

metabolites M1, M3 and M4 are likely to be poisonous,

but further toxicological studies on these metabolites are

required to elucidate it.

Conclusions

A rapid and sensitive LC/ITMS method with simple

treatment of samples was established for accurate quanti-

tation of TBHQ and semi-quantitation of its metabolites in

rat serum. Moreover, apparent sex difference in the

metabolism of TBHQ were found. After oral administra-

tion, TBHQ appears to be more completely absorbed and

bio-transformed by males than females, which may result

in higher acute oral toxicity of TBHQ for males than

females.
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Abstract Polymorphisms of the human D-5 (FADS1) and

D-6 (FADS2) desaturase genes have been recently descri-

bed to be associated with the level of several long-chain n-

3 and n-6 polyunsaturated fatty acids (PUFAs) in serum

phospholipids. We have genotyped 13 single nucleotide

polymorphisms (SNPs) located on the FADS1–FADS2–

FADS3 gene cluster (chromosome 11q12–13.1) in 658

Italian adults (78% males; mean age 59.7 ± 11.1 years)

participating in the Verona Heart Project. Polymorphisms

and statistically inferred haplotypes showed a strong

association with arachidonic acid (C20:4n-6) levels in

serum phospholipids and in erythrocyte cell membranes

(rs174545 adjusted P value for multiple tests, P \ 0.0001

and P \ 0.0001, respectively). Other significant associa-

tions were observed for linoleic (C18:2n-6), alpha-linolenic

(C18:3n-3) and eicosadienoic (C20:2n-6) acids. Minor

allele homozygotes and heterozygotes were associated to

higher levels of linoleic, alpha-linolenic, eicosadienoic and

lower levels of arachidonic acid. No significant association

was observed for stearidonic (C18:4n-3), eicosapentaenoic

(C20:5n-3) and docosahexaenoic (C22:6n-3) acids levels.

The observed strong association of FADS gene polymor-

phisms with the levels of arachidonic acid, which is a

precursor of molecules involved in inflammation and

immunity processes, suggests that SNPs of the FADS1 and

FADS2 gene region are worth studying in diseases related

to inflammatory conditions or alterations in the concen-

tration of PUFAs.

Keywords Fatty acid metabolism � Fatty acids �
Genetics � Metabolism � Miscellaneous desaturases �
n-6/n-3 fatty acids � Specific lipids

Introduction

Polyunsaturated fatty acids (PUFAs) are known to play

crucial roles in various cellular functions—for example, as

components of the cell membrane and precursors of

important mediators of inflammation, such as eicosanoids

[1]. They can affect membrane fluidity and cholesterol

content and influence the generation of signaling mole-

cules. Several studies have reported an association between

PUFAs and the development and outcomes of several

complex diseases [2–7].

The levels of PUFAs greatly depend on diet and meta-

bolic pathways. The key enzymes in PUFA metabolism are

the D-5 and D-6 desaturases, which are encoded by the

FADS1 and FADS2 gene, respectively [8–10]. These two

genes are located on the desaturase gene cluster on chro-

mosome 11 (11q12–13.1). This cluster also includes a

FADS3 gene that shares 52 and 62% sequence identity with
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the above-mentioned genes, respectively, as well as a

cytochrome b5-like domain and a multiple membrane-

spanning desaturase region. Consequently, it is surmised

that FADS3 encodes for another desaturase of as-yet

unknown activity [8].

Schaeffer et al. [11] recently reported the association of

single nucleotide polymorphisms (SNPs) in the FADS1–

FADS2 gene cluster with the levels of n-6 and n-3 fatty

acids in serum phospholipids. However, they did not test

this association in erythrocyte cell membranes. Erythro-

cytes provide a simple, highly suitable model for the study

of fatty acid metabolism, because these cells lack desat-

urase and elongase enzymes and their membrane fatty acid

composition closely resembles that of circulating lipopro-

teins, which in turn are assembled in the liver. Moreover,

erythrocyte fatty acids are less influenced than serum

phospholipids by short-term variations in dietary intake

and can, therefore, be considered as suitable biological

markers of relatively long time periods (weeks or a few

months) [13]. FADS gene polymorphisms may contribute

to the regulation of the levels of several PUFAs in various

tissues; as such, they may be involved in disorders related

to different arrangements of PUFA composition.

The aim of this study was to test—in a Northern Italian

population of cardiovascular patients—the hypothesis that

FADS1, FADS2, and FADS3 gene polymorphisms correlate

with the levels of fatty acids in serum phospholipids and

erythrocyte membranes.

Methods

Study Population

Northern Italian subjects were recruited as a part of a

cardiovascular survey study, the Verona Heart Project

(VRHP). Details on the enrolment criteria have been

described elsewhere [13].

In the present study we genotyped a total of 658 subjects

who had been referred for coronography due to cardio-

vascular disease. These patients were not on lipid-lowering

treatment, and data on their PUFA levels were available.

Each patient was characterized for possible confounders

of PUFA levels, such as age (mean 59.7 ± 11.1 years),

gender (78% males), body mass index (BMI; mean

26.03 ± 3.38 kg/m2), hypertension (50%), smoking status

(58% smokers), plasma triglycerides (TGs; 3.80 ±

0.97 mM), high-density lipoprotein (HDL) cholesterol

(1.30 ± 0.38 mM), low-density lipoprotein (LDL) choles-

terol (3.80 ± 0.97 mM), total cholesterol (5.72 ±

1.08 mM), diabetes (12%) and status of cardiovascular

disease [414 individuals had coronary atherosclerotic

disease (CAD), as established by angiography, and 244

individuals had angiographically documented normal cor-

onary arteries].

The study was approved by our Institutional Review

Board. Written informed consent was obtained from all

patients.

Measurement of Fatty Acid Levels

Fatty acids levels were measured as previously described

[14]. Blood samples were collected after an overnight fast,

transported to the laboratory within 1 h and processed

immediately. Analyses of the serum phospholipids (100 ll)

and erythrocyte membranes (250 ll packed erythrocytes

hemolyzed in an equal volume of double distilled water)

fatty acids were performed on total lipids extracted using

4.5 ml isopropanol:chloroform (11:7, v:v) containing

0.45 mM 2,6-di-ter-p-cresol/l as antioxidant. A gas-chro-

matographic method [Hewlett Packard 5980

chromatograph equipped with an HP-FFAP phase column

(length 25 m, internal diameter 0.2 mm, phase column

0.3 lm); Hewlett Packard, Palo Alto, CA] based on a direct

fatty acid transesterification technique was used, as previ-

ously described [12]. The peaks were identified and

quantified by comparison with commercially available

reference fatty acids (Sigma, St. Louis, MO). Fatty acid

C17:0 was used as the internal standard. The areas of the

peaks were measured and subsequently quantified using a

PC Vectra QS/16S equipped with HP-3365 Chem Station

software (Hewlett Packard) working with the operative

system Microsoft Windows 3.0. The level of each fatty

acid was expressed as grams per 100 g total fatty acid

methyl esters (% by wt). Fatty acids from C12:0 to C26:0

were measured, and unidentified peaks accounted for

\0.5% of the total. Each sample was analyzed in duplicate,

and all coefficients of variation were \5%.

Some descriptive statistics on fatty acid values are given

in Table 1.

SNPs and Genotyping

Thirteen SNPs tagging the most common haplotypes of the

FADS gene region from the reported European Community

Respiratory Health Survey (ECHRS) study [11] and six

additional SNPs from the HapMap project (http://www.

hapmap.org) were selected. Table 2 presents a description

of the SNPs used. Figure 1 shows the position of the SNP

relative to FADS gene cluster region.

Genotyping was performed using the same methods and

in the same laboratory as previously described [11].

Briefly, genotyping was performed using matrix-assisted

laser desorption/ionization time-of-flight mass spectrome-

try (MALDI-TOF MS) to detect allele-specific primer

extension products (Mass Array, Sequenom, San Diego,

290 Lipids (2008) 43:289–299
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Table 1 Fatty acid content in serum phospholipids and erythrocyte membrane

PUFA Acid name Serum PUFA (n = 658) Erythrocyte PUFA (n = 656) Correlation

Mean (%) SD Mean (%) SD r

C18:2n-6 Linoleic 24.40 6.00 9.40 0.75 0.70

C18:3n-3 Alpha-linolenic 0.44 0.2 0.10 0.17 0.38

C18:4n-3 Stearidonic 0.36 0.2 0.38 0.31 0.31

C20:2n-6 Eicosadienoic 0.23 0.22 0.27 0.26 0.64

C20:4n-6 Arachidonic 9.82 1.97 19.03 1.43 0.60

C20:5n-3 Eicosapentaenoic 0.78 0.42 0.68 0.26 0.78

C22:6n-3 Docosahexaenoic 2.45 0.74 6.30 1.3 0.75

PUFA Polyunsaturated fatty acids, SD standard deviation, r correlation coefficient

Fatty acid content is expressed as mean percentage of the total fatty acid level of either serum phospholipids or erythrocyte membranes. PUFAs

were measured in 658 individuals. Information on erythrocyte PUFAs is missing for two individuals (n = 656). Correlation: Pearson’s corre-

lation between serum and erythrocyte PUFA. All correlations were statistically significant (P \ 0.05)

Table 2 Characteristics of the 13 genotyped SNPs in the FADS gene region for the VRHP study population

SNP Gene Position Major allele Minor allele Minor allele frequency

rs174545 FADS1 61325882 G C 0.29

rs174556 FADS1 61337211 C T 0.24

rs174561 FADS1 61339284 T C 0.25

rs3834458 Intergenic FADS1/FADS2 61351497 T Del 0.30

rs174570 FADS2 61353788 C T 0.11

rs2524299 FADS2 61361358 A T 0.09

rs174583 FADS2 61366326 C T 0.32

rs174589 FADS2 61372379 C G 0.20

rs498793 FADS2 61381281 G A 0.41

rs174611 FADS2 61384457 T C 0.25

rs17831757 Intergenic FADS2/FADS3 61391776 T C 0.10

rs174627 Intergenic FADS2/FADS3 61394042 C T 0.13

rs1000778 FADS3 61411881 G A 0.24

VRHP Verona Heart Project, SNP single nucleotide polymorphism

Position in basepairs was derived from dbSNP Build 126, based on NCBI Human Genome Build 36.1 (March 2006) of chromosome 11. Allele

frequency was calculated in the VRHP study population (n = 658)

Fig. 1 Location on

chromosome 11, gene position

and structure of the FADS1–

FADS2–FADS3 gene cluster.

Horizontal arrows indicate the

direction of gene transcription.

Vertical bars indicate exons.

The position of markers used is

shown at the bottom
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CA). The primers for the PCR analyses were designed

using Sequenom’s MASSARRAYASSAYDESIGN program.

The SNP association analysis was performed using R, a

free software environment for statistical computing and

graphics [15]. Haplotypes were reconstructed and analyzed

using the haplo.glm function of the R library HAPLO.STATS

(http://mayoresearch.mayo.edu/mayo/research/biostat/

splusfunctions.cfm) [16].

Statistical Analysis

a. Fatty acids

Fatty acid levels were treated as quantitative traits. The

distribution of each PUFA is summarized by mean and

standard deviation values. All potential confounders, such

as age, gender, BMI, smoking status and CAD status, were

included as covariates in the statistical models.

b. SNP Analysis

Hardy–Weinberg equilibrium was tested for each SNP

locus, and significance was ascertained by the permutation

tests implemented in the JENOHWE program, which is part

of the Jenoware project (http://medgen.univr.it/jenoware by

Dr. Luciano Xumerle). Lewontin’s disequilibrium coeffi-

cient D0 and the squared correlation coefficient (R2) were

estimated. Pairwise linkage disequilibrium was calculated

for each pair of SNPs. Linear regression models including

covariates were used for testing the association of SNPs

with quantitative traits.

c. Haplotypes Analysis

Generalized linear regression models were used analyzing

haplotype association with quantitative traits, assuming an

additive inheritance model. Haplotype frequency was

inferred from the investigated SNPs by an EM algorithm

calculating maximum likelihood estimates given the

genotypes on unknown phase (http://www-gene.cimr.

cam.ac.uk/clayton/software/). Haplotype analysis was per-

formed either by using haplotypes from all the 13 SNPs

(from rs174544 up to rs1000778; 612 fully genotyped

subjects) or by focusing on the windows of consecutive

SNPs within linkage disequilibrium (LD) blocks. The

windows of LD blocks were determined according to the

method proposed by Kamatani [17]. All haplotypes with an

estimated frequency higher than 2% were modeled. Each

possible haplotype combination per individual entered the

model as a weighted observation according to the approach

‘EM by the method of weights’ [18]. Rare haplotypes

(frequency\2%) were pooled and included in the model as

a group called ‘haplo.rare’.

d. Estimation of Significance Values

The significance value of each association was estimated

by permuting the phenotype and performing that statistical

analysis in at least 1000 replicates and counting the number

of replicates that presented a value greater than the value

obtained from the statistical analysis of the original data

set. This procedure was performed for single SNPs (10,000

replicates for each phenotype), 13-SNP haplotypes (1000

replicates for each phenotype and 10,000 replicates for

phenotypes showing stronger association) and haplotype

block-based association analysis (10,000 replicates for

each LD block and phenotype).

e. Multiple Testing

Adjustment for multiple tests was achieved by estimating

the significance level of the single test taking into account

the number of statistical tests computed for either single

SNP or haplotype analyses.

• SNPs. Due to a possible high LD between some of the

SNPs, the estimated number of effective loci of the 13

SNPs was calculated according to the spectral decom-

position method by Nyholt [19]. The nominal

significance level of a single test was conservatively

adjusted by a correction factor calculated as the number

of effective loci 9 the 14 analyzed fatty acids (seven

fatty acids in serum phospholipids + seven fatty acids in

erythrocyte membrane, respectively). The P values of

single tests were multiplied by the correction factor,

and adjusted P values of greater than 1 were set to 1.

All P values of single SNP analyses reported in the

paper are the adjusted P values.

• Haplotypes. The significance level of the statistical

tests was set to the significance level of a single test

(i.e. 0.05) divided by the sum of 1 (analysis of the 13

SNPs haplotype) plus the number of LD blocks

identified in the cluster region 9 the number of

phenotypes investigated. The P values for the haplotype

analyses reported here are not corrected for multiple

tests.

Results

PUFAs in Serum and Erythrocyte Membranes

The content of fatty acids in serum and the erythrocyte

membrane for seven n-6 and seven n-3 PUFAs was

determined in 658 individuals from Northern Italy, as

shown in Table 1. All coefficients of variations of PUFA

measurements were less than 5%.
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A significant correlation (P \ 0.0001) between serum

and erythrocyte membrane was observed for each of the

PUFAs (Table 1).

Genetic Structure of the Region

Genotyping was performed with 13 SNPs in the FADS gene

cluster. All genotyped SNPs were found to be polymorphic

in the VRHP study. The minor allele frequency (MAF)

ranged from 9 to 41%, as shown in Table 2. The frequency

of most SNPs ranged between 20 and 30%, with only one

SNP (rs2524299) showing a MAF\10% (9.1%). The mean

genotyping success rate (GSR) was 99.0%, with the lowest

GSR being 97.4%. The genotype distribution for each SNP

was consistent with Hardy–Weinberg equilibrium. Three

LD blocks were observed in the gene cluster [17]: block-1

from rs174545 to rs3834458; block-2 from rs2524299 to

rs174589; block-3 from rs174611 to rs174627. Markers

rs174545 and rs3834458 located in a highly preserved LD

block (block-1) and markers rs174556 and rs174561 located

in the same LD block showed a particularly high correlation

(R2 [ 0.98). As haplotype analysis was performed on each

of the three LD blocks and on the entire 13-SNP window,

the significance at the nominal level of 5% for a single test

was set to P = 0.00089 {i.e. 0.05/[(1 + 3) 9 14]; see

Methods}. Therefore, a haplotype association was consid-

ered to be significant after multiple test adjustment when

P \ 0.00089.

Association of PUFAs with Single SNPs

The results of the single SNP association analysis with

fatty acids (658 individuals) are summarized for serum

phospholipids or the erythrocyte membrane by graphical
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Fig. 2 Association analysis of 13 single nucleotide polymorphisms

(SNPs) in the FADS gene cluster with the levels of polyunsaturated

fatty acids in serum phospholipids and the erythrocyte membrane of

658 individuals. In each graph and for each SNP, the first bar
represents the reference, which is the mean level of the PUFA for

major allele homozygotes. The height of the second and third bars
indicates the percentage change in the PUFA level in heterozygotes

and minor allele homozygotes, respectively, calculated as the

difference between the value for that PUFA and the reference value,

divided by the reference value. The vertical lines indicate standard

errors. Asterisks indicate significances after correction for multiple

testing from general linear regression analyses: *P \ 0.05,

**P \ 0.001, ***P \ 0.0001. Table 1 in the Electronic Supplemen-

tary Material reports the PUFA mean levels for each SNP stratified by

genotype as well as the significance (P value) of the statistical test

comparing the PUFA mean levels among the genotypes
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representation in Fig. 2; for more detailed results, see

Table 1 in the Electronic Supplementary Material.

The association study was performed by adjusting the

PUFA level for potential confounders (i.e. age, gender,

BMI, smoking status and CAD status). In order to adjust

for multiple testing the P values of the single tests were

multiplied by 112 (eight effective loci 9 the 14 analyzed

fatty acids). After this correction, highly significant results

were observed for the majority of the SNPs and serum

phospholipids or erythrocyte membrane for arachidonic

acid in the region from rs174545 up to rs174570 (adjusted-

P values \0.0001 for serum and for erythrocyte mem-

branes). Carriers of the minor variants showed significantly

lower levels of arachidonic acid. Carriers of the minor

alleles of rs174545, rs3834458, and rs174583 also showed

significant associations with an increase in the serum

phospholipid n-3 fatty acid alpha-linolenic acid, while

carriers of the minor alleles of SNPs rs174545 up to

rs3834458, and rs174583, rs174589, rs174611 and

rs174627 showed a significant association with an

increased level of eicosadienoic acid (C20:2n-6) in serum

phospholipids. In erythrocyte membranes, the rare variants

of rs174545, rs3834458, rs174570, and rs174583 showed

significant associations with an increase in linoleic acid,

and rs174545 up to rs3834458, and rs174583 showed sig-

nificant associations with an increase in eicosadienoic acid

(C20:2n-6).

Similar significant results were also observed in the

subgroup of individuals without coronary heart disease

(244/658 individuals; data not shown).

Association of PUFAs with the Genetic Region

Haplotypes were reconstructed with all 13 SNPs. Table 3

shows the estimated 13-SNP haplotype frequency for

haplotypes showing a frequency of more than 2%. Six

common haplotypes can be seen to account for 74% of the

estimated haplotypes and rare haplotypes to account for the

remaining 26%. The two most common haplotypes (ha-

plo.base and haplo.4; Table 3) carry major alleles at each
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SNP locus, with the exception of rs498793, which shows

the minor allele in haplo.base. The association study was

performed with each one of the seven PUFAs investigated

in both serum phosholipids and in erythrocyte membranes,

as shown in Table 4. The results reveal a significant

association (threshold after multiple test adjustment:

P \ 0.00089) between the FADS cluster haplotypes and

the level of arachidonic acid in serum phospholipids and in

the membrane of red blood cells (RBCs) (Table 4). No

other significant association was observed.
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Association of PUFAs with three LD Blocks in the

FADS Gene Cluster

For further refining of the genetic data, we carried out an

association analysis between the FADS gene cluster LD

block and PUFA levels. The LD block structure and fre-

quency of haplotypes within the three LD blocks are shown

in Table 5.

Table 6 shows the results of the LD block-based hap-

lotype association analysis performed for the seven PUFAs

in the serum and RBC, respectively. This table shows non-

corrected P values. After correction for multiple tests the

haplotype associations with the PUFA levels remained

statistically significant (nominal level of 5% for a single

test) only for arachidonic acid (serum: blocks 1, 2, 3; RBC:

blocks 1, 2). No significant association was observed for

linoleic, alpha-linolenic, stearidonic, eicosadienoic, eico-

sapentaenoic and docosahexaenoic acids.

Discussion

We report here the association of 13 FADS gene cluster

polymorphisms and the level of several PUFAs in serum

phospholipids (SP) and the membrane of red blood cells

(RBC), as measured in 658 Italian individuals. We

observed a very strong association between arachidonic

acid levels in SP, as has been reported previously [11], and,

for the first time, in RBCs. Weaker but still significant

associations were observed between single SNPs and lin-

oleic (SP), alpha-linolenic (SP, RBC) and eicosadienoic
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Table 4 Thirteen-SNP haplotype association analysis

PUFA Acid name Haplotype analysis P valuea

Serum Red blood cells

C18:2n-6 Linoleic 0.49 0.0122

C18:3n-3 Alpha-linolenic 0.25 0.0541

C18:4n-3 Stearidonic 0.57 0.35

C20:2n-6 Eicosadienoic 0.0081 0.15

C20:4n-6 Arachidonic \0.0001*** 0.0002***

C20:5n-3 Eicosapentaenoic 0.70 0.44

C22:6n-3 Docosahexaenoic 0.68 0.30

a P value: Significance level of the model containing the genetic

factor (haplotypes) versus the model without the genetic factors. P
values were not adjusted for multiple tests. Arachidonic acid showed

a significant association in serum phospholipids and in erythrocyte

membrane (=significant association after correction for multiple tests;

*** P \ 0.00089; see Methods). Eicosadienoic showed an associa-

tion in serum phospholipids, and linoleic acid showed an association

in erythrocyte membranes, but both these associations were not sig-

nificant after correction for multiple tests
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(SP, RBC) acids. In particular, SNP rs174583 was associ-

ated with all the three acids. Significant associations were

also confirmed in the subgroup of individuals without

coronary heart disease.

The FADS gene cluster was studied using 13 SNPs

tagging the most common haplotypes. These 13 SNPs span

a region that contains three FADS genes, including the

FADS3 gene. FADS3 is a gene with an unknown function,

although it is presumed to have a desaturase activity on the

basis of its sequence homology with the other FADS genes.

The LD block structure of the whole region was studied

in order to detect sub-regions of highly correlated SNPs

that ideally represent the smallest and non-redundant

source of variability that can be used independently in the

association analyses of the region. Three LD blocks were

identified (see Table 5). Block 1 (four SNPs, from

rs174545 to rs3834458) contains three SNPs in the FADS1

gene and one SNP between the FADS1 and FADS2 genes;

block 2 (three SNPs, from rs2524299 to rs174589) contains

three SNPs in the FADS2 gene; block 3 (three SNPs,

Table 5 Linkage disequilibrium (LD) blocks and haplotype frequency

FADS gene cluster LD blocks

Block 1 Block 2 Block 3

(rs174545–rs3834458) (rs2524299–rs174589) (rs174611–rs174627)

Hap. id Haplotype % Hap id Haplotype % Hap id Haplotype %

1a C T C Del 23.7 2a A T C 2.6 3a C T C 2.8

1b C C T Del 4.9 2b A T G 19.8 3b C T T 12.8

2c T T C 8.8 3c C C C 9.2

1Bl G C T T 70.6 2Bl A C C 68 3Bl T T C 74.3

SNPs between parentheses define left and right bounds for each LD block. Blocks 1, 2, and 3 contain three, four and four common haplotypes,

respectively. Three LD blocks were identified. Haplotypes with an estimated frequency below 2% are not reported

Hap id identifier of the haplotype, haplotype alleles at consecutive SNPs, 1Bl, 2Bl, 3Bl most common haplotype in blocks 1, 2 and 3, respectively

Table 6 Linkage disequilibrium (LD) block-based haplotype association analysis

PUFAa Block-1 Block 2 Block-3

P valueb Effect and haplotype idc P value Effect and haplotype id P value Effect and haplotype id

s_C18:2n-6 1.84 9 10-1 ns 2.31 9 10-1 ns 7.06 9 10-2 ns

e_C18:2n-6 8.9 9 10-3 +1a,1b 3.99 9 10-2 +2b,2c 1.64 9 10-2 +3c

s_C18:3n-3 1.20 9 10-1 ns 1.25 9 10-1 ns 8.87 9 10-2 ns

e_C18:3n-3 3.54 9 10-1 ns 2.31 9 10-1 ns 2.81 9 10-2 ns

s_C18:4n-3 1.95 9 10-1 ns 2.57 9 10-1 ns 3.65 9 10-1 ns

e_C18:4n-3 2.17 9 10-1 ns 1.452 9 10-1 ns 2.88 9 10-1 ns

s_C20:2n-6 3.2 9 10-3 +1a,1b 1.01 9 10-2 +2b,2c 1.00 9 10-2 +3b,3c

e_C20:2n-6 6.40 9 10-2 ns 4.51 9 10-2 +2b,2c 9.16 9 10-2 ns

s_C20:4n-6 \0.0001*** -1a, 1b \0.0001*** -2a, 2b, 2c \0.0001*** -3a, 3b, 3c

e_C20:4n-6 \0.0001*** -1a, 1b \0.0001*** -2a, 2b, 2c 4.3 9 10-3 -3a, 3b, 3c

s_C20:5n-3 4.74 9 10-1 ns 3.59 9 10-1 ns 4.79 9 10-1 ns

e_C20:5n-3 5.69 9 10-1 ns 8.64 9 10-1 ns 1.10 9 10-1 ns

s_C22:6n-3 1.45 9 10-1 ns 6.85 9 10-1 ns 8.72 9 10-2 +3a

e_C22:6n-3 2.14 9 10-1 ns 4.03 9 10-1 ns 5.88 9 10-2 +3a

a PUFA names preceded with a ‘s_’ or a ‘e_’ are referred to serum or erythrocyte membrane, respectively
b P value: Significance level of the model containing the genetic factor versus the model without the genetic factor. P values are not corrected for

multiple testing. Covariates are included in the models. *** Significant P values after adjustment for multiple tests (P \ 0.00089)
c Effect and haplotypes: The sign (+/-) indicates the effect of the reported haplotypes, that is the increase or decrease of PUFA level with

respect to the reference haplotype of each LD block. Only the haplotypes with a significant (P \ 0.05) r-value in the Generalized Linear Model

are reported. Haplotypes are indicated by the Hap id reported in Table 5. ns, No statistically significant effect
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rs174611 to rs174627) contains one SNP in the FADS2

gene and two SNPs between the FADS2 and FADS3 genes.

A similar LD structure was also observed in the ECHRS

study by Schaeffer et al. [11]. It is noteworthy that the

strongest association was observed with arachidonic acid

levels, confirming the results of the previous study [11]

(see Table 7). Furthermore, in accordance with the results

of Schaeffer et al., the most frequent haplotype shows an

opposite effect with respect to all the other haplotypes,

indicating that the most common haplotype exerts a dif-

ferent effect from all other haplotypes (see Table 7).

Therefore, the FADS gene cluster polymorphisms are likely

to contribute to the variability of PUFA levels in the short-

term the serum component (as initially indicated by

Schaeffer et al. [11]) and in medium-term compartments,

such as erythrocytes (as indicated in this study). Although

detailed information on their mode of action remains elu-

sive, PUFAs appear to affect many different biological

systems (hormone production, lipid peroxidation products,

transcription events, membrane structure and function),

and it can be argued that they act at a fundamental level

that is common to most cells [20]. At the present time, we

cannot know whether the association described here could

be extended to long-term compartments, such as adipose

tissue, or generalized to other tissues. However, Baylin

et al. recently described an association of the rs3834458

marker, mapping in the LD block-1 of the present paper,

with serum and adipose tissue PUFA levels [21]. This

result suggests that FADS gene cluster polymorphisms may

affect the PUFA levels of long-term compartments as well

as short- and medium-term compartments. To the best of

the authors’ knowledge, no study has actually reported

whether the studied polymorphisms are functionally related

to desaturase activity or whether they simply tag the true

and still unknown causal genetic variant.

Since arachidonic acid is the precursor of prostaglandins,

leukotrienes and related compounds, all of which have

important roles in inflammation and in the regulation of

immunity, FADS gene polymorphisms now represent novel

candidates to be studied in eicosanoid-related disorders.

However, PUFA levels are expressed as a percentage of

total lipids and not as an absolute value (e.g. concentration).

Therefore, we were able to detect relative differences in the

PUFA levels due to the genetic component but we were

unable to study mechanisms as these depend on the absolute

value of PUFA levels (i.e. concentration).

Desaturase activity represents only a part of the mech-

anisms involved in the regulation of PUFAs, and several

other components, such as sex, diet, age, BMI and hyper-

tension, are factors known to be associated with variations

in the levels of PUFAs [22–25].

The association of single SNPs with the levels of lino-

leic, alpha-linolenic and eicosadienoic acids indicates that

FADS gene polymorphisms are likely to influence the

levels of several PUFAs. Linoleic and alpha-linolenic acids

are a substrate of D-6 desaturase (FADS2 gene), and ei-

cosadienoic acid is the product of the elongation process of

linoleic acid. Therefore, these associations may reflect a

Table 7 Haplotype frequency of block 1 and association with arachidonic acid levels in the VRHP and ECRHS [12] studies

Block 1––haplotypes Frequency % Studya b-coefb P valuec

rs174556 rs174561 rs3834458

C T T 68.6 ECRHS Base-line

70.6 VRHP serum Base-line

VRHP RBC Base-line

T C Del 25.7 ECRHS -1.17 \0.0001

23.7 VRHP serum -1.41 \0.0001

VRHP RBC -0.768 \0.0001

C T Del 3.5 ECRHS -1.12 \0.0001

4.9 VRHP serum -1.19 \0.0001

VRHP RBC -0.55 2.2 9 10-3

\1% 2.3 ECRHS -0.40 0.7

0.8 VRHP serum n.d

VRHP RBC n.d

a ECRHS (European Community Respiratory Health Survey) analysis was determined in serum phospholipids only; VRHP serum arachidonic

acid in serum phospholipids; VRHP RBC, arachidonic acid in the red blood cell membranes
b b-coef estimated coefficient for the haplotype in the generalized linear model with respect to the baseline-haplotype values, n.d. not determined
c P value significance of the hypothesis that the b-coef value is different from 0

The haplotype with highest frequency (CTT) is associated to higher levels of arachidonic acid (all the other haplotypes are associated to lower

levels)
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relationship with D-6 desaturation activity. The lack of

association with the other PUFAs may be due to a true

absence of any association with causative genetic factors or

to the effect of other factors, such as diet, or other pro-

cesses involved in the regulation of the proportion of

different types of PUFAs. For example, studies reporting

that docosahexaenoic acid level does not strongly correlate

with dietary intake indicate an independent regulation of

docosahexaenoic acid [22].

Overall, the results of this study suggest that FADS1 and

FADS2 gene polymorphisms are likely to be important

factors contributing to the variability in PUFA levels in

several tissues, such as serum phospholipids, tightly regu-

lated tissues as the phospholipid membrane and in tissues

with low turnover [21].

In conclusion, the association of the FADS1 and FADS2

gene region—but not the FADS3 gene region—indicates

that polymorphisms of these two genes contribute to the

variability of several PUFAs, such as linoleic, alpha-lino-

lenic, eicosadienoic acids and, most of all, arachidonic

acid. As modifications in PUFA levels have been observed

in several diseases, these genes may therefore represent a

susceptibility factor worth investigating.
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Abstract This study aimed to clarify the molecular

mechanisms of age-specific hepatic lipid accumulation

accompanying hyperinsulinemia in a peroxisome prolifera-

tor-activated receptor a (PPARa) (+/-):low-density

lipoprotein receptor (LDLR) (+/-) mouse line. The hepatic

fat content, protein amounts, and mRNA levels of genes

involved in hepatic lipid metabolism were analyzed in 25-,

50-, 75- and 100-week-old mice. Severe fatty liver was

confirmed only in 50- and 75-week-old mice. The hepatic

expression of proteins that function in lipid transport and

catabolism did not differ among the groups. In contrast, the

mRNA levels and protein amounts of lipogenic enzymes,

including acetyl-coenzyme A carboxylase-1, fatty acid

synthase, and glycerol-3-phosphate acyltransferase,

enhanced in the mice with fatty liver. Elevated mRNA and

protein levels of lipoprotein lipase and fatty acid translocase,

which are involved in hepatic lipid uptake, were also

detected in mice with fatty liver. Moreover, both protein and

mRNA levels of sterol regulatory element-binding protein-1

(SREBP-1), a transcription factor regulating lipid synthesis,

had age-specific patterns similar to those of the proteins

described above. Therefore, the age-specific fatty liver found

in the PPARa (+/-):LDLR (+/-) mouse line is probably

caused by age-specific expression of SREBP-1 and its

downstream lipogenic genes, coordinated by the increased

uptake of lipids. All of these factors might be affected by age-

specific changes in serum insulin concentration.

Keywords Lipid biosynthesis � Lipid uptake � Lipid

catabolism � Peroxisome proliferator-activated receptor a �
Low-density lipoprotein receptor � Sterol regulatory

element-binding protein-1 � Insulin
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ACC-1 Acetyl-CoA carboxylase-1
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CT Cycle threshold
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FAS Fatty acid synthase

FAT Fatty acid translocase

FATP Fatty acid transport protein

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

GPAT Glycerol-3-phosphate acyltransferase

HTGL Hepatic triglyceride lipase
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LDLR Low-density lipoprotein receptor
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MCAD Medium chain acyl-CoA dehydrogenase

MTP Microsomal triglyceride transfer protein

PAGE Polyacrylamide gel electrophoresis

PCR Polymerase chain reaction

PPAR Peroxisome proliferator-activated receptor

PT Peroxisomal thiolase

SD Standard deviation

SDS Sodium dodecyl sulfate

SREBP-1 Sterol regulatory element-binding protein-1

T1 Short chain-specific 3-ketoacyl-CoA thiolase

Introduction

Fatty liver disease is divided into two broad categories:

alcoholic fatty liver disease and nonalcoholic fatty liver

disease. The etiologic factors of the two entities are quite

different, but the pathologic changes of the liver are nearly

the same. Simple fatty liver, as the basic process of fatty

liver disease, is the most common cause of abnormal liver

function and can progress to steatohepatitis, cirrhosis, and

even hepatocellular carcinoma through a metabolic path-

way [1]. Fatty liver is also found frequently among persons

infected with hepatitis C virus [2, 3]. Furthermore, nonal-

coholic fatty liver disease is strongly associated with

obesity, visceral fat accumulation, insulin resistance, and

so on [4–8]. It is also recognized as a risk factor of car-

diovascular diseases [9].

Insulin resistance and hyperinsulinemia are known to be

central to the development of fatty liver [10]. Insulin is an

anabolic hormone that promotes the synthesis and storage

of carbohydrates, lipids, and proteins, as well as inhibiting

their degradation and release into the circulation [11]. A

high level of insulin may be one of the factors leading to

the development of fatty liver, although the underlying

mechanisms remain elusive. The insulin-responsive tran-

scription factor participating in hepatic lipid metabolism

has been identified as sterol regulatory element-binding

protein-1 (SREBP-1) [12]. SREBP-1 is one of the SREBPs

that belong to the basic helix-loop-helix-leucine zipper

family of transcription factors; it plays an essential role in

the regulation of lipogenesis [13–15]. Studies have shown

that elevated SREBP-1 levels were associated with fatty

liver in ob/ob mice and transgenic mice [14], whereas the

disruption of SREBP-1 reduced the expression of lipogenic

enzymes as well as the triglyceride content in liver of

Lepob/Lepob mice [15].

It is also known that peroxisome proliferator-activated

receptors (PPARs), the ligand-activated nuclear receptors,

mediate the critical transcriptional regulation of genes

associated with lipid homeostasis [16]. There are three

PPAR isoforms, designated PPARa, PPARb (also called

d), and PPARc, which exhibit distinct tissue distribution

[17]. PPARa is expressed at high levels in the liver, kidney,

and heart [17]. PPARa-null [PPARa (-/-)] mice chroni-

cally fed a high fat diet or fasted for a short-term often

develop severe fatty liver, because of their considerably

diminished hepatic b-oxidation capacity [18]. We have

reported that PPARa regulates mitochondrial fatty acid

catabolism under constitutive conditions in the liver [19],

heart [20], and kidney [21], although many publications

have presented that PPARa mainly regulates peroxisomal

b-oxidation through the experiments by activating its

ligands [22, 23]. Our recent studies using PPARa (-/-)

mice indicated that it also plays a protective role in dif-

ferent pathological conditions such as alcoholic liver

disease [24] and proximal tubular cell injury induced by

acute fatty acid toxicity [25]. In contrast, PPARb is ubiq-

uitously expressed [17]. The role of PPARb in liver is still

controversial, although a recent paper proposed that

PPARb might regulate hepatic expression of genes mod-

ulating glucose homeostasis [26]. PPARc is the well-

known major PPAR form in white adipose tissue, however,

is poorly expressed in liver [17]. Liver-specific PPARc
disruption contributes in protecting mouse liver from the

development of steatosis in leptin-deficient mice [27],

which suggests that PPARc may play an important role in

hepatic triglyceride accumulation.

In addition, low-density lipoprotein receptor (LDLR)

also plays an important role in hepatic lipid uptake [28].

LDLR-null [LDLR (-/-)] mice often develop athero-

sclerosis [29], obesity and severe hyperlipidemia [30] on a

high-fat diet.

We have recently developed a novel mouse line, PPARa
(+/-):LDLR (+/-) mice by mating PPARa (-/-) and

LDLR (-/-) mice [31]. The average body weight

increased around the age of 50 and 75 weeks compared

with that at the age of 25 weeks, and then rapidly dropped

nearly to the level of 25-week-old mice until at the age of

100 weeks. Serum insulin concentrations were also chan-

ged in the age-specific manner (25-week-old mice,

368 ± 119 pg/ml; 50-week-old mice, 1,021 ± 205 pg/ml;

75-week-old mice, 652 ± 198 pg/ml; 100-week-old mice,

356 ± 91 pg/ml), which was coincident with the changes

of body weight [31].

This mouse line represents obesity, visceral fat accu-

mulation, hypertriglyceridemia, severe fatty liver, and

hyperinsulinemia (after 25–30 weeks of age) [31]. There-

fore, the PPARa (+/-):LDLR (+/-) mice may be useful

for the long-term study of these metabolic diseases. To

clarify the molecular mechanism of age-specific fatty liver

in the PPARa (+/-):LDLR (+/-) mice may be important

for the prevention and treatment of liver diseases and

metabolic disorders and their complications in human.

However, the precise mechanism of pathogenesis of these

symptoms remains unclear.
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As such, we aimed to clarify the molecular mechanism of

age-specific lipid accumulation in the PPARa (+/-):LDLR

(+/-) mice.

Materials and Methods

Animals

PPARa (-/-) mice (hybrids of Sv/129 cross C57BL/6N

genetic background) were produced as described previ-

ously [32], and LDLR (-/-) mice (hybrids of Sv/129 cross

C57BL/6J genetic background) were obtained from Jack-

son Laboratories (Bar Harbor, ME, USA). LDLR (-/-)

mice were crossbred with PPARa (-/-) mice to obtain the

PPARa (+/-):LDLR (+/-) mice, as described previously

[31]. All mice were genotyped by polymerase chain reac-

tion (PCR) analysis from tail genomic DNA. Since age-

specific abnormalities were not seen in female PPARa
(+/-):LDLR (+/-) mice, male mice were adopted. All

mice were housed in a specific pathogen-free barrier

facility with a 12/12-h dark–light cycle, and fed a standard

chow and water ad libitum. Male 4-week-old mice

(n = 20) were randomly divided into four groups. The

mice of each group (n = 5) were killed by cervical

dislocation after 6-h food deprivation at the age of 25, 50,

75 and 100 weeks, respectively, according to the symptoms

of the age-specific obesity. Liver tissues were removed and

cut in some pieces, and some were subjected to histological

analysis. The others were quick-frozen on dry ice, and

stored at -80 �C until used. Experimental procedures were

performed in accordance with protocols approved by the

Institutional Animal Care and Research Advisory

Committee.

Histological Analysis

The removed liver tissue of the four experimental groups

(25-, 50-, 75- and 100-week-old mice, n = 5 in each

group) was fixed in 4% paraformaldehyde in phosphate-

buffered saline at 4 �C overnight and equilibrated in

30% sucrose overnight. The tissue was embedded at the

optimal cutting temperature. Ten-micrometer frozen

sections were prepared (three sections were selected

every five sections from the serial section of each mouse

for each experimental group). Then the sections were

incubated with oil red O solution for 10 min, followed

by washing with 60% isopropanol and counter staining

with hematoxylin. Five microscopic fields in the peri-

central area of liver lobuli were randomly selected in

each section and photomicrographed at a magnification

of 2009. The proportion of areas of lipid droplets

stained with oil red O to those of hepatocytes was

assessed by morphometric analysis using MetaView

software (Universal Imaging Corp, Downington, PA,

USA).

Biochemical Analysis

Total lipids were extracted from the liver samples from the

mice in the four experimental groups according to Folch’s

method with minor modifications [33]. Briefly, frozen liver

pieces (50 mg) were homogenized in 2.1 ml of chloro-

form/methanol (2:1, v/v) to extract lipids and incubated at

37 �C for 40 min. After the incubation and removing

insoluble substances, 0.2 ml of water was added to the

extract in order to make two phases. The lower phase was

carefully collected, and 0.83 volume of chloroform/meth-

anol/water (3:48:47, v/v/v) so called ‘‘theoretical upper

phase’’ was added and vigorously mixed to re-extract.

Then the lower phase was carefully collected again and

combined to dry under nitrogen gas. The dried samples

were dissolved into 125 ll of 2-propanol and centrifuged

at 10,0009g for 3 min to remove insoluble substances.

The supernatant was subjected to the determination of

triglycerides and free fatty acids using the Triglyceride

E-WAKO kit (Wako Pure Chemical Industries Ltd.,

Osaka, Japan) and the NEFA C-WAKO kit (Wako Pure

Chemical Industries Ltd.), respectively.

Microsomal triglyceride transfer protein (MTP) activity

was measured with the MTP assay kit (Roar Biomedical,

New York, NY, USA). The MTP source was prepared with

liver homogenate according to the manufacturer’s protocol.

Donor vesicles (10 ll) containing fluorescent neutral lipid

(triglyceride) and acceptor vesicles (10 ll) were incubated

with 20 ll of liver homogenate (containing 15 lg protein)

in the total volume of 400 ll of assay buffer at 37 �C for

4 h. MTP activity was then measured as an increase in

fluorescence intensity at an excitation wavelength of

465 nm and an emission wavelength of 535 nm.

Messenger RNA Determination

Total RNA from frozen liver samples of mice in the four

experimental groups was isolated using the RNeasy mini

kit according to the manufacture’s protocol (Qiagen

GmbH., Hilden, Germany). RNA was treated with DNase

(Qiagen GmbH., Hilden, Germany) to remove residual

contaminating genomic DNA. The amount and quality of

RNA was determined by spectrophotometry. To confirm

the purity of the RNA samples, the total RNA (3 lg) was

subjected to 1% formaldehyde agarose gel-electrophoresis,

and then visualized under UV light. The RNA samples

were transferred to cDNA by SuperScriptTM First-Strand

Synthesis System with the oligo-dT primer (Invitrogen Life

Technologies, Carlsbad, CA, USA). Final concentration of
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each sample was adjusted at 20 ng/ll. We designed gene-

specific primers using Primer Express Software (Applied

Biosystems, Foster City, CA, USA). The sequences and

GenBank accession numbers of the primer sets are listed in

Table 1. Most of the standard plasmid DNAs for real-time

quantitative PCR were constructed by the pT7Blue

T-Vector System and the Wizard Plus SV Minipreps DNA

Purification System (Promega Co., Madison, WI, USA).

The standard plasmid DNAs of acyl-coenzyme A (CoA)

oxidase (ACO), lipoprotein lipase (LPL), and SREBP-1

were constructed with the pGEM-T Easy Vector System I

(Promega Co.). Real-time quantitative PCR was performed

using the SYBR� Premix Ex TaqTM (Applied Biosystems)

on the ABI Prism 7700 Sequence Detection System

(Applied Biosystems). We ran each sample (25 ng of

cDNA) in triplicate final concentration of 0.4 lM of each

primer set. The PCR condition was set to 95 �C for 10 s,

followed by 40 cycles of 95 �C for 5 s and 60 �C for 34 s.

Fold change in target mRNA relative to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was calculated accord-

ing to the method reported by Livak and Schmittgen [34].

After completion of the real-time quantitative PCR, baseline

limits were set according to the manufacturer (i.e., at least

three cycles before the rise of the earliest amplification). The

threshold was set to lie in the middle of the exponential phase

of the amplification plot, so that efficiency values truly reflect

the reaction dynamic at the cycle threshold (CT). Relative

quantification of gene expression was evaluated by utilizing

the comparative CT. The CT value for each mRNA reaction

was subtracted from the respective CT value of the GAPDH as

an internal control, resulting in the DCT value. The DCT value

of the 25-week-old mice group was arbitrarily used as a

constant that was subtracted from all other DCT values to

determine the DDCT value. The fold change was then gener-

ated for each mRNA by calculating 2-DDCT.

Preparation of Whole Liver Lysate and Nuclear

Fraction for Western Blotting

The frozen liver tissue of mice in the four experimental

groups (50 mg) was lysed with 200 ll of 20 mM sodium

phosphate buffer (pH 7.4) containing 250 mM sucrose,

10 mM EDTA, and protease inhibitors, using a high-speed

mixer homogenizer. The homogenate was centrifuged at

8,0009g for 5 min at 4 �C, and the supernatant was used as

whole liver lysate. Meanwhile, nuclear extract was isolated

using a nuclear extraction kit (Sigma, St. Louis, MO, USA)

to analyze transcription factors. Briefly, 100 mg of liver

tissue was added to 1 ml of lysis buffer containing 10 mM

HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM

dithiothreitol, and protease inhibitors. The tissue was

homogenized and centrifuged at 11,0009g for 20 min at

4 �C. The pellet was resuspended in 140 ll of extraction

buffer containing 20 mM HEPES, pH 7.9, 1.5 mM MgCl2,

0.42 M NaCl, 0.2 mM EDTA, 25% glycerol, 1 mM dithi-

othreitol, and protease inhibitors. After centrifugation at

20,0009g for 5 min at 4 �C, the pellet was collected, sus-

pended with 100 ll of 20 mM sodium phosphate buffer (pH

7.4), and used as the nuclear fraction. Whole liver lysate or

nuclear fraction (100 ll each) was added with 100 ll of

Table 1 Sequences and GenBank accession numbers of primers

Genes Acc. no. Forward primer (50–30) Reverse primer (50–30)

ACC-1 XM_193604 GGGCACAGACCGTGGTAGTT CAGGATCAGCTGGGATACTGAGT

ACO NM_015729 TGGTATGGTGTCGTACTTGAATGAC AATTTCTACCAATCTGGCTGCAC

FAS XM_126624 ATCCTGGAACGAGAACACGATCT AGAGACGTGTCACTCCTGGACTT

FAT NM_007643 CCAAATGAAGATGAGCATAGGACAT GTTGACCTGCAGTCGTTTTGC

FATP NM_011977 ACCACCGGGCTTCCTAAGG CTGTAGGAATGGTGGCCAAAG

GAPDH M32599 TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTCTG

GPAT NM_008149 GGCTACGTCCGAGTGGATTTT AACATCATTCGGTCTTGAAGGAA

HTGL NM_008280 ACGGGAAGAACAAGATTGGAAG CGTTCCCTCAAACATAGGGC

LACS NM_007981 TCCTACGGCAGTGATCTGGTG GGTTGCCTGTAGTTCCACTTGTG

LDLR NM_010700 GATGGACCAGGCCCCTAACT GGTGTCAGCCACAGATACGCT

L-FABP NM_017399 GCAGAGCCAGGAGAACTTTGAG TTTGATTTTCTTCCCTTCATGCA

LPL M63335 CGCTCCATTCATCTCTTCATT GGCAGAGCCCTTTCTCAAAGG

MCAD NM_007382 TGCTTTTGATAGAACCAGACCTACAGT CTTGGTGCTCCACTAGCAGCTT

MTP NM_008642 GAGCGGTCTGGATTTACAACG GTAGGTAGTGACAGATGTGGCTTTTG

PPARa NM_011144 CCTCAGGGTACCACTACGGAGT GCCGAATAGTTCGCCGAA

PPARb XM_128500 TCAACATGGAATGTCGGGTG ATACTCGAGCTTCATGCGGATT

PPARc NM_011146 TTCCACTATGGAGTTCATGCTTGT TCCGGCAGTTAAGATCACACCTA

SREBP-1 AB017337 GCCCACAATGCCATTGAGA GCAAGAAGCGGATGTAGTCGAT
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20 mM sodium phosphate buffer (pH 7.4) containing 2%

(w/w) sodium dodecyl sulfate (SDS), sonicated twice, and

subjected to Western blotting.

Western Blotting

The protein concentration of the whole liver lysate and

nuclear fraction was determined using the BCA protein

assay kit (Applied Biosystems). Whole liver lysate or

nuclear fraction (60 lg protein) was loaded in each well,

and subjected to 10% SDS-polyacrylamide gel electro-

phoresis (PAGE), except for acetyl-CoA carboxylase-1

(ACC-1) and fatty acid synthase (FAS) which were sub-

jected to 6% SDS-PAGE. Proteins were then transferred to

a nitrocellulose membrane at 10 V, 2 mA/cm2 for 1.5 h,

except ACC-1 and FAS which were transferred under 10 V,

2 mA/cm2 for 5 h. The membrane was incubated with the

primary antibody followed by the secondary alkaline

phosphatase–conjugated goat anti-rabbit IgG antibody

(Stratech Scientific Ltd., Newmarket, UK) (1:2,000 dilu-

tion). Primary antibodies were used as follows: anti-long

chain acyl-CoA synthase (LACS), anti-medium chain acyl-

CoA dehydrogenase (MCAD), anti-ACO, anti-short chain-

specific 3-ketoacyl-CoA thiolase (T1), anti-peroxisomal

D-type bifunctional protein (DBF), anti-peroxisomal

thiolase (PT), and anti-liver fatty acid-binding protein

(L-FABP) antibodies were prepared as described previously

[19, 35, 36]. The following antibodies were purchased from

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA):

anti-ACC-1 (FL-114), anti-FAS (C-20), anti-LDLR (C-20),

anti-LPL (H-53), anti-fatty acid translocase (FAT) (H-300),

anti-SREBP-1 (H-160), anti-PPARa (H-98), anti-PPARb
(H-74), anti-PPARc (H-100), anti-b-actin (H-196), and anti-

histone H3 (FL-136). Anti-glycerol-3-phosphate acyltrans-

ferase (GPAT) was purchased from ABNOVA (Abnova

Co., Taibei, Taiwan). Dilution was performed 200-fold for

most of the antibodies commercially available, except for

anti-b-actin and anti-histone H3 (250-fold), anti-GPAT

(750-fold). The band intensity was quantified by densito-

metric scanning with the software Image Quant Version 5.2

(Molecular Dynamics, Sunnyvale, CA, USA). The band

intensity for the proteins involved in b-oxidation and

L-FABP was normalized to that of b-actin, and those for the

nuclear proteins were normalized to that of histone H3. The

result was subsequently expressed as the fold changes rel-

ative to that of 25-week-old PPARa (+/-):LDLR (+/-)

mice.

Statistical Analysis

Statistical analysis was performed using SPSS program

(SPSS 10.0, SPSS Science, Chicago, Illinois, USA).

One-way ANOVA with repeated measure of the age factor

was used to analyze group differences. Total freedom

value was shown as F, and freedom values between

groups and within groups are expressed in parentheses. If

a significant interaction was observed, Scheffe’ post hoc

testing was used to determine pairwise differences

between mean. A P value of less than 0.05 was considered

to be statistically significant. Data were expressed as

mean ± standard deviation (SD).

Results

Histological and Biochemical Analysis in Liver

Samples

To examine hepatic morphological conditions in the mice, the

liver sections were stained with oil red O, which specifically

detects neutral lipids such as triglycerides. The area stained

with oil red O increased by 2- to 2.5-fold in 50- and 75-week-

old mice compared with 25-week-old mice, then decreased in

100-week-old mice similar to the level of 25-week-old mice

[F (3, 16) = 17.771, P = 0.000; 25- vs. 50-week-old mice,

P \ 0.01; 50- vs. 100-week-old mice, P \ 0.01; and 75- vs.

100-week-old mice, P \ 0.05, respectively] (Fig. 1a, b). In

addition, the hepatic triglycerides and free fatty acids

increased by approximately threefold until the age of

50 weeks and later decreased with aging, which are consistent

with the previous report [31] [triglycerides: F (3, 16) =

17.773, P = 0.000; 25- vs. 50-week-old mice, P \ 0.01;

50- vs. 100-week-old mice, P \ 0.01; and 75- vs. 100-week-

old mice, P \ 0.01; free fatty acids: F (3, 16) = 8.187,

P = 0.003; 25- vs. 50-week-old mice, P \ 0.01; 50- vs.

100-week-old mice, P \ 0.01] (Fig. 1c, d).

Analysis of Genes Related to the Synthesis of Fatty

Acids and Triglycerides

Figure 2 shows the expression levels of the enzymes

involved in lipid synthesis such as ACC-1, FAS, and GPAT

at the age of 25, 50, 75 and 100 weeks. Both the mRNA and

protein levels of ACC-1 increased by approximately twofold

in 50- and 75-week-old mice compared with 25-week-old

mice, and then decreased in 100-week-old mice to the level

of 25-week-old mice [mRNA levels: F (3, 16) = 17.167,

P = 0.000, 25- vs. 50-week-old mice, P \ 0.01; 50- vs. 100-

week-old mice, P \ 0.01; and 75- vs. 100-week-old mice,

P \ 0.01; protein levels: F (3, 16) = 9.850, P = 0.001, 25-

vs. 50-week-old mice, P \ 0.01; 50- vs. 100-week-old mice,

P \ 0.01; and 75- vs. 100-week-old mice, P \ 0.05]. FAS

exhibited similar age-specific changes in both the mRNA and

protein levels [mRNA: F (3, 16) =16.864, P = 0.000;

protein: F (3, 16) = 10.225, P = 0.001], as well as GPAT

Lipids (2008) 43:301–312 305

123



[mRNA: F (3, 16) = 16.520, P = 0.000; protein: F (3,

16) = 13.052, P = 0.000].

Analysis of Genes Related to the Uptake of Fatty Acids

and Triglycerides

The hepatic levels of the proteins that function in hepatic

lipid uptake are displayed in Fig. 3. The expression of

LDLR decreased in 50-week-old mice compared with

25-week-old mice, and then increased in 100-week-old mice

approximately to the level of 25-week-old mice [mRNA:

F (3, 16) = 5.982, P = 0.010; protein: F (3, 16) = 5.058,

P = 0.017; 50- vs. 25-week-old mice, P \ 0.05]. In con-

trast, the expression of LPL increased in 50- and 75-week-

old mice than that in 100-week-old mice [mRNA: F (3,

16) = 6.717, P = 0.007; protein: F (3, 16) = 8.796,

P = 0.002; 50- vs. 100-week-old mice, P \ 0.05; 75- vs.

100-week-old mice, P \ 0.05]. The expression of FAT

increased by approximately 1.5- to 2-fold in 50- and

75-week-old mice compared with 25-week-old mice, and

then decreased in 100-week-old mice approximately to the

level of 25-week-old mice [mRNA: F (3, 16) = 16.548,

P = 0.000; protein: F (3, 16) = 13.802, P = 0.000; 25- vs.

50-week-old mice, P \ 0.01; 50- vs. 100-week-old mice,

P \ 0.01; and 75- vs. 100-week-old mice, P \ 0.05].

Whereas, the hepatic mRNA levels of fatty acid transport

protein (FATP) and hepatic TG lipase (HTGL) were similar

among all the groups [FATP: F (3, 16) = 0.680, P = 0.581;

HTGL: F (3, 16) = 0.399, P = 0.757].

Analysis of Genes Participating in Fatty Acid

Catabolism and Triglyceride Secretion

Next, we determined both the mRNA and protein levels of

enzymes involved in both mitochondrial and peroxisomal

fatty acid b-oxidation. Figure 4 shows the results for LACS,

MCAD, and ACO, which are representative enzymes of

fatty acid b-oxidation. There were no significant changes in

mRNA expression among the different age groups for all the

enzymes [LACS: F (3, 16) = 1.112, P = 0.382; MCAD: F

Fig. 1 Hepatic oil red O staining

and the amounts of hepatic

triglycerides and free fatty acids

in PPARa (+/-):LDLR (+/-)

mice at the age of 25, 50, 75, and

100 weeks. a Representative

images of oil red O-stained liver

sections. CV denotes central

vein, and each bar indicates

50 lm. b Morphometric analysis

of oil red O-stained liver

sections. Fifteen pericentral

areas of liver lobuli were

photomicrographed in each

mouse, and the areas of lipid

droplets were quantified as

described in ‘‘Materials and

Methods’’. Results are expressed

as mean ± SD (n = 5).

* P \ 0.05, and ** P \ 0.01

between the indicated groups.

The contents of hepatic

triglycerides (c) and free fatty

acids (d). All of the

manipulations were as described

in ‘‘Materials and Methods’’.

Results are expressed as

mean ± SD (n = 5).

* P \ 0.05, and ** P \ 0.01

between the indicated groups
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(3, 16) = 1.033, P = 0.413; ACO: F (3, 16) = 0.660,

P = 0.592] (Fig. 4a). These protein amounts were also

constant among the groups (Fig. 4b, c). Furthermore, no

differences were found in the expression and protein

amounts of other genes such as T1, DBF, and PT, which are

also involved in b-oxidation (data not shown).

We also investigated the expression of L-FABP and MTP,

which are representative proteins participating in intracel-

lular lipid trafficking in hepatocytes and secretion of

triglycerides from hepatocytes, respectively. No differences

of the gene expression and protein amounts of L-FABP were

detected [mRNA: F (3, 16) = 1.984, P = 0.170; protein: F

(3, 16) = 2.157, P = 0.146] (Fig. 5a, b). The gene expres-

sion and activities of MTP were also unchanged among the

groups [mRNA: F (3, 16) = 3.429, P = 0.052; activity: F

(3, 16) = 2.387, P = 0.120] (Fig. 5c, d).

Determination of the Expression of Transcription

Factors

We further evaluated the expression of transcription

factors regulating hepatic lipid homeostasis. As compar-

ison, we also presented the results of 50-week-old

PPARa (+/+):LDLR (-/-) mice, which exhibit no

Fig. 2 Hepatic expression of lipogenic enzymes in PPARa (+/-):LDLR

(+/-) mice at the age of 25, 50, 75, and 100 weeks. a Changes in the

expression of ACC-1, FAS, and GPAT at the presented ages. The

expression was determined by real-time PCR method, normalized to that

of GAPDH, and subsequently expressed as the fold changes relative to

that of 25-week-old PPARa (+/-):LDLR (+/-) mice. Results are

expressed as mean ± SD (n = 5). * P \ 0.05, and ** P \ 0.01

between the indicated groups. b Western blot analysis of ACC-1, FAS,

and GPAT. Whole liver lysate (60 lg of protein) was loaded in each lane.

The band of b-actin was used as a loading control. Results are

representative of three independent experiments. The apparent molecular

weight is indicated on the left. c Quantification of the protein amounts of

ACC-1, FAS, and GPAT. The band intensity was quantified densito-

metrically, normalized to that of b-actin, and subsequently expressed as

the fold changes relative to that of 25-week-old PPARa (+/-):LDLR

(+/-) mice. Results are expressed as mean ± SD (n = 5). * P \ 0.05,

and ** P \ 0.01 between the indicated groups

Fig. 3 Hepatic expression of the genes involved in lipid uptake in

PPARa (+/-):LDLR (+/-) mice at the age of 25, 50, 75 and

100 weeks. a Changes in mRNA levels of LDLR, LPL, FAT, FATP,

and HTGL at the presented ages. The expression was determined by

real-time PCR method, normalized to that of GAPDH, and subse-

quently expressed as the fold changes relative to that of 25-week-old

PPARa (+/-):LDLR (+/-) mice. Results are expressed as mean ±

SD (n = 5). * P \ 0.05, and ** P \ 0.01 between the indicated

groups. b Western blot analysis of LDLR, LPL, and FAT. Whole liver

lysate (60 lg of protein) was loaded in each lane. The band of b-actin

was used as a loading control. Results are representative of three

independent experiments. The apparent molecular weight is indicated

on the left. c Quantification of the protein amounts of LDLR, LPL,

and FAT. The band intensity was quantified densitometrically,

normalized to that of b-actin, and subsequently expressed as the fold

changes relative to that of 25-week-old PPARa (+/-):LDLR (+/-)

mice. Results are expressed as mean ± SD (n = 5). * P \ 0.05, and

** P \ 0.01 between the indicated groups
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hepatic steatosis and obesity [31]. Both the mRNA and

protein levels of PPARa tended to increase until the age

of 75 weeks, but markedly dropped in 100-week-old

PPARa (+/-):LDLR (+/-) mice [mRNA: F (3, 16) =

9.608, P = 0.002; protein: F (3, 16) = 8.747,

P = 0.002; 50- vs. 100-week-old mice, P \ 0.01; 75- vs.

100-week-old mice, P \ 0.01] (Fig. 6). The expression

levels of PPARa in 50- and 75-week-old PPARa (+/-):

LDLR (+/-) mice were higher than expected, but those

in 100-week-old PPARa (+/-):LDLR (+/-) mice were

much lower compared with 50-week-old PPARa (+/+):

LDLR (-/-) mice.

On the other hand, no differences were found at the

mRNA and protein levels of PPARb [mRNA: F

(3, 16) = 1.164, P = 0.327; protein: F (3, 16) = 1.150,

P = 0.331] and PPARc [mRNA: F (3, 16) = 3.472,

P = 0.059; protein: F (3, 16) = 3.350, P = 0.064] (Fig. 6).

The hepatic mRNA and protein levels of SREBP-1

increased by 1.5- to 2-fold in 50- and 75-week-old mice

compared with 25-week-old mice, then decreased in 100-

week-old mice approximately to the level of 25-week-old

mice [mRNA: F (3, 16) = 12.319, P = 0.001; protein: F

(3, 16) = 12.965, P = 0.000; 25- vs. 50-week-old mice,

P \ 0.01; 50- vs. 100-week-old mice, P \ 0.01; and

75- vs. 100-week-old mice, P \ 0.05] (Fig. 6).

Fig. 4 Hepatic expression of fatty acid b-oxidation enzymes in

PPARa (+/-):LDLR (+/-) mice at the age of 25, 50, 75 and

100 weeks. a Changes in mRNA levels of LACS, MCAD, and ACO at

the presented ages. The expression was determined by real-time PCR

method, normalized to that of GAPDH, and subsequently expressed as

the fold changes relative to that of 25-week-old PPARa (+/-):LDLR

(+/-) mice. Results are expressed as mean ± SD (n = 5). b Western

blot analysis of LACS, MCAD, and ACO. Whole liver lysate (60 lg of

protein) was loaded in each lane. The band of b-actin was used as a

loading control. Results are representative of three independent

experiments. The apparent molecular weight is indicated on the left.
c Quantification of the protein amounts of LACS, MCAD, and ACO.

The band intensity was quantified densitometrically, normalized to that

of b-actin, and subsequently expressed as the fold changes relative to

that of 25-week-old PPARa (+/-):LDLR (+/-) mice. Results are

expressed as mean ± SD (n = 5)

Fig. 5 Analysis of L-FABP and MTP in PPARa (+/-):LDLR (+/-)

mice at the age of 25, 50, 75 and 100 weeks. a The mRNA levels of

L-FABP. The levels were determined by real-time PCR method,

normalized to that of GAPDH, and subsequently expressed as the fold

changes relative to that of 25-week-old PPARa (+/-):LDLR (+/-)

mice. Results are expressed as mean ± SD (n = 5). b Western blot

analysis of L-FABP (upper panel) and quantification of the protein

amounts (lower panel). Whole liver lysate (60 lg of protein) was

loaded in each lane. The band intensity was quantified densitomet-

rically, normalized to that of b-actin, and subsequently expressed as

the fold changes relative to that of 25-week-old PPARa (+/-):LDLR

(+/-) mice. Results are expressed as mean ± SD (n = 5). c The

mRNA levels of MTP. The levels were determined by real-time PCR

method, normalized to that of GAPDH, and subsequently expressed

as the fold changes relative to that of 25-week-old PPARa (+/-

):LDLR (+/-) mice. Results are expressed as mean ± SD (n = 5).

d The activity of MTP. All of the procedures were as described in

‘‘Materials and Methods’’. Results are mean ± SD (n = 5)
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Discussion

Fatty liver presents an excessive accumulation of lipids in

hepatocytes. The cause of lipid accumulation in liver may

possibly be due to enhanced de novo lipogenesis, activating

lipid uptake, lowering lipid catabolism, and reducing

lipoprotein secretion rates. Development of studies in this

field has contributed to a better understanding of the cause

of fatty liver in spite of remaining unknown problems [37].

In the present study, we confirmed the finding described

in our previous paper that severe fatty liver was found in

50- and 75-week-old PPARa (+/-):LDLR (+/-) mice [31].

The gene expression and the amounts of proteins partici-

pating in lipogenesis and lipid uptake were increased in 50-

and 75-week-old mice compared with 25- and 100-week-

old mice. Notably, enhanced gene expression and protein

amounts of transcription factor SREBP-1 were also

detected only in the 50- and 75-week-old mice, which

presented severe fatty liver. Several studies using different

animal models demonstrated that the development of fatty

liver was not necessarily associated with the changes in the

molecules involved in lipogenesis and/or lipid uptake

[38–41]. To date, there has not been enough evidence to

conclude that enhanced lipogenesis and/or lipid uptake is

the consequence of hepatic steatosis. Therefore, increased

expression of these genes is considered to be the cause of

the hepatic lipid accumulation in our mouse model.

FAS, ACC-1, and GPAT are key enzymes in de novo

fatty acid and triglyceride synthesis in mammals. SREBP-1

is well-known as the dominant transcription factor regu-

lating gene expression of these lipogenic enzymes in the

liver [13]. FAS [42], ACC-1 [42] and GPAT [43] are also

known to be regulated by SREBP-1. In our study, gene

expression of FAS, ACC-1, GPAT, and SREBP-1 was

changed simultaneously in accordance with the extent of

lipid accumulation (Figs. 1, 2, 6). These results indicate

that severe fatty liver in PPARa (+/-):LDLR (+/-) mice is

associated with increased expression of SREBP-1 and its

downstream lipogenic genes.

Insulin is known to stimulate hepatic lipid synthesis by

selectively up-regulating the expression of SREBP-1

[12, 44–46]. Various studies have indicated that insulin

regulates the expression of SREBP-1 principally at the

transcriptional level in vivo [44, 45] as well as in vitro

[46]. The regulation by insulin is considered to be a result

of activating several SREBP-1 responding motifs in its

promoter region [47]. In our study, both the mRNA and

protein levels of the mature form of SREBP-1 changed in

the age-specific manner (Fig. 6b, e), and the changes were

consistent with those in serum insulin concentration on

the basis of the result from the previous study [31].

Therefore, we propose that insulin probably up-regulates

the age-specific expression of SREBP-1 in PPARa (+/-):

LDLR (+/-) mice. It is conceivable that this up-regula-

tion also occurs at both the transcriptional and post-

translational levels. Of interest, Okamoto et al. [48]

reported that the SREBP-1 expression in brain was

affected by age, the mRNA levels of which increased

between 4 and 80 weeks of age and did not decrease in

aged rats (over 80 weeks of age). Neither hormones nor

metabolic changes affect those of SREBP-1. This differ-

ence in liver and brain indicates that the age-specific

SREBP-1 expression in liver in our PPARa (+/-):LDLR

(+/-) mice is quite unique.

Fig. 6 Hepatic expression of transcription factors in PPARa
(+/-):LDLR (+/-) mice at the age of 25, 50, 75 and 100 weeks. a
Changes in mRNA levels of PPARa, PPARb, PPARc, and SREBP-1.

The expression was determined by real-time PCR method, normalized

to that of GAPDH, and subsequently expressed as the fold changes

relative to that of 25-week-old PPARa (+/-):LDLR (+/-) mice. As

comparison, data obtained from 50-week-old PPARa (+/+):LDLR

(-/-) mice are shown as # 50. Results are expressed as means ± SD

(n = 5). * P \ 0.05, and ** P \ 0.01 between the indicated groups.

b Western blot analysis of PPARs and SREBP-1. Hepatocyte nuclear

fraction (60 lg of protein) was loaded in each lane. The band of

histone H3 was used as a loading control. Results are representative of

three independent experiments. The apparent molecular weight is

indicated on the left. #50, 50-week-old PPARa (+/+):LDLR (-/-)

mice. c Quantification of the nuclear amounts of PPARs and SREBP-

1. The band intensity was quantified densitometrically, normalized to

that of histone H3, and subsequently expressed as the fold changes

relative to that of 25-week-old PPARa (+/-):LDLR (+/-) mice.

Results are expressed as mean ± SD (n = 5). #50, 50-week-old

PPARa (+/+): LDLR (-/-) mice; * P \ 0.05, and ** P \ 0.01

between the indicated groups
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Other important molecules in this study, LPL and FAT

increased in 50- and 75-week-old mice and decreased in

100-week-old mice (Fig. 3). The expression of LPL and

FAT is known to be regulated by PPARa, because ligand-

activating experiments showed induction of the expression

of LPL [49] or FAT [50]. In our study, the mRNA and

protein amounts of PPARa presented age-specific changes

in PPARa (+/-):LDLR (+/-) mice, all of which were

lower than those in PPARa (+/+):LDLR (-/-) mice

(Fig. 6). In our experimental conditions (constitutive con-

ditions), the expression of PPARa is probably much lower

than that of PPARa in the conditions activated by PPARa
ligands. Meanwhile, PPARa target genes such as LACS,

MCAD, ACO, and L-FABP were unchanged among all the

groups [14, 17] (Figs. 4, 5). Therefore, we consider that

other factors except PPARa activation probably contribute

to the age-specific expression of LPL and FAT in the

PPARa (+/-):LDLR (+/-) mice. To date, several pieces of

evidence have supported the stimulatory functions of

insulin on fatty acid uptake, through regulating FAT and

LPL in cardiac myocytes [51], skeletal muscle [52], and

adipose tissue [53], although little is known about the

effect of insulin on the expression of them in liver. Con-

sidering the close association between changes in

expression of FAT and LPL and those in serum insulin

concentration described in the previous paper [31], our

findings suggest that insulin probably plays some roles in

the regulation of lipid uptake in the liver by inducing the

expression of LPL and FAT (Fig. 3).

The mechanism of the age-specific changes in serum

insulin concentration found in PPARa (+/-):LDLR (+/-)

mice is still obscure. Experimental disruption of PPARa
improves insulin resistance in LDLR (-/-) mice [54] and

apolipoprotein E-null mice [55]. In our PPARa (+/-):LDLR

(+/-) mice, higher expression of PPARa than expected

might contribute to the induction of insulin resistance in 50-

and 75-week-old mice, while lower expression of PPARa
after 75 weeks of age might lead to the improvement of

insulin resistance [31]. Furthermore, insufficient gene

expression of LDLR might contribute to the development of

hyperlipidemia, which is also considered an important fac-

tor in the development of fatty liver and insulin resistance.

Decreases in hepatic lipid accumulation in 100-week-

old mice may be caused by spontaneous improvement of

hyperinsulinemia and the resultant down-regulation of

lipogenic enzymes. On the basis of the concept that PPARa
deficiency can ameliorate insulin sensitivity in the insulin-

resistant status [3, 54, 55], it is postulated that these phe-

nomena found in 100-week-old mice might be related to

spontaneous reduction in PPARa expression. However, its

precise mechanism remains unclear. Since several studies

have indicated that aging leads to a decrease in the activity

and the expression of PPARa in rat liver [56, 57], heart

[58] and spleen [59], we speculate that aging seems to be

one of the contributors of PPARa reduction in 100-week-

old PPARa (+/-):LDLR (+/-) mice. Further study is

needed to address this issue.

In conclusion, the development of the fatty liver found

in PPARa (+/-):LDLR (+/-) mice is linked with the

elevated hepatic expression of SREBP-1 and its down-

stream genes involved in lipogenesis, accompanied by

increased lipid uptake. Insulin appeared to play a

predominant role in age-specific hepatic lipid accumulation

in this mouse line. Our observations will be helpful to

increase understanding of hepatic lipid homeostasis

and may contribute to the overall knowledge of the onset

of fatty liver diseases accompanying the metabolic

syndrome.
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Abstract Transgenic Late-onset OBesity (LOB) rats

slowly develop a male-specific, autosomal dominant,

obesity phenotype with a specific increase in peri-renal

white adipose tissue (WAT) depot and preserved insulin

sensitivity (Bains et al. in Endocrinology 145:2666–2679,

2004). To better understand the remarkable phenotype of

these rats, the lipid metabolism was investigated in male

LOB and non-transgenic (NT) littermates. Total plasma

cholesterol (C) levels were normal but total plasma triac-

ylglycerol (TAG) (2.8-fold) and hepatic TAG content

(25%) was elevated in LOB males. Plasma VLDL-C and

VLDL-TAG levels were higher while plasma apoB levels

were 60% lower in LOB males. Increased hepatic TAG

secretion explained the increased VLDL levels in LOB

males. The hepatic gene expression of FAS, SCD-1,

mitochondrial (mt)GPAT, and DGAT2 was up-regulated in

both old obese and young non-obese LOB rats. Lipoprotein

lipase (LPL) activity in heart and epididymal white adipose

tissue (WAT) was unchanged, while LPL activity was

increased in peri-renal WAT (30%) and decreased in soleus

muscle (40%). Moreover, FAS, SCD-1 and DGAT2 gene

expression was increased in peri-renal, but not in epidid-

ymal WAT. Basal lipolysis was reduced or unchanged and

b-adrenergic stimulated lipolysis was reduced in WAT

from both old obese and young non-obese LOB rats. To

summarize, the obese phenotype of LOB male rats is

associated with increased hepatic TAG production and

secretion, a shift in LPL activity from skeletal muscle to

WAT, reduced lipolytic response in WAT depots and a

specific increase in expression of genes responsible for

fatty acid and TAG synthesis in the peri-renal depot.

Keywords Lipoproteins � Apolipoprotein B �
Lipoprotein lipase � SCD-1 � FAS � DGAT1 � DGAT2 �
Mitochondrial GPAT � Adiponectin � Lipoprotein lipase �
Lipolysis

Introduction

Obesity is associated with insulin resistance and ectopic

TAG storage in skeletal muscle and liver [1–4]. An

increased free fatty acid (FFA) release from adipocytes and

changed adipocytokine production in adipose tissue is

probably of major importance for the development of

ectopic lipid storage and insulin resistance [1, 3–5]. The

dyslipidemia associated with insulin resistance is charac-

terised by high plasma levels of TAG and apolipoprotein

(apo) B, and low levels of HDL-cholesterol (C) in humans
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[3, 6]. In insulin-resistant rodent models, such as ob/ob

mice and Zucker rats, plasma levels of TAG, apoB and

total C are increased, while HDL-C levels are largely

unchanged [7–9].

The LOB rat (Late-onset OBesity) model, first descri-

bed by Bains et al. [10], develops a male-specific, late-

onset, central obesity despite a normal intake of low fat

diet. These rats were originally generated to study the

regulation of the vasopressin/oxytocin (VP/OT) locus

targeting human GH to the posterior pituitary [11].

However, as previously reported [1] one of the lines

differed from the other lines since it slowly developed an

obesity phenotype with unusual characteristics. The most

pronounced change in the LOB rats was an approximately

threefold increase in the peri-renal fat depots in LOB

males compared to NT littermates. This increase was

almost entirely attributed to an increase in adipocyte

number [10]. Remarkably, despite severe central obesity,

transgenic rats were able to retain a normal glucose

metabolism with a heightened insulin sensitivity com-

pared to non-transgenic (NT) littermates. It is likely that

the preserved adipocyte size in the context of obesity and

the increased plasma adiponectin levels [5] observed in

the LOB rats [10] to a large extent contributed to the

normal glucose metabolism in this obese phenotype.

Obesity associated with normal adipocyte size and

preserved insulin sensitivity is a unique feature compared

to other existing rodent models of obesity with insulin

resistance. This phenotype therefore clearly differentiates

the LOB rats from obese insulin resistant rodents like the

obese (ob/ob) mouse [4, 12] and the Zucker (fa/fa) rat [13].

The underlying genetic cause of the phenotype seen in

LOB rats has yet to be determined. Here we sought to

analyse the changes in lipid and lipoprotein metabolism in

both old obese and young non-obese LOB rats in an

attempt to identify potential mechanisms that favor central

fat deposition in these rats.

Materials and Methods

Animals

Experiments were performed following Institutional and

National guidelines. All rats were bred and housed under

controlled conditions (22 �C, 12 h light, 12 h dark cycle),

with access to food and water ad libitum. The diet was

standard rat chow (3.4% fat, 18.8% protein, 3.7% fibre,

3.8% ash, 60.3% carbohydrate, 15.6 MJ/kg (Special Diet

Services, Witham, UK). The male rats were 10–12 months

of age at sacrifice if not otherwise stated. At this age the

LOB rats are severely obese and weighed *30% more

than their controls as previously described [10]. For all

studies, control animals referred to as NT are non-trans-

genic littermates from the same strain colonies.

Plasma Analyses

TAG and total cholesterol concentrations (choles-

terol + cholesteryl esters) were determined by enzymatic

colorimetric assays (MPR2: TG/GPO-PAP and Chl/CHOD-

PAP, Boehringer Mannheim, Germany). The intra-assay

coefficient of variation (CV) was 3% for the TAG assay and

4% for the cholesterol assay. Plasma apolipoprotein B (apo

B) and apolipoprotein E (apo E) concentrations were

determined by an electroimmunoassay (EIA) as previously

described [14, 15]. The intra- and inter-assay CV for the apo

B assay was 5.3 and 8.6% respectively. Plasma glucose

concentrations were measured by the MPR3 Glucose/GOD-

PAP method (Boehringer Mannheim). Serum FFA con-

centrations were measured with a NEFA kit (Wako

Chemicals, Neuss, Germany).

Lipoprotein profiles were obtained by gel filtration using

fast protein liquid chromatography (FPLC) equipment

(Pharmacia Upjohn, Uppsala, Sweden) as previously

described [16]. TAG and total cholesterol concentrations

were determined with enzymatic colorimetric assays as

described above. VLDL (d \ 1.006 g/ml), IDL/LDL (d

1.006–1.063 g/ml) and HDL (d 1.063–1.21 g/ml) are

indicated based on the elution profile of density fractions

after sequential ultracentrifugation.

ApoB in the FPLC fractions was determined by western

blotting as previously described [17] using enhanced

chemiluminescence (ECL) protocol (Amersham Pharmacia

Biotech, Buckinghamshire, UK).

In Vivo Hepatic Triacylglycerol Secretion and

Clearance

TAG secretion rate in vivo was measured by intravenous

administration of Triton WR1339 [16, 18]. Plasma TAG

levels were analysed as described above, and hepatic TAG

secretion rate was calculated from the slope of the curve

and expressed as micromoles per hour per gram liver. The

plasma TAG clearance rate was calculated as the ratio

between hepatic TAG secretion rate and the basal plasma

TAG levels before Triton WR1339 administration (lmol/

min:lmol/ml).

Total Amount of Lipids in the Liver

Frozen liver was homogenized in ice-cold double distilled

water (6 ml/g tissue). Total lipid content was then extrac-

ted from the homogenate according to Bligh and Dyer [19].

After evaporation of the chloroform phase under a stream

of N2 the extracted lipids were dissolved in isopropanol.
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TAG and total cholesterol concentrations were determined

as described above.

Lipoprotein Lipase Activity

Lipoprotein lipase activity in heart, skeletal muscle and

white adipose tissue (WAT) depots was determined

according to the method of Peterson et al. [20]. The sub-

strate emulsion used was Intralipid�, labelled with [3H]-

triolein (Dr Krabisch, Lund University, Lund, Sweden).

Samples were incubated in triplicates at 25 �C. Liberated

fatty acids were extracted [21] and quantified in a liquid

scintillation counter. Activity was expressed as mU/g tissue

(1 mU = 1 nmol FFA released per minute).

b-Adrenergic Stimulated Lipolysis

Isolated fat cells were obtained using a method similar to

that previously described by Rodbell [22] with the modi-

fications made by Gause et al. [23]. For each incubation,

100 ll of the 50/50 cell-suspension was added to plastic

vials containing 2 ml incubation medium, supplemented

with 4% BSA (fraction V, Sigma Chem.), in the absence

(basal lipolysis) or presence of 10-5 M isoproterenol

(Isoproterenol, Noradrenaline, Sigma Chem.). In parallel,

100 ll 50/50 cell-suspension was added to Dole’s solution,

for subsequent extraction of lipids [24]. After incubation

for 2 h at 37 �C, cells and medium were separated by

centrifugation (2,400 rpm, 3 min) through silicon oil

(Kebo Lab, Spånga, Sweden). The glycerol content in the

medium was determined using an enzymatic colorimetric

assay (GY105, Randox, Randox Laboratories, United

Kingdom) and taken as an index of lipolysis. The rate of

lipolysis was expressed as nmol glycerol released per mg

TAG.

cDNA Synthesis and Quantitative Real-Time PCR

Total RNA was isolated with TRIZOL� Reagent (Invitro-

gen). To remove contaminating DNA, total RNA was

treated with DNA-freeTM (Ambion, Austin, TX, USA).

First-strand cDNA was synthesized with SuperScriptTM

First-Strand Synthesis System (Invitrogen). Quantitative

real time PCR analyses were performed with Applied Bio-

systems 7500 Real-Time PCR System (96 wells). All

samples were analysed in triplicates. The expression data

were normalized against the endogenous control acid ribo-

somal phosphoprotein P0 (36B4). The expression of 36B4

was not influenced by the introduced transgene. The relative

expression levels were calculated according to the formula

2-DCt, where DCt is the difference in threshold cycles (Ct)

values between the target gene and the 36B4 endogenous

control. Each gene, except for PPARc2 (see below), was

analysed using FAMTM labelled probes obtained from

TaqMan� Gene Expression Assays (Applied Biosystems):

FAS (fatty acid synthase, Rn00569117_m1), SCD-1 (stea-

royl-CoA desaturase-1, Rn00594894_g1), DGAT1 (acyl-

CoA:diacylglycerol O-acyltransferase 1, Rn00584870_m1),

DGAT2 (acyl-CoA:diacylglycerol O-acyltransferase 2,

Rn01506781_m1), mtGPAT (mitochondrial glycerol-3-

phosphate acyltransferase, Rn00568620_m1), Adiponectin

(adipocyte complement related protein of 30 kDa,

Rn00595250_m1) and FABP4 (fatty acid binding protein 4,

Rn00670361_m1). For PPARc2 (peroxisome proliferator

activated receptor c2), specific primers (forward: 50-TT

TTATGCTGTTATGGGTGAAACTCT-30, reverse: 50-AG

TGCTCATAGGCAGTGCATCA-30) was used to amplify a

86 bp long fragment of rat PPARc2 cDNA (Acc No.

NM_013124).

Statistical Analysis

Values are expressed as means ± SEM. Comparisons

between groups were made by one-way Analysis of Vari-

ance (ANOVA) followed by Bonferroni test for pairwise

differences in multiple groups or using Student’s t-test.

When appropriate, values were normalized by transfor-

mation to logarithms. A difference of P \ 0.05 was

considered significant: NS = non-significant.

Results

Plasma Lipids and Lipoprotein Profiles

As has been shown previously [10], total plasma choles-

terol (C) levels were normal (Fig. 1a) but total plasma

TAG levels were elevated *2.8-fold in 10- to 12-month-

old LOB males (Fig. 1b). Size-exclusion chromatography

analysis showed a marked increase in both VLDL-C and

TAG levels (Fig. 2a, b) while LDL-C and HDL-C levels

were slightly lower in LOB rats. This analysis was per-

formed on three separate occasions with each analysis

giving similar results. Surprisingly, in spite of the elevated

levels of VLDL, apo B levels were *60% lower in LOB

males compared to NT males (Fig. 2c). No significant

changes were detected in plasma levels of apo E (NT

100.0 ± 6.4 vs. LOB 105.8 ± 6.7 expressed as percent of

NT, n = 10) or free fatty acid (FFA) levels (NT

0.31 ± 0.04 vs. LOB 0.38 ± 0.08 mM, n = 6).

Hepatic Triacylglycerol Secretion Rate

It was subsequently investigated whether the increase in

plasma VLDL levels was due to an increased hepatic TAG

secretion. Hepatic TAG secretion in vivo was measured by
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administering Triton WR1339 via the tail vein. LOB rats

showed a significant increase in hepatic TAG secretion

compared with NT male rats (Fig. 3a, b). To estimate the

peripheral tissues ability to remove TAG from the circu-

lation, the plasma TAG clearance rate was calculated. LOB

males had significantly higher plasma TAG clearance rate

when compared to NT rats (Fig. 3c).

Lipid Content in the Liver

To investigate whether hepatic lipid content changed in

parallel with hepatic TAG secretion, hepatic TAG and C

content were measured (Table 1). Hepatic TAG content

was significantly higher in LOB rats compared to non-

transgenic rats. However, there was no significant differ-

ence in hepatic total cholesterol content.

Fig. 1 Plasma total cholesterol and TAG levels. Total cholesterol (a)

and TAG (b) concentrations were determined in LOB rats (LOB) and

non-transgenic littermates (NT) by enzymatic colorimetric assays as

described in ‘‘Materials and Methods’’. The animals were sacrificed

between 0900 and 1100 hours without prior fasting. Results are

presented as means ± SEM, n = 6. *P \ 0.05 LOB versus NT rat

(unpaired Student’s t-test) Fig. 2 Size distribution of serum lipoproteins and serum levels of

apoB. Size distribution of serum lipoproteins in LOB rats (LOB) and

non-transgenic littermates (NT) rats is shown for total cholesterol (a)

and TAG (b) concentrations. The density classes of lipoproteins

obtained by sequential ultracentrifugation, VLDL (d \ 1.006 g/ml),

IDL/LDL (d 1.006–1.063 g/ml) and HDL (d 1.063–1.21 g/ml) are

indicated. Data was obtained from pooled serum from six rats in each

group. Similar results were obtained in three separate experiments.

Below the lipoprotein profiles are Western blot data showing apoB in

the fractions; assayed as described in ‘‘Materials and Methods’’.

Briefly, in each lane adjacent FPLC fractions were pooled in pairs

(9 ll each). Serum apo B concentrations (c) were determined by an

electroimmunoassay as described in ‘‘Materials and Methods’’.

Results are presented as means ± SEM, n = 5. The animals were

killed between 0900 and 1100 hours without prior fasting. *P \ 0.05

LOB versus NT rats (unpaired Student’s t-test)
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Hepatic Gene Expression

The marked increase in hepatic TAG secretion and the

parallel increase in hepatic TAG content lead us to inves-

tigate the gene expression of five different hepatic enzymes

involved in de novo lipogenesis or TAG synthesis.

Figure 4 shows that the mRNA expression of FAS, SCD1,

mtGPAT and DGAT2 was up-regulated in both old

(10–12 months) and young (1.5–2 months) LOB rats

compared to NT rats. However, the expression of DGAT1

was significantly higher only in old LOB rats.

Lipoprotein Lipase Activity

The importance of lipoprotein lipase (LPL) for the turn-

over of TAG-rich lipoproteins is well documented [25].

The activity of lipoprotein lipase (LPL) is an important first

step in plasma TAG clearance and FFA delivery to adipose

and muscle tissues. Lipoprotein lipase activity was there-

fore measured in heart, soleus muscle and the peri-renal

and epididymal white adipose tissue (WAT) depots. There

were no significant differences in heart or epididymal

WAT LPL activity between LOB rats and NT rats (Fig. 5a,

c). However, LPL activity was higher in peri-renal WAT

(*30%) and lower in soleus muscle (*40%) in LOB rats

(Fig. 5b, d). This shift in LPL activity ratio between adi-

pose and muscle tissues would favour an increased TAG

deposition into the peri-renal adipose depot that would

contribute to the increased central obesity observed in LOB

rats [10].

Adipose Tissue Gene Expression

Fatty acids liberated by LPL are re-esterified in adipocytes

to TAG. An alternative source of fatty acids for TAG

synthesis is de novo lipogenesis. Gene expression of some

enzymes important for lipogenesis and TAG synthesis were

therefore determined in epididymal and peri-renal WAT.

As shown in Fig. 6, the gene expression of SCD-1 and

DGAT1 was not different between LOB rats and their

controls in epididymal WAT. Unexpectedly, FAS and

DGAT2 mRNA levels were lower in LOB rats in this WAT

depot. In contrast to the findings in epididymal WAT, the

expression of all these genes except DGAT1, was signifi-

cantly higher in peri-renal WAT of LOB rats than in lean

littermates (Fig. 6). These results indicate a marked dif-

ference in regulation of genes involved in fatty acid and

TAG synthesis between the WAT depots.

Fig. 3 Hepatic TAG secretion and plasma TAG clearance rate in

vivo. TAG secretion rate in vivo from LOB rats (LOB) and non-

transgenic littermates (NT) rats was measured after i.v. administration

of Triton WR1339 (500 mg/kg). Serum TAG were determined before

(0 min) and 60, 120, 180 and 240 min after Triton administration (a).

TAG secretion rate was calculated from the slope of the curves (b).

TAG clearance rate (ml/min) was calculated as the ratio between

hepatic TAG secretion rate and the basal plasma TAG levels before

Triton WR1339 administration (lmol TAG/min:lmol/ml) (c). Results

are presented as means ± SEM, n = 7. *P \ 0.05 LOB versus NT

rats (unpaired Student’s t-test)

c
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Our previous study [10] has shown that LOB rats are

more sensitive to a PPARc agonist, and moreover, treat-

ment with PPARc agonists have shown to reduce adipocyte

size [13] and increase adiponectin mRNA levels in adi-

pocytes [26]. Hence, mRNA expression of PPARc2 was

also measured in epididymal and peri-renal WAT from

LOB and NT rats. There was a trend towards higher

expression of PPARc2 in both epididymal and peri-renal

WAT from LOB as compared to NT littermates (epididy-

mal WAT (2-DCt): LOB, 0.033 ± 0.009, NT, 0.022 ±

0.016, n = 5–6, peri-renal WAT (2-DCt): LOB, 0.095 ±

0.023, NT, 0.069 ± 0.030, n = 4–5). In our previous

study, it was shown that LOB males had markedly higher

plasma levels of adiponectin [10]. To determine if the

increased plasma levels of adiponectin were associated

with changed gene expression, adiponectin mRNA was

measured in both WAT depots. Interestingly, adiponectin

mRNA levels were not significantly different between LOB

males and littermate NT controls (epididymal WAT

(2-DCt): LOB, 3.42 ± 0.19, NT, 3.22 ± 0.04, n = 4–5,

peri-renal WAT (2-DCt): LOB, 2.57 ± 0.10, NT,

2.46 ± 0.12, n = 4).

Another unique model of obesity associated with pre-

served insulin sensitivity is the FABP4 (aP2) null mouse

[27] on a ob/ob background [28]. We therefore measured

FABP4 mRNA expression in WAT depots. There was no

significant difference in FABP4 mRNA levels between

LOB males and littermate controls (epididymal WAT

(2-DCt): LOB, 1.77 ± 0.08, NT, 1.48 ± 0.08, n = 4, peri-

renal WAT (2-DCt): LOB, 2.30 ± 0.20, NT, 1.83 ± 0.16,

n = 4).

b-Adrenergic Stimulated Lipolysis

We next investigated the lipolytic response in peri-renal and

epididymal WAT using glycerol release from isolated adi-

pocytes as an index of lipolysis during non-stimulated

conditions (basal lipolysis) and during b-adrenergic stimu-

lation. b-adrenergic stimulated lipolysis was lower in both

peri-renal and epididymal WAT from LOB rats compared

to non-transgenic rats (Fig. 7a, b). Basal lipolysis was sig-

nificantly lower in epididymal WAT, but unchanged in peri-

renal WAT, from LOB versus NT rats (Fig. 7b). Lipolysis

was also investigated in 2-month-old non-obese LOB rats.

The basal lipolysis in epididymal and peri-renal WAT was

similar in young NT and LOB rats (data not shown). The

isoproterenol (10-5 M) stimulated lipolysis in epididymal

WAT was 33.3 ± 0.8 and 18.0 ± 0.7 lM/mg TAG

(mean ± SD, n = 2) in young NT and LOB rats, respec-

tively. The isoproterenol (10-5 M) stimulated lipolysis in

peri-renal WAT was 33.3 ± 1.6 and 16.5 ± 0.7 lM/mg

TAG (mean ± SD, n = 2) in young NT and LOB rats,

respectively. The similar findings in the young non-obese

LOB rats and old obese LOB rats indicate that the obesity

did not cause the decreased lipolysis of LOB rats.

Discussion

In contrast to most other obese rodent models [4, 13, 29,

30], the LOB rats have unchanged plasma levels of insulin

and glucose as well as normal or improved insulin sensi-

tivity and glucose tolerance [10]. Possible clues to the well

preserved glucose homeostasis in the context of marked

obesity were the previous findings of high plasma levels of

adiponectin and unchanged adipocyte size [10]. The obese

phenotype was not explained by GH deficiency, since GH

treatment of LOB rats, increased body weight gain and the

size of the peri-renal fat depot [10]. In addition, other GH

deficient lines did not show this obese phenotype [1].

Moreover, LOB rats did not show increased food intake or

decreased body temperature [10]. The genetic basis of this

phenotype is currently under investigation and is unclear. It

may result from a combinational effect of transgene

insertion and transgene expression, since the phenotype

only manifests in a single line. The intriguing obesity of

these rats prompted us to further investigate lipid and

lipoprotein metabolism in more detail to gain further

understanding of the phenotype of LOB rats. We report

here that the specific growth of the peri-renal WAT depot

was associated with a unique regulation of LPL activity

and genes involved in fatty acid and TAG synthesis in that

depot.

An increased hepatic TAG secretion and not a decreased

turnover of circulating TAG resulted in increased plasma

VLDL-TAG levels. Interestingly, increased hepatic TAG

secretion is also observed in ob/ob mice and Zucker rats [7,

9, 29]. In contrast to the obese Zucker rat [29], the LOB

rats showed enhanced calculated TAG clearance indicating

a fundamental difference in TAG metabolism. Opposite to

the findings in LOB rats, insulin resistant rodent models

also have increased total plasma cholesterol [7, 9] and apo

B levels [8]. The increase in hepatic TAG content was

Table 1 Lipid content in liver

Groups Liver triacylglycerol

(lmol/g liver)

Liver total cholesterol

(lmol/g liver)

NT 7.8 ± 0.2 4.6 ± 0.1

LOB 9.1 ± 0.2* 4.9 ± 0.2

The content of triacylglycerol and total cholesterol in liver of LOB

and non-transgenic littermate controls (NT) rats was determined as

described in ‘‘Materials and Methods’’. Animals were sacrificed at

12 months of age. Results are presented as means ± SEM, n = 5–6.

* P \ 0.05 LOB versus NT rat (unpaired Student’s t-test)
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much less pronounced in the LOB rats than observed in ob/

ob mice [9] and Zucker rats [7]. We conclude that de novo

lipogenesis in the liver was likely enhanced in LOB rats

since the lipolysis in WAT was reduced in the context of

increased hepatic TAG content and secretion. Expression

of the lipogenic genes, like FAS and SCD-1 was increased

Fig. 4 Hepatic mRNA

expression. Hepatic mRNA

expression of FAS (a), SCD-1

(b), DGAT1 (c), DGAT2 (d)

and mtGPAT (e) in young non-

obese (1.5–2 months) and old-

obese (10–12 months) LOB rats

compared with non-transgenic

littermates (NT). The animals

were sacrificed between 0900

and 1100 hours without prior

fasting. The mRNA levels were

measured with Applied

Biosystems 7500 Real-Time

PCR System (96 wells). All

samples were analysed in

triplicates and expression data

normalized against the

endogenous control 36B4.

Results are presented as

means ± SEM, n = 5–7.

*P \ 0.05 LOB versus NT rats

(unpaired Student’s t-test)
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in both young and old LOB males. Mitochondrial

(mt)GPAT and DGAT2 mRNA, genes important in TAG

synthesis were also up-regulated. Increased hepatic

expression of mtGPAT results in increased hepatic TAG

secretion and mild hypertriglyceridemia [31]. Over-

expression of DGAT2 in the liver results in liver steatosis

without changed hepatic TAG secretion [32]. The exact

role of DGAT2 in VLDL assembly is not clear, since

silencing DGAT2 in fat fed mice decreases both hepatic

steatosis and TAG secretion [33]. On the other hand,

hepatic over-expression of DGAT1 is specifically related to

increased hepatic TAG secretion and also results in

increased adipose tissue mass [32]. Therefore, the higher

DGAT1 expression in old LOB rats probably contributes to

the increased hepatic TAG secretion.

Interestingly, the increase in VLDL in LOB rats was

accompanied by a *60% reduction in apoB. The mecha-

nisms behind the low plasma apoB levels remain to be

explored. However, hepatic insulin resistance and hyper-

insulinemia is accompanied with increased hepatic

secretion of apoB [6] and insulin prevents apoB secretion

[34]. Therefore, the preserved insulin sensitivity of LOB

rats [10] might contribute to low plasma apoB levels.

LPL activity was increased specifically in the peri-renal

WAT. With the lower LPL activity in skeletal muscle of

LOB rats, these changes contribute to a shift in fatty acid

flux towards the peri-renal depot [25]. A similar shift in

LPL activity from muscle to adipose tissue has been

described for the insulin-resistant obese Zucker rat [35,

36], indicating that this shift in LPL activity might be a

general phenomena of obesity. Thus, the changed balance

in LPL activity towards the peri-renal WAT would result in

an increased availability of TAG-derived fatty acids in that

tissue.

The increased LPL activity would not lead to increased

TAG synthesis in the peri-renal WAT depot if balanced by

decreased capacity for TAG synthesis. The increased

expression of mtGPAT and DGAT2 in peri-renal WAT of

LOB rats indicated increased capacity for TAG synthesis.

The expression of DGAT2 is higher than DGAT1 in adi-

pose as indicated in this study and by others [37]. Ob/ob

mice, high fat fed mice and IRS2-/-mice showed increased

DGAT2 and decreased DGAT1 expression in WAT [38].

In contrast, LOB rats showed unchanged DGAT1 expres-

sion. The mechanisms behind the changed expression of

DGAT1 and DGAT2 in LOB rats remain unclear.

Interestingly, hepatic lipogenesis is increased, but

expression of lipogenic genes are unchanged in WAT in

overt human obesity [39]. Therefore, it was of interest that

FAS and SCD-1 expression was up-regulated in LOB peri-

renal fat but not in epididymal fat. Increased SCD-1

expression may be of importance in obesity since SCD-1

knock-out in ob/ob mice resulted in a dramatic decrease in

their body weight [40]. The increased SCD-1 expression in

Fig. 5 Lipoprotein lipase

activity. Lipoprotein lipase

(LPL) activity in heart (a),

soleus muscle (b), epididymal

white adipose tissue (WAT) (c)

and peri-renal WAT (d) from

12-month-old LOB rats and

non-transgenic littermates (NT).

Animals were sacrificed

between 0900 and 1200 hours.

Lipoprotein lipase activity was

analysed as described in

‘‘Materials and Methods’’.

Results are presented as

means ± SEM, n = 6.

*P \ 0.05 LOB versus NT rats

(unpaired Student’s t-test)
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liver and peri-renal WAT in LOB males may thus con-

tribute to their specific increase in peri-renal WAT.

In the LOB rat, b-adrenergic stimulated lipolysis was

lower in peri-renal and epididymal WAT compared with

NT rats. Non-stimulated or basal lipolysis was signifi-

cantly lower in the epididymal depot and tended to be

lower also in peri-renal WAT. Since the peri-renal depot

is preferentially enlarged in LOB rats, differences in

lipolysis cannot fully explain the growth of that WAT.

Interestingly, corresponding results were obtained with

young males before their obese phenotype is evident. This

finding suggests that both peri-renal and epididymal WAT

depots in young non-obese LOB male rats are predisposed

to a reduced lipolytic response. Recently, it was reported

that isolated adipocytes derived from the subcutaneous

depot of obese subjects were larger and showed un-

changed catecholamine-induced lipolysis but markedly

enhanced basal lipolysis [41]. Insulin resistant ob/ob mice

and Zucker rats also display increased adipocyte size and

increased basal lipolysis per cell [13, 42, 43]. Therefore,

the lower basal lipolysis observed in LOB rats is in sharp

contrast to the findings in obese humans and obese insulin

resistant rodents [10] and again could contribute to a

preserved insulin sensitivity [1].

Fig. 6 Adipose tissue mRNA

expression. Epididymal and

peri-renal white adipose tissue

(WAT) mRNA expression of

FAS (a), SCD-1 (b), DGAT1

(c), DGAT2 (d) in 10- to 12-

month LOB rats compared with

non-transgenic littermates (NT).

The animals were sacrificed

between 0900 and 1100 hours

without prior fasting. The

mRNA levels were measured

with Applied Biosystems 7500

Real-Time PCR System (96

wells). All samples were

analysed in triplicates and

expression data normalized

against the endogenous control

36B4. Results are presented as

means ± SEM, n = 4–6.

*P \ 0.05 LOB versus NT rats

(unpaired Student’s t-test)
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Another important factor for insulin sensitivity is the

adipocyte-derived hormone adiponectin [5]. Obese humans

and obese insulin resistant rodent models show decreased

adipose expression of adiponectin mRNA and plasma

adiponectin levels [30, 44, 45]. In contrast, LOB rats have

elevated plasma adiponectin levels [10]. We report here

that adiponectin mRNA expression is unchanged suggest-

ing the increased plasma levels of adiponectin in LOB rats

is primarily due to expanded visceral WAT mass. Recently,

ob/ob mice over-expressing adiponectin were shown to

become even more obese but with improved insulin

sensitivity [46]. Similar to LOB rats, the adiponectin

transgenic ob/ob mice showed smaller adipocytes and

increased DGAT1 expression and LPL activity in WAT

[46]. Thus, the LOB rat resembles this adiponectin trans-

genic ob/ob mouse.

In summary, LOB male rats show increased hepatic

TAG production, a shift in LPL activity from skeletal

muscle to WAT, reduced TAG lipolysis in WAT depots

and a specific increase in genes responsible for fatty acid

and TAG synthesis in the peri-renal depot.

Several findings in the old obese LOB rat were also

observed in the young lean animals, including reduced

lipolysis and altered expression of genes involved in lipo-

genesis and TAG synthesis, indicating that the obesity per

se was not the cause of these hepatic and adipose tissue-

specific changes in lipid metabolism in the LOB rat.

In view of the most surprising feature of the LOB

phenotype, that obese LOB male rats exhibit enhanced

insulin sensitivity [10], it seems likely that the quality of

the adipose tissue is most important for the metabolic

consequences of obesity. Thus, enhanced capacity of TAG

production, decreased or unchanged basal lipolysis and

preserved adiponectin expression of adipocytes would be

part of a response that hinders fatty acids from ectopic

storage and the subsequent development of insulin

resistance.
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Abstract Eicosapentaenoic acid (EPA) (1.8 g/day) was

administered to 12 chronic hepatitis C patients receiving

combination therapy of pegylated interferon (PEG-IFN)

a-2b and ribavirin for 48 weeks (EPA group). Twelve

patients were not administered EPA (control group). All

patients also received vitamin E and C (300, 600 mg/day,

respectively) during the therapy. Serum alanine amino-

transferase improved to a normal level in 8 of 12 patients

from the EPA group and 6 of 12 patients from the control

group after 12 weeks. Lymphocyte counts decreased sig-

nificantly after 8 weeks in the control group, but not the

EPA group. T-helper (Th) 1 decreased after 4 weeks in the

control group, but not in the EPA group (two-way ANOVA;

P \ 0.05). Th1/Th2 ratios were elevated in 9 of 12 patients

in the EPA group, and 3 out of 12 in the control group

(P \ 0.05) after 8 weeks. After 12 weeks, the arachidonic

acid/EPA molar ratio of erythrocyte membrane phospho-

lipid correlated negatively with the leukocyte count

(n = 24, r = -0.439, P \ 0.05) and the neutrophil count

(n = 24, r = -0.671, P \ 0.02). The hemoglobin level

improved after 48 weeks compared with 24 weeks in only

the EPA group. These findings suggest that EPA supple-

mentation may be useful in therapy for chronic hepatitis C.

Keywords Eicosapentaenoic acid �
Chronic hepatitis C patients � Pegylated interferon a-2b �
Erythrocyte membrane � Leukocyte

Introduction

Hepatitis C virus (HCV) infection is one of the main causes

of chronic liver disease and the most common cause of

hepatocellular carcinoma [1, 2]. Increased oxidative stress

caused by mitochondrial injury [3], hepatocellular iron

accumulation [4], and the direct effect of the HCV core

protein [5], in addition to reactive oxygen species produc-

tion related to the immune response [6], are reported in

HCV-infected patients, and enhanced oxidative stress has

been shown to be involved in the progression to hepatic

fibrosis and hepatocellular carcinoma [7–10]. In a previous

study, we observed decreased polyunsaturated fatty acids

(PUFA) in phospholipids of mononuclear cells and plasma

a-tocopherol, and increased thiobarbituric acid reactive

substances (TBARS) in HCV-infected patients, and sug-

gested that these findings may accompany enhanced

oxidative stress [11]. Improvement in fatty acid composi-

tion and the serum alanine aminotransferase (ALT) level

was observed in HCV-infected patients who were
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administered vitamin E [12], and a significant decrease in

eicosapentaenoic acid (EPA) in phospholipids of mono-

nuclear cells during combination therapy of interferon (IFN)

a-2b and ribavirin and a significant correlation between the

arachidonic acid (ARA)/EPA molar ratio and the serum

ALT level were seen in chronic hepatitis C patients [13].

A major therapeutic goal in HCV-infected patients is to

achieve early eradication of the virus, and combination

therapy using pegylated (PEG)-IFN a-2b and ribavirin

induces a higher sustained virological response than

interferon monotherapy [14, 15]. However, hematological

abnormalities, mainly hemolytic anemia resulting from the

oxidative damage to membranes, are a known side effect of

combination therapy [15, 16].

The deformability and vulnerability of erythrocyte

membranes to oxidative stress is affected by the fatty acid

composition of membrane phospholipids [17]. Dietary n-3

PUFA has been shown to influence signaling complexes and

to suppress T-cell cytokines in vivo by altering T-cell raft

composition [18]. EPA has a wide variety of physiological

actions such as regulating the T-helper (Th) 1-type response

associated with chronic inflammatory disease and antago-

nizing the production of inflammatory eicosanoids from

ARA [19]. EPA supplementation in patients with chronic

hepatitis C is reported to improve ribavirin-related anemia

[20], and it was suggested that the increased EPA level in

erythrocyte membranes may be associated with increased

membrane fluidity and viscoelastic properties of erythrocyte

membranes [21]. We also reported that EPA supplementa-

tion improved the serum ALT level and prevented a

decrease in lymphocyte counts, which were significantly

decreased from the baseline during the treatment in non-

EPA supplemented patients receiving combination therapy

of IFN a-2b and ribavirin, and suggested the usefulness of

EPA supplementation for the treatment of HCV-infected

patients [22]. However, longer and more detailed research is

required to confirm its efficacy.

The aim of the present study was to confirm the effec-

tiveness of EPA supplementation combined with vitamin E

and C for the prevention of hematological abnormalities

and improve the immune cell response in chronic hepatitis

C patients receiving PEG-IFN a-2b and ribavirin combi-

nation therapy. Therefore, we administered EPA with

vitamin E and C for 48 weeks, and examined the effects on

hematological and immunological parameters.

Experimental Procedures

Subjects

Twenty-four chronic hepatitis C patients with genotype 1b

and high viral load (C105 IU/ml) (13 males and 11

females) treated at Kagawa Prefectural Central Hospital

were enrolled in the present study. Patients with detectable

hepatitis B virus surface antigen, other potential causes of

chronic liver disease, human immunodeficiency virus

infection, poorly controlled diabetes mellitus, or cardio-

vascular disease were excluded.

Study Design

We obtained written informed consent from all patients

and randomized them into an EPA supplementation group

(EPA group: seven males and five females, 62.5 ±

2.5 year) and a no supplementation group (control group:

six males and six females, 56.7 ± 2.4 year). Patients in

the EPA group received 1,800 mg/day of EPA ethyl ester

(EPADEL S600, Mochida Pharmaceutical Co. Ltd.,

Tokyo, Japan). Six capsules (300 mg EPA ethyl ester/

capsule) were administered per day orally after three

meals (two capsules after each meal) for 48 weeks. All

patients in both groups received 300 mg/day of vitamin E

(Juvela, one tablet contains 50 mg of tocopherol acetate,

Eisai, Tokyo, Japan) and 600 mg/day of vitamin C (Cinal,

one packet contains 200 mg of ascorbic acid, SHIONOGI

& CO., LTD., Osaka, Japan) orally, in addition to injec-

tions of PEG-IFN a-2b (PegIntron, Schering-Plough K.

K., Osaka, Japan) once a week for 48 weeks, and daily

oral ribavirin (Revetol, Schering-Plough K. K., Osaka,

Japan) for 48 weeks. At the baseline no significant dif-

ferences were observed in the distribution of the

histological diagnosis for grading inflammation or staging

fibrosis. Patients graded as inflammation 1, 2, 3 and

unknown included 7, 1, 2 and 2 in the EPA group and 7,

4, 1 and 0 in the control group, respectively, and the

number of patients staged as 1, 2, 3, 4 and unknown

included 2, 3, 3, 2 and 2 in the EPA group and 4, 5, 1, 2

and 0 in the control group. The patients were required to

avoid iron or other antioxidant supplements during the

treatment period.

Blood samples were obtained from each patient imme-

diately before the initiation of therapy (0 week) and 4, 8,

12, 24 and 48 weeks after the start of therapy.

The experiment was designed in accordance with the

principles of the Declaration of Helsinki of the World

Medical Association and was approved by the Ethics

Committee of Kagawa Prefectural Central Hospital.

Analytical Methods

We determined routine clinical laboratory parameters, such

as erythrocyte, leukocyte and platelet counts, hemoglobin

level, and serum ALT and aspartate aminotransferase

(AST) activities. Flow cytometry was used to characterize

and distinguish CD4+ T cells as Th1 or Th2, as defined by
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their cytokine production (IFN-c and IL-4, respectively).

To determine the rate of blastogenesis of lymphocytes by

phytohemagglutinin (PHA), lymphocytes isolated from

heparinized peripheral blood were used. After adding PHA

(10 lg/ml), lymphocytes (1 9 105 counts) were incubated

for 64 h at 37 �C under 5% CO2. Then, 3H-thymidine was

added and they were incubated for 8 more hours. After

harvesting the cells, 3H-thymidine incorporated into cells

was determined using a liquid scintillation counter. The

ratio of 3H-thymidine incorporation into PHA-treated cells

to the control without PHA was calculated [stimulation

index (SI)].

Plasma was separated by centrifugation of blood

samples containing EDTA-2Na at 1,6009g for 15 min at

4 �C. The erythrocyte layer was drawn off into another

tube and washed three times with saline (4 �C) to deter-

mine the fatty acid composition in erythrocyte membrane

phospholipids. All samples were stored at -80 �C until

assayed.

The a-tocopherol concentration in plasma was deter-

mined according to a modification of the method of Milne

et al. [23], as described previously.

Total lipids were extracted from erythrocyte membranes

suspended in saline by the method of Bligh and Dyer [24].

Phospholipids were separated by one-dimensional thin-

layer chromatography using a silica gel plate (Silica Gel

60; Merck, Darmstadt, Germany) and a solvent system of

petroleum ether/ethyl ether/acetic acid (80:20:1, v/v). The

spots corresponding to phospholipids were scraped from

the plate and transmethylated for 2 h at 90 �C using acet-

ylchloride:methanol (5:50, v/v). A known amount of

heptadecanoic acid (17:0) was used as an internal standard.

Fatty acid methyl esters were analyzed by gas-chroma-

tography (Model GC-14A; Shimazu, Kyoto, Japan) as

described previously [12].

Statistical Analysis

Values are expressed as the means ± standard errors (SE).

Statistical analyses were done using SPSS v. 13.0 (SPSS

Inc., Chicago, IL, USA). Two-way ANOVA was per-

formed to assess the presence or absence of an

EPA 9 time interaction. Significance of difference during

the treatment was examined using Friedman’s test followed

by Wilcoxon t test with Bonferroni correction post hoc

analysis. Group differences were tested for significance

using the Mann–Whitney U test. Differences between

observed and expected frequency were tested using

Fisher’s test. Correlation coefficients were calculated using

Spearman’s rank-correlation analysis. All P values are two-

tailed and values of P \ 0.05 were taken as indicating

significance.

Results

Completion of the Assigned Therapy

Four patients in the control group changed hospitals after

24 weeks and discontinued the treatment. Two patients in

each group discontinued the treatment between 24 weeks

and 37 weeks under the direction of a physician, because

they had no virologic response. One patient in the EPA

group changed therapeutic measures because of neuro-

psychiatric symptoms after 30 weeks under the advice of a

doctor. Consequently, in this study, all patients were ana-

lyzed until 12 weeks for the early response, and the long-

term observation results of 15 patients (6 patients in the

control group and 9 patients in the EPA group) were ana-

lyzed until the end of therapy (48 weeks).

Clinical Data up to 12 weeks

BMI and clinical data up to 12 weeks of therapy are

shown in Table 1. No significant differences were

observed in the dose of PEG-IFN a-2b or ribavirin during

treatment between the two groups. The serum ALT level

decreased significantly in the EPA group (P \ 0.01), but

not in the control group. The blood cells were signifi-

cantly decreased during the therapy in both groups

(Friedman’s test). However several differences were

observed between the groups. In the control group, the

lymphocyte count decreased significantly after 8 weeks,

whereas no significant decrease was observed in the EPA

group. The neutrophil count decreased significantly after

8 weeks of therapy in both groups; however, the counts in

the EPA group were significantly higher than those in the

control group at 8 weeks and 12 weeks. The platelet

count in the EPA group was significantly decreased only

at 4 weeks and was maintained the basal level thereafter,

whereas a significant decrease was observed throughout

the observation period in the control group. The hemo-

globin level decreased significantly following 4 weeks

of therapy in both groups. Serum albumin did not

change throughout therapy in either group. The plasma

a-tocopherol level increased significantly at 4 weeks and

was maintained at a high level throughout therapy in both

groups.

T Cell Subsets and Lymphocyte Blastogenesis

up to 8 weeks

The Th1 in the control group decreased significantly

(P \ 0.05), but the Th1 in the EPA group was maintained

at the basal level during the observation periods (two-way

ANOVA; P \ 0.05, Table 2). As a result, the Th1/Th2

balance improved in the EPA group compared with the
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control group, as shown in Fig. 1. The SI of the PHA-

induced lymphocyte blast formation test in the EPA group

was significantly higher compared with that of the control

group at 4 weeks of therapy, but the SI did not increase

significantly during therapy in either group. HCV RNA

disappeared in 3 of 12 (25.0%) in the EPA group and 5 of

Table 1 BMI and clinical data during therapy

Group PEG-IFN a-2b and ribavirin combination therapy Friedman’s test P

0 week 4 weeks 8 weeks 12 weeks

BMI (kg/m2) Control 24.7 ± 1.0 24.3 ± 1.0 24.0 ± 1.0* 23.7 ± 0.9* \0.001

EPA 23.4 ± 0.8 22.8 ± 0.8* 22.7 ± 0.8* 22.6 ± 0.7* \0.001

Albumin (g/dL) Control 3.8 ± 0.1 3.8 ± 0.1 3.8 ± 0.1 3.8 ± 0.1 NS

EPA 3.8 ± 0.1 3.8 ± 0.1 3.8 ± 0.1 3.8 ± 0.1 NS

ALT (U/L) Control 61 ± 7 40 ± 8 39 ± 8 44 ± 8 NS

EPA 102 ± 20 54 ± 10 48 ± 10* 50 ± 11* \0.01

Erythrocytes (9104/lL ) Control 446 ± 14 408 ± 16* 378 ± 16** 360 ± 18** \0.0001

EPA 443 ± 9 402 ± 9* 376 ± 9* 373 ± 11** \0.0001

Hemoglobin (g/dL) Control 13.9 ± 0.3 12.7 ± 0.4* 11.8 ± 0.4** 11.3 ± 0.4** \0.0001

EPA 14.0 ± 0.3 12.6 ± 0.2* 11.9 ± 0.2* 11.9 ± 0.3** \0.0001

Leukocytes (/lL) Control 5,033 ± 267 3,617 ± 328* 3,300 ± 273** 3,108 ± 233** \0.001

EPA 5,492 ± 418 4,150 ± 247* 3,858 ± 202* 3,758 ± 243* \0.001

Lymphocytes (/lL) Control 2,183 ± 222 1,926 ± 242 1,692 ± 221* 1,488 ± 194* \0.001

EPA 2,152 ± 216 1,968 ± 148 1,711 ± 134 1,583 ± 163 \0.05

Neutrophils (/lL) Control 2,178 ± 154 1,233 ± 172 1,162 ± 106* 1,135 ± 66* \0.01

EPA 2,676 ± 248 1,658 ± 157 1,624 ± 138*,*** 1,692 ± 107*,**** \0.01

Platelets (9104/lL) Control 18.0 ± 1.5 13.6 ± 1.3** 13.4 ± 1.0** 13.9 ± 1.2** \0.0001

EPA 15.8 ± 1.5 12.4 ± 1.2* 13.3 ± 1.6 13.3 ± 1.5 \0.05

Plasma a-tocopherol (lg/mL) Control 7.6 ± 0.5 15.1 ± 0.7* 17.4 ± 1.6* 15.8 ± 1.4* \0.001

EPA 8.6 ± 0.8 18.3 ± 1.3** 19.6 ± 1.3** 18.1 ± 1.2** \0.001

Mean ± SE

BMI body mass index, ALT alanine aminotransferase

* P \ 0.05; ** P \ 0.01, compared with 0 week (Friedman’s test followed by Wilcoxon’s test with Bonferroni correction); *** P \ 0.05;

**** P \ 0.001; compared with control group (Mann–Whitney U-test), control group; n = 12, EPA group; n = 12

Table 2 T cell subsets and lymphocyte blastogenesis during therapy

Group PEG-IFN a-2b and ribavirin combination therapy Friedman’s test P

0 week 4 weeks 8 weeks

T helper 1 (%) Control 36.3 ± 2.8 33.9 ± 2.8* 32.5 ± 2.7** \0.05

EPA 34.0 ± 3.9 35.8 ± 4.0 35.7 ± 1.7 NS

T helper 2 (%) Control 2.0 ± 0.2 1.8 ± 0.2 2.0 ± 0.2 NS

EPA 1.7 ± 0.2 1.8 ± 0.2 1.7 ± 0.2 NS

PHA+ (CPM) Control 35,321 ± 3,050 33,133 ± 2,612 33,919 ± 2902 NS

EPA 34,042 ± 2,437 36,376 ± 2,251 35,955 ± 3,249 NS

PHA- (CPM) Control 285 ± 50 293 ± 54 237 ± 32 NS

EPA 255 ± 45 184 ± 14 210 ± 38 NS

SI (PHA+/PHA-) Control 169.2 ± 30.2 149.5 ± 26.7 172.0 ± 27.7 NS

EPA 183.4 ± 35.0 211.2 ± 20.5*** 214.5 ± 38.2 NS

Mean ± SE

PHA phytohemagglutinin, SI stimulation index, % percentage of lymphocytes

** P \ 0.01, * P \ 0.05; compared with 0 week (Friedman’s test followed by Wilcoxon’s test with Bonferroni correction). *** P \ 0.05

compared with control group (Mann–Whitney U test), control group; n = 12, EPA group; n = 12
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12 (41.7%) in the control group at 12 weeks (P [ 0.50,

Fisher’s test).

Fatty Acid Composition of Erythrocyte Membrane

Phospholipids up to 12 weeks

In the EPA group, EPA and docosapentaenoic acid (DPA)

increased significantly (P \ 0.01, respectively) after EPA

supplementation and the EPA level was elevated to two

times the basal level after 12 weeks, but in the control

group, EPA did not change during therapy (Table 3).

Conversely, the ARA/EPA ratio decreased markedly only

in the EPA group (two-way ANOVA; P \ 0.05).

Correlation between Clinical Data and ARA/EPA Ratio

in Phospholipids of the Erythrocyte Membrane

after 12 weeks

Considering all individuals as a group, negative correla-

tions between ARA/EPA ratio in erythrocyte membrane

phospholipids and leukocyte count (n = 24, r = -0.439,

P \ 0.05) and neutrophil count (n = 24, r = -0.671,

P \ 0.05) were observed. Also, the ARA/EPA ratio in

erythrocyte membrane phospholipids correlated negatively

with lymphocyte count in the control group (n = 12,

r = -0.671, P \ 0.05), but there was no such correlation

in all patients.

Clinical Data at the End of Therapy

Nine subjects in the EPA group (six males and three

females, 61.1 ± 3.3 year) and six subjects in the control

group (four males and two females, 58.7 ± 2.8 year)

were able to continue the treatment for 48 weeks.

Erythrocyte count, hemoglobin level and platelet count

for 48 weeks are shown in Fig. 2. Erythrocyte count,

hemoglobin level and platelet count decreased signifi-

cantly up to 24 weeks in both groups. In the EPA group,

the erythrocyte count tended to improve at 48 weeks of

therapy compared with 24 weeks (Fig. 2a). Hemoglobin

level and platelet count in the EPA group increased signi-

ficantly at 48 weeks compared with 24 weeks, but no

significant improvement was observed in the control

group (Fig. 2b, c). Accordingly, significant increases in

hemoglobin level and platelet count were observed in the

EPA group compared with the control group at 48 weeks

(hemoglobin level; P \ 0.05, platelet count; P \ 0.05,

Fisher’s test). Mean levels of leukocyte count, neutrophil

count and lymphocyte count decreased in both groups up to

48 weeks. However, leukocyte and lymphocyte counts

increased in five of nine patients in the EPA group and

one of six patients in the control group, respectively,

although the difference was not significant (P [ 0.10,

Fisher’s test). Serum ALT level improved in four of six

subjects in the control group and seven of nine subjects in

the EPA group by the end of therapy (P = 1.0 Fisher’s

test). At the end of therapy, HCV RNA had disappeared

in five of six (83.3%) subjects in the control group and

six of nine (66.7%) subjects in the EPA group (P [ 0.5,

Fisher’s test).

Discussion

In the present study, we evaluated the effects of EPA

supplementation combined with vitamin E and C in chronic

hepatitis C patients receiving PEG-IFN a-2b and ribavirin

combination therapy for 48 weeks. As shown in Table 3,

EPA in erythrocyte membrane phospholipids increased

significantly in the patients who received daily oral EPA

ethyl ester capsules. Plasma a-tocopherol levels also

increased in all patients at 4 weeks after the beginning of

therapy. These results reflected good compliance with

orally administered EPA and vitamin E.

In IFN a-2b and ribavirin combination therapy, hema-

tologic abnormalities have been observed as a common

side effect [25, 26]. Although the mechanism remains

uncertain, it may be due to both hemolytic anemia caused

by ribavirin [27] and bone marrow suppression caused by

IFN [28, 29]. Ribavirin-induced hemolytic anemia is

thought to be caused by accumulation of ribavirin in

Fig. 1 Th1/Th2 ratio in the EPA group (filled circles), and the

control group (open circles), before and after 8 weeks of treatment. A

significant increase was observed in the EPA group compared with

the control group (Fisher’s test)
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erythrocytes and oxidative stress in the erythrocyte mem-

brane [30]. In the present study, erythrocyte counts and

hemoglobin levels markedly decreased in both groups after

4 weeks of the therapy. However, over long-term

(48 weeks) observation, the erythrocyte count tended to

increase and the hemoglobin level improved significantly

in the EPA group. Although the exact mechanism of these

effects was unclear, it is thought that the increased level of

EPA may be associated with the increased membrane flui-

dity and viscoelastic properties of erythrocyte membranes

[31, 32], allowing erythrocytes to avoid erythrophagocytic

extravascular destruction during IFN and ribavirin combi-

nation therapy, as suggested by Ide et al. [20]. The long-

term outcome is not yet known, but it is thought that EPA

administration over the long-term may improve stability

and prevent destruction of erythrocytes.

Poynard et al. [33] reported decreases in leukocyte and

lymphocyte counts during IFN therapy either in combina-

tion with ribavirin or as monotherapy. In the present study,

the lymphocyte count in the EPA group did not decrease

compared with the basal level, but the leukocyte count

decreased significantly in both groups after 4 weeks of

therapy. These results are similar to those in our previous

study [22], in which EPA supplementation for 24 weeks in

chronic hepatitis C patients receiving combination therapy

of IFN a-2b and ribavirin prevented decreases in leukocyte

and lymphocyte counts. It was reported that the side effects

caused by PEG-IFN a-2b/ribavirin combination therapy

were more serious compared with those caused by IFN

a-2b because PEG-IFN a-2b is a conjugated protein and its

metabolism and excretion are prolonged [15, 25, 26]. This

may explain some of the differences between the obser-

vations in these past studies and the present study. The

neutrophil count was higher in the EPA group compared

with the control group at 8 and 12 weeks. The neutrophil

count was reported to decline rapidly within the first

2 weeks of therapy [28]. A decrease in the neutrophil count

is one of the main causes of therapy discontinuation. The

phagocytosis of neutrophils is thought to play a role in

virus eradication. Therefore, the prevention of a decrease in

neutrophil count by EPA supplementation can be expected

to contribute to HCV elimination, but this was unclear in

the present study. In addition, the leukocyte count and

neutrophil count in all subjects, and lymphocyte count in

the control group, correlated negatively with the ARA/EPA

ratio in erythrocyte membrane phospholipids. The signifi-

cantly lower ARA/EPA level observed in the erythrocyte

membrane suggests the same effect of EPA supplementa-

tion in other cell membranes. EPA supplementation

induced significant increases in EPA and DPA, but not

docosahexaenoic acid (DHA). Cell membrane phospho-

lipids are characterized by having high PUFAs, such as

ARA, EPA and DHA. Changing the fatty acid composition

of immune cells affects phagocytosis, T-cell signaling and

antigen presentation capability [34], and lipid composition

in rafts, especially n-3 PUFAs, modulates immunological

cell functions [18].

A high level of T-helper 2 cytokines is observed in

chronic hepatitis C patients [30]. Combination therapy

aims to increase type 1 cytokine expression in order to

Table 3 Fatty acid composition (mol%) of phospholipids in erythrocyte membrane during therapy

Group PEG-IFN a-2b and ribavirin combination therapy Friedman’s test P

0 week 4 weeks 8 weeks 12 weeks

18:2n-6 Control 8.64 ± 1.50 7.04 ± 1.37 7.88 ± 1.21 6.94 ± 0.57 NS

EPA 7.90 ± 1.52 6.55 ± 0.59 7.96 ± 0.83 8.59 ± 0.86 NS

20:4n-6 Control 8.11 ± 0.97 5.65 ± 0.88* 6.82 ± 1.28 8.38 ± 0.77 NS

EPA 7.15 ± 0.86 5.37 ± 0.59* 5.85 ± 0.72 6.30 ± 0.57**** NS

20:5n-3 Control 1.04 ± 0.15 0.89 ± 0.14 0.78 ± 0.14 1.02 ± 0.15 NS

EPA 1.02 ± 0.13 1.69 ± 0.16**,*** 1.96 ± 0.43**,**** 2.14 ± 0.19**,*** \0.01

22:5n-3 Control 1.55 ± 0.65 0.62 ± 0.12* 0.83 ± 0.14 1.18 ± 0.11 NS

EPA 1.29 ± 0.34 1.12 ± 0.35 1.63 ± 0.37 2.34 ± 0.31**,*** \0.01

22:6n-3 Control 4.81 ± 0.92 3.03 ± 0.68* 4.44 ± 0.67 5.45 ± 0.58 NS

EPA 3.93 ± 0.52 3.05 ± 0.45 4.92 ± 1.02 4.25 ± 0.62 NS

ARA/EPA Control 8.67 ± 0.78 7.60 ± 1.13 10.45 ± 1.98 10.56 ± 1.90 NS

EPA 7.15 ± 0.45 3.22 ± 0.29**,*** 4.27 ± 0.83**,*** 3.01 ± 0.20**,*** \0.0001

Mean ± SE

ARA arachidonic acid, EPA eicosapentaenoic acid

* P \ 0.05; ** P \ 0.01, compared with 0 week (Friedman’s test followed by Wilcoxon’s test with Bonferroni correction); *** P \ 0.01,

**** P \ 0.05; compared with control group (Mann–Whitney U test), Control group; n = 12, EPA group; n = 12
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switch the T-cell phenotype from type 2 to type 1, as well

as to inhibit the early phase of viral infection [30]. Type 1

cytokines, IL-2, IFN-c and tumor necrosis factor (TNF)-a
induce activation of cytotoxic lymphocytes and recruit-

ment of natural killer cells and macrophages, which

induce destruction of HCV-infected cells. It was reported

that EPA supplementation had no effect on the propor-

tions of T lymphocytes, T-helper cells, cytotoxic T cells,

natural killer cells, or B lymphocytes in healthy subjects

[35–37]. In the present study, however, the Th1/Th2

balance was elevated in 75% of subjects in the EPA

group at 4 weeks, during the early stage of treatment, and

it was higher than in the control group, in which it was

elevated in 25% of subjects. Therefore, it is suggested

that EPA administration may have beneficial immuno-

modulatory effects, although no virological effects were

observed.

In conclusion, EPA supplementation with vitamins E

and C prevented a decrease in the lymphocyte count and

elevated the Th1/Th2 balance in the early stage of therapy,

and in the long-term, it induced an improvement in the

erythrocyte count and hemoglobin level in chronic hepatitis

C patients during combination therapy with PEG-IFN a-2b

and ribavirin. These observations suggested that EPA

supplementation with antioxidative vitamins may be useful

when administered with combination therapy for HCV-

related chronic hepatitis. More long-term prognosis

research should be performed to confirm this treatment.

Fig. 2 a Erythrocyte count in

the patients observed over

48 weeks. EPA group (filled
circles, n = 9) and control

group (open circles, n = 6),

Wilcoxon’s t test. b
Hemoglobin concentration in

the patients observed over

48 weeks. EPA group (filled
circle, n = 9) and control group

(open circle, n = 6),

Wilcoxon’s t test. c Platelet

count in the patients observed

over 48 weeks. EPA group

(filled circle, n = 9) and control

group (open circle, n = 6),

Wilcoxon’s t test
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Abstract This study examined the effects of five CLA

isomers and the non-conjugated LA on nitric oxide (NO)

production, an important modulator of vasodilation,

inflammation, and cytotoxicity. Bovine aortic endothelial

cells (BAECs) were pretreated with pure CLAs (c9, c11-,

c9, t11-, t9, t11-, t10, c12-, c11, c13-CLA) and the non-

conjugated c9, c12-analog, then stimulated by the iono-

phore A23187 followed by fluorescence monitoring of NO

production. CLAs (5 lM) decreased NO formation in the

range of 20–40% relative to non-fatty acid-treated controls

with the t9, t11- and t10, c12-CLAs being the most

effective. The inhibitory effect of either of these CLAs was

not time dependent over a 120 min time interval. Phos-

phatidylcholine (PC) and phosphatidylethanolamine (PE)

play crucial roles in membrane structure and cell signaling.

Since CLAs are usually esterified in these phospholipids

(PLs), the effects of three CLA-containing PLs and 2-lin-

oleoyl-PC on NO production by A23187-stimulated

BAECs were also examined. c9, t11-CLA-PC and 2-lin-

oleoyl-PC dose-dependently inhibited NO production over

a 60–1,000 lM concentration range whereas c9, c11-CLA-

PC and c9, t11-CLA-PE were ineffective. Both c9, t11-

CLA-PC and linoleoyl-PC exhibited a time-dependent

decrease in NO production from 5 to 120 min. The results

of the present study suggest that the influence of several

C18 polyunsaturated fatty acids incorporated into cellular

phospholipids on the A23187-induced formation of NO by

BAECs is strongly dependent on the positional and geo-

metric nature of the double bonds.

Keywords CLA isomers � NO � Endothelial cells �
Phospholipids � Linoleic acid

Abbreviations

BAEC Bovine aortic endothelial cells

CLA Conjugated linoleic acid

DAN 2, 3-Diaminonaphthalene

ECGS Endothelial cell growth supplement

FBS Fetal bovine serum

FU Fluorescence units

L-Gln L-Glutamine

HBSS Hank’s balanced salt solution

NO Nitric oxide

NOS Nitric oxide synthase

c9, c11-CLA-PC 1-Stearoyl-2-(c9,

c11-octadecadienoyl)-sn-glycerol-

3-phosphocholine

linoleoyl-PC 1-Stearoyl-2-linoleoyl-sn-glycerol-

3-phosphocholine

c9, t11-CLA-PC 1-Stearoyl-2-(c9,

t11-octadecadienoyl)-sn-glycerol-

3-phosphocholine

c9, t11-CLA-PE 1-Stearoyl-2-(c9,

t11-octadecadienoyl)-sn-glycerol-

3-phosphoethanolamine

PL Phospholipid

Introduction

Nitric oxide has emerged as an important signaling

molecule that is involved in the regulation of a number

of physiological and pathophysiological situations. For

example, NO is a major mediator of endothelial function
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and depending on the cell type and concentrations, it has

been shown to have both vasoconstrictor and vasodilator

effects [1]. In certain inflammatory and neurodegenera-

tive diseases, NO appears to have both cytoprotective

and cytotoxic effects [2, 3]. Nitric oxide can be produced

by either the constitutive (c) or inducible (i) isoforms of

NOS. A number of posttranslational control mechanisms,

including acylation, phosphorylation and translocation,

regulate the cNOS, including the NOS present in endo-

thelial cells (eNOS) [4]. Among its many effects,

calcium also plays an important role in stimulating

eNOS but not iNOS [5]. Several reports have shown that

the ionophore A23187, commonly used to increase

intracellular calcium concentrations, stimulated NO pro-

duction by eNOS in endothelial cells and macrophages

[4–8] but was ineffective in increasing NO formation

cells containing iNOS [9, 10].

Conjugated linoleic acid is a family of conjugated

di-unsaturated fatty acids consisting of a number of posi-

tional and cis/trans isomers of linoleic acid. These CLAs

were found to be present in foods such as beef and dairy

products obtained from ruminant animals. Although we, as

well as others, have shown that CLA is incorporated into

the phospholipid fraction of cellular membranes [11, 12], it

appears that nearly all studies examining the biological

effects of CLA have used the free fatty acid form of this

lipid.

Several studies have reported varying effects of CLA

isomers on NO formation. Coen et al. [13] determined

that treatment of bradykinin-stimulated BAECs with a

mixture of CLA isomers increased nitrite (a product of

NO) production up to 50% relative to bradykinin-treated

cells. On the other hand, Eder and coworkers [14]

reported that incubation of HAECs with either c9, t11-

or t10, c12-CLA decreased NO production relative to

untreated cells. Treatment of interferon c-stimulated

mouse macrophages, lipopolysaccharide-enhanced murine

macrophages and lipopolysaccharide/interferon c-stimu-

lated mouse mesangial cells with a CLA isomeric

mixture all resulted in decreased NO formation relative

to control cells [15, 16].

As none of these studies addressed the effects of all,

currently commercially available, individual CLA iso-

mers on NO production, we decided to determine

how these isomers affected NO formation by BAECs

stimulated by the ionophore A23187. Since Ohashi et al.

[17] reported that several phospholipids stimulated NO

production in BAECs, we hypothesized that CLA-

containing PLs could directly affect NO formation.

Consequently, we also examined whether (and if so,

how) certain CLA containing PLs influenced NO release

from both non-stimulated and A23187-stimulated

BAECs.

Materials and Methods

The c9, c11-, c9, t11-, t9, t11-, t10, c12-, and c11, t13-CLA

isomers were purchased from Matreya Inc. (Pleasant Gap,

PA, USA). 1-stearoyl-2-(c9, t11-octadecadienoyl)-sn-glyc-

erol-3-phosphocholine (18:0–18:2 (c9, t11) PC), 1-stearoyl-

2-(c9, c11-octadecadienoyl)-sn-glycerol-3-phosphocholine

(18:0–18:2 (c9, c11) PC), 1-stearoyl-2-(c9, t11-octadeca-

dienoyl)-sn-glycerol-3-phosphoethanolamine (18:0–18:2

(c9, t11) PE), and 1-stearoyl-2-linoleoyl-sn-glycerol-3-

phosphocholine (18:0–18:2 PC) were synthesized by Avanti

Polar Lipids, Inc. (Alabaster, AL, USA). BAECs were

obtained from the Coriell Institute for Medical Research

(Camden, NJ, USA), and the DMEM/F12 50/50 mix, pen-

icillin–streptomycin, HBSS (without phenol red), trypsin-

EDTA, and FBS solution were purchased from Mediatech,

Inc. Heparin, ECGS from bovine pituitary, HEPES, EDTA,

fatty acid-free BSA, NAD, L(+) lactic acid, sodium nitrite,

2,3-diaminonaphthalene, A23187 and L-glutamine were

purchased from Sigma-Aldrich, Corp. (St Louis, MO,

USA).

Cell Culture of BAECs

BAECs were grown in Corning T-150 flasks with 20 ml

DMEM/F12 medium supplemented with 15% FBS, ECGS

(0.02 mg/ml), heparin (0.05 mg/ml), penicillin–strepto-

mycin (1,000 I.U., 1,000 lg/ml), and incubated at 37 �C in

5% CO2 for 3–4 days as previously described [18]. After

reaching approximately 90% confluence, the cells were

subcultured by removing the growth media, washed twice

with 5 ml EDTA solution [19 HBSS supplemented with

HEPES (12 mg/ml) and EDTA (4 mg/ml), pH 7.4], and

detached from the flask with 2 ml 19 trypsin-EDTA

solution for 1 min. After addition of 6 ml growth media to

the flask, an aliquot of cells was counted in a hemocy-

tometer. To each Corning T-25 flask containing 3 ml of

growth media, 130,000 cells were added. Only BAECs

from passage numbers 8–10 were used.

Preparation of CLA-BSA Solutions and Phospholipid

Solutions

CLA-BSA complexes were prepared by mixing the

appropriate amounts of CLA and 2% BSA-DMEM/F12

solution as previously described [18] and added to the cells

for 18 h. Phospholipid solutions were prepared by first

evaporating the chloroform under nitrogen from the

appropriate amount of PL solution followed by the addition

of 2% complete media in DMEM/F12. The solution was

sonicated using a sonifier cell disruptor (Heat Systems-

ultrasonics, Inc. Plainview, NY, USA) twice at 0 �C for

10 s at a setting of 30 and further diluted with 2% complete
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media. Four milliliters of the phospholipids mixtures (60,

250 lM, 1 mM final concentration) were added to the

flasks containing 130,000 cells/flask for 18 h at 37 �C.

NO Assay

The nitric oxide protocol was modified from procedures

reported by Rathel et al. [19] and Misko et al. [20]. After

18 h, control cells or cells pretreated with CLA-BSA or PL

solutions were rinsed twice with 2.5 ml HBSS. Four mil-

liliters HBSS (without phenol red) pH 7.4, were added

followed by addition of 2 lM DAN (final concentration)

and 2 lM A23187 (final concentration). After incubating at

37 �C for 5 or 20 min with the DAN reagent, triplicate

samples of 200 ll each of the cell media were removed by

pipette and transferred directly into a 96 well plate and the

reaction was terminated with the addition of 5 ll of 2.8 N

NaOH. Fluorescence measurements were immediately

taken using a SynergyTM HT multi-detection microplate

reader (BioTek Instruments, Inc. Winooski, VT, USA) with

excitation at 360 nm and emission read at 460 nm.

To confirm that the formation of NO could be inhibited

(using this protocol), cells were treated with either 0.5 or

5 mM L-glutamine/HBSS (final concentration) for 30 min

followed by the addition of 2 lM each of A23187 and

DAN. After an additional 5 and 20 min, triplicate samples

were removed and measured for fluorescence with the

microplate reader.

All data expressed in fluorescent units (FUs) were

generated by subtracting fluorescence values measured in

unstimulated cells from fluorescence values generated from

A23187-stimulated cells treated with or without various

agents.

LDH Activity Assay and Statistical Analysis

Cell viability was assessed by determining lactate dehy-

drogenase release into the medium as previously described

[18]. Viability measurements of BAECs treated with either

CLA isomers (or CLA-containing PLs) and A23187 were

not significantly different from either resting cells or cells

stimulated with A23187 alone (results not shown). Data

were analyzed by Student’s t test and one-way ANOVA.

Results

In order to determine the effect of CLA isomers and CLA-

containing PL on NO production in resting cells, BAECs

were treated with t10, c12-CLA (concentration range 0.3–

100 lM) but failed to produce any significant change in

NO production compared to cells not treated with CLA.

Similar results were obtained with c9, c11-, c9, t11-, t9,

t11-, and c11, t13-CLA (not shown). Likewise, NO pro-

duction was not significantly affected when resting BAECs

treated with 60–1,000 lM c9, c11-CLA-PC were com-

pared to untreated control cells. In view of these results, it

was decided to examine the effects of CLAs and CLA-PLs

on stimulated BAECs.

Treatment of cells with ionophore A23187 stimulated

NO formation in a dose-dependent manner as shown in

Fig. 1. Although 0.1 lM A23187 had no effect, 0.5, 1 and

2 lM increased NO production from 1,456 ± 412 FU to

9,940 ± 324 FU (n = 4) relative to non-stimulated cells

(after 5 min, non-stimulated cells generated 9,222 ± 1,083

FU, n = 5). Cells incubated with A23187 for 5 or 20 min

produced similar quantities of NO but a 17% decrease was

observed over a 120 min incubation period (Fig. 1 insert).

To confirm that NO production in this system could be

inhibited by a known NO inhibitor, the effect of glutamine

was tested [21]. Pre-incubation of BAECs with 5 mM

glutamine for 30 min followed by treatment with 1 lM

A23187 for 5 or 20 min decreased NO formation by

33 ± 16 and 46 ± 22%, respectively (P \ 0.05, n = 4,

Fig. 2).

The effects of various CLA isomers on NO production

by A23187-stimulated BAECs are shown in Fig. 3. Cells

were first incubated for 18 h with either 2% BSA or 2%

BSA complexed with 5 lM pure CLA isomer. After

washing the cells to remove the BSA or CLA-BSA, the

cells were treated with 2 lM A23187 and 2 lM DAN for

Fig. 1 The effect of A23187 on NO production in BAECs. BAECs

(130,000 per flask) were treated for 18 h with 4 ml of 2% complete

medium. Next, the cells were rinsed with HBSS and incubated at

37 �C with different concentrations of A23187 followed by 2 lM

DAN (final concentration). Samples were collected after either 5

(ldiamonds) or 20 (filled squares) min and measured for fluorescence.

The results are expressed as fluorescence units. The values are

mean ± SD from four experiments. Insert: with incubation times

greater than 5 min, the DAN was added 10 min prior to the collection

of samples and then analyzed for fluorescence

Lipids (2008) 43:335–342 337
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5 min followed by fluorescence measurements to deter-

mine NO formation. Treatment of BAECs with t9, t11-

CLA resulted in a decrease of 42 ± 7.1% (P B 0.01,

n = 4) in NO formation which was somewhat greater than

that observed with t10, c12-CLA (33 ± 11, P B 0.01,

n = 4). The c9, c11-, c9, t11-, and the c11, t13-CLA iso-

mers were somewhat less effective (29 ± 12, 27 ± 13 and

20 ± 13%, respectively, P B 0.05, n = 4). Linoleic acid,

the corresponding non-conjugated c9, c12-isomer,

decreased NO production by 17 ± 16% (n = 4). Similar

results were observed with 60 and 120 lM CLA concen-

trations (results not shown).

We next examined whether CLA-containing PLs could

influence NO formation in A23187-stimulated BAECs.

The structures of these PLs as well as the non-conjugated

linoleoyl-PC are shown in Fig. 4. BAECs were treated for

18 h with either 2% complete medium or 2% medium

containing 60, 250 or 1,000 lM PLs. After rinsing, the

cells were treated with 2 lM A23187 and 2 lM DAN for

20 min followed by NO determinations. As shown in

Fig. 5 (top), 1,000 lM c9, t11-CLA-PC decreased NO

formation 31 ± 5.3% (P B 0.01, n = 5) with smaller

decreases observed at 60 and 250 lM. Changing the head

group to PE (c9, t11-CLA-PE) did not result in any

inhibitory potency which was also observed with c9, c11-

CLA-PC (Fig. 5 bottom). On the other hand, 1,000 lM of

the non-conjugated linoleoyl-PC analog resulted in a

37 ± 13% (P B 0.01, n = 9) inhibition of NO formation

(Fig. 5 bottom).

To determine whether the inhibitory effects of certain

CLA-pretreated BAECs on NO production were dependent

on the incubation time of these cells with A23187, time
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Fig. 2 The effect of L-glutamine on NO formation by A23187-

stimulated BAECs. BAECs (130,000 per flask) were placed in T-25

flasks containing 3 ml growth media/flask and grown for 24 h. The

cells were rinsed and treated for 18 h with 4 ml of 2% complete

media. After washing with HBSS, the cells were incubated at 37 �C

for 30 min with 4 ml 5 mM L-Gln/HBSS (final concentration). Next,

1 lM A23187 and 2 lM DAN (final concentrations) were added and

after either 5 or 20 min, samples were collected and assayed for

fluorescence. The results of single samples from four experiments are

expressed as fluorescence units. The numbers above the columns

indicate % control values. The values are mean ± SD. ** P \ 0.05

when compared to A23187 control

Fig. 3 The effect of 5 lM CLA isomers and linoleic acid on NO

production by A23187-stimulated BAECs. BAECs (130,000 per

flask) were treated for 18 h at 37 �C with either 4 ml of 2% BSA or

4 ml 2% BSA complexed with 5 lM (final concentration) of c9, t11-,

c9, c11-, t10, c12-, t9, t11-, 11, 13-CLA, and linoleic acid. After

washing the cells, 2 lM A23187 (final concentration) and 2 lM DAN

were added and samples were collected after 5 min and analyzed for

fluorescence. Values are expressed as % control compared to BSA/

A23187 (100%) and are generated from four experiments. The

numbers above each column indicate % control values. The values are

mean ± SD. * P B 0.01, ** P B 0.05 when compared to A23187

control
Fig. 4 Structures of phospholipids. Structures of c9, c11-CLA-PC,

c9, t11-CLA-PC, c9, t11-CLA-PE, and 2-linoleoyl-PC
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course experiments were carried out. BAECs were first

pretreated with 5 lM t9, t11-CLA for 18 h, then exposed

to A23187 for 5 min which resulted in a 42 ± 7% (n = 4)

reduction in NO formation relative to A23187-stimulated

cells (Fig. 6, top). Increasing the incubation time after

A23187 stimulation to 120 min, adding the DAN 10 min

prior to collection of samples, and taking fluorescence

readings did not result in a statistically significant change

in decreased NO production (28 ± 14%, n = 6). Similar

results were obtained with t10, c12-CLA (results not

shown). Using the same approach with BAECs pretreated

with 1,000 lM c9, t11-CLA-PC followed by a 5 min

incubation with A23187 resulted in a 20 ± 15% (n = 5)

decrease in NO formation whereas 120 min after stimula-

tion with A23187 produced a 45 ± 11% (n = 6) reduction

in NO generation (Fig. 6, bottom). This figure also showed

that the c9, c11-CLA-PC isomer was about half as effective

120 min after A23187 stimulation since NO production

had decreased by 24 ± 12% (n = 5) compared to control

values. Finally, the non-conjugated linoleoyl-PC analog

exhibited the largest time dependent effect. Pretreatment of

BAECs with 1,000 lM linoleoyl-PC followed by stimula-

tion with A23187 decreased NO formation 21 ± 13%

(n = 5) after 5 min and by 76 ± 15% (n = 6) after

120 min compared to control cells after these incubation

periods (Fig. 6, top).

Discussion

Coen et al. [13] showed that bradykinin stimulation of

BAECs pretreated with a CLA isomeric mix, consisting

primarily of the c9, t11- and t10-c12-isomers, potentiated
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Fig. 5 The effect of conjugated and non-conjugated octadienoic

acid-containing PLs on NO production in A23187-stimulated BAECs.

The protocol is the same as described in the legend of Fig. 3 except

BAECs were treated at 37 �C with either 4 ml 2% complete media or

4 ml 2% complete media containing 60, 250, or 1,000 lM c9, t11-

CLA-PC, linoleoyl-PC (Fig. 5 top) and c9, c11-CLA-PC, c9, t11-

CLA-PE (Fig. 5 bottom). Samples were collected 20 min after

A23187 addition and analyzed for fluorescence. Values are expressed

as % control compared to 2% complete media/A23187 (100%) and

are generated from four experiments. The numbers above each

column indicate % control values. The values are means ± SD.

* P B 0.01, ** P B 0.05 when compared to the A23187 control

(=100%)
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Fig. 6 The effect of incubation time on NO production by A23187-

stimulated BAECs. BAECs (130,000 per flask) were treated for 18 h

at 37 �C with either 5 lM (final concentrations) of t9, t11-CLA

complexed with 2% BSA in DMEM/F12 as described in the legend of

Fig. 3, or with 1,000 lM 2-linoleoyl-PC, c9, t11-CLA-PC, or c9, c11-

CLA-PC in 2% complete media as indicated in the legend of Fig. 5.

After washing the cells, 2 lM A23187 (final concentration) was

added at time 0 followed by addition of 2 lM DAN (final

concentration) either right after A23187 for the 5 min (light shaded
bar) time point or at 10 min prior to collection of samples at 20

(checkered bar) and 120 (dark shaded bar) min and analyzed for

fluorescence. Values are expressed as % control compared to A23187

stimulation after these incubation times, and are the average of

triplicate samples from two or three experiments. The values are

mean ± SD. * P B 0.01, ** P B 0.05 when compared to A23187

control (=100%)
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NO formation up to 40%. Others reported that these two

CLA isomers or a mixture of CLA isomers decreased NO

production by various cells stimulated by lipopolysaccha-

ride and/or interferon-c [14–16, 22]. In contrast to other

investigators, we used A23187 as the cellular stimulus in

this study of the effects of pure CLA isomers on NO

generation by BAECs. We observed that pretreatment of

BAECs with 5 lM of either t9, t11-, t10, c12-, c9, c11-, c9,

t11- or c11, t13-CLA followed by A23187 stimulation for

5 min decreased NO production in the range of 20–42%

compared to untreated cells stimulated with A23187. The

non-conjugated linoleic acid was the least effective of the

unsaturated fatty acids tested. As a number of reports have

determined that the CLA concentration in human serum

was between 7 and 70 lM [23, 24], our finding that 5 lM

CLA is an effective concentration suggests that this is

within the physiological concentration range of this fatty

acid. Interestingly, neither we nor the other groups (using

different cells, stimuli, experimental conditions and higher

concentrations of CLA) found more than 40% inhibition of

NO formation [13–15, 22]. These results suggest that there

is little structural selectivity of the octadecadienoic acids

for the NOS since the location and cis/trans isomerism of

the double bonds do not appear to be major determinants

for decreasing NO formation. This contrasts with our

findings of much greater selectivity of CLA isomers for

inhibiting the cyclooxygenase–prostanoid complex in

platelets and endothelial cells [12, 25]. Furthermore, we as

well as others [14] have observed that higher concentra-

tions (up to 120 lM) of different CLA isomers did not

produce stronger inhibitory effects on NO production. A

possible explanation for this apparent non-concentration

effect is that pretreatment of BAECs with various CLA

isomers could generate an intermediate metabolite whose

formation is already at maximal capacity at 5 lM CLA and

whose inhibitory effect is maximized at about 40%.

Although no significant differences in NO production

between most of the CLA isomers was observed, there was

a statistically significant difference (P B 0.05) between

cells pretreated with t9, t11-CLA and c11, t13-CLA. Pos-

sible explanations for the different results obtained by

Coen et al. [13] using bradykinin and our results with

A23187 include the use of different experimental condi-

tions (e.g. incubation times with stimulus, CLA

composition and concentrations used) and that receptor-

mediated events involve different pathways and mecha-

nisms than ionophore-modulated reactions.

It has been well established that pretreatment of cells

with unsaturated fatty acids leads to their incorporation

into the cellular lipids, especially the PL fraction. We and

others have shown that supplementation of the growth

media with CLA isomers resulted into their esterification

into membrane PLs [11, 12]. Since Ohashi et al. [17] had

reported that 1-palmitoyl-2-oleoyl-PC and its PE and PS

analogs enhanced endothelial nitric oxide synthase, we

examined whether treating BAECS with various CLA-

containing PLs could affect NO production. Pretreatment

of BAECs with 1,000 lM, c9, t11-CLA-PC decreased

A23187-activated NO formation by 31% after 20 min

whereas both c9, t11-CLA-PE and c9, c11-CLA-PC

were ineffective. However, the inhibitory effectiveness of

linoleoyl-PC (37%) was comparable to that of c9, t11-

CLA-PC. These results suggest that efficacy of PL on

A23187-stimulated NO production are dependent both on

the nature of the fatty acid esterified in the two position of

the PL as well as the identity of the PL head group. It is

interesting to note that while pretreatment of BAECs with

c9, t11- and c9, c11-CLA resulted in comparable

decreases in NO formation after A23187 stimulation, only

the c9, t11-CLA-PC was effective when added in the PL

form. One possible explanation is that when BAECs are

pretreated with CLA isomers, they become incorporated

into a variety of PLs, some (or all) of which may inhibit

NO production. Hence it is feasible that the inhibitory PL

of the c9, t11-CLA is the PC form whereas the inhibitory

PL of the c9, c11-CLA isomer is not the PC analog but

may be another PL class.

A number of mechanistic possibilities can be envisaged

to explain the inhibitory effects of the CLA isomers on

A23187-induced NO formation. In view of Li’s reports that

eicosapentaenoic acid and docosahexaenoic acids modified

the lipid composition in caveolae of endothelial cells and

modulated the cellular eNOS activity as well as a number

of studies that have documented incorporation of CLA into

cellular lipids [11, 12, 26, 27], it is possible that this CLA-

induced modification of lipid milieu (or the addition of

certain CLA-containing phospholipids) could have a neg-

ative effect on the eNOS activity in BAECs. Another

possible mechanism could involve a cyclooxygenase

metabolite. It is well known that A23187 stimulates cyto-

solic phospholipases to release arachidonic acid which can

then be metabolized to cyclooxygenase products such as

prostacyclin [28]. Furthermore, a number of studies have

documented a relationship between NO production and

prostanoid formation including a recent one by Niwano

who reported that beraprost, a stable analog of prostacy-

clin, stimulated eNOS activity in BAECs [3, 29]. Since c9,

t11- and t10, c12-CLA isomers were reported to inhibit

macrophage phospholipase A2 activity and we, as well as

others, have shown that CLA isomers decreased the for-

mation of cyclooxygenase products in endothelial cells, it

is possible that CLA pretreatment of BAECs decreased

production of endogenously generated prostacyclin (or

other cyclooxygenase metabolites) which could explain the

decrease in NO formation observed in our study [13, 14,

25, 30].
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The 2-linoleoyl-PC, c9, t11-CLA-PC and the c9, c11-

CLA-PC all exhibited a time-dependent inhibitory effect

on A23187-stimulated NO formation by BAECs over a 2-h

period, with the 2-linoleoyl-PC being the most effective

(76% decrease), followed by c9, t11-CLA-PC (45%

decrease) with the c9, c11-CLA-PC (24% decrease) and t9,

t11-CLA (28% decrease) being the least potent. These

results suggest that certain octadecadienoic acid-containing

PLs may have both short and long term effects on the NO

synthase system. Although the mechanism of this time-

dependent effect is unknown, one can speculate that these

PLs may be slowly converted to other, more effective,

inhibitors of the NO synthase system.

In conclusion, the results of this report indicate that

pretreatment of BAECs with five different CLA isomers

decreased A23187-stimulated NO production between 20

and 40% relative to non-CLA treated controls. Further-

more, our study is the first to demonstrate that when testing

certain CLA-containing PLs, e.g. the c9, t11-CLA-PC and

the 2-linoleoyl-PC analog, on this system, NO production

was inhibited (whereas two other CLA-containing PLs

were ineffective) and that this inhibition was time depen-

dent. These results support the hypothesis that CLA-

containing PLs may directly influence specific enzymatic

systems, e.g. nitric oxide synthases, in the cellular milieu.
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Abstract Focal contacts (FC) are membrane-associated

multi-protein complexes that mediate cell-extracellular

matrix (ECM) adhesion. FC complexes are inserted in

detergent-resistant membrane microdomains enriched in

phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2);

however, the influence of membrane lipid composition in

the preservation of FC structures has not been extensively

addressed. In the present work, we studied the contribution

of membrane lipids to the preservation of renal epithelial

cell adhesion structures. We biochemically characterized

the lipid composition of membrane-containing FC com-

plexes. By using cholesterol and PtdIns(4,5)P2 affecting

agents, we demonstrated that such agents did not affect any

particular type of lipid but induced the formation of new

FC-containing domains of completely different lipid

composition. By using both biochemical approaches and

fluorescence microscopy we demonstrated that phospho-

lipid composition plays an essential role in the in vivo

maintenance of FC structures involved in cell-ECM

adhesion.

Keywords Membrane lipids � Focal contacts �
Collecting duct cells � Cell-extracellular matrix adhesion

Abbreviations

DRM Detergent-resistant membrane domains

ECM Extracellular matrix

FC Focal contacts

IB Immunoblotting

IP Immunoprecipitation

CD Methyl-b-cyclodextrin

Introduction

Tissue organization depends on structures that enable cells

to attach to the extracellular matrix (ECM). Focal contacts

(FC), the most stable points of cell tethering to the ECM,

are multi-protein complexes that reach the outside of the

cell from the cytoplasm through the cell membrane and

contact the actin-cytoskeleton inside the cell with ECM

proteins [1, 2]. FC assembly occurs by the binding of the

integrin-extracellular domain to the ECM proteins fol-

lowed by the interaction of the b-integrin cytoplasmic

domain with talin, which, in turn, binds vinculin [3–5]. The

acidic phospholipid, phosphatidylinositol-4,5-bisphosphate

(PtdIns(4,5)P2), acts as a regulator of both actin dynamics

and FC turnover [6], and many cytoskeleton proteins

involved in cell adhesion bind PtdIns(4,5)P2 in order to be
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either activated or inactivated [7]. It is accepted that both

vinculin activation and integrin binding to talin are

dependent on plasma membrane local availability of

PtdIns(4,5)P2 [8].

Both talin and vinculin need to be inserted into the

phospholipid bilayer to form FC plaques. Earlier in vitro

studies have demonstrated that the insertion of either vin-

culin or talin into the lipid bilayer depends on the bilayer

phospholipid composition [9]. On the other hand, it has

been reported that many of the molecular components that

regulate cell-ECM adhesion are associated with choles-

terol-enriched detergent-resistant membrane microdomains

(DRM), which are also enriched in PtdIns(4,5)P2 [10]. It is

considered that the specific interactions with phosphoino-

sitides could serve to recruit cytoskeletal proteins to

particular membrane domains, in which specific lipids are

thought to be accumulated [10].

In spite of the relevance that membrane lipids appear to

have for FC assembly, there are no previous reports on the

membrane lipid composition where FC are located in vivo

or on how changes in local membrane composition con-

tribute to FC maintenance.

In the present study, we first performed the biochemical

characterization of the membrane domains where FC

complexes are located in renal papillary collecting duct

cells. Thereafter, by combining biochemical and immu-

nofluorescence studies, we obtained experimental evidence

showing how specific changes in the membrane lipid

composition in vivo are a sufficient condition to affect the

maintenance of FC, thus demonstrating that membrane

lipid composition plays a central role in the maintenance of

cell-ECM adhesion.

Materials and Methods

Silicagel plates for thin layer chromatography (TLC) were

from Merck. X-ray film was obtained from the Eastman

Kodak Co. Neomycin, LiCl, methyl-b-cyclodextrin, Col-

lagenase Type II, Fast 3,30diaminobenzidine tablets and

monoclonal antibodies against vinculin and talin and

phalloidin-FITC were from the Sigma Chemical Co (St.

Louis, MO, USA). Biotinylated anti PtdIns(4,5)P2 was

from Echelon Biosciences Inc. (Lake City, UT), FITC-

conjugated goat F(ab)2 to mouse IgG was from Jackson

ImmunoResearch Inc. (West Grove, PA) and ABC com-

plex/HRP Kit was from Dako Lab (Glostrup, Denmark).

Protein A/G PLUS Agarose was obtained from Santa Cruz

Biotechnology Inc (Burlingame, CA). All culture reagents

were from Gibco (Gibco, Invitrogen, USA). All other

reagents and chemicals were of analytical grade (Sigma,

Merck or Mallinckrodt) and purchased from local com-

mercial suppliers.

Animals and Tissue Preparation

Adult male Wistar rats were sacrificed by cervical dislo-

cation and both kidneys removed. Renal papillae were

isolated by scalpel and scissors dissection and sliced

(0.5 mm thick) by using a Stadie-Riggs microtome. Papil-

lary slices were collected in ice-cold 10 mM Tris–HCl, pH

7.4, containing 140 mM NaCl, 5 mM KCl, 2 mM MgSO4,

1 mM CaCl2 and 5.5 mM glucose (TBS) and incubated at

37 �C in a metabolic shaking bath either in the absence or in

the presence of membrane-affecting agents: 5 mM methyl-

b-cyclodextrin or 1 mM neomycin or 10 mM LiCl for 30,

10 or 120 min, respectively. Incubations were stopped on

ice and immediately homogenized in 10 vol of a solution

0.25 M sucrose containing 25 mM Tris–HCl, pH 7.4,

3 mM MgCl2, 2 mM EGTA, 1 mM PMSF, 10 lg/mL

aprotinin and 1 mM Na3VO4 and, successively centrifuged

at 860 g for 10 min, 8,000 g for 20 min, and 105,000 g for

60 min; the resultant pellet corresponding to microsomal

fraction was used for further studies.

Detergent-Resistant Membrane Isolation

Triton X-100 insoluble membrane fractions were per-

formed by the two-step centrifugation process described by

Ito el al. [11]. Briefly, microsomes were resuspended in one

vol of ice-cold PBS containing 1 mM PMSF, 10 lg/mL

aprotinin and 1 mM Na3VO4. Then, one volume of 0.2%

(v/v) Triton X-100 in PBS was added, mixed and incubated

at 4 �C for 20 min. Samples were layered on 30% (w/v)

sucrose and centrifuged at 225,000g at 4 �C for 2.5 h.

Pellets were discarded and supernatants diluted with 0.1%

Triton X-100 in PBS up to 10% (w/v) sucrose and centri-

fuged at 225,000g at 4 �C for 2.5 h. The resultant pellet

contained the Triton X-100 insoluble membrane fraction

while supernatants were considered as the soluble mem-

brane fraction (S fraction). Throughout this paper we

termed DRM as the 0.1% Triton X-100 insoluble mem-

branes that sediment in 10% sucrose after centrifuging for

2.5 h at 225,000 g. For the biochemical studies we used

DRM isolated from microsomal fractions instead of the

plasmatic membrane because in our experimental condi-

tions no detergent resistant pellet was obtained from the

isolated endoplasmatic reticulum. Thus, our microsomal

DRM only represented resistant domains from the plas-

matic membrane.

Lipid Analysis

Total lipids were obtained in the lower chloroformic phase

of the Bligh and Dyer extraction procedure [12]. From total
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lipid extracts, individual phospholipids and phosphoinosi-

tides were separated and quantified as previously reported

[13, 14], and the cholesterol content determined by the

method based on the cholesterol-oxidase enzyme reaction

[15]. Phospholipid biosynthesis was studied by incubating

papillary slices in TBS containing 0.1 lCi/mL of [32P]-

sodium orthophosphate ([32P]-Pi) at 37 �C in a metabolic

shaking bath. After 60 min incubation, samples were

homogenized, DRM and S fractions obtained, and phos-

pholipids and polyphosphoinositides separated.

Radioactive lipids were visualized by autoradiography and

iodine vapors and quantified by liquid scintillation

counting.

Fatty Acid Determination

Following phospholipid separation by TLC, spots were

scraped off and stored under nitrogen atmosphere at

-20 �C. The lipids were trans-esterified with acetyl chlo-

ride in methanol at 100 �C for 1 h. After cooling, K2CO3

was added, and the methyl esters were extracted with ben-

zene. Thereafter, the extracts were evaporated under stream

of nitrogen and stored at -20 �C. Methyl esters were ana-

lyzed by gas chromatography using a Gas Chromatograph

(Series GC-8A) equipped with a flame ionization detector

and 30 m 9 0.25 mm DR-23 capillary column. The tem-

perature was programmed from 175 to 240 �C at a rate of

3 �C/min. Nitrogen was used as the carrier gas. The chro-

matographic peaks were identified by comparison of the

retention time with those of standards and the percentage

composition of each fatty acid was calculated from the

proportionality of peak areas by an automatic integrator.

Phospholipid Determination

For the quantification of phospholipids, specific areas of

the TLC plates were scraped off and digested with 70%

perchloric acid in the presence of ammonium molybdate

(0.5%), for 2 h in a heating block at 180 �C. The resulting

inorganic phosphate was assayed with a Fiske–Subbarow

reagent [16].

Immunoprecipitation and Western Blot Analysis

Aliquots containing 100 lg of protein of DRM or S frac-

tions were pre-cleared by incubation at 4 �C with protein

A/G Plus-Agarose and, after centrifugation, supernatants

were incubated at 4 �C for 1 h with 2 lg of monoclonal

antibody against PtdIn(4,5)P2 (plus 2.5 lg of rabbit anti-

mouse IgM) or monoclonal antibody against vinculin.

Thereafter, protein A/G Plus- Agarose was added and

incubated overnight at 4 �C with gentle shaking. The

immunoprecipitates were washed three times with HNTG

buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 0.1 % (v/v)

Triton X-100 and 10 % w/v glycerol), resuspended in

Laemmli buffer and boiled for 5 min prior to Western blot

analysis. Proteins were resolved in 8 % SDS-PAGE, elec-

trotransferred to PVDF membranes and detected with the

antibody of interest. Primary interaction was evidenced by

using ECL Kit (GE Healthcare Life Sciences). When

necessary, membranes were stripped and reprobed with the

antibody of interest and evidenced with the ABC/HRP

complex and 3, 30diaminobenzidine. The intensity of each

band was estimated by optical densitometry with a Gel-Pro

Analyzer version 3.1 (Media Cybernetics, USA).

Cell Culture and Fluorescence Microscopy

Primary culture of papillary collecting duct cells was per-

formed by means of Stokes et al.’s procedure [17]. Briefly,

renal papillae were minced to 1–2 mm3 pieces and incu-

bated at 37 �C in sterile TBS containing 0.1% (w/v)

collagenase under 95% O2/5% CO2 for 40 min. From col-

lagenase digestion, a ‘‘crude-pellet’’, containing most

papillary cell types and tubular elements, was obtained by

centrifugation at 175 g for 10 min. The pellet was washed

twice and resuspended in Dulbecco’s modified Eagle’s

medium (DMEM) with F-12 (1:1), 10% (v/v) fetal bovine

serum, 100 U/mL penicillin and 100 lg/mL streptomycin,

and an ‘‘enriched-papillary collecting duct pellet’’ was

obtained by centrifuging at 60 g for 1 min. Pellets were

resuspended in DMEM-F12 and aliquots placed on sterile

dry-glass coverslips. After 96 h, the cells grown on cover-

slips were incubated at 37 �C in TBS containing 1 mM

neomycin, 5 mM CD or 10 mM LiCl for 10, 30 min, or

24 h, respectively, and then the cover slips were transferred

to cold PBS. For immunofluorescence labeling cells were

washed with PBS and fixed with methanol (at -20 �C for

10 min) and acetone (at -20 �C for 4 min), blocked with

3% (v/v) goat normal serum in PBS. After fixation, cells

were stained with mouse anti vinculin or mouse anti talin

overnight at 4 �C in goat serum containing PBS. Detection

of primary antibodies was performed with FITC conjugated

F (ab́)2 fragment goat anti-mouse IgG (Jackson Immuno

Research) secondary antibody. Finally, cells were washed

in PBS and mounted using Vectashield Mounting Media

(Vector Lab) and stored at 4 �C until analysis. Specimens

were examined with an Olympus FV300 Confocal

Microscopy (Model BX61), with an acquisition software

FluoView version 3.3 provided by the manufacturer. The

confocal images were analyzed using the Image-Pro Plus

version 5.1.2 software (Media Cybernetics, USA). All
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adhesion sites (focal contacts) in 10–15 randomly selected

cells were analyzed for generation of quantitative data sets

for each treatment, and three independent experiments were

performed. Cells were examined with a 100X Plan Apo oil

objective (NA 1.4), resulting in a pixel length of 0.1388 lm

after performing the spatial calibration. To even out back-

ground variations in our immunofluorescence images, we

applied a ‘‘flatten filter’’. To select the intensity range of the

objects (focal contacts) to be counted, we applied the soft-

ware command to perform the ‘‘segmentation’’ of the

image. The total number of vinculin- and talin- immuno-

stained FC per cell was counted. To do so, the contour of

each cell in the confocal image (area of interest) was

manually drawn by using the mouse pointer of the program.

Statistics

Results were expressed as mean ± SE. We used the

unpaired t-test for comparison between DRM and S frac-

tions. Data from control and different treatments were

analyzed by ANOVA and significant differences were

assessed by ‘‘a posteriori’’ Dunnett Multiple Comparisons

test (P \ 0.05).

Results

Renal Papillary Focal Contact (FC) Complexes are

Localized in Specific Detergent-Resistant Membranes

We first evaluated the presence of FC proteins vinculin and

talin in 0.1% Triton X-100 resistant (DRM) and soluble (S)

fractions. As seen in Fig. 1a, anti-vinculin recognized a

116-kDa band in both fractions. By contrast, anti-talin rec-

ognized a 225-kDa band only in the DRM fraction (Fig. 1b).

It is considered that PtdIns(4,5)P2 is an essential lipid for FC

stabilization [1, 2]; therefore, we next determined whether

vinculin and talin were associated with PtdIns(4,5)P2 in both

DRM and S fractions. Thus, PVDF membranes were strip-

ped and retested with anti PtdIns(4,5)P2 antibody. Two

bands were clearly detected in DRM but not in the S fraction

(Fig. 1 C). The highest molecular mass band (*225 kDa)

was compatible with PtdIns(4,5)P2 association with talin,

while the second band (molecular mass *116 kDa) was

consistent with PtdIns(4,5)P2 bound to vinculin. In order to

confirm whether vinculin and talin were, in fact, bound to

PtdIns(4,5)P2, we immunoprecipitated DRM and S fractions

with anti-PtdIns(4,5)P2 and then, vinculin and talin were

detected by Western blot. In DRM, both vinculin and talin

were pulled down by PtdIns(4,5)P2 antibody, while no bands

were evident in immunoprecipitates from the S fraction

(Fig. 1d, e). To verify the presence of assembled FC com-

plexes in DRM, talin–vinculin interaction was addressed by

performing an immunoprecipitation with anti-vinculin and

then, talin was detected by Western blot in the precipitate.

As seen in Fig. 1f, a positive band (molecular mass

*225 kDa) was obtained with anti talin, thus reflecting

vinculin–talin association. The presence of vinculin bound

to PtdIns(4,5)P2, together with talin–vinculin association in

DRM, constitute the biochemical expression of the existence

of FC complexes in DRM isolated from rat renal papillae.

Biochemical Characterization of FC-Containing DRMs

Once established that FC complexes were located in DRM,

we characterized the DRM lipid composition in

Fig. 1 Biochemical protein-characterization of DRMs from renal

papillary cells. DRM and S fractions were obtained from renal

papillae as described in ‘‘Materials and Methods’’, and equivalent

amounts of protein were resolved by electrophoresis and immuno-

blotted for vinculin (a) and talin (b). Representative membranes were

stripped and evaluated for PtdIns(4,5)P2 (c). DRM and S were

immunoprecipitated (IP) for PtdIns(4,5)P2 (d, e), and for vinculin (f)
and then immunoblotted (IB) with the indicated antibody. Results

correspond to a representative experiment of five individual assays
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comparison with the S fractions. As seen in Fig. 2a, cho-

lesterol concentration was ten times higher in DRM than in

S fractions (Fig. 2a). With respect to the phospholipid

profile (Fig. 2b), DRM showed a 70% increase in sphin-

gomyelin (CerPCho), accompanied by a 30% increase in

phosphatidylethanolamine (PtdEtn) and a 40% decrease in

phosphatidylserine (PtdSer) but no differences were found

in phosphatidylcholine (PtdCho) and phosphatidylinositol

(PtdIns) concentrations. The study of individual phospho-

lipid fatty acid composition revealed that DRM are

enriched in arachidonic acid mainly due to PtdEtn, which

doubled its content with respect to PtdEtn in S fractions

(Table 1). The amount of DRM-polyphosphoinositides,

PtdIns(4)P and PtdIns(4,5)P2, was several times higher

than in the S fraction, denoting the massive accumulation

of these acidic phospholipids in our papillary DRM

(Fig. 2c). In order to determine whether or not DRM-

associated phospholipids were metabolically active, we

evaluated [32P]-Pi incorporation into phospholipids. [32P]-

Pi specific activity, expressed as [32P]-Pi per nmol of each

phospholipid, was obtained and the DRM/S ratio calculated

for each individual phospholipid. As seen in Fig. 2d, [32P]-

Pi incorporation was more than three times higher in DRM

than in S fraction. It is known that PtdIns(4)P and

PtdIns(4,5)P2 are formed by PtdIns phosphorylation by

specific kinases. As a reflection of such a dynamic process,

we analyzed the ratio between [32P]-PtdIns and [32P]-

PtdIns(4)P plus [32P]-PtdIns(4,5)P2 in DRM and S

Fig. 2 Lipid characterization of

DRM (black) and S fractions

(white). Endogenous content of

cholesterol (a), individual

phospholipids (b), and

polyphosphoinositides (c) was

determined on DRM and S

aliquots, according to the

methodology described for each

kind of molecule. d [32P]-

phospholipids ratio and e [32P]-

PtdIns and [32P]-PtdIns(4)P2

plus [32P]-PtdIns(4,5)P2 ratio.

(Mean ± SE, n = 5).

*Significantly different from the

S fraction, P \ 0.05. PLs
phospholipids

Table 1 Fatty acid profile of

DRM and soluble fraction

phospholipids

Phospholipids present in both

DRM and soluble fraction were

isolated and specific fatty acid

profile was determined for each

phospholipid as described in

‘‘Materials and Methods’’. The

table shows the results of one

representative experiment

(n = 3)

CerPCho PtdCho PtdIns PtdSer PtdEtn

DRM (%) S (%) DRM (%) S (%) DRM (%) S (%) DRM (%) S (%) DRM (%) S (%)

14:0 4.6 4.0 1.2 2.0 4.5 5.0 4.2 4.5 1.7 2.8

16:0 37.7 37.4 27.5 33.0 32.9 35.3 28.8 33.4 17.7 21.0

16:1 1.6 1.7 1.3 1.3 1.9 1.4 1.3 2.4

17:0 1.7 1.8 1.5 1.4 1.7 1.6 1.5 1.5 1.1 2.7

18:0 33.8 34.8 21.8 26.0 40.8 38.8 40.3 40.5 30.5 25.8

18:1 1.4 16.6 12.5 2.1 6.1 3.4 5.6 6.4

18:2 10.9 8.1 1.9 1.1 3.6 1.9

18:3 2.6

20:0 1.7 1.8 0.9 0.9 1.0 2.9

20:2 0.8 0.4

20:4 14.7 11.3 0.7 6.2 4.1 33.1 16.0

22:0 4.5 4.1 0.7 0.9 7.9 4.9 1.6 2.3 1.0 2.2

22:1 0.5 2.1 2.3

23:0 1.0 0.8

24:0 4.6 3.4 2.1

26:0 3.5
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fractions. As seen in Fig. 2e, the DRM ratio was around

half of the S fraction ratio, reflecting that polyphosphoi-

nositide synthesis in DRM is twice higher than in the S

fraction.

Altogether, these results demonstrate that FC complexes

are located in cholesterol-CerPCho-polyphosphoinositide-

enriched membrane domains, which show an exceptionally

high phospholipid biosynthesis with respect to the S frac-

tion (Fig. 2d). The high polyunsaturated PtdEtn content,

plus the enrichment in polyphosphoinositides, suggests that

such DRM correspond to the inner leaflet of the plasma

membrane, which is consistent with the fact that FC are the

cytoplasmic face of the cell contact site [18].

Effect of Membrane-Affecting Agents in DRM

Compositions

Methyl-b-cyclodextrin (CD), a known cholesterol-deplet-

ing agent, decreased cholesterol content by 35%, and also

induced an overall change in phospholipid profile (Fig. 3a).

The most significant change was the great augmentation in

CerPCho and PtdIns, counterbalanced by the decrease in

PtdCho and PtdEtn content, while PtdIns(4)P and

PtdIns(4,5)P2 did not significantly change.

Neomycin, a known PtdIns(4,5)P2 sequestering agent

[19, 20], provoked an unexpected 60% loss in cholesterol

concentration, which was accompanied by a slight decrease

in CerPCho and PtdSer, and an increase in PtdEtn content.

Neomycin also increased PtdIns(4,5)P2 by 65% while

PtdIns(4)P concentration fell about 10% (Fig. 3b).

The treatment with LiCl, which blocks phosphoinosi-

tides synthesis [21], evoked an increase in cholesterol and

CerPCho content by 35 and 25%, respectively, accompa-

nied by a decrease in PtdCho, an important PtdIns and

PtdSer enrichment. No changes in PtdEtn content were

observed. Both PtdIns(4)P and PtdIns(4,5)P2 contents were

diminished, accounting for a 50 and 25% decrease,

respectively (Fig. 3c).

These results show that instead of evoking an effect on a

single membrane lipid, each membrane-affecting agent

appears to induce an unexpected overall change in the

DRM-lipid profile, thus bringing about a DRM of different

lipid composition.

Influence of Changes in DRM Lipid Composition

on FC Maintenance

In order to obtain a morphological correlation of the bio-

chemical findings, we performed primary cultures of

collecting duct cells and studied the FC by immunofluo-

rescence microscopy. As shown in Fig. 4a, vinculin-

stained FC appeared as bright and elongated structures

(arrowheads). Vinculin immunoreactivity was also

observed diffusively distributed in the cytoplasm. By

contrast, talin immmunoreactivity was exclusively found in

Fig. 3 Changes in lipid composition of DRMs after treatment with

membrane-affecting agents. Renal papillary slices were treated with a
5 mM CD, b 1 mM Neomycin, or c 10 mM LiCl, and DRMs were

isolated. Variation of cholesterol, individual phospholipids, and

polyphosphoinositides is expressed as percentage of control (Mean ±

SE, n = 5)
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FC, appearing as abundant bright plaques morphologically

heterogeneous (Fig. 4b, arrowheads).

Treatment of cultured cells with CD caused dissipation

of vinculin-stained FC (Fig. 4 and quantitative analysis).

Immunoreactivity increased in discrete zones of the

plasma membrane (arrowhead) and was also accumulated

in the perinuclear zone (Fig. 4d). Talin-stained FC were

also affected by CD and an unusual accumulation in

specific zones of the plasma membrane was also observed

(Fig. 4e, arrowhead and quantitative analysis). Taken

together, these results demonstrate that although a fraction

of vinculin and talin remained in the plasma membrane,

the assembly of these proteins in FC was almost com-

pletely impaired by CD. Consistent with the dissipation of

FC, CD induced almost complete disappearance of stress

fibers. F-actin appeared as a cortical network in rounded

cells (Fig. 4f, arrowhead), typical of isolated–detached

cells but not of cells that constitute organized epithelial

tissues.

As seen in Fig. 4g and quantitative analysis, the specific

PtdIns(4,5)P2 sequestering agent neomycin induced almost

complete loss of both vinculin- and talin-stained FC. Both

proteins appeared densely accumulated in the cytosol with

a punctuate appearance neighboring the nucleus (Fig. 4g,

h). Consistent with the dissipation of FC, stress fibers

almost disappeared and arrangements of peripherical actin-

based structures were evident (Fig. 4i, arrowhead). Phal-

loidin-stained images also allowed us to visualize cells that

were in the process of retraction (Fig. 4i, asterisk).

The treatment of culture cells with LiCl induced a

decrease in the number of vinculin-stained FC per cell

(Fig. 4j and quantitative analysis). By contrast, neither the

quantity of talin-stained FC nor F-actin distribution in

cultured cells was affected (Fig. 4k, l, and quantitative

analysis). The preservation of actin organization in stress

fibers explains the maintenance of cellular morphology

observed after LiCl treatment (Fig. 4l).

Discussion

In the present report, we biochemically studied FC com-

plexes obtained from rat renal papillae and then defined

their morphological correlation in papillary collecting duct

cells primary cultures. By using a two-step centrifugation

procedure and changing sucrose concentration, we were

able to demonstrate that FC complexes are part of a

detergent resistant membrane fraction, highly enriched in

cholesterol and phosphoinositides and whose phospholipid

constituents are subjected to a very high turn-over.

Fig. 4 Effect of changes in

DRM lipid composition on FC

plaques. Cultured collecting

duct cells were treated with

5 mM CD, 1 mM Neo, or

10 mM LiCl. After fixation,

cells were immunostained with

antibodies against vinculin (a,

d, g, j) and talin (b, e, b, k), and

with FITC-phalloidin (c, f, i, l).
Primary monoclonal

interactions were evidenced by

using goat anti-mouse IgG–

FITC secondary antibody and

analyzed with confocal

microscopy. Representative

images of three independent

experiments are shown. Scale
bar 20 lm. Quantization of the

number of vinculin-stained, and

talin-stained FC per cell were

calculated by the image analysis

program, and performed as

described in ‘‘Materials and

Methods’’. Bar graphs results

are expressed as mean ± SE.

*Significantly different from

control, P \ 0.01
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FC has been previously associated with detergent

resistant domains and also with local membrane accumu-

lation of PtdIns(4,5)P2 [22] and it has been recently shown

that they can regulate membrane order [23], thus support-

ing the notion that actin-containing cytoskeleton can

promote lateral segregation of cholesterol–sphingomyelin

enriched detergent resistant domains [24]. However, a

direct demonstration of the existence of such resistant

domains and their biochemical characterization has not

been reported before. Here, we were able to detect the FC

complex in a Triton X-100 resistant lipid domain and we

propose that the lipid composition of such DRM corre-

sponds to the physiological environment where FC are

inserted.

For the isolation of DRM we used a low Triton X-100

concentration (0.1%). It has been demonstrated in stomach

smooth muscle that at such a detergent and similar sucrose

concentration most of vinculin was efficiently solubilized

while sphingomyelin remained insoluble [24]. Consistent

with this observation, we also found the bulk of vinculin in

the soluble fraction, but this fraction of vinculin did not

correspond to the FC-vinculin since it did not interact with

PtdIns(4,5)P2 nor with talin. Moreover, talin, which is

immediately degraded by calpain if it is not assembled into

FC, was only found in the detergent resistant domain. Since

vinculin, besides being part of FC, can also form adherent

junctions, it is possible that the bulk of the solubilized

vinculin corresponds to vinculin present in adherent junc-

tions, as suggested previously [23].

FC cannot be detected in histological preparations from

intact tissue, but they can be observed in cultured cells.

Therefore, we took advantage of the fact that cultured

papillary collecting duct cells preserve their tendency to

interact with their self-formed ECM, mimicking their

behavior in intact tissue. Therefore, we established a par-

allelism between the biochemical data obtained from

papillary microsomes and the morphological observations

from immunofluorescence microscopy performed in pri-

mary cultures of collecting duct cells. By using such

experimental strategy, we demonstrated that membrane

lipid composition affects the in vivo preservation of FC as

clearly shown by the immunofluorescence images. At first,

we showed that the various membrane-affecting agents

differently affect FC, depending on their capacity to

change the membrane lipid composition. Consistent with

previous observations in smooth muscle cells [24], the

treatment with CD did not lead to DRM elimination.

Instead, CD induced cholesterol decrease but also mem-

brane lipid redistribution, which resulted in a net increase

of the CerPCho content in DRM. It has been reported that

DRM serves as a platform for PtdIns(4,5)P2 accumulation

induced by FC proteins [22], and that such PtdIns(4,5)P2

accumulation serves to stabilize the assembled FC [6].

However, here we show that, although polyphosphoinosi-

tides were still accumulated in CD-treated DRMs, FC did

not persist assembled as seen in the immunofluorescence

images. Based on these observations, we can suggest that

polyphosphoinositide accumulation in DRM is not suffi-

cient to stabilize FC; but polyphosphoinositides must be

included in a DRM with a specific lipid composition in

order to guarantee an efficient FC stabilization.

The effect of neomycin on cytoskeleton organization

has currently been attributed to a failure in the

PtdIns(4,5)P2 availability to bind cytoskeletal proteins but

the membrane lipid composition was not studied [22].

The present results clearly show that apart from its well

known action as PtdIns(4,5)P2 sequestering-agent, neo-

mycin simultaneously evokes a dramatic decrease in the

DRM cholesterol content. Therefore, we suggest that the

deleterious effect of neomycin on FC can be due not

only to the loss of PtdIns(4,5)P2 availability but also to a

decrease in cholesterol content, which with no doubt

changes the physico-chemical properties of the new

formed DRM.

It has been previously shown that LiCl dissipates FC in

neural cells [22]. However, here we show that the inhi-

bition of polyphosphoinositide synthesis by LiCl induces a

restructuration rather than a dissipation of FC. It is known

that FC are hierarchical structures where additional FC

proteins assemble as they mature. Talin is the first protein

that forms FC, while vinculin is added thereafter [25].

Thus, even without vinculin, talin-containing FC can still

be present, thus conforming the minimal FC assembling.

Thus, the apparent controversy with the previous obser-

vations [22] resides in the fact that the authors studied

only vinculin-stained but not talin-stained FC. It is known

that vinculin has to be bound to PtdIns(4,5)P2 to stay in

FC plaques [26]. The selective dissipation of vinculin

from assembled FC can be explained considering their

different affinities for membrane lipids. Thus, vinculin

binding to PtdIns(4,5)P2 is of low affinity, while binding

to PtdIns is of high affinity but does not serve to assemble

vinculin into FC [27]. Thus, the lowering in PtdIns(4,5)P2

content, together with the high increase in PtdIns pro-

duced by LiCl, may account for the dissipation of vinculin

from FC. By contrast, talin has high affinity to bind

PtdIns(4)P [27], thus the decreased concentration of

DRM–PtdIns(4)P, could be still enough to bind talin. On

the other hand, it appears that the new DRM conforma-

tion, where cholesterol and CerPCho increased their

concentration, could result favorable to stabilize talin-

containing FC. Moreover, it has been reported that LiCl

affects 20:4n-6 turnover by altering the expression of

cPLA2 [28]; however, whether or not such effect is also

involved in the dissipation of vinculin-containing FC

needs further demonstration.
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Investigations on the interaction of the cytoskeleton

components with artificial membranes, and in more detail

with membrane lipids were started in the 1980s [29].

However, no direct evidence on the effect of changes in the

membrane lipid composition in biological membranes on

FC structures exists. It is currently considered that

PtdIns(4,5)P2 is the membrane phospholipid that plays the

crucial role in the maintenance of assembled FC. However,

our results demonstrated that such pool of polyphosphoi-

nositides has to be part of a domain of specific lipid

composition to serve as a membrane lipid stabilizing FC

plaques. Among membrane lipids, and taking in consider-

ation that the decrease in cholesterol was a common feature

in the deleterious effect of CD and Neo, we suggest that the

enrichment in cholesterol is in fact the crucial lipid for

evoking the lipid environment to maintain the FC plaques

assembled.

We used the various membrane affecting agents only as

a tool to study the influence of membrane lipid compo-

sition on FC maintenance. However, it is of interest to

point out that both neomycin and LiCl are pharmacolog-

ical agents of known nephrotoxic effects. In this context,

our results could be also pharmacologically relevant.

Indeed, neomycin is an aminoglycoside antibiotic known

to cause tubular necrosis [30, 31]. Thus, the disruption of

the cell-extracellular matrix adhesion demonstrated by the

present data could be an explanation for the deleterious

effect caused by neomycin treatments since it is known

that epithelial cells have to be bound to the extracellular

matrix in order to survive and not die by anoikis. On the

other hand, LiCl is used for the treatment of some human

mental diseases [32, 33] and it is known that long-term

treatment with this agent provokes alterations in the renal

capacity for concentrating urine [34]. Although the phar-

macological dose is lower (0.8–1 mM) than the

concentration that we used, chronic low doses could also

affect FC. The impairment of vinculin-contained FC

reported here could be a primary cause that progressively

affects cell-ECM adhesion, thus affecting renal function.

Moreover, the alteration in membrane lipid composition,

mostly cholesterol enrichment, could disturb the location

or the function of membrane transporter systems involved

in normal renal tubular physiology, thus affecting the

urine concentration process.

In conclusion, in this work we show evidence about the

importance of the lipid composition of the specific mem-

brane lipid domain, where FC are included, and suggest

that it could be relevant for the maintenance of the struc-

tures that tether the collecting duct epithelial cells to the

extracellular matrix.
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Abstract Subjects with echolucent carotid plaques have

an increased risk of ischemic cerebrovascular events inde-

pendent of degree of stenosis. Low plasma lipoprotein

lipase (LPL) activity promotes a proatherogenic lipid pro-

file, and delayed chylomicron clearance is a risk factor for

atherosclerosis. This study was conducted to determine

plasma LPL activity and postprandial metabolism of tri-

glycerides in relation to carotid plaque morphology. Plaque

echogenicity was assessed by B-mode ultrasound and

analysis of the grey scale median (GSM). Echolucent pla-

ques were defined as GSM B 63 (the median) and

echogenic plaques as GSM [ 63, and 57 subjects with

carotid plaques and 38 subjects without carotid plaques

were recruited. Blood samples were collected before and at

2-h interval for 8 h after a standard high fat meal. LPL

activity and mass was determined before and after heparin

administration. Postheparin LPL activity was decreased in

subjects with echolucent plaques compared to subjects with

echogenic plaques (P = 0.06) and to controls (P = 0.04).

Plaque echogenicity increased linearly with increasing

levels of postheparin LPL activity (P = 0.02) and mass

(P = 0.03). Subjects with echolucent plaques had delayed

postprandial clearance of chylomicron triglycerides com-

pared to controls (P = 0.04). Low postheparin LPL activity

due to attenuated mobilization of LPL from capillary

endothelium may play an important role in the formation of

echolucent plaques by modulation of postprandial lipids

and subsequent fat accumulation in the arterial wall.

Keywords Lipoprotein lipase � Chylomicrons �
Lipoprotein metabolism � Triglyceride metabolism �
Atherosclerosis

Introduction

Postprandial lipemia is a physiological phenomenon

occurring several times a day. Elevated postprandial levels

of triglyceride-rich lipoproteins (TRLs) have been associ-

ated with both coronary [1] and carotid [2] artery

atherosclerosis. Zilversmit [3] proposed that atherosclero-

sis, at least in part, is a postprandial disease, and

hypothesized that accumulation of triglyceride-rich dietary

lipoproteins promoted formation of atherosclerosis, due to

reduced clearance and thereby prolonged exposure of the

vascular wall to TRL. More recent studies provide new

perspective to this hypothesis by reporting a particular

efficient penetration and selective retention of chylomicron

remnants in sites of lesion formation [4]. The ‘‘response to

retention’’ hypothesis of atherosclerosis suggests that inti-

mal deposition is proportional to the concentration of

circulating plasma lipoproteins [5].
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Triglycerides in the core of TRL in circulating blood are

hydrolyzed by the action of endothelial cell-bound lipo-

protein lipase (LPL) representing the principal enzyme that

removes triglycerides from the bloodstream [6]. The

functional pool of LPL is anchored to heparin sulphate

proteoglycans (HSPGs) at the surface of vascular endo-

thelium, and only low levels are found in the circulation

[6]. Unfractionated heparin has higher affinity for LPL than

heparin sulphate, and heparin infusion will therefore dis-

place LPL from the endothelial surface into circulating

blood [7]. The amount of LPL released after a bolus dose

of heparin is used as a measure of functional LPL and

assumed to reflect the LPL availability at the endothelial

surface [8]. A deficiency of LPL is associated with

increased plasma levels of chylomicrons, suggesting that

triglyceride hydrolysis is important for the clearance of

these particles [9]. Furthermore, LPL has also been shown

to enhance the uptake of remnant lipoproteins by the liver

[10].

The carotid arteries are readily accessible to ultrasound

imaging and evaluation of atherosclerotic plaque mor-

phology. Plaques that appear echolucent are lipid-rich,

covered by a thinner fibrous cap, whereas echogenic pla-

ques have higher content of fibrous tissue and calcification

[11]. Studies have shown that echolucent carotid plaques

are associated with high risk for ischemic cerebrovascular

events (CVE) independent of the degree of stenosis [12].

The purpose of the present study was to investigate whe-

ther plaque echolucency was associated with lowered

plasma LPL activity, elevated postprandial triglycerides,

and delayed clearance of postprandial TRL in subclinical

carotid stenosis.

Materials and Methods

Study Participants

The study was performed at the Clinical Research Centre at

the University Hospital of North Norway in Tromsø.

The participants were recruited from a population health

study (the fifth survey of The Tromsø Study in 2001), which

included ultrasound examination of the carotid arteries.

Subjects were eligible for the plaque group if they were

aged 56–80 years and had one plaque or more in the carotid

bifurcation or internal carotid artery at the screening with a

plaque thickness of C2.5 mm and plaque morphology

classified as echolucent (grade 1) or echogenic (grade 4)

according to the Gray–Weale criteria [13]. Subjects in the

same age groups without plaques in their carotid arteries

were used as controls. Exclusion criteria included the fol-

lowing conditions: regular use of lipid-lowering drugs or

oral anticoagulants, cancer or other serious life-threatening

medical conditions, hypothyroidism, renal, hepatic, or

psychiatric disease, and current abuse of alcohol or drugs.

Coronary artery disease (CAD) was defined as prior or

present angina pectoris, myocardial infarction and periph-

eral vascular disease. Cerebrovascular event (CVE) was

defined as transient ischemic attacks, stroke and amaurosis

fugax. The study included 57 subjects with and 38 subjects

without carotid plaques. Informed written consent was

obtained from the participants, and the regional ethical

committee approved the study.

Ultrasound Examination

The ultrasound examination was performed as described

previously [14, 15]. Plaque morphology in terms of ech-

ogenicity was assessed by analysis of grey scale content of

the plaques and calculation of grey scale median (GSM).

Assessment of plaque morphology was made in all plaques

present in the near and far walls of the common carotid, the

bifurcation, and the internal carotid arteries on both sides

(12 locations). All examinations and measurements of all

plaques were recorded on videotapes. Stored B-mode

images were subsequently transferred to a personal com-

puter and digitized into frames of 768 9 576 pixels of 256

grey levels each (0 = black and 256 = white) with the use

of a commercially available video grabber card (meteor II/

Matrox Intellicam). Measurements of plaque area were

made with the use of the Adobe Photoshop image-pro-

cessing program (version 7.0.1), by tracing around the

perimeter of each plaque with a cursor. The grey-level

distribution and grey-scale median (GSM) of each plaque

was calculated. Normalization of GSM was performed

according to the method by El-Barghouty [16]. A fixed area

of the lumen of the carotid artery (300 pixels), the brightest

area of the innermost adventitia adjacent to the plaque

(150 pixels), and the plaque were marked. The plaque

image was normalized by adjusting linearly their grey tonal

range so that the lumen were assigned a GSM of 1 and the

adventitia 200 [17]. After standardization, the GSM of the

plaques were re-calculated. In subjects with more than one

plaque, the standardized GSM of the total plaque area was

estimated as a weighted mean of the GSM value of each

single plaque.

The area of each plaque was divided by the total area of

plaques in each subject, and this fraction was multiplied

with each plaques normalized GSM value. All scores were

added to calculate the total normalized GSM score for each

subject. Echolucent plaques were defined as GSM at or

below the median (B63) and echogenic plaques as plaques

with a GSM above the median ([63).
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Fat Tolerance Test

A fat-tolerance test was conducted using a test meal pre-

pared from standard porridge cream containing 70% of

calories from fat of which 66% saturated fat, 32% mono-

unsaturated fat and 2% polyunsaturated fat. A weight-

adjusted meal (1 g fat/kg body weight) was served at

8:00 a.m. and consumed within 15 min. Blood samples for

isolation of chylomicrons (CM), and serum- and plasma

preparations were collected before the meal and every

second hour during the next 8 h.

Isolation of Chylomicrons and Measurements of Serum

Lipids and Apolipoproteins

Chylomicrons were isolated by over-layering 8 ml EDTA

plasma with 5 ml of NaCl solution (density 1.006 kg/l

NaCl solution with 0.02% sodium azide and 0.01% EDTA)

in a cellulose nitrate tube (Beckman Instruments Inc, CA,

USA) and centrifuged in a Beckman SW40 Ti swinging

bucket rotor at 20.000 rpm for 1 h at 4 �C. The CM, with

Svedberg flotation (Sf) rates [ 400, were carefully

removed by aspiration from the top of the tube, divided

into three aliquots in cryovials, flushed with nitrogen, and

frozen at -70 �C until further analysis.

Serum lipids were analysed on a Cobas Mira S (Roche

Diagnostics, F. Hoffmann-La Roche Ltd, Basel, Switzerland)

with reagents from ABX Diagnostics (Montpellier, France).

Total cholesterol (CHOD-PAP) and triglycerides (GPO-PAP)

were measured with enzymatic colorimetric methods. Low-

density lipoprotein (LDL) and high-density lipoprotein cho-

lesterol were measured by selective inhibition colorimetric

assays (LDL cholesterol direct and HDL cholesterol direct,

respectively, ABX Diagnostics). Serum apolipoprotein AI

(apo-AI) and apolipoprotein B (apo-B) were analysed by

turbidimetry on Cobas Mira S with reagents from ABX

Diagnostics, whereas apolipoproteins CII and CIII were ana-

lysed by turbidimetry with reagents from Kamyia Biomed

Comp (Seattle, WA, USA). Serum apolipoprotein E (apoE)

was measured by an enzyme-linked immunosorbent assay,

Apo-Tek ApoETM (PerImmune Inc., Rockville, MD, USA)

and genotyping of apoE was performed according to Hixson

and Vernier [18] with slight modifications.

Lipoprotein Lipase Measurements

Eight hours after ingestion of the test meal, blood was drawn

into vacutainers (Becton Dickinson) containing heparin as

anticoagulant and the heparinized blood was immediately

placed on ice. Unfractionated heparin was given as a bolus

injection (100 IU/kg body weight) on the contra-lateral arm

to mobilize LPL from the endothelial surface into the cir-

culation. A second blood sample was obtained exactly

15 min after heparin administration and immediately placed

on ice. Heparinized plasma was recovered within 30 min by

centrifugation (2,0009g for 10 min) at 4 �C, divided into

aliquots of 1.0 ml in cryovials, flushed with nitrogen, and

frozen at -70 �C until further analysis. LPL activity was

determined as described by Olivecrona et al. [7]. In short,

sonicated emulsion of 3H-oleic acid-labelled triolein in 20%

Intralipid (Fresenius Kabi) was used as substrate. Samples

were preincubated for 2 h on ice with 0.5 vol goat antibodies

to hepatic lipase (HL) to suppress HL activity. LPL activity is

expressed in mU/ml corresponding to nanomole of fatty

acids released per millilitre per minute. The samples were

quantitated in triplicate, and postheparin plasma from pooled

normal control persons were used to correct for inter-assay

variation. LPL mass was measured in heparin plasma with a

commercial ELISA kit (MARKIT-M LPL ELISA, Dainip-

pon Sumitomo Pharma Co., Ltd., Osaka, Japan) according to

the instructions made by the manufacturer.

Statistics

Subjects with carotid plaques were divided in two groups, the

echogenic group, defined as GSM [ 63 (n = 28) and the

echolucent group, defined as GSM B 63 (n = 29). The extent

of postprandial triglyceridemia was assessed by the total area

under the curve (AUC) and incremental area under the curve

(AUCi) for plasma triglycerides and plasma chylomicron

triglycerides, and by the triglyceride response (TGR), defined

as the average of the two highest postprandial triglyceride

concentrations minus baseline concentrations. Continuous

variables are presented as mean [95% confidence interval

(CI)], and categorical data as proportions (n). Serum triglyc-

erides, LPL activity, apolipoprotein CII and CIII were not

normally distributed and therefore logarithmically trans-

formed. Differences in continuous and categorical variables

between groups were analyzed by ANOVA and the v2 test,

respectively. When indicated by a F value below 0.05, a post

hoc test using the Bonferroni method was performed to

identify significant group differences. Linear trends were

tested by multiple regression analysis. Differences between

groups in total and chylomicron triglycerides over time were

analyzed by general linear models (GLM). All analyses were

performed using SPSS (SPSS Inc. Chicago, Illinois, USA) for

windows software, version 14.0.

Results

Characteristics of the study participants, including carotid

plaque characteristic, are shown in Table 1. There were no
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significant differences between groups with regard to tra-

ditional risk factors. None of the participants had

experienced TIA, one had experienced amaurosis fugax

and two had experienced stroke. There were no differences

in regular use of drugs or presence of CAD between

groups. The median GSM value was 63.0 pixels (range

19.0–137.0) (Table 1). Except for GSM, no differences in

plaque characteristics were observed between the echolu-

cent and echogenic plaque groups.

Fasting lipid and apolipoprotein levels are shown in

Table 2. Subjects with echolucent plaques had lower HDL

cholesterol levels than subjects with echogenic plaques and

controls. To further investigate the relation between plaque

echogenicity and HDL cholesterol linear regression anal-

ysis was performed. HDL cholesterol increased linearly

across tertiles (T) of GSM (HDL T1 = 1.28 mmol/l (0.92–

1.79), HDL T2 = 1.59 mmol/l (1.35–1.87), HDL

T3 = 1.79 mmol/l (1.53–2.03), P for trend = 0.04). The

ratio between total and HDL cholesterol was significantly

higher in subjects with echolucent plaques compared to

controls. In addition, subjects with echolucent plaques had

lower apo-AI levels, and the ratio between apo-B and apo-

AI was significantly higher in subjects with carotid plaques

than the control group (Table 2). The apo-CII/apo-CIII

Table 1 Baseline

characteristics of the study

participants with echolucent and

echogenic carotid plaques and

subjects without carotid plaques

(controls)

Values are means (95% CI) or

percentages (n)

Echolucent (n = 29) Echogenic (n = 28) Controls (n = 38) P values

Male (%) 55 (16) 54 (15) 50 (19) 0.9

Age (years) 68.7 (66.2–71.2) 70.2 (68.0–72.5) 68.0 (66.0–70.0) 0.3

Currently smoking (%) 18 (5) 29 (8) 24 (9) 0.6

Body mass index (kg/m2) 25.5 (24.1–26.9) 26.4 (24.8–28.0) 27.4 (25.8–27.3) 0.1

Systolic blood

pressure (mmHg)

127 (120–135) 131 (123–139) 129 (124–135) 0.7

Diastolic blood

pressure (mmHg)

74 (68–78) 75 (71–78) 75 (72–78) 0.9

CVE (%) 0 4 (1) 5 (2) 0.5

CAD (%) 14 (4) 18 (5) 13 (5) 0.9

Diabetes (%) 3 (1) 7 (2) 0 0.3

Hypertension (%) 21 (6) 32 (9) 29 (11) 0.6

b-blockers (%) 17 (5) 11 (3) 13 (5) 0.8

Platelet inhibitors (%) 10 (3) 25 (7) 13 (5) 0.3

Degree of stenosis (%) 39(33–45) 37(32–42) 0.6

Number of plaques 2.1(1.5–2.6) 2.3(1.7–2.9) 0.6

Total plaque area (mm2) 6.3 (3.1–9.1) 5.1 (3.3–6.8) 0.4

Grey scale median (pixels) 40.4 (36.2–44.7) 88.6 (81.7–95.6) \0.001

Table 2 Fasting lipid and apolipoprotein levels in subjects with echolucent and echogenic carotid plaques, and in subjects without carotid

plaques (controls)

Carotid plaques Controls (n = 38) P values

Echolucent (n = 29) Echogenic (n = 28)

Total cholesterol (mmol/l) 6.45 (5.91–7.00) 6.43 (5.98–6.88) 6.07 (5.69–6.46) 0.4

LDL cholesterol (mmol/l) 4.14 (3.76–4.51) 4.17 (3.80–4.54) 3.76 (3.46–4.06) 0.1

HDL cholesterol (mmol/l) 1.59 (1.36–1.82) 1.74 (1.52–1.95) 1.77 (1.63–1.91) 0.4

Total triglycerides (mmol/l) 1.27 (0.99–1.56) 1.08 (0.83–1.33) 1.13 (0.96–1.30) 0.5

Total cholesterol/HDL cholesterol (ratio) 4.31(3.73–4.90) 3.98 (3.53–4.42) 3.56 (3.28–3.84) 0.04

Apolipoprotein AI (g/l) 1.13 (1.24–1.43) 1.40 (1.30–1.51) 1.44 (1.36–1.51) 0.3

Apolipoprotein B (g/l) 1.13 (1.06–1.21) 1.14 (1.07–1.21) 1.04 (0.98–1.11) 0.09

Apolipoprotein CII (mg/l) 41.8 (34.1–49.5) 38.8 (32.6–45.0) 38.7 (34.8–42.6) 0.7

Apolipoprotein CIII (mg/ml) 102.3 (85.8–118.8) 97.7 (81.3–114.1) 98.1 (87.2–109.2) 0.9

Apolipoprotein E (mg/l) 42.1 (36.7–47.5) 40.7 (35.5–45.8) 45.7 (40.5–50.9) 0.3

Apo-B/Apo-AI (ratio) 0.87 (0.79–0.94) 0.85 (0.76–0.94) 0.74 (0.68–0.80) 0.03

Apo-CII/Apo-CIII (ratio) 0.41 (0.38–0.44) 0.41 (0.37–0.46) 0.41 (0.38–0.44) 0.9

Values are means (95% CI)
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ratio was equal in all groups. The apoE genotype did not

differ between groups, where 57% of the participants had

the E3/3 isoform, 30% E3/4, 1% E4/4, 0% E2/2, 9% E2/3

and 2% had the E2/4 isoform.

Plasma levels of pre- and postheparin LPL activity, LPL

mass and LPL specific activity are shown in Table 3.

Postheparin LPL activity was decreased in subjects with

echolucent plaques (112.2 mU/ml, 96.6–130.3 mU/ml)

(mean, 95% CI) compared to subjects with echogenic pla-

ques (137.3 mU/ml, 118.9–158.5 mU/ml, P = 0.06) and to

controls (137.5 mU/ml, 121.6–155.5 mU/ml, P = 0.04).

The differences between groups remained unchanged after

adjustments for age, BMI, use of b-blockers, apoE poly-

morphism, and serum concentrations of apo-CII and apo-

CIII. Similar differences between groups were found in

postheparin LPL mass, whereas the specific activity for

postheparin LPL was equal between groups. To further

investigate the relationship between LPL and plaque ech-

ogenicity (GSM), trend analysis revealed a significant

increase in GSM across tertiles of postheparin LPL activity

(P = 0.02) and LPL mass, whereas no linear trend was

found for GSM across tertiles of LPL specific activity

(Fig. 1). The relations between GSM and postheparin LPL

activity and LPL mass remained significant after adjustment

for age, BMI, use of b-blockers, apoE polymorphism, and

serum concentrations of apo-CII and apo-CIII (P = 0.03

and 0.046, respectively). Univariate analyses were

conducted to determine predictors of GSM. Different fast-

ing and postprandial lipid parameters, age, sex, BMI,

apolipoproteins, and LPL activity were tested. Postheparin

LPL activity was the only variable that correlated signifi-

cant with GSM (r = 0.32, P = 0.02).

Plasma concentrations of CM-triglycerides (upper

panel) and total triglycerides (lower panel) after ingestion

of the test meal are shown in Fig. 2. Subjects with echolucent

plaques had significantly higher levels of CM-triglycerides 6

and 8 h after ingestion of the meal compared to controls even

after adjusting for age, sex, smoking status, use of b-block-

ers, and fasting CM-triglyceride levels (Fig. 2, upper panel).

Six hours after the meal the CM-triglyceride level tended

to be higher in subjects with echolucent plaques compared

to echogenic plaques (P = 0.06). Repeated measurement

analysis was performed to identify differences between

groups over time. The postprandial CM-triglyceride-curve

(time 9 group) was significantly different (P = 0.004)

between echolucent plaques and controls, and not signifi-

cantly different between the plaque groups (P = 0.3)

(Fig. 2, upper panel). The postprandial triglyceride-curve

(time 9 group) tended to be different (P = 0.08) between

echolucent plaques and controls, and not significantly dif-

ferent between the plaque groups (P = 0.2) (Fig. 2, lower

panel). No differences between groups were observed with

regard to TGR, AUC and AUCi for triglycerides and CM-

triglycerides (Table 3).

Table 3 Lipoprotein lipase mass and activity, and characteristics of triglyceride-rich lipoproteins after a fat tolerance test in subjects with

echolucent and echogenic carotid plaques, and in subjects without carotid plaques (controls)

Carotid plaques Controls (n = 38) P values

Echolucent (n = 29) Echogenic (n = 28)

Prehep LPL

Activity (mU/ml) 0.87 (0.68–1.07) 1.01 (0.66–1.36) 1.32 (0.83–1.81) 0.3

Protein (ng/ml) 72.6 (57.5–87.7) 108.5 (31.8–185.2) 76.6 (64.6–88.7) 0.4

Specific act (mU/ng) 0.02 (0.01– 0.02) 0.02 (0.01– 0.03) 0.02 (0.01–0.03) 0.9

Posthep LPL

Activity (mU/ml) 112.2 (96.6–130.3) 137.3 (118.9–158.5) 137.5 (121.6–155.5) 0.07

Protein (ng/ml) 613.5 (523.5–703.6) 786.5 (627.8–945.2) 744.9 (666.0–823.7) 0.07

Specific act (mU/ng) 0.20 (0.18–0.22) 0.20 (0.18 –0.23) 0.20 (0.19–0.22) 0.9

Triglycerides

AUC (mmol/h/l) 14.1 (11.1–17.0) 12.1 (9.8–14.4) 13.0 (11.0–14.9) 0.6

AUCi (mmol/h/l) 3.87 (2.77–4.97) 3.46 (2.76–4.16) 3.95 (2.87–5.03) 0.8

TGR (mmol/l) 0.79 (0.60–0.98) 0.74 (0.60–0.88) 0.89 (0.68–1.09) 0.5

Chylomicrons

AUC (mmol/h/l) 1458.0 (1110.7–1805.3) 1400.1 (1110.5–1689.8) 1365.6 (1087.4–1643.8) 0.9

AUCi (mmol/h/l) 1154.3 (837.3–1471.3) 1074.3 (857.3–1291.3) 1098.3 (849.8–1346.8) 0.9

TGR (mmol/l) 229.2 (168.1–290.2) 221.6 (174.0–269.1) 240.5 (187.0–294.0) 0.9

Values are means (95% CI)

AUC area under the curve, AUCi incremental area under the curve, TGR triglyceride response
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Discussion

In the present study we investigated postheparin LPL

activity and postprandial levels of TRL in plasma from

subjects with subclinical carotid plaques and healthy con-

trols. To the best of our knowledge, the present study is the

first to report a distinct decrease in LPL activity associated

with echolucent carotid plaques and a linear increase in

plaque echogenicity with increasing postheparin LPL

activity. The decreased postheparin LPL activity was

accompanied by delayed clearance of TRL in subjects with

echolucent plaques.

Several studies support the concept that postprandial

TRL are predictors for the presence, severity, and pro-

gression of atherosclerotic diseases [1, 2]. Despite the fact

that plaque morphology is established as an independent

risk factor for CVE, only few studies have focused on the

relation between postprandial TRL and qualitative aspects

of the carotid plaques. In patients with neurological

symptoms and significant stenosis (C50%) of the relevant

carotid artery, plaque echogenicity, assess by GSM, was in

univariate analysis negatively associated with BMI, fasting

triglycerides, triglyceride response, and VLDL/chylomi-

cron remnant in blood collected 4 h after a fat-rich meal.

However, multiple regression analysis revealed only fast-

ing triglycerides and IDL cholesterol as independent

predictors for GSM, and concluded that increased plasma

Fig. 1 Line graph showing relation between tertiles of postheparin

lipoprotein lipase (LPL) activity (upper panel; T1:\110 mU/ml, T2:

110–154 mU/ml, T3:[154 mU/ml), LPL mass (middle panel; T1:

\535 ng/ml, T2: 535–795 ng/ml, T3: [795 ng/ml), specific LPL

activity (lower panel; T1: \0.18 mU/ng, T2: 0.18–0.22 mU/ml, T3:

[0.22 mU/ml) and grey scale median (GSM). Values are

means ± SEM

Fig. 2 Line graphs showing time-course concentrations of chylomi-

cron triglycerides (upper panel) and total triglycerides (lower panel)
after a fat tolerance test in subjects with echolucent (n = 29) and

echogenic (n = 28) carotid plaques, and in subjects without carotid

plaques (controls, n = 38). Values are means ± SEM. *P \ 0.05 for

difference between echolucent and control groups
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levels of TRL predicted echolucency of carotid plaques

[19]. In a case-control study including patients with neu-

rological symptoms and C50% carotid stenosis, Kofoed

et al. [20] confirmed increased levels of fasting and post-

prandial TRL in patients with echolucent plaques with the

most pronounced findings in women.

Neither the triglyceride response nor the AUC for TRL

were higher in subjects with echolucent carotid plaques in

our study. The reason(s) for the apparent differences

between our and previous findings is not known, but many

potential explanations exist. First, we recruited participants

with subclinical carotid plaques from a population-based

survey in contrast to patients attending an outpatient clinic

with neurological symptoms [19, 20]. Patients are expected

to have more pronounced lipid disturbances with increased

fasting triglycerides and severe disease, and both fasting

triglycerides [19] and severity of disease (1) are established

predictors for postprandial triglyceridemia. Second, both

age [21] and BMI [19] are determinants for both post-

prandial triglyceridemia and GSM. In our study, no age or

BMI differences appeared between groups. In contrast,

both age and BMI were predictors for GSM in patients with

carotid plaques and neurological symptoms [19]. Alto-

gether, our study supports previous findings that neither the

triglyceride response nor AUC for TRL are independent

predictors for carotid plaque echolucency.

Previous studies on the relation between plaque morphol-

ogy and postprandial triglycerides did not assess clearance of

TRL from the circulation since TRL in plasma was not mea-

sured more than 4 h after the meal [19, 20]. Thus, for the first

time, we report a delayed clearance of TRL in subjects with

echolucent carotid plaques. A delayed clearance would imply

a prolonged postprandial triglyceridemia and lead to an

unfavourable translocation of cholesteryl-esters from HDL to

CM [22]. Experimental studies also suggest that plasma

accumulation of remnant lipoproteins is not just an associated

feature of an atherogenic lipoprotein profile, but that TRL

remnants themselves contribute to the pathogenesis of ath-

erosclerosis. Chylomicron remnants in the intima of the

vascular wall are derived from postprandial lipoproteins [23],

and TRL can be taken up directly by macrophages without

prior modification and form foam cells [24]. Chylomicron

remnants contain 40 times more cholesterol per particle than

do LDL particles, and consequently, exposure and retention of

apo-B48 lipoproteins in the arterial wall may pose a significant

atherogenic risk [25]. Our finding of a delayed clearance of

TRL in subjects with echolucent carotid plaques support the

concept that prolonged exposure of the vessel wall to TRL

remnants may promote the formation of echolucent carotid

plaques.

In our study, delayed clearance of postprandial TRL in

subjects with echolucent carotid plaques was associated

with decreased postheparin LPL activity. The decreased

LPL activity may be due to lowered specific enzyme

activity or attenuated mobilization of LPL from the capil-

lary endothelium. In our study, the specific activity of

postheparin LPL was similar in all groups, but lowered

LPL activity in subjects with echolucent plaques was

associated with attenuated mobilization of LPL mass, and

linear relations were established between plaque echoge-

nicity (GSM) and LPL activity and mass. These findings do

suggest that attenuated mobilization of LPL from capillary

endothelium was the main reason for decreased posthepa-

rin LPL activity in subjects with echolucent plaque.

However, it remained to be settled whether attenuated

mobilization of LPL is due to actual lowered concentration

of LPL at the endothelial surface or incomplete release of

LPL by heparin from the endothelial surface. CM clear-

ance, both lipolysis and hepatic uptake, is sensitive to LPL

activity [26, 27]. Thus, decreased LPL activity may slow

CM clearance in both stages. Both environmental and

genetic factors are known to affect LPL activity [26]. In the

present study, neither age, use of b-blockers, nor apoE

polymorphisms and serum concentrations of apo-CII and

apo-CIII could explain decreased LPL activity in subjects

with echolucent carotid plaques.

LPL activity contributes to the regulation of HDL cho-

lesterol and partly explains the inverse relation between

postprandial TRL and HDL cholesterol [26]. Even though

HDL cholesterol was not significantly decreased among

subjects with echolucent carotid plaques, HDL cholesterol

increased significantly with plaque echogenicity providing

further support for the hypothesis that HDL cholesterol is a

predictor for plaque morphology in carotid stenosis [28].

In conclusion, subjects with echolucent carotid plaques

had decreased postheparin LPL activity accompanied by a

delayed clearance of postprandial TRL. Thus, our findings

support a novel property of LPL in determining plaque

morphology most probably by subsequent modulation of

postprandial TRL.
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Abstract The purpose of this research was to develop an

infrared spectroscopic technique (Fourier transform infra-

red spectroscopy with attenuated total reflectance system;

FTIR-ATR) for non-invasive measurement of saturated and

unsaturated fatty acid compositions in human oral mucosa

obtained from three nationalities; Iranian, Vietnamese, and

Indonesian. The histogram patterns of fatty acid composi-

tions for three nationalities suggest that the pattern of

unsaturated fatty acids were quite different, although the

distribution profiles of fatty acid to lipid ratios in FTIR-

ATR has a similar normal pattern with small difference in

skewness and mode. The second derivative infrared spectra

of the mucosal tissues in the wavenumber regions from

1,600 to 1,760 cm-1 and 2,800 to 3,050 cm-1 were ana-

lyzed with partial least squares (PLS) multivariate

regression analysis method. With this analysis method we

compared predicted values with the measured values of ten

categorized fatty acid compositions, i.e., a(saturated C17 or

lower), b(C16:1 + C17:1), c(C18:0), d(C18:1), e(C18:2),

f(saturated C20 or longer), g(C20:3 + C20:4), h(C22:1 +

C24:1), i(C22:6), j(cC18:3). Almost all fatty acid compo-

sitions of oral mucosa were well predicted with differences

between predicted and measured values within ±5% of

total, however, errors were relatively larger in minor

components such as C22:6 than major components.

Keywords Fatty acids � Composition � FTIR �
Human oral mucosa � Multivariate analysis

Abbreviations

FTIR Fourier-transform infrared

ATR Attenuated total reflectance

PLS Partial least squares

PBS Phosphate buffered saline

PUFA Polyunsaturated fatty acids

Introduction

Dietary fatty acids including saturated, monounsaturated

and polyunsaturated fatty acids play important physiolog-

ical roles for human health [1]. Epidemiological research

using fatty acid compositional analyses of human body

fluids or tissues may be important for assessment of the

effectiveness of dietary fatty acids on the physiology of the

human body. However, the measurement of fatty acid

compositions in tissues involves tedious and time-con-

suming procedures for extraction and derivatization of fatty

acids from tissues for subsequent analyses with gas-chro-

matography or high-performance liquid chromatography.

This standard method may not be practically suitable for

large scale (more than several thousands of subjects) epi-

demiological research, because it would take a long time to

measure fatty acid compositions of a large sample size

even with high-throughput gas- or liquid-chromatographic

techniques.

On the other hand, vibrational spectroscopy such as

Raman, near-infrared and mid-infrared spectroscopy may

provide useful techniques to measure lipid compositions in

food and human body-derived samples such as blood,
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saliva, lipoproteins and oral mucosa [2–7]. Especially,

Whittaker et al. [3] reported that Fourier-transform infrared

spectroscopy with attenuated total reflectance (FTIR-ATR)

could be used for rapid discrimination of food-borne bac-

teria with their extracted fatty acid methyl esters and

multivariate statistical analysis. We reported [4] that

polyunsaturated fatty acid species in dietary oils could be

predicted using FTIR-ATR system. We also reported [5]

that non-destructive FTIR-ATR measurement of human

oral mucosa could monitor diurnal changes of polyunsat-

urated fatty acids in the mucosa. With these spectroscopic

and statistical methods, we may complete fatty acid com-

positional analysis for epidemiological studies on a large

scale in a much shorter time. Lam et al. [6] also reported

that FTIR and chemometrics revealed low density lipo-

protein oxidation with protein conformational changes and

provided a simple rapid technique for measuring primary

and secondary oxidation products.

The purpose of this research was to determine whether

FTIR-ATR technique used for measurement of the infrared

spectrum of oral mucosa ex vivo may predict fatty acid

compositions in the mucosa and to explore at what level of

identification of fatty acid species could be achieved by

multivariate analysis. If this analysis technique provided

reasonably reliable results for the assay of fatty acid

compositions, this would greatly shorten time from sam-

pling to getting results and lower the costs because only a

minimum amount of reagent would be necessary for fatty

acid analysis with the use of the multivariate statistical

analysis. This would then become a suitable method for

epidemiological and clinical researches.

Materials and Methods

Preparation of Oral Mucosa

A total of 425 oral mucosal samples from Iranian (100

samples), Indonesian (175 samples), and Vietnamese (150

samples) subjects were collected for epidemiologic

research by the team of Nagoya City University (Dr. S.

Tokudome as the leader). Those oral mucosal tissues after

collecting with cotton-wiping were suspended in 0.25 M

sucrose with phosphate buffered saline (PBS; 50 mM Na2-

K-phosphate buffer and 0.7% NaCl, pH 7.3) and frozen

with dry-ice to ship to Japan. The samples were then stored

at -80 �C until use. After thawing, the oral mucosal

samples were washed in sucrose-free phosphate buffered

saline two times with centrifugation at 5,000g for 5 min.

The mucosal pellet (soft solid) thus obtained was directly

subjected, after separation with a spatula, in part to Fourier

transform infrared spectral analysis with an attenuated total

reflectance (ATR) probe (diamond ATR), and the other

part to methyl-esterification for fatty acid analysis with gas

chromatography-mass spectrometry.

Fatty Acid Determination by Gas

Chromatography–Mass Spectrometry

The washed mucosal pellet was suspended in 50 ll of PBS

buffer, and dried with flushing with N2 gas. To the dried

sample was added 0.15 ml of methanolic HCl (5%; GL-

Science, Japan) and 0.35 ml of dehydrated methanol, and

heated at 100�C in dry-bath unit for 4 h in Teflon-coated

screw-capped glass tubes. The resulting fatty acid methyl

esters, after cooling, were extracted in 1 ml of hexane

(Nakarai Tesque Co., Japan), and stored until use at -

20 �C. Before measurement, the hexane phase was dried by

flushing with N2 gas, and dissolved in 10 ll of hexane.

0.8 lL of the sample solution in hexane was injected into a

gas chromatography-mass spectrometry system (GC; Agi-

lent technologies: MS, GC-Mate II, JEOL, Japan) with a

capillary column (BPX-70, SGE Co., Japan; 30 m in

length, 0.32 mm in internal diameter, and 0.25 lm in film

thickness). The temperature program in gas-chromatogra-

phy was set at 100 �C for 2 min, and raised linearly from

100 to 250 �C at a 10 �C/min rate, and kept at 250 �C for

8 min. Identification of fatty acids was carried out using

standard fatty acid methyl esters (Funakoshi, Japan) and

mass spectrum of each fatty acid methyl ester. In some

cases, fatty acid methyl esters thus obtained from oral

mucosa were filtered and purified through Florisil-column

(Florisil-SepPak Plus cartridges, Waters, MA, USA) to

remove some sterols and hydroxyl fatty acids if occurred.

Initially the column was washed with hexane-diethylether

(85:15) extensively and then 100% hexane, and fatty acid

methyl esters obtained in hexane were applied to the col-

umn, and washed with hexane-diethylether (95:5), and then

eluted by hexane-diethylether (85:15), and concentrated by

N2 gas flushing. This Florisil-column treatment of fatty

acid methyl esters could not change principally the gas

chromatographic pattern of oral mucosa-derived fatty acid

methyl esters appeared in the region from C14 to C24 fatty

acids.

Fatty Acid Analysis by Fourier-Transform Infrared

Spectroscopy with Partial Least Squares (PLS)

Regression Analysis

For measurement of the mucosal pellet, we used Fourier-

transform infrared spectroscopy with a diamond attenuated

total reflectance system (FTIR-ATR system; TravelIR,

SensIR (Smiths Detection Co. at present), Columbus, OH,

USA). Nearly 0.5 ll of the mucosal pellet was placed on
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the surface of the ATR probe and dried by air-blowing for

1 min, and measured at 4 cm-1 resolution with 48 accu-

mulations. The duplicate data for one sample were

averaged and used for calculation. The spectral data were

transformed to the second derivative form and normalized

adjusting the intensity at 1,650 cm-1 to a constant value.

We reported previously [8] that the ratio [2850]/[1650]

in the second derivative form of infrared spectrum had a

good linear correlation with the lipid (triacylglycerol) to

protein ratio (mg/mg). This relationship is also true for the

ratio [2850]/[1540], and in this paper we have adopted this

[2850]/[1540] ratio for a large number of human mucosal

tissues. The reason is that the accidental contamination of

water or water vapor influences the absorption spectrum at

around 1,650 cm-1 more than that at 1,540 cm-1, and thus

the ratio [2850]/[1540] may be more robust to this con-

tamination than the ratio [2850]/[1650].

For predicting the fatty acid composition from the

infrared spectrum of tissues, it may be necessary to obtain

information of fatty acids from the spectrum including the

profile of unsaturated bonds (cis-alkene, HC=CH; peak

position and intensity at around 3,010 cm-1), profile of

methyl (–CH3; peak position and intensity at around

2,875 cm-1), profile of methylene (–CH2–; peak position

and intensity at around 2,850 cm-1), profile of fatty ester

(–C(=O)–O–R) or free fatty acid carboxylate (–C(=O)O-);

peak position and intensity at around 1,740 or 1,710 cm-1,

respectively). The infrared spectral intensity itself is also

dependent on the sample handling such as change of con-

tact area of the samples on the ATR probe, and this

artifactual variation of intensity may be corrected by nor-

malization of the spectrum by adjusting the protein infrared

absorbance at 1,650 (amide I) or 1,540 cm-1 (amide II) to

a constant value.

To adopt a wide variety of fatty acid compositions, it

may be reasonable to select samples randomly with various

ratios [2850]/[1540] or [2850]/[1650], for building Partial

Least Squares (PLS) models, as the change of ratio [2850]/

[1540] did not practically reflect any specific fatty acid

change, but reflected the integrated changes of all fatty

acids. The information of the infrared spectrum including

absorption intensity of methylene may be used for PLS

model building, and a wider range of spectral intensities

should be adopted for ameliorating the fitness of unknown

sample data to the PLS model.

Partial least squares (PLS) regression analysis for the

FTIR-ATR spectrum of oral mucosa was done using Sirius

software (PRS; Bergen, Norway). As a model learning

process, 6–8 samples with known fatty acid compositions

were used, and the IR absorption data between 3,050 and

2,800 cm-1, and between 1,750 and 1,600 cm-1 were

extracted into spread sheet software (as Excel files,

Microsoft), and transferred to the PLS software. Increasing

the number of samples for the model learning process to 10

could not improve results. The PLS model was constructed

up by setting the cross validation to 2 as a stop criterion

and the maximum number of components to 6. After a

suitable PLS model was constructed for subsets such as

a(saturated C17 or lower), b(C16:1 + C17:1), c(C18:0),

d(C18:1), e(C18:2), f(saturated C20 or longer), g(C20:3 +

C20:4), h(C22:1 + C24:1), i(C22:6), and j(cC18:3), those

components were predicted for the unknown mucosal

samples. Oral mucosa contained a certain amount of odd-

numbered fatty acids and very-long-saturated fatty acids

(longer than C22), and these components were summarized

with other fatty acids. The number of classified species of

fatty acids for prediction by PLS analysis was controlled to

less than 10 in order to shorten the working time of the PLS

software.

Results

Figure 1a shows typical second derivative and absolute

(insert) infrared (IR) spectra of human oral mucosal pellet,

and the fatty methylene IR absorption originated from CH

symmetric stretching mode was observed at around

2,850 cm-1 and protein amide II at around 1,540 cm-1.

The intensity ratio ([2850]/[1540]) between 2,850 cm-1

and 1,540 cm-1 in the second derivative spectrum was

calculated and the distribution of the ratio values is shown

in Fig. 1b as histograms for three nationalities: Iranian, 100

samples; Indonesian, 170 samples; Vietnamese, 150 sam-

ples. The intensity ratio at around 0.16 was the mode, and

from 0.12 to 0.2 the distribution of the intensity ratio

showed nearly normal distribution, but a little distorted

shape.

Five groupings were temporarily made using the distri-

bution of ratio [2850]/[1540] for mucosal samples

according to classes as shown in Fig. 1b, and four samples

were randomly picked up from each group. Then fatty acid

composition of each sample was determined with gas

chromatography-mass spectrometry as shown in Fig. 2a. In

oral mucosa, fatty acids from C14:0 to C26:0 were mainly

observed and it was noticed that long saturated even- and

odd-numbered fatty acids were abundant in oral mucosa.

Among polyunsaturated fatty acids (PUFA), C18:2n-6 was

also abundant, while small amount of C18:3n-6 (c-linolenic

acid), C20:3n-6, C20:4n-6 (arachidonic acid; AA) and

C22:6n-3 (docosahexaenoic acid; DHA) were also detec-

ted. In Fig. 2a0 shown was an example of a little

contaminated pattern. The pattern of fatty acid methyl

esters from oral mucosa (an example shown in Fig. 2a) was

not basically changed by florisil-column treatment, sug-

gesting no hydroxyl fatty acids content. In minor

components there were many atypical fatty acid peaks and
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those showed typical fatty methyl ester mass fragment

patterns (containing ex., m/z = 74 and 87). At present those

minor peaks were not identified in this paper.

In Fig. 2b, the relationships between fatty acid contents

(percentage in all fatty acids) and infrared absorption

intensity ratios ([2850]/[1540]) was shown for each sam-

ple. In the case of saturated fatty acids (C14 to C26) and

monounsaturated fatty acids (MUFA) no correlations were

observed for Iranian samples with infrared absorption ratio

([2850]/[1540]). No correlation was observed for other

nationalities either. On the other hand, the amount of

PUFA may have a weak but significant negative correlation

(R = -0.56; P \ 0.05, n = 20) with the ratio of the infra-

red absorption bands. However, this correlation could not

be observed in other nationalities (Indonesia and Vietnam)

samples (data not shown).

The intensity of methylene 2,850 cm-1 band may be

affected by both the amount of total fatty acids and the

balance between saturated and unsaturated fatty acids, and

even the species of unsaturated fatty acids such as linoleic

Fig. 1 Infrared spectrum of

oral mucosa measured by FTIR-

ATR system in the second

derivative and absolute

spectrum (insert) forms (a), and

the normalized distribution of

methylene/amide II ratios

([2850]/[1540]) for three

nationalities (b). The

distributions of the ratio as

histograms show distinct

features among three

nationalities (100–170 samples).

Those mucosal samples were

collected in a city in Iran or

Vietnam (Ho Chi Mihn City) or

Indonesia (Semarang)
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and eicosatetraenoic acids, may affect the methylene

infrared absorption intensity differently. The increase in

polyunsaturated fatty acid may contribute to the intensity

of 2,850 cm-1 less than that of saturated or monounsatu-

rated fatty acids. The intensity of band at 2,850 cm-1 may

result from integration of all fatty acids in the mucosa.

In Table 1, the present fatty acid compositional data

are compared with the published human oral mucosal

fatty acid compositions [9, 10]. Although the origin of

oral mucosal tissues were very different, the compositions

of saturated (S) C14–17, C18:0, C18:1, and C18:2 were

comparable for these three cases. The composition of

monounsaturated (M) C16–17 of the present case was

much larger than the other two reports (12.5 vs. 4–5), and

this may be caused by including the composition of C17:1

in the present case. The other two reports did not show

the chromatographic patterns and the content of C17:1.

Fatty acid composition of oral mucosa shows very dif-

ferent profile from that of other organs, and C22:4, C22:5,

C20:5, and C22:5 which are frequently observed in

internal organ cells such as liver, brain and blood cells

could be hardly detected in oral mucosa. However, C20:3

and C20:4 (n-6 fatty acids) and C22:6 (n-3 fatty acid)

were detected in oral mucosa, and those may be used as

markers of those polyunsaturated fatty acid contents in the

body.

Fig. 2 A gas chromatographic

pattern of fatty acids of oral

mucosa, a typical case in (a) and

a low contaminated form in (a0),
and the correlations between

fatty acid composition and the

[2850]/[1540] ratio (b). The

fatty acid methyl esters and

some sterol compounds formed

after 5% methanolic HCl

treatment of oral mucosa were

extracted in hexane and injected

into gas chromatography-mass

spectrometry. Total ion

chromatogram was shown in

(a). In (a0) inserted pattern,

contaminated broad bands were

shown in circles. The

correlations between saturated

or mono-unsaturated or

polyunsaturated fatty acid

compositions and the infrared

methylene to amide II

absorbance ratio showed almost

no correlations for saturated and

mono-unsaturated fatty acids.

Exceptionally polyunsaturated

fatty acid (PUFA) compositions,

mainly linoleic acid, in Iranian

samples showed good

correlation with the infrared

absorbance ratios [2850]/[1540]
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Partial Least Square Regression Analysis of Mucosal

Fatty Acids

Figure 3 shows the second derivative infrared spectra of

several samples after normalizing the amide I band inten-

sity. The spectral regions (windows) used were 1,600–

1,750 cm-1 and 2,800–3,050 cm-1. These regions were

used for evaluation of the relative amount of fatty acids

against the amount of proteins in the mucosa and of the

balance between saturated and unsaturated fatty acids with

different chain length and extent of unsaturation. Espe-

cially the extent of unsaturation could be detected by the

infrared absorption peak position and shape originated

from cis-alkene (HC=CH) CH stretching mode usually

observed at around 3,010 cm-1 [5, 7].

Next these spectroscopic data were analyzed using PLS

software (Sirius), and the data of fatty acid compositions

for the corresponding samples were also analyzed. Both the

Table 1 Comparison of reported human oral mucosal fatty acid compositions

Fatty acids (% of total) S14–17a M16–17a 18:0 18:1 18:2 20:3 + 20:4 22:6 18:3

Connor et al. [9] (PL)b 15.5 (C14, C16) 5.7 (C16) 11.5 25.2 14.7 2.9 (C20:4) 0.9 0.3 (a)c

Terashi et al. [10] (US, whole lipids)d 24.2 (C14, C16) 4.3 16.9 20.3 14.5 12.6 1.9 0.0 (c)c

Present (5 averaged ; Iran, whole lipids) 24.0 12.5 13.4 20.4 11.1 3.2 0.45 1.0 (c)c

a S and M represent saturated and monounsaturated fatty acids, respectively, with numbered carbon chain lengths
b Infant cheek phospholipids (PL); [9]
c a and c represent a-linolenate and c-linolenate, respectively
d Adult oral mucosal tissues; [10]

Fig. 3 Examples (from the

Iranian samples) of infrared

spectra in the second derivative

form of oral mucosa with

normalizing the absorbance at

1,649 cm-1 (amide I) to a

constant value (-0.002). (a)

Second derivative spectra for 11

examples (overlaid) in two

wavenumber windows. (b) An

example spectrum used for the

PLS analysis after combining

the two wavenumber regions.

For PLS model construction,

these two wavenumber regions

(protein region at around

1,650 cm-1 and fatty acid

region at around 2,850 cm-1)

were used, because these

regions contain enough

information to obtain relative

contents of saturated and

unsaturated fatty acids
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spectroscopic and fatty acid compositional data were used

to construct the suitable PLS models and to determine

some PLS parameters including the number of groups in

cross validation and stop criteria for cross validation, and

the maximum number of components with a significant

level of 0.05. Here we represented data for Iranian samples,

however, the data for the other two countries showed

similar results as long as we used the learning data of their

own countries for construction of PLS model.

Figure 4 shows the results of plots for [measured] (m)

vs. [predicted](p) values after construction of PLS model

for the composition (%) of fatty acid(s) or fatty acid groups

of Iranian samples. All plots showed good correlations with

the coefficient of almost 1.00. In this case, the fatty acids or

fatty acid groups are (a) saturated fatty acids including

C14, C15, C16, C17 acids, (b) monounsaturated C16 and

C17 acids, (c) stearic acid (C18:0), (d) oleic acid (C18:1),

(e) linoleic acid (C18:2), (f) very-long-chain saturated fatty

acids including C20, C22, C24, C25, C26, C28 acids. Other

fatty acids and fatty acid groups were also evaluated (not

shown here), for (g) C20:3 + C20:4, (h) C22:1 + C24:1, (i)

C22:6, and (j) cC18:3, and similar results were obtained.

The minor fatty acid, cC18:3, could be hardly detected

clearly for Indonesian and Vietnamese samples. The dis-

crimination of the gas chromatographic peak whether

alpha- or gamma-linolenic acid was done by a mass

spectrometric technique comparing with the mass spectrum

of the standard fatty acid methyl esters as shown in Fig. 5.

Under this condition of PLS regression analysis we tried

to predict fatty acid compositions of mucosal samples

Fig. 4 Correlation plots between predicted and measured values of

the fatty acid groups (a to f). In these cases the correlation coefficient

(R2) was almost 0.98–1.00 after a suitable PLS model was constructed

for ten subjects. SEV(standard error of validation) for each regression

analysis was noted from 0.000 to 0.261, and the component numbers

used for the regression were from 6 to 9
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which were not used in the learning process for con-

structing PLS parameters. A part of results is shown in

Table 2. In this table, the predicted and the measured

values of fatty acid compositions were shown in percent.

The difference between the predicted and observed values

were within ±5% of total fatty acids, depending on the

species of fatty acids. Some samples showed a little worse

prediction, and these samples contained unusual contami-

nants as detected in the gas chromatographic patterns (Fig.

2a0), which might be caused in part through the sampling of

oral mucosa. When the relative deviation from the mea-

sured value was denoted as DM (%; deviation from the

measured value), the averaged DM for compositional

groups (a to f) with relatively higher contents over 10% of

all fatty acids was 10.8 DM (%; ±8.4 SD). For minor

components (group g to j) with relatively lower contents

below 5% of all fatty acids, the averaged DM was 35

DM(%;±20 SD), and this large DM value for minor

components may be resulted partly from background noise

and some contamination in the gas chromatography and

FTIR.

Figure 6 shows the distributions for fatty acid groups

(c, d, e, i) in 34 samples of Iranian subjects after

predicting the compositions. The distribution profile of

long saturated fatty acid (C18:0) represented the mode

was at 13–17 (%) with long lobe up to 37(%), while

unsaturated C18 fatty acids (C18:1 and C18:2) showed a

little distorted bell-shaped distributions, and these data

showed similar mean values to the measured samples.

The distribution of C18:0 (c) was similar to that of sat-

urated C14 to C17 fatty acids (a), and also the

distribution of C18:1 (d) is similar to that of monoun-

saturated C16 to C17 (b) (data not shown). A minor

component (C22:6 (i)) showed wide range of distribution,

and fractions with very low content of C22:6 was

remarkable. The distribution of C20:3 + C20:4 (g) was

similar to that of C22:6 (data not shown).

Figure 7 shows the distributions of measured fatty acids

of oral mucosa obtained from Vietnamese (Vn) and Indo-

nesian (Id). The distribution of C18:0 was similar in both

nationalities, whereas that of C18:1 or C18:2 was different

in both. The distribution of C22:6 shows the content of

C22:6 in the Vietnamese samples was a little higher on

average than that of Indonesian.

When comparing Fig. 6 with Fig. 7, the contents of

C18:0 and C18:1 were higher in Fig. 6 (Iranian) than in

Fig.7 (Vn and Id), whereas those of C18:2 and C22:6 were

lower in Fig. 6 than in Fig. 7. These differences in fatty

acid contents, such as lower contents of polyunsaturated

fatty acids in the Iranian group than in the Vietnamese and

Indonesian groups, may be easily recognizable in these

histograms, and thus the compositional analysis of fatty

acids by FTIR-ATR and PLS methods may become pos-

sible and suitable for rough screening of oral mucosal

samples when noise and contamination levels in the mea-

surement of mucosal samples with FTIR and GCMS are

adequately suppressed.

Discussion

This paper has described infrared spectroscopic and mul-

tivariate analysis methods to quantitate the relative

amounts of various fatty acids in human oral mucosa. This

technique may provide ideally a great advantage to fatty

acid analysis in the fields of food science, preventive

medicine and epidemiology.

We have demonstrated that the fat to protein ratios

([2850]/[1540] ratios) showed a nearly Gaussian distri-

bution for each nationality. However, the distribution

profile of [2850]/[1540] ratio for each nationality had a

slightly different feature (in skewness and mode). For

example, for Iranian samples the profile showed a larger

contribution from the lower ratios, and for Indonesian

samples a larger contribution from higher ratios. For

Vietnamese samples the mode value (0.18) was larger

Fig. 5 Comparison of mass spectra of C18:3 methyl ester isomers. In

(a), mass spectrum of oral mucosal C18:3 methyl ester with molecular

ion (M+) at m/z = 292. In (b), the mass spectrum of authentic alpha-

linolenic acid (C18:3n-3) methyl ester was shown. The presence of

fragment ions at 249.2 in (a) and 249.9 in (b) show mucosal C18:3 is

not alpha-linolenic acid, but gamma-linolenic acid (C18:3n-6) mainly

368 Lipids (2008) 43:361–372

123



than that (0.16) of other samples (Iranian and Indonesian).

The intensity at 1,650 or 1,540 cm-1 may correspond to

the amount and density of oral mucosal proteins on the

surface of ATR probe, and this intensity may not be

changed practically when normal test subjects were used

and contact area of the sample on the ATR probe was

constant. This infrared absorption peak ratio ([2850]/

[1540] or [2850]/[1650]) may, practically, correspond to

the relative amount of fatty acids in the oral mucosal

sample comparing with the amount of protein, and actu-

ally the ratio, [2850]/[1650], has a linear correlation with

the triglyceride/protein ratio as we have reported previ-

ously [8], and it is also true for the ratio [2850]/[1540].

As the contact area of the dried pellet sample on the ATR

probe is hard to control experimentally and exactly, it was

necessary to use this ratio [2850]/[1540] for assaying the

relative changes of lipids or fatty acids in mucosal sam-

ples. This ratio in the oral mucosa may be related to the

extent of dietary intake and accumulation of lipids in

body tissues, and thus to the life style of the nation on

average.

The ratio of infrared absorptions, [2850]/[1540], is not

directly related to the content of specific fatty acid, but

related to a complex integration of each saturated and

unsaturated fatty acids or roughly to the amount of total

fatty acids as described in the method section. It might be

exceptional that the [2850]/[1540] ratio for Iranian samples

had a weak inversed relationship with the amount of

polyunsaturated fatty acids (mainly C18:2) as shown in

Fig. 2b (right). For other nationalities there was no rela-

tionship between the [2850]/[1540] ratio and the amount of

polyunsaturated fatty acids.

Thus, the ratio of infrared absorptions, [2850]/[1540],

may be mainly referred to the relative amount of total

fatty acids compared to the amount of proteins, and 20

samples were picked out for fatty acid determination

using gas chromatography-mass spectrometry. These

samples were selected impartially from the group with

wide range of distribution of the [2850]/[1540] ratio.

After obtaining the information for the fatty acid com-

positions and normalized infrared spectra of the mucosal

samples, we proceeded to the multivariate analysis to

construct suitable PLS regression parameters. It was

important to obtain the normalized spectra (second

derivative form), which were adjusted to the same value

for the amide I infrared absorption intensities of the

selected mucosal samples.

Many papers have been published recently concerning

multivariate analysis methods for fatty acid compositional

analyses [11–14] using vibrational spectroscopy. These

papers have proved that vibrational spectroscopies such as

Raman, near-infrared, and mid-infrared spectroscopy are

useful in combination with multivariate analyses such as

the PLS (partial least squares) regression analysis method

Table 2 Predicted and measured values of fatty acid compositions of oral mucosa based on learning of six subjects using PLS analysis

s14–17a m16–17b 18:0c 18:1d 18:2e s20–28f 20:3 + 20:4g m22–24h 22:6i c18:3j

#72 Pred 20.6 13.4 11.1 23.4 10.1 12.5 4.9 1.47 0.56 1.0

Meas 19.9 14.0 12.6 21.4 13.7 12.5 4.0 0.99 0.34 0.65

D 0.7 -0.6 -1.5 2.0 -3.6 0.0 0.9 0.48 0.22 0.35

#73 Pred 26 11.1 13.2 18.5 9.5 15.2 3.5 1.31 0.46 0.56

Meas 25 11.9 11.6 20.2 11.8 12.4 3.2 1.79 0.62 1.44

D 1 -0.8 1.6 -1.7 -2.3 2.8 0.3 -0.48 -0.16 -0.88

#88 Pred 19.6 12.9 10.9 22.0 11.2 14.6 5.4 1.5 0.7 0.95

Meas 19.7 16.5 12.0 21.6 10.5 11.9 3.8 1.9 0.68 1.6

D -0.1 -3.6 -1.1 0.4 0.7 2.7 1.6 -0.4 0.02 -0.65

Pred Predicted values in % of total, Meas measured values with GCMS in % of total, D difference ([Pred] - [Meas]) values in % of total
a s14–17, saturated fatty acids with chain length from C14 to C17
b m16–17, monounsaturated fatty acids with chain length from C16 to C17
c 18:0, stearic acid
d 18:1, oleic acid
e 18:2, linoleic acid
f saturated fatty acids with chain length from C22 to C28
g 20:3 + 20:4, eicosatrienoic acid plus eicosatetraenoic acid (arachidonic acid)
h m22–24, monounsaturated fatty acids with chain length from C22 to C24
i 22:6, docosahexaenoic acid

j c18:3, gamma-linolenic acid
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for the prediction of fatty acid compositions in biological

materials, for example in adipose tissues. These methods

may have a great advantage in the analysis of fatty acids

and other biomolecular compositions as these analyses can

be done very rapidly for a large number of samples com-

pared to normal chromatographic methods.

Beattie et al. [12] reported that the bulk unsaturation

parameters and abundance of polyunsaturated fatty acids of

several adipose tissues could be predicted by Raman

spectroscopy using multivariate analysis. In that report, the

Raman spectra of adipose tissues from several species in

the range between 800 and 1,800 cm-1 were used for

analysis, and the correlation coefficients of the contents of

several major fatty acids were reported to be from 0.8 to

0.97. They reported that Raman analysis has the advantage

of giving good correlation coefficients without the need for

prior solvent extraction steps in the analysis. On the other

hand, Ripoche and Guillard [13] reported when using FTIR

that the prediction of fatty acid composition of unextracted

adipose tissue gave poor correlation coefficient

(R2 = 0.69–0.79). Improvement of the coefficient in our

case (Fig. 4) may result mainly from using less noisy

second derivative infrared spectra in the selected wave-

number regions. Afseth et al. [14] reported using Raman

and near-IR spectroscopic methods and that Raman spec-

troscopy was suitable for predicting the total level of

unsaturation, and both Raman and near-IR spectroscopy

were feasible for rapid quantification of fat composition in

complex food model systems.

It may be important to apply vibrational spectroscopy

including mid-IR spectroscopy to the estimation of fatty

acid compositions in biological tissues and model mixtures

with selecting the normalized absorption—wavenumber

sets. These sets of the spectra contain information regard-

ing the quality and quantity of both methylene (CH2)

stretching mode and cis-alkene (originated from unsatu-

rated fatty acids; HC=CH) CH stretching mode with

comparing relative intensities of those bands with protein

amide I or II band intensity. Basically the fatty acid com-

positions (% of total fatty acids) may be determined with

information regarding to the length of fatty chains and the

degree of unsaturation in fatty acids, and the length of fatty

chains may affect principally the intensity and peak posi-

tion of infrared absorption of the methylene stretching

mode and the degree of unsaturation may affect the

intensity and peak position of alkene infrared absorption.

The methylene infrared absorption could be measured at

around 2,850 *2,920 cm-1, and the intensity and shape of

the absorption peaks may contain necessary information

regarding the length of the fatty chains and a part of the

methylene absorption shape may be affected by the extent

of unsaturation and position of unsaturated bonds through

changing the packing mode of lipid membranes or

micelles.

On the other hand, the infrared absorption of cis-double

bond(alkene) could be measured at around 3,010 cm-1,

and the intensity and shape of the alkene peak may contain

Fig. 6 Histograms for four predicted fatty acid compositions of 34

oral mucosal samples (Iranian). In these histograms, the x-axes

represent the contents in % of the fatty acids
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the information about the extent of unsaturation and the

position of the double bonds [4]. The infrared absorption

for trans-double bond could be measured [15] at 966 cm-1,

however, in the normal human tissue the content of trans-

unsaturated fatty acids may be negligible. Furthermore we

employed the second derivative form of the infrared

spectra, which enhanced the quality of the absorption peak

position and shape as shown in Fig. 3.

Based on these considerations, it may be reasonable for

the prediction of fatty acid compositions by PLS regression

analysis to use the normalized infrared spectrum between

2,800 and 3,050 cm-1. Actually the correlation coefficient

for each fatty acid, as shown in Fig. 4, was high enough for

prediction of fatty acid compositions of oral mucosa.

However, it should be noted that the PLS models presented

are not universal.

Fig. 7 Histograms for four

measured fatty acids

compositions of oral samples

from Vietnamese and

Indonesian subjects. In these

histograms, the x-axes represent

contents in % of the fatty acids.

Vt, Vietnamese; Id, Indonesian
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Abstract This paper describes the inhibitory activities of

cholesterol derivatives such as cholesterol, sodium cho-

lesteryl sulfate, cholesteryl-5a, 6a-epoxide, cholesteryl

chloride, cholesteryl bromide, and cholesteryl hemisucci-

nate (compounds 1–6, respectively) against DNA

polymerase (pol), DNA topoisomerase (topo), and human

cancer cell growth. Among the compounds tested, com-

pounds 2 and 6 revealed themselves to be potent inhibitors

of animal pols, and the IC50 values for pols were 0.84–11.6

and 2.9–148 lM, respectively. Compounds 2, 3 and 6

inhibited the activity of human topo II, with IC50 values of

5.0, 12.5 and 120 lM, respectively. Compounds 2, 3 and 6

also suppressed human cancer cell (promyelocytic leuke-

mia cell line, HL-60) growth, and LD50 values were 8.8,

20.2 and 72.3 lM, respectively, suggesting that cell growth

inhibition had the same tendency as the inhibition of topos

rather than pols. Compounds 2 and 6 arrested the cells in S

and G2/M phases, compound 3 arrested the cells in the G2/

M phase, and these compounds also increased sub-G1

phase in the cell cycle. These results suggested that the

effect of cell cycle arrest might be effective on both pols

and topos activities. From these findings, the action mode

of cholesterol derivatives as anti-cancer compounds is

discussed.

Keywords Cholesterol derivatives �
Sodium cholesteryl sulfate � Cholesteryl-5a, 6a-epoxide �
Cholesteryl hemisuccinate � Enzyme inhibitor �
DNA polymerase � DNA topoisomerase �
Cell growth inhibition � Cell cycle arrest

Abbreviations

Clog P Calculated log P

DMSO Dimethyl sulfoxide

HPBMC Normal peripheral blood mononuclear cells

dTTP 20-Deoxythymidine 50-triphosphate

dNTP 20-Deoxyribonucleotide 50-triphosphate

dsDNA Double-stranded DNA

IC50 50% Inhibitory concentration

LD50 50% Lethal dose

pol DNA-directed DNA polymerase (E.C. 2.7.7.7)

topo DNA topoisomerase

Introduction

DNA polymerase (pol) catalyzes the addition of deoxyri-

bonucleotides to the 30-hydroxyl terminus of primed

double-stranded DNA (dsDNA) molecules [1]. The human

genome encodes 14 pols which conduct cellular DNA

synthesis [2]. Eukaryotic cells reportedly contain three

replicative types: pols a, d, and e, mitochondrial pol c, and

at least twelve repair types: pols b, d, e, f, g, h, i, j, k, l,

and r and REV1 [3].

DNA topoisomerases (topos) are key enzymes that

control the topological state of DNA. There are two classes

of topos: type I enzymes, which act by transiently nicking

one of the two DNA strands, and type II enzymes, which

nick both DNA strands are dependent on ATP, are involved
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in many vital cellular processes that influence DNA repli-

cation, transcription, recombination, integration and

chromosomal segregation [4].

DNA metabolic enzymes such as pols and topos are not

only essential for DNA replication, repair and recombina-

tion, but are also involved in cell division. Selective

inhibitors of these enzymes are considered as a group of

potentially useful anti-cancer and anti-parasitic agents,

because some inhibitors suppress human cancer cell pro-

liferation and have cytotoxicity [5–8].

Cholesterol is a steroid alcohol that is essentially

insoluble in aqueous solutions. In mammals, it is normally

solubilized by its association with other lipids, such as

phospholipids or bile acids; thus, most cholesterol is found

in cell membranes, plasma lipoproteins, and bile [9].

Cholesterol can be esterified with a fatty acid to form

cholesteryl esters [10]. The latter form discrete lipid

droplets in cells, especially in cells of steroidogenic tissues,

and in the lipid core of low-density lipoproteins in blood

[11]. Most cholesterols are synthesized by the liver and

other tissues, including the adrenal glands and reproductive

organs. Some cholesterol is absorbed from dietary sources.

The most common sterol of eukaryotes is a key constituent

of cell membranes and works as the precursor of bile acids,

cholecalciferol (vitamin D) and steroid hormones including

cortisol, cortisone, aldosterone and sex hormone proges-

terone in vertebrates [12].

The purpose of this study was to find the novel bioac-

tivity of cholesterol and its related compounds. Herein, we

describe the inhibitory activities of various cholesterol

derivatives against DNA metabolic enzymes such as pols

and topos, and cellular proliferation processes such as

DNA replication of human cancer cells (HL-60). It was

discussed that cholesterol derivatives could have anti-can-

cer activity.

Materials and Methods

Materials

Six cholesterol-related compounds—cholesterol (com-

pound 1), sodium cholesteryl sulfate (compound 2),

cholesteryl-5a, 6a-epoxide (compound 3), cholesteryl

chloride (compound 4), cholesteryl bromide (compound 5)

and cholesteryl hemisuccinate (compound 6), aphidicolin,

camptothecin, and etoposide were purchased from Sigma-

Aldrich (St Louis, MO, USA). The chemical structures of

the compounds are shown in Fig. 1. Nucleotides and

chemically synthesized DNA template-primers, such as

poly(dA) and oligo(dT)12–18, and radioisotope reagents

such as [3H]-dTTP (20-deoxythymidine 50-triphosphate)

(43 Ci/mmol) were purchased from GE Healthcare

Bio-Science Corp. (Buckinghamshire, UK). Supercoiled

pBR322 plasmid dsDNA was obtained from Takara Bio

Inc. (Kyoto, Japan). All other reagents were of analytical

grade and were purchased from Nacalai Tesque, Ltd

(Kyoto, Japan).

Enzymes

Pol a was purified from the calf thymus by immuno-affinity

column chromatography, as described by Tamai et al. [13].

Recombinant rat pol b was purified from E. coli JMpb5, as

described by Date et al. [14]. The human pol c catalytic

gene was cloned into pFastBac, and histidine-tagged

enzyme was expressed using the BAC-TO-BAC HT Bac-

ulovirus Expression System according to the supplier’s

manual (Life Technologies, MD, USA) and purified using

ProBoundresin (Invitrogen Japan, Tokyo, Japan) [15].

Human pols d and e were purified by the nuclear frac-

tionation of human peripheral blood cancer cells (Molt-4)

using the second subunit of pols d and e-conjugated affinity

column chromatography, respectively [16]. Recombinant

human His-pol k was overexpressed and purified according

to a method described by Shimazaki et al. [17]. Fish pol d
was purified from the testis of cherry salmon (Oncorhyn-

chus masou) [18]. Fruit fly pols a, d and e were purified

from early embryos of Drosophila melanogaster, as

described by Aoyagi et al. [19, 20]. Pols I (a-like) and II

(b-like) from a higher plant, cauliflower inflorescence,

were purified according to the methods outlined by Sak-

aguchi et al. [21]. The Klenow fragment of pol I from E.

coli was purchased from Worthington Biochemical Corp.

(Freehold, NJ, USA). Taq pol, T4 pol, T7 RNA polymerase

R

H

HH

H 1: R = OH
2: R = OSO3Na
4: R = Cl
5: R = Br
6: R = COOCH2-CH2COOH

HO

H

HH

H

O

3

Fig. 1 Structures of cholesterol derivatives. Compound 1: choles-

terol, compound 2: sodium cholesteryl sulfate, compound 3:

cholesteryl-5a, 6a-epoxide, compound 4: cholesteryl chloride, com-

pound 5: cholesteryl bromide, and compound 6: cholesteryl

hemisuccinate
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and T4 polynucleotide kinase were purchased from Takara

(Kyoto, Japan). Bovine pancreas deoxyribonuclease I was

obtained from Stratagene Cloning Systems (La Jolla, CA,

USA). Purified human placenta topos I and II were pur-

chased from TopoGen, Inc. (Columbus, OH).

DNA Polymerase Assays

The reaction mixtures for pol a, pol b, plant pols and

prokaryotic pols have been described previously [22, 23],

and those for pol c, and pols d and e were as described by

Umeda et al. [15] and Ogawa et al. [24], respectively. The

reaction mixture for pol k was the same as that for pol b.

For pols, poly(dA)/oligo(dT)12–18 (A/T = 2/1) and dTTP

were used as the DNA template-primer and nucleotide (i.e.,

20-deoxyribonucleotide 50-triphosphates, dNTP) substrate,

respectively.

The cholesterol derivatives (i.e., compounds 1–6) were

dissolved in dimethyl sulfoxide (DMSO) at various con-

centrations and sonicated for 30 s. Aliquots of 4 ll of

sonicated samples were mixed with 16 ll of each enzyme

(final amount 0.05 units) in 50 mM Tris–HCl (pH7.5)

containing 1 mM dithiothreitol, 50% glycerol and 0.1 mM

EDTA, and kept at 0 �C for 10 min. These inhibitor-

enzyme mixtures (8 ll) were added to 16 ll of each of the

enzyme standard reaction mixtures, and incubation was

carried out at 37 �C for 60 min, except for Taq pol, which

was incubated at 74 �C for 60 min. Activity without the

inhibitor was considered 100%, and the remaining activity

at each concentration of the inhibitor was determined rel-

ative to this value. One unit of pol activity was defined as

the amount of enzyme that catalyzed the incorporation of

1 nmol of dNTP (i.e., dTTP) into synthetic DNA template-

primers within 60 min at 37 �C under the normal reaction

conditions for each enzyme [22, 23].

Measurement of DNA Topoisomerase Activity

The catalytic activity of topo I was determined by detecting

supercoiled plasmid DNA (i.e., form I) in its nicked form

(i.e., form II) [25]. The topo I reaction was performed in

20 ll of reaction mixture containing 10 mM Tris-HCl (pH

7.9), pBR322 DNA (250 ng), 1 mM EDTA, 150 mM NaCl,

0.1% bovine serum albumin (BSA), 0.l mM spermidine, 5%

glycerol, 2 ll of DMSO dissolved cholesterol-related com-

pounds (i.e., compounds 1–6), and 2 units of topo I. The

catalytic activity of topo II was analyzed in the same manner

except that the reaction mixture contained 50 mM Tris–HCl

(pH 8.0), 120 mM KCl, 10 mM MgCl2, 0.5 mM ATP,

0.5 mM DTT, supercoiled pBR322 DNA (250 ng) and

2 units of topo II [25]. The reaction mixtures were incubated

at 37 �C for 30 min, followed by 1% SDS and 1 mg/ml

proteinase K digestion, and then 2 ll of loading buffer was

added, consisting of 5% sarkosyl, 0.0025% bromophenol

blue and 25% glycerol. To study the binding of enzyme and

DNA based on mobility shifts, SDS denaturation and pro-

teinase K digestion were omitted. The mixtures were

subjected to 1% agarose gel electrophoresis in TBE buffer.

Agarose gel was stained with ethidium bromide (EtBr) and

the DNA was visualized under UV light.

Other Enzyme Assays

The primase activity of pol a, the activities of T7 RNA

polymerase, T4 polynucleotide kinase and bovine deoxy-

ribonuclease I were measured by standard assays according

to the manufacturer’s specifications, as described by

Tamiya-Koizumi et al. [26], Nakayama et al. [27], Soltis

et al. [28], and Lu and Sakaguchi [29], respectively.

Investigation of Cytotoxicity on Cultured Cells

To investigate the effects of cholesterol derivatives (i.e.,

compounds 1–6) on cultured cells, human blood corpuscle

cells, derived from a cancer patient, such as promyelocytic

leukemia cell line HL-60 and acute T lymphoblastic leu-

kemia cell line Molt-4, and normal peripheral blood

mononuclear cells (HPBMC) were used. HL-60 cells (IFO

50022) and Molt-4 cells (IFO 50362) were supplied by the

Health Science Research Resources Bank (Osaka, Japan).

HPBMC was obtained from Dainippon Sumiotomo Pharma

Co. Ltd (Osaka, Japan). The cells were routinely cultured in

RPMI 1640 medium supplemented with 10% fetal bovine

serum, 100 lg/ml streptomycin, 100 unit/ml penicillin, and

1.6 lg/ml NaHCO3. They were cultured at 37 �C in stan-

dard medium in a humidified atmosphere of 5% CO2-95%

air. The cytotoxicity of the compounds was investigated as

follows. High concentrations (10 mM) of the compounds

were dissolved in DMSO and stocked. Approximately

1 9 104 cells per well were inoculated in 96-well micro

plates, and then the compound stock solution was diluted to

various concentrations and applied to each well. After

incubation for 24 h, the survival rate was determined by

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-

lium bromide) assay [30] and trypan blue stain method [31].

Cell Cycle Analysis

The cellular DNA content for cell cycle analysis was

determined as follows: Aliquots of 3 9 105 HL-60 cells

were harvested into a 35-mm dish, and incubated with
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medium containing compounds 2, 3 and 6 for various

times. The cells were then washed with ice-cold PBS three

times by centrifugation, fixed with 70% (v/v) ethanol, and

stored at -20 �C. DNA was stained with PI (3,8-diamino-

5-[3-(diethylmethylammonio)propyl]-6-phenylphenanth-

ridinium diiodide) staining solution for at least 10 min at

room temperature in the dark. Fluorescence intensity was

measured by FACSCanto flow cytometer in combination

with FACSDiVa software (BD (Becton, Dickinson and

Company), NJ, USA).

Results

Effects of Cholesterol Derivatives on Mammalian DNA

Polymerases a, b and k

The chemical structures of cholesterol (compound 1) and

its related compounds (i.e., compounds 2–6), which were

commercially available, are shown in Fig. 1. First, the

inhibitory activity of calf pol a, rat pol b and human pol k
against 100 lM of each compound was investigated

(Fig. 2). In mammalian pols, pol a and pols b and k were

used as representative replicative pols and repair/recom-

bination-related pols, respectively [2, 3]. Compounds 2 and

6 significantly inhibited the activities of these pols, and the

other compounds had no influence on the activities of

mammalian pols, although compounds 4 and 5, which

consist of one halogen atom, slightly inhibited pol k
activity. As a positive control, we measured the inhibition

of these pol activities using the same concentration (i.e.,

100 lM) of aphidicolin, which is a known inhibitor of

replicative pols a, d and e, and the inhibitory effect on pol a
of compounds 2 and 6 was stronger than that of aphidic-

olin. Compound 2 showed the strongest inhibition of pols

a, b and k activities in the tested compounds, and 50%

inhibition was observed at doses of 2.8, 1.7 and 0.84 lM,

respectively (Table 1). When activated DNA (i.e., DNA

digested by bovine deoxynuclease I) was used as the

DNA template-primer instead of poly(dA)/oligo(dT)12–18

(A/T = 2/1), the mode of inhibition by these compounds

did not change (data not shown).

Effects of Cholesterol Derivatives on Human DNA

Topoisomerases I and II

We next, as the secondary screening for DNA metabolic

enzyme inhibition, investigated the inhibitory effects of

compounds 1 to 6 against human topos I and II, which have

single-stranded and dsDNA nicking activity, respectively

[4]. As shown in Fig. 3a, 100 lM of compounds 2 and 6

significantly inhibited the activity of topo I, and IC50 values

were 7.5 and 25.0 lM, respectively (Table 1). These

results suggested that the inhibitory activity of these cho-

lesterol-related compounds between mammalian pols and

human topo I had the same tendency (Fig. 2). On the other

hand, topo II inhibition was shown by 100 lM of com-

pounds 2, 3 and 6, and the other compounds, 1, 4 and 5

were not affected (Fig. 3b). Camptothecin and etoposide,

which are known topo I and topo II inhibitors, respectively,

also inhibited the nicking activities of topos I and II with

IC50 values of 85 and 70 lM, respectively (Fig. 3). These

findings showed that compounds 2 and 6 were stronger

inhibitors of topo I than camptothecin, and compounds 2

and 3 were stronger inhibitors of topo II than etoposide.

The Effects of Cholesterol Derivatives on Various

DNA Polymerases and other DNA Metabolic Enzymes

Compound 2 inhibited the activities of mammalian pols

tested (i.e., pols a, b, c, d, e and k), with an IC50 value of

0.84–9.1 lM (Table 1). The pol k inhibitory effect of

compound 2 was the strongest in mammalian pols. Com-

pound 6 also had inhibitory effects against the mammalian

pols tested, and selectively inhibited pols b and k, which

are family X pols [32, 33], with IC50 values of 2.9 and

6.3 lM, respectively (Table 1). This compound moder-

ately suppressed the activities of the pol A family (i.e., pol c)

Fig. 2 Effect of cholesterol derivatives on the activities of mamma-

lian pols. One hundred lM of each compound and aphidicolin was

incubated with calf pol a, rat pol b and human pol k (0.05 units each).

Pol activities were measured as described in the ‘‘Materials and

Methods’’ section. Enzymatic activity in the absence of the compound

was taken as 100%. Data are the mean ± SEM of three independent

experiments
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and pol B family (i.e., pols a, d and e) [32], and 50%

inhibition was observed at concentrations of 131 and 89.2–

148 lM, respectively. The inhibitory effect of compound 2

on mammalian pols was stronger than that of compound 6.

Furthermore, compounds 2 and 6 inhibited animal pols

from fish (cherry salmon) pol d, and insects (fruit fly) pols

a, d and e at almost the same concentration as the inhibition

of mammalian pols (Table 1). On the other hand, these

compounds had no significant influence on the activities of

pols I (a-like pol) and II (b-like pol) from plants (cauli-

flower) and prokaryotes such as the Klenow fragment of

E. coli pol I, Taq pol and T4 pol.

In the DNA metabolic enzymes tested, the activities of

human topos II were inhibited by not only compounds

2 and 6, but also compound 3, and the order of the inhib-

itory effect was as follows: compound 2 [ compound

3 [ compound 6 (Table 1). These compounds did not

influence the activities of the other DNA metabolic

enzymes tested, including calf primase of pol a, T7 RNA

polymerase, T4 polynucleotide kinase and bovine deoxy-

ribonuclease I.

To determine whether the inhibitor resulted in binding to

DNA or the enzyme, the interaction of compounds 2, 3 and

6 with dsDNA was investigated based on the thermal

transition of dsDNA with or without the compound. The

Tm of dsDNA with an excess amount of each compound

(100 lM) was measured using a spectrophotometer

equipped with a thermoelectric cell holder. In the con-

centration range used, no thermal transition of Tm was

observed, whereas ethidium bromide used as a positive

control, a typical intercalating compound, produced clear

thermal transition. These observations indicated that these

compounds did not intercalate to DNA as a template-pri-

mer, and the compound might directly bind to the enzyme

and inhibit its activity.

Furthermore, we studied the mechanism of the inhibi-

tory effect of cholesterol derivatives on human cancer

cells.

Table 1 IC50 values of

cholesterol derivatives for the

activities of various DNA

polymerases and other DNA

metabolic enzymes

Compound 1: cholesterol,

Compound 2: sodium

cholesteryl sulfate, Compound

3: cholesteryl-5a, 6a-epoxide,

Compound 4: cholesteryl

chloride, Compound 5:

cholesteryl bromide, Compound

6: cholesteryl hemisuccinate

These compounds were

incubated with each enzyme.

Enzymatic activity was

measured as described in

‘‘Materials and Methods’’.

Enzyme activity in the absence

of the compounds was taken as

100%

Enzyme IC50 values of compounds (lM)

1 2 3 4 5 6

Mammalian DNA polymerases

Calf DNA polymerase a [200 2.8 [200 [200 [200 96.8

Rat DNA polymerase b [200 1.7 [200 [200 [200 2.9

Human DNA polymerase c [200 9.1 [200 [200 [200 131

Human DNA polymerase d [200 7.7 [200 [200 [200 89.2

Human DNA polymerase e [200 8.5 [200 [200 [200 148

Human DNA polymerase k [200 0.84 [200 [200 [200 6.3

Fish DNA polymerase

Cherry salmon DNA polymerase d [200 9.6 [200 [200 [200 94.6

Insect DNA polymerases

Fruit fly DNA polymerase a [200 3.0 [200 [200 [200 97.6

Fruit fly DNA polymerase d [200 11.6 [200 [200 [200 92.5

Fruit fly DNA polymerase e [200 10.0 [200 [200 [200 99.1

Plant DNA polymerases

Cauliflower DNA polymerase a [200 [200 [200 [200 [200 [200

Cauliflower DNA polymerase b [200 [200 [200 [200 [200 [200

Prokaryotic DNA polymerases

E. coli DNA polymerase I [200 [200 [200 [200 [200 [200

Taq DNA polymerase [200 [200 [200 [200 [200 [200

T4 DNA polymerase [200 [200 [200 [200 [200 [200

Other DNA metabolic enzymes

Calf Primase of DNA polymerase a [200 [200 [200 [200 [200 [200

T7 RNA polymerase [200 [200 [200 [200 [200 [200

T4 Polynucleotide kinase [200 [200 [200 [200 [200 [200

Bovine Deoxyribonuclease I [200 [200 [200 [200 [200 [200

Human DNA topoisomerase I [200 7.5 [200 [200 [200 25.0

Human DNA topoisomerase II [200 5.0 12.5 [200 [200 120
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Effects of Cholesterol Derivatives on Cultured Human

Cancer Cells

Pols and topos have recently emerged as important cellular

targets for chemical intervention in the development of anti-

cancer agents. Cholesterol and its related compounds (i.e.,

compounds 1–6) could, therefore, be useful in chemotherapy

and we investigated the cytotoxic effect of six compounds

against three cultured cells of human blood corpuscles, two

human leukemia cell lines, HL-60 and Molt-4, and HPBMC.

HL-60 is a mutant cell line, which has a p53 gene deletion,

and Molt-4 is a normal cell line, which has a p53 gene. As

shown in Fig. 4a, 50 and 100 lM of compound 2 had the

strongest growth inhibitory effect on HL-60 cancer cell line

in the tested compounds, and compounds 3 and 6 were the

second strongest, and cell proliferation was not influenced by

the other compounds. The suppression of cell growth had the

same tendency as the inhibition of topo II among the com-

pounds (Fig. 3b), suggesting that the cause of cancer cell

influence might be the activity of topo II. On the other hand,

the same concentrations of aphidicolin, camptothecin and

etoposide, which are inhibitors of replicative pols, topo I and

topo II, respectively, completely suppressed the growth of

HL-60 cells (Fig. 4a).

The influence of compounds 1–6 on Molt-4 cell growth

showed the same tendency as that on HL-60 cells, and the

cell growth effect on the HL-60 cell line had almost the

same cytotoxicity as that on the Molt-4 cell line (Fig. 4b),

suggesting that p53 protein expression had no relation to

cell growth inhibition by cholesterol derivatives, which are

selective inhibitors of pols and topos. The normal blood

corpuscle cell line, HPBMC, was not influenced the growth

by these compounds (Fig. 4c). As a result, compounds 2, 3

and 6 could selectively inhibit the growth of human cancer

cells, and could be come anti-cancer drugs.

Therefore, we concentrated our efforts on compounds 2,

3 and 6, and aphidicolin (a representative pol inhibitor) and

etoposide (a representative topo inhibitor) against HL-60

cells in the latter part of this study. Compounds 2, 3 and 6,

aphidicolin and etoposide suppressed HL-60 cell growth in

a dose-dependent manner, and 50% cytotoxicity of these

compounds was observed at doses of 8.8, 20.2, 72.3, 7.0
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Fig. 3 Effect of cholesterol

derivatives on human topos I

and II. a topo I and b topo II.

Supercoiled plasmid DNA was

mixed with the enzyme and

100 lM of compounds 1–6, and

camptothecin and etoposide

dissolved in DMSO (lanes 3–8,

and 11 and 12, respectively).

Lanes 1–2 and 9–10, no

compounds. Lanes 2–8 and

10–12, 2 units of topo enzyme;

lanes 1 and 9, no enzyme.

Plasmid DNA of 0.25 lg was

added to each of the lanes.

Photographs of ethidium

bromide-stained gels are shown
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and 1.5 lM, respectively, after 24 h of treatment. These

results showed that the LD50 value in vivo of compounds 2,

3 and 6 on HL-60 cells was almost the same as IC50 values

in vitro on pols and/or topos.

We investigated in more detail which inhibition by these

compounds is effective for cancer cell proliferation, that of

pols or topos.

Effects on the Cell Cycle Progression of Compounds 2,

3 and 6

Next, we analyzed whether compounds 2, 3 and 6 affected

the cell cycle distribution of each compound-treated cell.

The cell cycle fraction was recorded after 6, 12 and 24 h of

treatment with the LD50 value of each compound, and the

ratio of the four phases (i.e., sub-G1, G0/G1, S and G2/M)

in the cell cycle is shown in Fig. 5. Consequently, among

cells treated with compound 2 for time-dependent incuba-

tion, the population of cells in the S and G2/M phases

increased (1.3- and 2.8-fold increase of S and G2/M phases

for 24 h incubation, respectively), and the percentage of

cells in the G1 phase significantly, 2.0-fold, decreased for

24 h (Fig. 5a). The cell cycle effect of compound 6 had the

same tendency as that of compound 2 (Fig. 5b). Aphidic-

olin, which is a replicative pols (i.e., pols a, d and e)
inhibitor, moderately arrested the cell cycle in the S phase

(Fig. 5d), and etoposide, which is a classical topo II

inhibitor, 4.6-fold strongly arrested the cell cycle in the G2/

M phase (Fig. 5e). Compounds 2 and 6, therefore, might be

effective in the inhibition of both pols and topos for the

incubation of cells, because these compounds inhibited

the activities of mammalian pols and human topos, and the

inhibitory effect on pols was the almost same as that on

topos in vitro (Table 1). On the other hand, compound 3

led to an increase in the population of HL-60 cells in the

G2/M phase (6.4–24.2%), to decrease the population of

cells in the G1 phases (65.0–32.8%), and the S phase was

hardly affected (25.9–29.4%) for 24 h (Fig. 5b), suggesting

that this compound arrested the G2/M phase in the cells by

inhibition of topo II. These results indicated that the cell

cycle arrest of cancer cells by cholesterol derivatives might

be affected by the inhibitory activities of both pols and

topos.

As shown in Fig. 5, all compound tested, which inhib-

ited the activities of pols and/or topos, also time-

dependently increased the sub-G1 phase (i.e., the rate of

DNA fragmentation in HL-60 cells) in the cell cycle. The

findings suggested that these compounds induced DNA

fragmentation in the cells, and the effect of the compounds

must involve a combination of growth arrest and cell death.

These cholesterol derivatives, therefore, should be

Fig. 4 Effect of cholesterol derivatives on the proliferation of human

cultured blood corpuscle cell growth. Each compound (50 and

100 lM) was added to the culture of a leukemia cell line HL-60 (a)

and Molt-4 (b), and normal peripheral blood mononuclear cells

(HPBMC) (c). The cells were incubated for 24 h, and the rate of

cultured cell growth inhibition was determined by MTT assay [30] for

cancer cells (i.e., HL-60 and Molt-4) and by trypan blue stain method

[31] for HPBMC. Cell growth inhibition of the cancer cells in the

absence of the compound was taken as 100%. Data are the

mean ± SEM of five independent experiments

b
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considered the lead compound in potentially useful cancer

chemotherapy agents.

Discussion

As described in this report, we found that some cho-

lesterol derivatives, such as sodium cholesteryl sulfate

(compound 2), cholesteryl-5a, 6a-epoxide (compound 3),

and cholesteryl hemisuccinate (compound 6), inhibited

the activities of DNA metabolic enzymes, such as pols

and/or topos, and also suppressed human cancer cell

growth (Figs. 2–4, Table 1). In particular, compounds 2

and 6 might be potent and selective inhibitors of animal

pols and topos, and compound 3 could be a specific

inhibitor of human topo II. The suppression of cell

growth had the same tendency as the inhibition of topo

II rather than pols and topo I among the cholesterol

derivatives, suggesting that the cause of cancer cell

influence might be the activity of topo II. To analyze the

cell proliferation and growth of topo II in cancer cells,

studies on the effects of small interfering RNAs (siRNA)

of topo II-treated cells are now underway in our

laboratory.

Fig. 5 The effect of

compounds 2, 3 and 6 on the

cell cycle. HL-60 cells were

incubated with 8.8 lM of

compound 2 (a), 20.2 lM of

compound 3 (b), 72.3 lM of

compound 6 (c), 7 lM of

aphidicolin (d) and 1.5 lM of

etoposide (e) for 0, 6, 12 and

24 h. Cell cycle distribution was

calculated as the percentage of

cells in sub-G1, G0/G1, S and

G2/M phases. All experiments

were performed three times
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We focused on the calculated log P (Clog P) value

(partition coefficients for octanol/water) and pKa of the

cholesterol derivatives as chemical properties (Table 2).

The values of Clog P, which indicate hydrophobicity, in

compounds 1–6 were almost in the same range (8.07–

11.71). Since compounds 2 and 6 inhibited the activities of

mammalian and fish pols and human topo I in the choles-

terol derivatives tested (Table 1, Figs. 2, 3a), the low pKa

value of the compounds must be important for inhibition.

These findings suggested that acidic moieties, such as

sulfate and hemisuccinate groups, could be essential, and

did not influence the hydrophobicity of the compound in

inhibition. In particular, compound 2 showed the strongest

inhibition in the tested compounds, and it was revealed that

the inhibition of pols and topos activities by compound 2

influenced not only cell proliferation but also the cell cycle.

These observations indicated that the sulfate group of

compound 2 might be important for inhibition. Djuric et al.

[34] reported that compound 2 had little effect on the

proliferation of both MCF-7 and MCF-10 cells, which are

human breast tumor cell line and human normal-like

human breast cell line, respectively, and the different data

between their report and our results may be the different

species of human cancer cell lines. The more detailed

mechanism by which compound 2 inhibits cell growth will

be addressed in further studies.

Cholesterol is a lipid partly provided by the diet,

although only about 20–25% of human body cholesterol

comes from food, the rest being made by the body itself

[11]. A person of average weight will have rather more

than 100 g of cholesterol in their body and the body makes

about 700 mg of cholesterol each day. The actual amount

varies with the individual and also with the amount

received from food. If the amount supplied in the diet is

reduced, the body compensates by making more for itself.

The body normally has more cholesterol than it needs and

some of the excess is made into bile salts, which help with

the digestion of fat. It is this excess cholesterol in the body

which some consider harmful in relation to coronary heart

disease, gallstones, and cancer.

In the human body, cholesterol derivatives such as

cholesteryl sulfate (compound 2) and cholesteryl-5a, 6a-

epoxide (compound 3) were produced by cholesterol sul-

fotransferase [35] and autoxidation [12], respectively.

Compound 2 is a second messenger of the g isoform of

protein kinase C mediating squamous differentiation, and

inhibits the tumor promotional phase in mouse skin carci-

nogenesis [35]. Detailed studies on the action mechanism

of the inhibition between tumor promotion and pols/topos

activities are currently being undertaken. Compound 2 is

present at approximately 300 lg/100 ml (i.e., 6.1 lM) in

human body [36], and this concentration is almost the same

inhibitory dose in pols/topos activities and cancer cell

growth. This finding suggests that the results in this in vitro

report may directly influence anti-cancer effects in the in

vivo human body. Since synthesized derivatives from

cholesterol in the body may possible work in anti-cancer

activity, a diet containing cholesterol prevents cancer

disease.

Acknowledgments We are grateful for the donations of calf pol a
by Dr. M. Takemura of Tokyo University of Science (Tokyo, Japan),

rat pol b by Dr. A. Matsukage of Japan Women’s University (Tokyo,

Japan), human pol c by Dr. M. Suzuki of Nagoya University School

of Medicine (Nagoya, Japan), human pols d and e by Dr. K. Sakag-

uchi of Tokyo University of Science (Chiba, Japan), and human pol k
by Dr. O. Koiwai of Tokyo University of Science (Chiba, Japan). This

work was supported in part by a Grant-In-Aid for Kobe-Gakuin

University Joint Research (A), and ‘‘Academic Frontier’’ Project for

Private Universities: matching fund subsidy from the Ministry of

Education, Science, Sports, and Culture of Japan (MEXT), 2006–

2010, (Y. M. and H. Y.). Y. M. acknowledges a Grant-in-Aid for

Young Scientists (A) (No. 19680031) from MEXT, and a Grant-In-

Aid from the Nakashima Foundation (Japan).

References

1. Kornberg A, Baker TA (1992) DNA replication. Chapter 6, 2nd

edn. Freeman, New York, pp 197–225

2. Bebenek K, Kunkel TA (2004) DNA repair and replication. In:

Yang W (ed) Advances in protein chemistry, vol 69. Elsevier,

San Diego, pp 137–165

3. Friedberg EC, Feaver WJ, Gerlach VL (2000) The many faces of

DNA polymerases: strategies for mutagenesis and for mutational

avoidance. Proc Natl Acad Sci USA 97:5681–5683

4. Wang JC (1996) DNA topoisomerases. Annu Rev Biochem

65:635–692

5. Chakraborty AK, Majumder HK (1988) Mode of action of pen-

tavalent antimonials: specific inhibition of type I DNA

topoisomerase of Leishmania donovani. Biochem Biophys Res

Commun 152:605–611

Table 2 Clog P values and calculated pKa values of cholesterol

derivatives

Compound Clog P pKa

1 9.85 ± 0.28 15.0 ± 0.7

2 10.14 ± 0.64 -3.5 ± 0.2

3 8.07 ± 0.42 15.2 ± 0.7

4 11.48 ± 0.30 ND

5 11.71 ± 0.29 ND

6 10.32 ± 0.46 4.4 ± 0.2

Compound 1: cholesterol, Compound 2: sodium cholesteryl sulfate,

Compound 3: cholesteryl-5a, 6a-epoxide, Compound 4: cholesteryl

chloride, Compound 5: cholesteryl bromide, Compound 6: cholesteryl

hemisuccinate

Unless otherwise noted, both the Clog P values and pKa values of

compounds 1–6 were obtained from the calculated properties in

SciFinder Scholar, which were originally calculated using Advanced

Chemistry Development (ACD/Lab) Software V8.14 for Solaris

(ACD/Labs)

ND: not detected

Lipids (2008) 43:373–382 381

123



6. Liu LF (1989) DNA topoisomerase poisons as antitumor drugs.

Annu Rev Biochem 58:351–375

7. Ray S, Hazra B, Mittra B, Das A, Majumder HK (1998) Diospyrin,

a bisnaphthoquinone: a novel inhibitor of type I DNA topoiso-

merase of Leishmania donovani. Mol Pharmacol 54:994–999

8. Sakaguchi K, Sugawara F, Mizushina Y (2002) Inhibitors of

eukaryotic DNA polymerases. Seikagaku 74:244–251

9. Mouritsen OG, Zuckermann MJ (2004) What’s so special about

cholesterol? Lipids 39:1101–1113

10. Wilke MS, Clandinin MT (2005) Influence of dietary saturated

fatty acids on the regulation of plasma cholesterol concentration.

Lipids 40:1207–1213

11. Ostlund RE Jr (2007) Phytosterols, cholesterol absorption and

healthy diets. Lipids 42:41–45

12. Smith LL (1981) Cholesterol autoxidation. Plenum Press, New

York

13. Tamai K, Kojima K, Hanaichi T, Masaki S, Suzuki M, Umekawa

H, Yoshida S (1988) Structural study of immunoaffinity-purified

DNA polymerase a-DNA primase complex from calf thymus.

Biochim Biophys Acta 950:263–273

14. Date T, Yamaguchi M, Hirose F, Nishimoto Y, Tanihara K,

Matsukage A (1988) Expression of active rat DNA polymerase b
in Escherichia coli. Biochemistry 27:2983–2990

15. Umeda S, Muta T, Ohsato T, Takamatsu C, Hamasaki N, Kang D

(2000) The D-loop structure of human mtDNA is destabilized

directly by 1-methyl-4-phenylpyridinium ion (MPP+), a parkin-

sonism-causing toxin. Eur J Biochem 267:200–206

16. Oshige M, Takeuchi R, Ruike R, Kuroda K, Sakaguchi K (2004)

Subunit protein-affinity isolation of Drosophila DNA polymerase

catalytic subunit. Protein Expr Purif 35:248–256

17. Shimazaki N, Yoshida K, Kobayashi T, Toji S, Tamai T, Koiwai

O (2002) Over-expression of human DNA polymerase k in E. coli
and characterization of the recombinant enzyme. Genes Cells

7:639–651

18. Yamaguchi T, Saneyoshi M, Takahashi H, Hirokawa S, Amano

R, Liu X, Inomata M, Maruyama T (2006) Synthetic Nucleoside

and Nucleotides. 43. Inhibition of vertebrate telomerases by

carbocyclic oxetanocin G (C.OXT-G) triphosphate analogues and

influence of C.OXT-G treatment on telomere length in human

HL60 cells. Nucleosides Nucleotides Nucleic Acids 25:539–551

19. Aoyagi N, Matsuoka S, Furunobu A, Matsukage A, Sakaguchi K

(1994) Drosophila DNA polymerase d: Purification and charac-

terization. J Biol Chem 269:6045–6050

20. Aoyagi N, Oshige M, Hirose F, Kuroda K, Matsukage A, Sak-

aguchi K (1997) DNA polymerase e from Drosophila
melanogaster. Biochem Biophys Res Commun 230:297–301

21. Sakaguchi K, Hotta Y, Stern H (1980) Chromatin-associated

DNA polymerase activity in meiotic cells of lily and mouse. Cell

Struct Funct 5:323–334

22. Mizushina Y, Tanaka N, Yagi H, Kurosawa T, Onoue M, Seto H,

Horie T, Aoyagi N, Yamaoka M, Matsukage A, Yoshida S,

Sakaguchi K (1996) Fatty acids selectively inhibit eukaryotic

DNA polymerase activities in vitro. Biochim Biophys Acta

1308:256–262

23. Mizushina Y, Yoshida S, Matsukage A, Sakaguchi K (1997) The

inhibitory action of fatty acids on DNA polymerase b. Biochim

Biophys Acta 1336:509–521

24. Ogawa A, Murate T, Suzuki M, Nimura Y, Yoshida S (1998)

Lithocholic acid, a putative tumor promoter, inhibits mammalian

DNA polymerase b. Jpn J Cancer Res 89:1154–1159

25. Yonezawa Y, Tsuzuki T, Eitsuka T, Miyazawa T, Hada T, Uryu

K, Murakami-Nakai C, Ikawa H, Kuriyama I, Takemura M,

Oshige M, Yoshida H, Sakaguchi K, Mizushina Y (2005)

Inhibitory effect of conjugated eicosapentaenoic acid on human

DNA topoisomerases I and II. Arch Biochem Biophys 435:197–

206

26. Tamiya-Koizumi K, Murate T, Suzuki M, Simbulan CG, Nak-

agawa M, Takamura M, Furuta K, Izuta S, Yoshida S (1997)

Inhibition of DNA primase by sphingosine and its analogues

parallels with their growth suppression of cultured human leu-

kemic cells. Biochem Mol Biol Int 41:1179–1189

27. Nakayama C, Saneyoshi M (1985) Inhibitory effects of 9-b-D-

xylofuranosyladenine 50-triphosphate on DNA-dependent RNA

polymerase I and II from cherry salmon (Oncorhynchus masou).

J Biochem (Tokyo) 97:1385–1389

28. Soltis DA, Uhlenbeck OC (1982) Isolation and characterization

of two mutant forms of T4 polynucleotide kinase. J Biol Chem

257:11332–11339

29. Lu BC, Sakaguchi K (1991) An endo-exonuclease from meiotic

tissues of the basidiomycete Coprinus cinereus: Its purification

and characterization. J Biol Chem 266:21060–21066

30. Mosmann T (1983) Rapid colorimetric assay for cellular growth

and survival: application to proliferation and cytotoxicity assays.

J Immunol Methods 65:55–63

31. Ramanchandra S, Studzinski GP (1995) Cell growth and apop-

tosis, a practical approach. In: Stuzinskin GP (ed) IRL Press,

Oxford, pp 119–142

32. Burgers PM, Koonin EV, Bruford E, Blanco L, Burtis KC,

Christman MF, Copeland WC, Friedberg EC, Hanaoka F, Hinkle

DC, Lawrence CW, Nakanishi M, Ohmori H, Prakash L, Prakash

S, Reynaud CA, Sugino A, Todo T, Wang Z, Weill JC, Woodgate

R (2001) Eukaryotic DNA polymerases: proposal for a revised

nomenclature. J Biol Chem 276:43487–43490

33. Aravind L, Koonin EV (1999) DNA polymerase b-like nucleo-

tidyltransferase superfamily: identification of three new families,

classification and evolutionary history. Nucleic Acids Res

27:1609–1618

34. Djuric Z, Heilbrun LK, Lababidi S, Everett-Bauer CK, Fariss

MW (1997) Growth inhibition of MCF-7 and MCF-10A human

breast cells by alpha-tocopheryl hemisuccinate, cholesteryl

hemisuccinate and their ether analogs. Cancer Lett 111:133–139

35. Chida K, Murakami A, Tagawa T, Ikuta T, Kuroki T (1995)

Cholesterol sulfate, a second messenger for the g isoform of

protein kinase C, inhibits promotional phase in mouse skin

carcinogenesis. Cancer Res 55:4865–4869

36. Strott CA, Higashi Y (2003) Cholesterol sulfate in human

physiology: what’s it all about? J Lipid Res 44:1268–1278

382 Lipids (2008) 43:373–382

123



ORIGINAL ARTICLE

Inhibition of Serum Cholesterol Oxidation by Dietary
Vitamin C and Selenium Intake in High Fat Fed Rats

M. Menéndez-Carreño Æ D. Ansorena Æ F. I. Milagro Æ
J. Campión Æ J. A. Martı́nez Æ I. Astiasarán

Received: 28 November 2007 / Accepted: 17 February 2008 / Published online: 12 March 2008

� AOCS 2008

Abstract Cholesterol oxidation products (COPs) have

been considered as specific in vivo markers of oxidative

stress. In this study, an increased oxidative status was

induced in Wistar rats by feeding them a high-fat diet

(cafeteria diet). Another group of animals received the

same diet supplemented with a combination of two dif-

ferent antioxidants, ascorbic acid (100 mg/kg rat/day) and

sodium selenite (200 lg/kg rat/day) and a third group fed

on a control diet. Total and individual COPs analysis of the

different diets showed no differences among them. At the

end of the experimental trial, rats were sacrificed and

serum cholesterol, triglycerides and COPs were measured.

None of the diets induced changes in rats body weight,

total cholesterol and triglycerides levels. Serum total COPs

in rats fed on the high-fat diet were 1.01 lg/ml, two times

the amount of the control rats (0.47 lg/ml). When dietary

antioxidant supplementation was given, serum total COPs

concentration (0.44 lg/ml) showed the same levels than

those of the rats on control diet. 7b-hydroxycholesterol,

formed non-enzymatically via cholesterol peroxidation in

the presence of reactive oxygen species, showed slightly

lower values in the antioxidant-supplemented animals

compared to the control ones. This study confirms the

importance of dietary antioxidants as protective factors

against the formation of oxysterols.

Keywords Antioxidants � Ascorbic acid � Cafeteria diet �
COPs � Lipid oxidation

Introduction

Cholesterol is an unsaponifiable lipid prone to oxidation by

reactive oxygen species (ROS), light, UV light, ionizing

radiation, chemical catalysts, enzymatic reactions and other

oxidizing conditions, leading to the formation of cholesterol

oxidation products (COPs) [1–2]. Some studies have pointed

out that COPs can be absorbed from the diet in rats [3–6].

It has been demonstrated that COPs may produce a wide

range of adverse biological outcomes including cytotoxic-

ity, apoptosis, mutagenesis, carcinogenesis, diabetes and

metabolic disorders, their main negative effect being the

development of atherosclerosis [7–13]. Also, it has been

shown that the presence of COPs in diet promotes fatty

streak lesion formation in several different animal models

of atherosclerosis [6].

In this context, certain oxysterols, 7b-hydroxycholes-

terol and 7-ketocholesterol, have been suspected not only

as oxidative stress inducers, which are associated with an

increase in the risk of atherosclerosis [14–16] but also as

specific markers of oxidative stress [17]. There is evidence

that oxidized lipoproteins play a key role in the patho-

genesis of atherosclerosis and especially both oxysterols

are found at significantly increased levels in atherosclerotic

lesions [14, 18–20].

The endogenous formation of oxysterols in relation to the

influence of the type of diet and the consumption of anti-

oxidants has hardly been studied so far [21–22]. Some data

suggest that a greater intake of antioxidative vitamins such

as vitamin E, vitamin C and b-carotene are associated with a

reduced risk of atherosclerotic vascular disease [23], which

may happen through different mechanisms such as inhibi-

tion of LDL oxidation, cell lipid peroxidation and cell-

mediated oxidation of LDL and reduction in blood choles-

terol levels [24]. In this sense, ascorbic acid could limit lipid
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peroxidation, protecting partially oxidized LDL against

further oxidative modification [25]. On the other hand,

selenium is known to play an important role in cytoprotec-

tion against cholesterol oxide-induced vascular damage in

the vascular wall of rats [26]. Combinations of selenium and

vitamin E have been shown to contribute to protection of the

vascular endothelium and to control the oxidative status and

altered lipid metabolism in the liver [27–28]. No data

have been found about the combination of selenium and

vitamin C.

In this article, we hypothesized that the dietary intake of

a combination of two different antioxidants (ascorbic acid

and selenium) could prevent cholesterol oxide formation in

rats fed on a high-fat diet.

Materials and Methods

Animals, Diets and Experimental Design

Male Wistar rats, supplied by the Applied Pharmacobiology

Center (CIFA, Pamplona, Spain), were housed at 21–23 �C

with a 12 h light cycle (8:00 a.m. to 8:00 p.m.) and assigned

into three different dietary groups. One group of animals

(Control group, C) were fed a standard pelleted diet (Harlan

Iberica, Barcelona, Spain) containing 16.62% of the energy

as protein, 73.16% of the energy as carbohydrate and

10.22% of the energy as lipids by dry weight. The second

group of animals (Cafeteria, Caf) was fed on a high-fat diet

in order to generate a diet-induced obesity model as previ-

ously reported [29]. High-fat diet components were paté,

bacon, chips, cookies, chocolate and chow with proportions

2:1:1:1:1:1 and the diet was given to each rat daily. The

composition of this Cafeteria diet was 9.26% of the energy

as protein, 31.58% of the energy as carbohydrates and

59.15% of the energy as lipids by dry weight (430 kcal/

100 g in the Cafeteria diet vs. 350 kcal/100 g in the pelleted

diet). Cafeteria diet was supplemented in a third group of

animals (Caf + Aox) with a daily dose of vitamin C

(100 mg/kg rat) + sodium selenite (200 lg/kg rat) both

mixed into the food. Animals had ad libitum access to water

and food during the experimental trial. Body weight was

recorded daily. At the end of the experimental period (72

days), animals were sacrificed by decapitation and blood and

tissue samples were immediately collected and weighed. All

the procedures were performed according to national and

institutional guidelines of the Animal Care and Use Com-

mittee at the University of Navarra.

Diet Composition

Moisture was determined according to the Association of

Official Analytical Chemists (AOAC) method [30]. Total fat

was determined by an extraction with petroleum ether

according to the AOAC [31]. Protein was analyzed using the

Kjeldahl method for the determination of nitrogen [32],

using 6.25 as the factor to transform nitrogen into protein.

Ash was determined by incineration using the method of the

AOAC [33]. Quantitative fat extraction was made with a

chloroform–methanol mixture using the method of Folch

et al. [34]. Cholesterol content was analyzed by gas chro-

matography according to Kovacs et al. [35]. Derivatization

to obtain the trimethyl silyl ethers of cholesterol was per-

formed. A Perkin-Elmer Autosystem XL gas chromatograph

equipped with an HP1 column (30 m 9 0.25 mm 9 0.1

lm) was used. The oven temperature was 265�C. The tem-

perature of both the injection port and detector was 285 �C.

Cholesterol identification and quantitation was done by

using pure 5a-cholestane (Sigma, St Louis, MO, USA) as an

internal standard, where 1 ml was added to the sample as a

solution (2 mg/ml), previously to the extraction procedure.

A Perkin-Elmer Turbochrom programme was used for

quantitation. COPs determination in diets was performed

using 0.5 g of the Folch extract of the correspondent diet

adding 1 ml of 19-hydroxycholesterol (20 lg/ml) as internal

standard. Ten milliliters of 1 N KOH solution in methanol

were then added to perform a cold saponification at room

temperature for 20 h, in darkness and under continuous

agitation in an orbital shaker (Rotaterm P; Selecta, Barce-

lona) at 100 rpm. The unsaponifiable material was extracted

with diethyl ether and purified by silica SPE according to

Guardiola et al. [36]. COPs were finally eluted from the

cartridge with acetone. Samples solutions of COPs were

derivatized to trimethylsilyl (TMS) ethers according to a

modified version of the method described by Dutta et al.

[38]. After drying the solvent, 400 ll of Tri-Sil reagent were

added and the tubes were kept at 60 �C for 45 min. The

solvent was evaporated under a stream of nitrogen and the

TMS-ether derivates were dissolved in 400 ll of hexane.

Dissolved samples were filtrated prior to GC-MS analysis in

order to avoid damage to the capillary column. Gas chro-

matography-Mass spectrometry analysis was performed on

a CG 6890N Hewlett Packard device coupled to a 5975 Mass

Selective Detector (Agilent Technologies, Inc., CA, USA).

The TMS-ether derivates of COPs were separated on a

capillary column Varian VF-5ms CP8947 (50 m 9 250

lm 9 0.25 lm film thickness) (Varian, France). Oven

temperature conditions were optimized in order to achieve a

proper separation of the individual compounds. The oven

was programmed with an initial temperature of 75 �C,

heated to 250 �C at a rate of 30 �C/min, raised to 290 �C at

rate of 8 �C/min, and finally, it was raised to 292 �C at a rate

of 0.05 �C/min. High purity helium was used as the carrier

gas at a flow rate of 1 ml/min. The inlet pressure used was

13.40 psi. The injector temperature was 250 �C and the

transfer line to detector at 280 �C. The samples were
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injected in a splitless mode with an injection volume of 1 ll.

The mass spectrometer was operated in electron impact

ionization (70 eV). Identification of the peaks was made by

the characteristic ion fragmentation of the standard sub-

stances and the quantification was made using select ion

monitoring program using the internal standard method.

Serum Measurements

Serum triacylglycerides were determined with the RAN-

DOX kit (Randox Laboratories LTD, UK) and cholesterol

level with the Cholesterol-CP kit (Haribo, ABX diagnostic,

Montpellier, France). All these measurements were adap-

ted for COBAS MIRA equipment (Roche, Switzerland).

COPs in serum were analyzed following the method

described in Menéndez-Carreño et al. (in press) [37].

Lipids from serum were extracted from serum according to

a modified version of the method described by Folch et al.

[34] using chloroform–methanol (2:1; v/v). One milliliter

of serum was introduced into a centrifuge tube, and 6 ml of

chloroform and 3 ml of methanol were added. After

shaking on vortex for 1 min, samples were then centrifuged

at 4,000 rpm for 15 min to facilitate phase separation using

a Hermle Z320 centrifuge (Apeldoorn, The Netherlands).

The chloroform (lower) layer was transferred to a test tube

taking care of not transferring any solid material which

remains at the interface between the upper and lower

phases. Ten milliliters of 1 N KOH solution in methanol

and 1 ml of stock solution of the internal standard, 19-

hydroxycholesterol (20 lg/ml), were then added to per-

form a cold saponification at room temperature for 20 h, in

darkness and under continuous agitation in an orbital sha-

ker (Rotaterm P; Selecta, Barcelona) at 100 rpm. A total of

100 mg/kg of butylhydroxytoluene was added as an anti-

oxidant in order to avoid COPs artifact formation during

the saponification. The extraction of the unsaponifiable

material, the purification and further analysis of COPs was

exactly the same as explained above for the determination

of COPs in diets.

Statistical Analysis

All results are expressed as means ± standard deviations

of the mean. The differences between the groups were

evaluated by one-way ANOVA, and Tukey post hoc test

was applied when suitable (SPSS 15.0 packages for

Windows, Chicago, IL, USA). A level of probability of

p \ 0.05 was set as being statistically significant. A Pear-

son correlation test was performed between COPs content

in the diets and in the serum samples.

Results

Control (C) and cafeteria diets (Caf and Caf + Aox diets)

presented different macronutrient profiles, as shown in

Table 1, especially in relation to the fat content, seven

times higher in cafeteria diets. This diverse macronutrient

distribution of the diets led to 20% more energy in both

high-fat diets in comparison to the standard one. Regarding

the cholesterol content, it was significantly lower in chow

diet than in the two cafeteria ones, and a similar trend was

detected for the COPs content, being 7.5 times higher in the

cafeteria diets. Analyzing specifically oxysterols, 7-keto-

cholesterol was the main oxysterol in all the three diets

(Table 2), being less abundant in the control one and more

abundant in the cafeteria diets.

These results led to percentages of cholesterol oxidation

significantly higher in C (0.68%) than in Caf and

Caf + Aox diets, which did not show significant differ-

ences between them (0.25 and 0.24%, respectively).

However, the total oxysterol content of the diet was much

higher in both cafeteria diets with no differences between

them, suggesting that the antioxidant supplementation of

the diet does not affect the amount of oxysterols ingested.

Whereas the body weight of the animals at the begin-

ning of the experimental trial was similar within the three

groups, the two groups fed on cafeteria diets gained sig-

nificantly more weight than rats fed chow pellets (Table 3).

Table 1 General composition (g/100 g) and energy value (kcal/100 g) for the three tested diets

Control

diet (C)

Cafeteria

diet (Caf)

Cafeteria selenium

vitamin C diet (Caf + Aox)

Moisture (g/100 g) 12.13 ± 0.10 a 25.55 ± 0.10 b 25.33 ± 0.04 b

Total fat (g/100 g) 4.03 ± 0.4 a 28.32 ± 0.14 b 28.33 ± 0.08 b

Protein (g/100 g) 14.75 ± 0.08 c 9.97 ± 0.10 a 9.98 ± 0.07 a

Carbohydrates (g/100 g) 64.93 ± 0.11 c 33.90 ± 0.17 a 34.02 ± 0.13 a

Ash (g/100 g) 4.16 ± 0.07 b 2.25 ± 0.08 a 2.35 ± 0.04 a

Energy (kcal/100 g product) 354.99 ± 0.37 a 430.45 ± 1.87 b 430.38 ± 0.84 b

Results are expressed as means ± standard deviations, n = 10. Values in the same row bearing different letters are significantly different

(p \ 0.05)
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As no significant differences were found for weight gain

between the two cafeteria diets and the weights of their

white adipose tissue depots were similar (data not shown),

we can conclude that antioxidant addition did not affect

animals weight, adiposity and growth.

Regarding the analysis of serum lipid metabolites, nei-

ther total cholesterol nor triglyceride levels differed among

the three groups of rats (Table 4). Although HDL-choles-

terol was not measured in the C group, no differences were

found between the two cafeteria-fed groups.

In this study, seven different COPs were analyzed in serum

rats from the three experimental groups; 7a-hydroxycholes-

terol, 7b-hydroxycholesterol, 5,6b-epoxycholesterol, 5,6a-

epoxycholesterol, cholestanetriol, 25-hydroxycholesterol

and 7-ketocholesterol, but only 7a-hydroxycholesterol, 7b-

hydroxycholesterol, cholestanetriol and 7-ketocholesterol

could be quantified in all the serum samples (Table 4).

Cholestanetriol was detected in all the cafeteria-fed animals,

but only in seven and six out of ten samples in Caf + Aox and

C groups, respectively.

As a result of this dietary treatment over 72 days, the

most abundant serum oxysterol in all the three groups was

7-ketocholesterol. Its levels reached 38.3% of total COPs

in the case of the control group and 52.2 and 47.7% for the

Caf and Caf + Aox animals. The total amount of serum

oxysterols was significantly increased in rats fed on the

cafeteria diet compared to the C group, with significant

increments in all the oxysterols quantified (Table 4).

However, the Caf + Aox diet decreased the different

serum oxysterol concentrations to the levels of the control

rats, which in the case of 7b-hydroxycholesterol, was even

significantly lower than that of the control animals.

In summary, as shown in Fig. 1, animals fed on the

cafeteria diet showed a higher percentage of serum oxys-

terols than the control rats, indicating a pro-oxidant effect

of the diet. However, the supplementation of this diet with

antioxidants resulted in a normalization of the circulating

oxysterol levels, demonstrating a protective effect of the

supplementation that could have beneficial effects on dif-

ferent metabolic features related to glycemia control and

atherogenesis.

Discussion

High-fat diets have been traditionally used for generating

overweight in rats, the cafeteria diet being a variation of

them [29]. As a result, animals might develop obesity,

Table 2 Cholesterol content and cholesterol oxidation products of the three tested diets

Control

diet (C)

Cafeteria

diet (Caf)

Cafeteria selenium

vitamin C diet (Caf + Aox)

7a-Hydroxycholesterol (lg/g fat) 0.11 ± 0.01 a 0.57 ± 0.01 b 0.55 ± 0.02 b

7b-Hydroxycholesterol (lg/g fat) 0.07 ± 0.00 a 0.44 ± 0.01 b 0.44 ± 0.03 b

5,6b-Epoxycholesterol (lg/g fat) n.d. 1.44 ± 0.08 a 1.47 ± 0.10 a

5,6a-Epoxycholesterol (lg/g fat) n.d. 0.33 ± 0.02 a 0.36 ± 0.04 a

Cholestanetriol (lg/g fat) 0.04 ± 0.00 a 0.18 ± 0.01 b 0.21 ± 0.0 b

25-Hydroxycholesterol (lg/g fat) n.d. n.d. n.d.

7-Ketocholesterol (lg/g fat) 0.47 ± 0.0 a 2.42 ± 0.11 b 2.31 ± 0.09 b

Cholesterol (mg/100g) 2.75 ± 0.15 a 58.02 ± 4.07 b 57.95 ± 5.13 b

Total COPs (lg/g fat) 0.70 ± 0.02 a 5.39 ± 0.11 b 5.34 ± 0.38 b

Percentage of cholesterol oxidation (%) 0.68 ± 0.02 b 0.25 ± 0.03 a 0.24 ± 0.03 a

Cholesterol and individual COPs were analyzed in quadruplicate in the three different diets. Total COPs is the sum of all individual COPs

detected. Percentage of cholesterol oxidation (%) = (total COPs diet/cholesterol diet) 9 100. Results are expressed as means ± standard

deviations, n = 10. Values in the same row bearing different letters are significantly different (p \ 0.05)

n. d. Non-determined compound

Table 3 Body weight changes of rats fed on three different diets

Control

diet (C)

Cafeteria

diet (Caf)

Cafeteria selenium

vitamin C diet (Caf + Aox)

Initial weight (g) 260.6 ± 16.4 a 263.9 ± 21.87 a 268.1 ± 21.82 a

Final weight (g) 427.6 ± 32.4 a 533.5 ± 79.78 b 512.1 ± 62.26 b

Weight gain (g) 167.0 ± 18.9 a 269.6 ± 62.65 b 244.0 ± 45.01 b

Results are expressed as means ± standard deviations, n = 10. Values in the same row bearing different letters are significantly different

(p \ 0.05)
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insulin resistance, hyperglycemia, fatty liver, oxidative

stress, and, in some cases, lipid metabolism disturbances.

Our model of obesity in rats, in agreement with previous

results of our own group, achieves adiposity and weight

gain but does not induce fasting hypertriglyceridemia or

hypercholesterolemia [29, 38].

In this study, it was found that oxidative stress was

effectively induced by the high-fat diet, as the levels of

total COPs were significantly higher than those of the

control group. This pro-oxidant effect of the cafeteria diet

has been associated with an impairment of some obesity-

related features such as non-alcoholic fatty liver, diabetes

and atherogenesis [39], and the supplementation of this diet

with a high dose of ascorbic acid has recently been reported

to protect against body weight gain and adiposity [40].

However, in this study, the diet supplementation with a

lower dose of vitamin C induced no changes in body

weight and adiposity during the assayed period. The use by

other authors of similar or higher doses of vitamin C during

long periods has shown no toxic or deleterious effects in

similar animal models [41–44].

Rats fed on very high cholesterol diets usually present

increased serum oxysterol levels [22]. Other studies have

shown that, although a cholesterol-rich diet supplemented

with vitamins E and C induces hypercholesterolemia in

rabbits, it was able to reduce lipid peroxidation and lipo-

protein modification [45]. Ringseis and Eder [21] pointed

out that, as a consequence of antioxidant-induced inhibition

of lipid peroxidation, it is reasonable to assume that the

formation of COPs in animal tissues would be inhibited by

these compounds, although this effect requires more stud-

ies. On the other hand, in vitro trials have demonstrated

that cholesterol is susceptible to oxidation under selenium

deficiency-induced oxidative stress [46]. In that study, a

significant increase in the amounts of 7-hydroxycholesterol

was detected due to the selenium deficiency. In fact, sele-

nium has been widely used as an antioxidant, with doses of

up to 2 lg/g body weight in rats [47–48], and has been

reported to protect from vascular damage induced by COPs

[32]. The effect of dietary selenium on the reduction of

COPs formation in the serum could be mediated by GSH-

dependent selenoperoxidases, such as GPx, which have

been implicated in the defence against oxidized low density

lipoproteins [49]. In this sense, different papers showed a

significant correlation between dietary selenium concen-

tration and GPx levels [50–53].

This study also showed that the control group, which

had a standard feeding, led to COPs concentrations in the

serum being significantly lower than those animals fed on a

high-fat diet (cafeteria group). The values for total COPs

both for control and modified groups were similar to those

found by Mahfouz and Kummerov [22] in rats fed on high

cholesterol diets for 4 months. The cafeteria diet did not

affect the total serum cholesterol and triglyceride levels as

Table 4 Lipid metabolites and cholesterol oxidation products in serum of rats fed on three different diets

Control diet (C) Cafeteria diet (Caf) Cafeteria selenium vitamin C diet (Caf + Aox)

Cholesterol (mg/dl) 78.36 ± 10.15 a 79.69 ± 12.59 a 79.46 ± 12.93 a

HDL (mg/dl) n.a. 27.59 ± 3.80 a 27.31 ± 4.35 a

TG (mg/dl) 115.89 ± 4.25 a 110 ± 33.73 a 99.33 ± 20.71 a

7a-Hydroxycholesterol (lg/ml) 0.14 ± 0.04 a 0.20 ± 0.06 b 0.14 ± 0.04 a

7b-Hydroxycholesterol (lg/ml) 0.09 ± 0.03 b 0.14 ± 0.03 c 0.06 ± 0.03 a

5,6b-Epoxycholesterol (lg/ml) n.d. n.d. n.d.

5,6a-Epoxycholesterol (lg/ml) n.d. n.d. n.d.

Cholestanetriol (lg/ml) 0.05 (n = 6) ± 0.03 a 0.14 ± 0.04 b 0.03 (n = 7) ± 0.03 a

25-Hydroxycholesterol (lg/ml) n.d. n.d. n.d.

7-Ketocholesterol (lg/ml) 0.18 ± 0.04 a 0.53 ± 0.15 b 0.21 ± 0.07 a

Total COPs (lg/ml) 0.47 ± 0.10 a 1.01 ± 0.17 b 0.44 ± 0.11 a

Total COPs is the sum of all individual COPs detected. Results are expressed as means ± standard deviations, n = 10. Values in the same row

bearing different letters are significantly different (p \ 0.05)

n.a. Non-analyzed compound, n.d. non-detected compound

% Cholesterol oxidation

0.00

0.50

1.00

1.50

2.00

Control diet

      b

    a     a 

Cafeteria Selenium
Vitamin C diet

Cafeteria diet

Fig. 1 Percentage of cholesterol oxidation products in serum samples

of rats fed on three different diets. Percentage of cholesterol oxidation

(%) = (serum total COPs/serum cholesterol) 9 100. Groups bearing

different letters are significantly different (p \ 0.05)
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expected, but increased the serum COPs levels. Increasing

dietary vitamin C and selenium in a high-fat diet prevented

the oxidation of circulating cholesterol.

Thus, the intake of the antioxidants mixture included in

the cafeteria diet can efficiently decrease the oxidation

process affecting cholesterol. As total cholesterol levels

were not modified by the different dietary treatments, the

percentage of cholesterol oxidation also showed significant

differences between the cafeteria diet and the others.

One remarkable finding is the fact that serum 7b-

hydroxycholesterol levels in the Caf + Aox diet group

were even slightly lower than those obtained for the control

group. Ringseis and Eder [21] demonstrated that insuffi-

cient vitamin E in the diet increased the formation of 7b-

hydroxycholesterol in rats fed on salmon oil. Most of the

7b-hydroxycholesterol is formed non-enzymatically via

cholesterol peroxidation in the presence of ROS [54]. As

7b-hydroxycholesterol is formed in the presence of ROS, it

is likely influenced by the antioxidative status [21]. Yos-

hida et al. [55] measured 7a-hydroperoxycholesterol, 7b-

hydroperoxycholesterol and 7-ketocholesterol as well as

7a-hydroxycholesterol and 7b-hydroxycholesterol were

measured as total 7-hydroxycholesterol in samples of

human plasma because their usefulness for the assessment

of oxidative stress in animal and in vivo experiments. They

concluded that 7b-hydroxycholesterol may be a better

biomarker for oxidative stress than 7a-hydroxycholesterol.

As the consumption of selenium and antioxidants sup-

presses ROS formation by different mechanisms [56], it is

reasonable to suppose that endogenous formation of 7b-

hydroxycholesterol could have been suppressed by the high

intake of vitamin C and selenium. In fact, no correlation

was found between the level of 7b-hydroxycholesterol in

the diet and in its content in the serum samples (r = 0.26,

p \ 0.05) pointing to an endogenous formation of this

compound.

Arca et al. [57] found that familial combined hyperlip-

idemia patients are prone to a condition of oxidative stress,

as shown by the presence of increased levels of COPs.

Thus, oxidative stress should be taken into account to

explain the increased cardiovascular risk in these patients.

Moreover, 7b-hydroxycholesterol and 7-ketocholesterol

are biomarkers for oxidative stress in patients with ath-

erosclerosis [17], and it has been demonstrated the

interconversion of these compounds in humans [58]. 7-

Ketocholesterol was the most abundant oxysterol in the

three groups of rats, showing a positive correlation

[r = 0.66, (p \ 0.01)] with the data obtained from the diet.

In conclusion, the concentrations of oxysterols were

influenced by the dietary fat, but also by the vitamin C and

selenium intake. The fact that the concentration of COPs

was reduced by increasing dietary vitamin C and selenium

supply confirms the importance of antioxidants as a

protective factor against the formation of oxysterols from a

high-fat dietary pattern.
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Abstract Because X-linked adrenoleukodystrophy is

treated using erucic acid (22:1n-9), we assessed its

metabolism in rat liver and heart following infusion of

[14-14C]22:1n-9 (170 Ci/kg) under steady-state-like con-

ditions. In liver, 2.3-fold more tracer was taken up as

compared to heart, accounted entirely by increased incor-

poration into the organic fraction (4.2-fold). The amount of

tracer entering the aqueous fraction, which represents

b-oxidation, was not different between groups; however a

significantly elevated proportion of tracer was in the heart

aqueous fraction. In both tissues, 76% of the radioactivity

found in the organic fraction was esterified in neutral

lipids, while only about 10% was found esterified into

phospholipids. In liver, 56% of lipid radioactivity was

found in cholesteryl esters, whereas in heart 64% was

found in triacylglycerols. Because 22:1n-9 can be chain

shortened, we assessed tracer metabolism using phenacyl

fatty acid derivatives esterified from saponified esterified

neutral lipid (triacylglycerol/cholesteryl ester) and phos-

pholipid fractions. In heart esterified neutral lipids, 75% of

tracer was recovered as 22:1n-9 and only 10% as oleic acid

(18:1n-9), while in liver only 25% of the tracer was

recovered as 22:1n-9, while 50% was found as stearic acid

(18:0) and 10% as 18:1n-9. In liver and heart phospho-

lipids, the tracer was distributed amongst the n-9 fatty acid

family. Thus, 22:1n-9 under went tissue selective metab-

olism, with conversion to 18:0 the dominant pathway in the

liver presumably for export in the neutral lipids, while in

heart it was found primarily as 22:1n-9 in neutral lipids and

used for b-oxidation.

Keywords Erucic acid � Fatty acid uptake � Lipid �
Phospholipid � Cholesteryl ester � Triacylglycerol �
Fatty acid metabolism
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Introduction

X-linked adrenoleukodystrophy (X-ALD) is characterized

by elevated very long chain saturated fatty acids (VLCFA)

in plasma [1, 2] and in tissue [2, 3]. The clinical manifes-

tations of X-ALD include adrenal insufficiency and rapid

demyelination in the central nervous system (CNS) [4].

Accompanying this demyelination is a rise in brain cho-

lesteryl ester mass [5, 6], which is extensively esterified

with 26:0 [2]. Lorenzo’s oil (LO) is a dietary therapy with

restricted saturated fatty acid ingestion in combination

with ingestion of a triacylglycerol (TAG) form of erucic

acid (22:1n-9), which effectively reduces plasma levels of

VLCFA found in X-ALD patients [7–9]. Although the use of

LO is controversial because early studies demonstrated the

absence of 22:1n-9 from the brain of treated patients [7, 10,

11] and because of its limited effectiveness in ameliorating

the progression of CNS demyelination in patients with

advanced X-ALD [7–9]. Recent evidence indicates that it

has a strong potential in limiting the onset of CNS demye-

lination following early intervention in X-ALD patients

[12–14]. The lack of elevated 22:1n-9 in brains from treated

X-ALD patients suggests limited uptake into the CNS,

perhaps as a result of poor movement of 22:1n-9 across the

blood brain barrier (BBB). Recent work from our laboratory

demonstrates that 22:1n-9 crosses the BBB and is found

esterified into brain esterified neutral lipid (NL) and phos-

pholipid (PL) pools as primarily 18:1n-9 due to the rapid

chain shortening of 22:1n-9 [15]. The entry and metabolism

of 22:1n-9 in the brain supports the results of recent clinical

trials demonstrating that LO reduces clinical symptoms of

X-ALD when administered early in life [12–14].

Although we have studied the metabolism of 22:1n-9 in

the brain [15], previous studies have focused on its

metabolism in the heart due to its reported impact on heart

physiology [16, 17]. In cultured cells, 22:1n-9 is rapidly

esterified into TAG and to a lesser extent into PL pools

[18–21]. Similar results are reported in isolated organs [22–

25], and in intact animals [26–28]. Although 22:1n-9 is

poorly oxidized to CO2 [29, 30], it is quickly converted

into oleic acid (18:1n-9) in vivo and in isolated tissues and

cultured cells [15, 18, 19, 24, 26–28, 31–35]. This con-

version is presumably through peroxisome localized

b-oxidation [19, 33, 36], although a possible mitochondrial

pathway for 22:1n-9 oxidation can not be excluded [26,

27]. Whole liver and liver cells are capable of converting

22:1n-9 into 18:1n-9 more efficiently than other organs and

cell types [18, 28–32], leading to the conclusion that liver

plays a central role in 22:1n-9 utilization with other organs

utilizing 18:1n-9 exported from liver after 22:1n-9 chain

shortening [33].

However, in most of these previous studies examining

22:1n-9 metabolism in vivo, the animals were fed high oil

diets rich in 22:1n-9. Under these experimental conditions,

peroxisomal b-oxidation is increased, thus increasing the

conversion of 22:1n-9 to 18:1n-9 in cultured heart and liver

cells [19, 33, 36, 37]. In contrast, constant exposure of the

brain to 22:1n-9 alters the pools in which it is found

esterified, with minimal impact on 22:1n-9 chain shorten-

ing to 18:1n-9 [15]. Pulse infusion studies using labeled

22:1n-9 in vivo also demonstrate an increase in chain

shortening even in animals fed with regular diets [26–28].

In these studies, the initial concentration of 22:1n-9 is

much higher than its normal physiological levels found in

plasma. These conditions would distort 22:1n-9 metabo-

lism because 22:1n-9 esterification into PL or TAG pools is

concentration dependent [22]. Similar concentration

dependence is observed for 20:4n-9 targeting to heart lipid

pools, where under non-physiologically high concentra-

tions it is incorporated into TAG pools [38–40], whereas

under conditions using a steady-state tracer infusion,

20:4n-6 is predominantly targeted to PL pools [41]. This

demonstrates the utility of the method used herein to study

fatty acid metabolism under conditions in which there is

minimal alteration of the plasma unesterified fatty acid

concentration during infusion of the radiotracer. Thus, high

superphysiological concentrations (mM range) of labeled

22:1n-9 used in experiments with perfused organs and

cultured cells would significantly alter 22:1n-9 metabolism.

Until now, no studies have been done to study 22:1n-9

metabolism in heart and liver under steady-state conditions

using low 22:1n-9 concentrations that do not perturb

plasma concentrations found in intact animals fed with a

regular diet.

Previously, we have demonstrated that under steady-

state-like conditions 7% of infused [14-14C]22:1n-9 is

recovered as [14C]18:0 from plasma [15], suggesting

possible contamination of the tracer. Although the

chemical purity of the tracer was [92% pure by GLC, no

18:0 was observed [15]. This observation led us to pro-

pose that 22:1n-9 may be rapidly converted into saturated

fatty acids (SFA) in liver and then exported into plasma.

Despite the fact the 22:1n-9 conversion into monounsatu-

rated fatty acids has been extensively studied, only one

study addressed the question of 22:1n-9 conversion into

SFA, but this study was done using cultured heart cells

[21], demonstrating a need to more fully understand the

dynamics of 22:1n-9 metabolism in liver and heart of

intact animals.

In the present study, we extend our previous work using

samples from our previous study [15] to examine the

uptake and incorporation of [14-14C]22:1n-9 into liver and

heart lipids as well as its metabolism under steady-state-

like conditions using a well established infusion protocol

where normal plasma fatty acid concentrations are unal-

tered by tracer infusion [42–48]. We demonstrate that 2.3-
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fold more [14-14C]22:1n-9 was taken up into liver as

compared to heart and that the bulk of [14-14C]22:1n-9

radioactivity was incorporated into the NL, mainly into

heart TAG and into liver cholesteryl esters (CE) pools,

while significantly lesser amounts were esterified into liver

and heart PL (\10%). In NL fraction, the bulk of the

radioactivity in heart was recovered as 22:1n-9, while in

liver NL the bulk of the radioactivity was recovered as

18:0. These data indicate that under steady-state-like con-

ditions, the predominant pathway for 22:1n-9 metabolism

in liver is conversion into 18:0 and subsequent incorpora-

tion into NL pool, mainly into CE, whereas in the heart, the

bulk of 22:1n-9 is incorporated into the NL pool as 22:1n-9

and then presumably used for b-oxidation.

Materials and Methods

Animals

Male Sprague-Dawley rats (150–200 g) were obtained

from Charles River Laboratories (St. Louis, MO) and

maintained on standard laboratory rat chow diet (Purina

rodent chow) and water ad libitum. This study was con-

ducted in accordance with the National Institutes of Health

Guidelines for the Care and Use of Laboratory Animals

(NIH Publication 80-23) under an animal protocol

approved by the IACUC at the University of North Dakota

(Protocol 0110-1).

Tracer Preparation

Tracer preparation was performed as previously described

[15]. Briefly, the custom synthesized [14-14C] 22:1n-9

(specific activity 53 mCi/mmol, Moravek Biochemical,

Brea, CA) was solubilized in 5 mM Hepes (pH 7.4) buffer

containing ‘‘essentially fatty acid free’’ bovine serum

albumin (50 mg/mL; Sigma Chemical Co, St. Louis, MO).

Solubilization was facilitated using a bath sonicator for

45 min at 45 �C. Tracer was infused at a dose of 170 lCi/

kg [15, 49]. Previously we determined tracer purity to be

[92% by GLC, based upon total peak area [15]. Because

we reported 6.5% of the tracer in plasma was found as

[14C]18:0, we assessed radiochemical purity of the

[14-14C]22:1n-9 using HPLC analysis and found that it the

radiochemical purity of the tracer was [99%.

Rat Surgery and Tracer Infusion

Rat surgery and tracer infusion was performed as previ-

ously described [15]. Briefly, rats were anesthetized with

halothane (1–3%) and PE-50 catheters inserted into the

femoral artery and vein. Using an infusion pump (BS-8000,

Braintree Scientific, Inc., Braintree, MA), awake rats were

infused 3–4 h following recovery from anesthesia with

170 lCi/kg of [14-14C]22:1n-9 via the femoral vein over

10 min at a constant rate of 0.4 mL/min to achieve steady-

state-like plasma radioactivity. Prior to and during the

infusion, arterial blood samples (200 lL) were taken to

determine plasma radioactivity (see Golovko et al. [15]).

Following infusion, the rats were killed using pentobarbital

(100 mg/kg, intravenous). Liver and heart were rapidly

removed and frozen in liquid nitrogen. The tissue was

stored at -80 �C until used.

Blood Extraction

To account for the contribution of residual blood to tissue

radioactivity, whole blood was extracted using a two-phase

extraction [50]. Residual blood in heart and liver was

estimated to be 24 and 17%, respectively based upon

literature values [51, 52]. Previously using this infusion

protocol, we demonstrated that 95% radioactivity in blood

is found as free fatty acid, whereas 2.5% is found in

phospholipids, and 2.5% is found in triacylglycerols [41,

53].

Tissue Lipid Extraction

To determine tracer incorporation into liver and heart

individual lipid compartments, lipids were extracted using

a two-phase extraction procedure [50]. Briefly, frozen tis-

sues were pulverized under liquid nitrogen temperatures

into a fine homogeneous powder and lipids from the tissue

powders were extracted using chloroform/methanol (2:1 by

vol) in a Tenbroeck tissue homogenizer. The tissue mass in

grams was multiplied by a correction factor of 1.28 to

convert it to an equivalent value in mL [54], which rep-

resents one volume. The tissue was homogenized in 17

volumes of chloroform-methanol (2:1 by vol), the solvent

removed and the homogenizer rinsed with 3 volumes of

chloroform/methanol (2:1 by vol). This rinse was added to

the original sample and 4 volumes of 0.9% KCl solution

were added to the combined lipid extract. The extract was

mixed by vortexing and the phases separated by centrifu-

gation. The upper aqueous phase and proteinaceous

interphase were transferred to a 20 mL scintillation vial for

counting. The lower organic phase was washed twice with

2 mL of theoretical upper phase (chloroform/methanol/

water, 3:48:47 by vol) and the phases again separated by

centrifugation. Each wash was removed and added to the

previously removed upper phase. The lower organic phase

was then dried under nitrogen and then dissolved in hex-

ane-2-propanol (3:2 by vol) containing 5.5% water.

To analyze tracer metabolism to other fatty acids and its

subsequent distribution within esterified fatty acids found
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in NL and PL fractions, lipids from liver and heart tissue

(200 mg, wet weight) were extracted using single phase

extraction procedure [55, 56]. Briefly, tissue powder was

homogenized in 1.8 mL hexane/2-propanol (3:2 by vol) per

0.1 g tissue and quantitatively transferred to a test tube.

The homogenizer was rinsed with an additional 3 mL of

hexane/2-propanol (3:2 by vol) and added to the original

extract. The protein-containing residue was pelleted by

centrifugation and the lipid bearing organic fraction was

removed and stored under a N2 atmosphere at -80 �C until

it was used to assess tracer elongation and chain

shortening.

Thin Layer Chromatography

Tissue PL were separated by thin layer chromatography

(TLC) on heat-activated Whatman silica gel-60 plates

(20 cm 9 20 cm, 250 lm) using two different solvent

systems. The first system used a chloroform/methanol/

acetic acid/water (60:30:3:1 by vol) solvent system that

resolves cardiolipin (Ptd2Gro), phosphatidic acid (PtdOH),

and ethanolamine glycerophospholipids (EtnGpl) [53].

Because this first system does not separate phosphatidyl-

serine (PtdSer) and phosphatidylinositol (PtdIns), these

two phospholipids were separated using a chloroform/

methanol/acetic acid/water (50:37.5:3.5:2 by vol) solvent

system [57]. Phospholipids were visualized using iodine

vapor.

Heart and liver NL were separated by TLC on heat-

activated Whatman silica gel-60 plates (20 cm 9 20 cm,

250 lm) and developed in petroleum ether/diethyl ether/

acetic acid (70:30:1.3 by vol) solvent system that resolves

cholesterol, cholesteryl esters, diacylglycerols, nonesteri-

fied fatty acids, and triacylglycerols [58].

All lipid fractions were identified using authentic stan-

dards (Doosan–Serdary, Englewood Cliffs, NJ, and

NuChek Prep, Elysian, MN). Bands corresponding to the

appropriate lipid fractions were removed from the TLC

plate by scrapping and transferred into 20 mL liquid

scintillation vials and 0.5 mL of water was added followed

by 10 mL of Scintiverse BD (Fisher Scientific, Pittsburgh,

PA). Radioactivity was quantified by liquid scintillation

counting using a Beckman LS 5000 CE liquid scintillation

counter.

Analysis of Tracer Conversion in Esterified NL and PL

Fractions

To determine the elongation and chain shortening of the

infused tracer by heart and liver, extracted heart and liver

lipids were separated into PL and NL fractions using silicic

acid column chromatography (Clarkson Chemical Co.,

Inc., Williamsport, PA) [59]. To remove nonesterified fatty

acids from the NL fraction, it was then separated by TLC

as described above using the petroleum ether/diethyl ether/

acetic acid (70:30:1.3 by vol) solvent system, except that

lipid fractions were visualized using 6-p-toluidino-2-

naphthalenesulfonic acid [60]. TAG and CE were collected

by scraping the bands off the TLC plate, and were then

extracted off the silica by adding 1.5 mL of water followed

by three successive washes of the aqueous phase with 3 mL

of hexane/2-propanol (3:2 by vol). For each wash, the

elution mixture was vigorously mixed for 1 min by vor-

texing and the two phases were separated by centrifugation.

The upper lipid-containing phase was aspirated and saved

for fatty acid analysis and subsequent washes were added

to this original wash.

Fatty acids from PL fraction and from the combined

TAG and CE fractions were separated and quantified after

conversion to their corresponding phenacyl esters [61,

62]. Briefly, solvent containing the PL and TAG/CE lipid

fractions was removed under a stream of nitrogen and the

lipids subjected to saponification at 100 �C for 30 min in

2% KOH in ethanol, which was then acidified with HCl.

The released fatty acids were extracted with hexane, the

hexane evaporated using nitrogen, and phenacyl esters

were then prepared by the addition of acetone containing

2-bromoacetophenone (10 mg/mL) (Sigma) and triethyl-

amine (10 mg/mL) (Sigma) followed by heating at

100 �C for 5 min followed by addition of acetic acid

(2 mg/mL) and then the samples were heated for an

additional 5 min.

Individual fatty acid phenacyl esters were separated

by high performance liquid chromatography (HPLC) on

a C-18(2) Luna column (Phenomenex, Torrance, CA) as

previously described [15] with a modified elution program

that allows resolution of VLCFA. Fatty acids were identi-

fied using fatty acid standards (NuChek Prep, Elysian, MN)

converted to phenacyl esters. The HPLC system was con-

trolled by a Beckman 127 solvent module (Fullerton, CA).

The eluent was monitored at 242 nm using a Beckman 166

ultraviolet/visible light detector. The gradient system used

was composed of water (solvent A) and acetonitrile (sol-

vent B). Column temperature was maintained at 37 �C. The

flow rate was 1 mL/min, and the initial percentage of B

was 80%. The percentage of B was increased to 90% over

1 min at 350 min, increased to 96% over 1 min. at

490 min, and returned to 80% over 1 min at 550 min.

Eluent from HPLC containing individual fatty acid

phenacyl esters was concentrated by reducing the volume

to 1 mL under a stream of nitrogen and 15 mL of Scinti-

verse BD was added and the samples were mixed by

vortexing. After mixing, all samples were allowed to sta-

bilize for at least 1 h before the radioactivity was quantified

by liquid scintillation counting using a Beckman LS 6500

liquid scintillation counter.
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Statistical Analysis

Statistical analysis was done using InStat (GraphPad, San

Diego, CA) and a two-tailed, unpaired Student’s t test.

Values were considered statistically significant when

p \ 0.05.

Results

Plasma Curve

The plasma curve for these awake, male rats infused with

[14-14C]22:1n-9 (i.v.) was previously published [15] and

indicates that the radiotracer was near steady-state-like

conditions and that the plasma concentration of unesterified

(free) 22:1n-9 is 6 lM.

Uptake and Distribution of 22:1n-9 in Liver and Heart

In liver and heart, the amount of tracer, expressed as nCi/g

ww, found in the total extract, in the organic fraction (lipid

containing), and in the aqueous fraction, which represents

products of b-oxidation [41, 63, 64] was determined

(Fig. 1). Under steady-state-like conditions, significantly

more tracer was taken up by the liver (2.3-fold) as com-

pared to the heart. When the unilateral incorporation

coefficient for liver and heart uptake was calculated [41–

45], which normalizes the amount of tracer taken up into a

given tissue by the amount of tracer infused into the rat, the

liver had taken up significantly more tracer (2.3-fold) as

compared to heart (data not shown). The percentage of the

infused tracer removed by the heart was 0.82 ± 0.33%,

while that removed by the liver was 1.63 ± 0.45%. Again,

using this calculation, the liver removed 2.0-fold more

tracer than did heart. The increase in liver total uptake was

accounted for by a significantly higher incorporation of

tracer (4.2-fold) into the liver organic fraction as compared

with heart. However, no differences were found between

liver and heart in amount of tracer found in the aqueous

fraction. However, in heart a significantly greater propor-

tion of radioactivity was found in the aqueous fraction

(63.2 ± 5.8%) as compared to liver (22.9 ± 2.9%), indi-

cating that in the heart 2.8-fold more tracer underwent

b-oxidation relative to the liver.

Distribution of Tracer in Liver and Heart Lipid Pools

To determine into which lipid compartments the tracer

entered in liver and heart, the incorporation of the tracer

into individual lipid fractions was determined (Fig. 2).

Significantly more tracer (nCi/g ww) went into liver total

PL, unesterified (free) fatty acids, and CE as compared to

heart (Fig. 2, top panel). However, the amount of tracer

entering into the TAG pool was not different between

groups. These values illustrate two important points. First,

that very little tracer entered into the phospholipid pools.
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Fig. 1 Uptake of [14-14C]22:1n-9 by heart and liver values are

expressed as mean ± SD, where n = 5 heart and n = 6 for liver. The

* indicates statistical significance from liver, p \ 0.05
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Fig. 2 Distribution of infused [14-14C]22: 1n-9 amongst different

heart and liver lipid fractions values are expressed as mean ± SD,

where n = 5 heart and n = 6 for liver. The * indicates statistical

significance from liver, p \ 0.05. In the top panel, values are

expressed as nCi/g ww, while in the bottom panel; these values are

expressed as percent of total organic fraction radioactivity. PL:

phospholipids; FFA: free fatty acids; TAG: triacylglycerols; CE:

cholesteryl esters
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Second, that the amount of tracer entering the CE pool was

tremendously different between groups.

However, it is also important to determine the propor-

tion of tracer targeted to each of the respective lipid pools

(Fig. 2, lower panel). Under steady-state-like conditions,

the bulk of the infused tracer in heart was found in TAG

pool (63.7 ± 4.4%), while the remainder was distributed

between the total PL, unesterified (free) fatty acids, and

CE. In stark contrast, in liver the bulk of the infused tracer

was found in CE (55.6 ± 5.1%), with the remaining tracer

distributed between the other lipid fractions. These data

indicate that under steady-state-like conditions the intact

liver targets 22:1n-9 for esterification into different lipid

metabolic pools than in the heart.

Distribution of Tracer in Individual Phospholipid

Classes

The distribution of the infused tracer in liver and heart

individual PL classes was also determined and values are

expressed as % of total phospholipid radioactivity (Fig. 3).

In both liver and heart, the bulk of the infused tracer was

incorporated into CholGpl, CerPCho, and EtnGpl. The rest

of the tracer was found distributed amongst the other

phospholipids.

Metabolism of [14-14C]22:1n-9 to Other Fatty Acids

in Liver and Heart

To determine whether the infused [14-14C]22:1n-9 was

chain elongated or shortened, we determined the distribu-

tion of radioactivity found in other monounsaturated and

saturated fatty acids in the total phospholipid fraction from

liver and heart (Fig. 4). We observed minimal of elonga-

tion of [14-14C]22:1n-9 to [16-14C]24:1n-9 in liver and

heart, however we did find that in liver and heart PL

fractions, 64.2 ± 10.9% and 41.1 ± 8.2% of radioactivity,

respectively, was found in products derived from chain

shortening of [14-14C]22:1n-9. The terminal pool was

found to be 18:1n-9, in which form 41.8 ± 5.4% and

30.8 ± 6.6% of the tracer was found in liver and heart PL,

respectively. Limited carbon recycling into SFA was found

in liver and heart, as only 6.9 ± 2.3% of the tracer was

found in liver PL SFA (mainly as 18:0, 3.0 ± 1.3%) and

only 7.0 ± 3.3% of the tracer was found in the heart PL

SFA fraction (mainly as 16:0, 4.2 ± 3.2%).

Similar to the PL pool in liver and heart, the combined

TAG/CE pool contained products of chain shortening,

mainly in the form of 18:1n-9 form. However, the distri-

bution into this pool was much lower (12.9 ± 3.1% and

10.0 ± 1.7% in liver and heart, respectively) than what

was observed in the PL pool. These data support previous

observations showing that 22:1n-9 is readily chain short-

ened and that it accumulates as 18:1n-9 as the terminal

pool. Limited carbon recycling into SFA was found in the

heart TAG/CE fraction (Fig. 5). In stark contrast, in the

liver TAG/CE fraction, 54.2 ± 9.0% of the tracer was

recovered in SFA form, mainly as 18:0 (48.4 ± 4.5%).

These data support our assumption that 22:1n-9 was rapidly

converted into 18:0 in liver, which can then be exported

into plasma, thereby accounting for our observation of

6.5% of the tracer in the plasma being in the form of

[14C]18:0.

0

15

30

45

60

75

*

*

*

CerPCho ChoGpl PtdSer PtdIns PtdGroEtnGpl

Liver

Heart

Ptd2Gro

%
 P

ho
sp

ho
lip

id
 R

ad
io

ac
tiv

ity

Fig. 3 Distribution of infused [14-14C]22:1n-9 amongst individual

heart and liver phospholipid classes values are expressed as

mean ± SD, where n = 5 heart and n = 6 for liver. The * indicates

statistical significance from liver, p \ 0.05. CerPCho sphingomyelin,

ChoGpl choline glycerophospholipids, PtdSer phosphatidylserine,
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Fig. 4 Distribution of radioactivity amongst different fatty acids

derived from the total tissue phospholipid fraction Values are

expressed as mean ± SD, where n = 5 heart and n = 6 for liver.

The * indicates statistical significance from liver, p \ 0.05. These

values are expressed as percent of total phospholipid fraction

radioactivity. The abbreviations are: 16:1: palmitoleic acid; 18:1:

oleic acid; 20:1: gondoic acid; 22:1: erucic acid; 24:1: nervonic acid;

16:0: palmitic acid; 18:0: stearic acid; 20:0: arachidic acid; 22:0:

behenic acid; 24:0: lignoceric acid
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Discussion

Although 22:1n-9 metabolism has been extensively studied

in different model systems, it is important to note that in

these other studies, the experimental conditions used may

dramatically impact normal 22:1n-9 metabolism, poten-

tially impacting interpretation. For example, feeding

animals high oil diets or diets rich in 22:1n-9 increases the

ability of the liver and heart to oxidize 22:1n-9 [19, 33, 36,

37], thus providing metabolic results that are difficult to

interpret and perhaps erroneous relative to more steady-

state conditions. Because the metabolism of 22:1n-9 is

concentration dependent [22], it is important to use studies

that avoid perturbing the normal plasma concentration of

the fatty acid of interest [41]. Recently, we demonstrated

the uptake into and metabolism of [14-14C]22:1n-9 in rat

brain [15]. Herein, we present data from hearts and livers

isolated from the rats used in our previous study [15].

Unlike the many other studies examining 22:1n-9 metab-

olism, this is the first study to examine liver and heart

22:1n-9 metabolism under steady-state-like conditions.

Under these steady-state-like conditions, 2.3-fold more

tracer was incorporated into liver as compared with heart

(Fig. 1). These data are consistent with results showing

increased liver uptake relative to that by heart under a

number of experimental conditions. Following pulse infu-

sion (i.v.) with [14-14C]22:1n-9, liver radioactivity is

10–15 fold higher than that found in heart, kidneys, or

spleen radioactivity after pulse i.v. infusion of [28]. Similar

results are observed following pulse infusion of tritiated

22:1n-9 [26, 27]. We did not see such a large difference

between heart and liver uptake, this is more than likely

because the concentration of labeled 22:1n-9 used in pulse

infusion experiments was about 10-fold higher than that

used in our experimental paradigm, certainly high enough

to alter the normal plasma concentration of 22:1n-9. This is

critical because liver fatty acid uptake is directly related to

fatty acid plasma concentration [65], which is consistent

with our lower difference between liver and heart uptake at

steady-state conditions.

Furthermore, targeting of tracer to lipid pools is also

highly dependent upon tracer concentration. We observed

that 7 and 16% of the tracer was in the unesterified free

fatty acid (FFA) fraction, in heart and liver, respectively

(Fig. 2), which is substantially lower than those obtained

under other experimental conditions when concentrations

of [14C]22:1n-9 are in the mM range. Under these supra-

physiological conditions, 80% of the tracer is recovered in

the unesterified FFA fraction in perfused liver [24], 36–

90% of the tracer in this fraction in hepatocytes [18, 34],

and 20–62% of the tracer in this fraction in perfused heart

[23, 25, 26, 66]. While we find only 23% of the infused

[14-14C]22:1n-9 was found in the aqueous fraction of the

liver, this value was two times higher than that observed in

vitro [24, 34, 35]. These data indicate that under steady-

state-like conditions, more 22:1n-9 that entered the liver

was subjected to b-oxidation rather than esterified into

lipids. Thus, the concentration of infused tracer is critical

for not only tissue uptake, but metabolism of the tracer by

the tissue as well as distribution of tracer into specific

metabolic pools.

In liver and heart, the bulk of the infused [14-14C]22:1n-

9 found in the organic fraction was incorporated into the

NL fractions, but the targeting to individual NL (TAG and

CE) was radically different between liver and heart

(Fig. 2). However, the distribution of radioactivity between

the total PL and NL fractions was similar for liver and

heart, which is consistent with tracer distribution between

these fractions following pulse-infusion [26, 27], in per-

fused heart [22, 23, 25, 66], in perfused liver [24, 35], and

in hepatocytes incubated with 22:1n-9 [34]. Interestingly,

22:1n-9 distribution between PL and NL fractions is

independent of fatty acid concentration used for heart

perfusion [22]. We also found that the tracer was mainly

found in CholGpl, CerPCho, and EtnGpl in liver and heart

phospholipids (Fig. 3), which appears to be independent of

experimental conditions, since a similar distribution was

shown in heart cell cultures [20], in liver cell cultures [67],

and in perfused heart [22].

We [15] and others have shown that 22:1n-9 is readily

converted into 18:1n-9 through chain shortening pathway

in various organs and cell types [18, 19, 24, 26–28, 31–35],

however none of these studies have addressed conversion

of 22:1n-9 to other fatty acids under steady-state-like
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Fig. 5 Distribution of radioactivity amongst different fatty acids in

the combined tissue TAG/CE fraction Values are expressed as

mean ± SD, where n = 5 heart and n = 6 for liver. The * indicates

statistical significance from liver, p \ 0.05. These values are

expressed as percent of total phospholipid fraction radioactivity.

The abbreviations are: 16:1: palmitoleic acid; 18:1: oleic acid; 20:1:

gondoic acid; 22:1: erucic acid; 24:1: nervonic acid; 16:0: palmitic

acid; 18:0: stearic acid; 20:0: arachidic acid; 22:0: behenic acid; 24:0:

lignoceric acid
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conditions or its conversion into saturated fatty acids

(SFA). Previously we found that [91% of the infused

tracer was recovered as plasma 22:1n-9, with 6.5% of the

tracer found in plasma found as 18:0 under steady-state-

like conditions [15]. Because the radiochemical purity of

the custom-synthesized tracer was [99% for

[14-14C]22:1n-9 (as shown by radiochemical HPLC anal-

ysis), it is unlikely that the 18:0 was derived from the

tracer, but rather via conversion of 22:1n-9 to 18:0 in liver

through carbon recycling followed by export into plasma.

This is consistent with our observation reported herein that

the liver took up significantly more tracer and that by

others demonstrating that the liver has a central role in

22:1n-9 metabolism [33].

In brain, we demonstrated that [14-14C]22:1n-9 is chain

shortened predominantly to [10-14C]18:1n-9 [15]. In livers

and hearts isolated from these same rats, we demonstrate

that 31 and 42% of PL radioactivity was found as 18:1n-9,

respectively (Fig. 4). These results confirm previous

reports showing that 22:1n-9 is quickly converted into

18:1n-9 in all models studied [15, 18, 19, 24, 26, 27,

31–35]. Presumably, this conversion is through peroxisome

localized b-oxidation [33, 36, 68]. In contrast, 80% of heart

NL radioactivity was recovered as 22:1n-9 in which TAG

radioactivity represents 70% of total lipid radioactivity.

This is consistent with the observation that up to 80% of

heart TAG radioactivity remains in 22:1n-9 form after

pulse infusion of [14C]22:1n-9 [26, 28]. These data indicate

that the heart TAG pool may serve as a transient pool for

22:1n-9 before its b-oxidation, similar to the proposed role

for TAG pools comprised of other fatty acids in heart [41,

53] and this role may be independent of the 22:1n-9 con-

centrations used in the experiment.

Although 22:1n-9 conversion into monounsaturated FA

has been extensively studied, no studies have demon-

strated the conversion of 22:1n-9 into SFA in liver and

only one study addressed this conversion in cultured heart

cells [21]. In the present study, we demonstrate that half

of the tracer conversion was limited in the heart as it was

found in [14-14C]22:1n-9 (Figs. 4 and 5), which is con-

sistent with results from cultured heart cells [21]. The

high amount of radioactive 18:0 in the liver esterified NL

fraction explains our previous observation that 7% of

infused [14-14C]22: 1n-9 is found as radioactive 18:0 in

plasma [15].

There are two possible explanations for the high rate of

conversion of the tracer into SFA. First, the tracer could be

chain shortened to 18:1n-9 that is then saturated via the

reversal of the D-9 desaturase. However, there is no evi-

dence for a reversal of D-9 desaturase activity. Second, the

complete b-oxidation of 22:1n-9 and recycling of the

radioactive carbons for 18:0 biosynthesis. This is not

without precedence, as in brain a significant portion

([30%) of infused fatty acid radiotracer is found as

radioactive amino acids made via Krebs cycle intermedi-

ates within a 10 min time frame [63, 64]. Hence, the

rapidity of these processes has been observed in the past

and is an important indicator of how fast these processes

work in vivo.

In summary, under steady-state-like physiological con-

ditions more of the infused [14-14C]22:1n-9 (2.3-fold) was

taken up by the liver as compared to heart. It is important to

note that significantly more tracer was targeted for b-oxi-

dation in the heart as compared to liver, consistent with the

high distribution of radioactivity into heart TAG pools.

This is significant because these pools have a high rate of

incorporation in vivo [53], consistent with a high degree of

turnover to provide fatty acids for b-oxidation. In both

tissues, the bulk of tracer radioactivity was incorporated

into the esterified NL fraction, found mainly in TAG in

heart and CE in liver. In the heart NL fraction, the radio-

activity was found predominantly as 22:1n-9, whereas it

was mainly found as 18:0 in liver NL fraction, demon-

strating a rapid conversion of 22:1n-9 into saturated fatty

acids. The underlying importance of this finding is that

during the treatment of X-ALD using LO, which contains a

high level of 22:1n-9, its ingestion may lead to an increase

in saturated fatty acid burden. Because patients on LO have

a restricted saturated fatty acid diet our finding may have

clinical ramifications. The high levels of [14C]18:0 found in

liver TAG/CE is consistent with the presence of this fatty

acid (6.5%) in the plasma of rats, indicating that the liver

rapidly (\10 min) metabolized the [14-14C]22:1n-9 and

exported the TAG/CE containing the [14C]18:0 into the

plasma. Collectively, these data indicate that under steady

state-like conditions, the liver has a greater capacity to take

up 22:1n-9 as compared with heart, where significant

amounts of this fatty acid is metabolized to form saturated

fatty acids, while in the heart this fatty acid remains more

intact and it is targeted for pools destined for use in heart

for b-oxidation.
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Abstract In the human intestinal content after a meal,

cholesterol is dispersed in a complex mixture of emulsified

droplets, vesicles, mixed micelles and precipitated

material. The aim of this study was to determine the con-

tribution of the main intestinal cholesterol transporters

(NPC1L1, SR-BI) to the absorption processes, using dif-

ferent cholesterol-solubilizing donors. Cholesterol donors

prepared with different taurocholate concentrations were

added to an apical medium of differentiated TC7/Caco-2

cells. As the taurocholate concentrations increased,

cholesterol donor size decreased (from 712 to 7 nm in

diameter), which enhanced cholesterol absorption in a

dose-dependent manner (38-fold). Two transport processes

were observed: (1) absorption from large donors exhibited

low-capacity transport with no noticeable transporter con-

tribution; (2) efficient cholesterol absorption occurs from

small lipid donors (B23 nm diameter), mainly due to

NPC1L1 and SR-BI involvement. In addition, bile acids

significantly increased mRNA and protein expression of

NPC1L1, but not of SR-BI. In conclusion, bile acids

present in the intestinal lumen and the micelles enhance

intestinal cholesterol transport into the cell by two different

regulatory processes: by reducing the lipid donor size, so

that small-size mixed micelles can more easily access

brush-border membrane transporters, and by increasing the

expression level of the enterocyte NPC1L1. These mech-

anisms could account for the important inter-individual

variations observed in cholesterol intestinal absorption.

Keywords Cholesterol absorption � NPC1L1 �
SR-BI � Bile acids � Vesicle � Mixed micelles

Abbreviations

BA Bile acids

CL Cholesterol

DCA Deoxycholic acid

DMEM Dulbecco’s modified Eagle’s medium

NPC1L1 Niemann–Pick C1-like 1

SR-BI Scavenger receptor class B type I

TCA Taurocholic acid

Introduction

Dietary and biliary cholesterol (CL) absorption contributes,

along with regulation of CL biosynthesis, to maintaining a

tight control of CL homeostasis. However, the mechanisms

of intestinal CL absorption are not yet fully understood.

They involve a multistep process which is regulated by

multiple genes and different protein-facilitated processes at

the enterocyte level. The scavenger receptor class B type I

(SR-BI) is a membrane glycoprotein. When localized at the

brush-border membrane, it facilitates intestinal absorption

of CL and other lipid nutrients [1–4]. Recently, the

Niemann–Pick C1-like 1 (NPC1L1) transporter was iden-

tified as being critical to CL absorption [5–7]. However, its

involvement in intestinal CL absorption is not fully
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understood and its cell surface and/or intracellular locali-

zation is still debated. While some reports indicate that

NPC1L1 is located at the cell surface in animal enterocytes

[7–9] and Caco-2 cells [1, 10, 11], others describe NPC1L1

as being an intracellular [12], endosomal protein [5].

Moreover, very recent studies have confirmed the presence

of NPC1L1 in both regions [1, 13, 14]. Some authors have

proposed that the observed differences in the cellular

location of NPC1L1 might depend on the differentiated

state of the cultured cells [10]. NPC1L1 possibly cooper-

ates with SR-BI to mediate intestinal CL absorption in

humans [1, 8]. Members of the ATP-binding cassette

(ABC) family are involved in efflux processes. ABCG5

and ABCG8 constitute apical sterol export pumps that

promote active efflux of CL from enterocytes back into the

intestinal lumen for excretion [15, 16], thus limiting

intestinal CL absorption. ABCA1 located at the basolateral

membrane of the enterocyte is involved in the efflux pro-

cess of CL towards circulating HDL lipoproteins [17–19].

The respective roles of these transporters are still under

investigation.

Within the gut lumen, dietary CL is emulsified with

triglycerides and other lipids into oily droplets

(1–100 lm) [20]. As intraluminal fat digestion occurs,

vesicles are generated at the surface of emulsions which

are then partly dispersed in mixed micelles [21]. Vesicles

are large unilamelar aggregates (40–100 nm), and mixed

micelles have a much smaller size (*10 nm). Little is

known about intestinal absorption of CL from vesicles,

while micelle CL absorption is thought to be essential.

Bile acids (BAs) are mainly present in mixed micelles

and even in vesicles, but also exist in monomer form [20].

BAs are required for efficient CL absorption; in the

absence of BAs, CL absorption is markedly reduced [22,

23]. They are recognized as being important lipid-solu-

bilizing molecules. However, several investigators have

reported that the best BA for lipid solubilization is not the

best for intestinal CL absorption [24–26]. The role that

BA plays in facilitating CL absorption by the enterocytes

may thus extend beyond their CL solubilization

properties.

Very little information is available about the possible

interactions between the various kinds of dispersed lipid

aggregates present in the intestinal lumen and the different

intestinal CL transporters. Thus, we hypothesized that BAs

incorporated into lipid-donors are involved in the CL

absorption regulation processes through direct or indirect

interactions with intestinal cholesterol transporters

(NPC1L1 and SR-BI). The data obtained with differenti-

ated human intestinal TC7/Caco-2 cells show, for the first

time, that donor size and/or BA per se play a key role in the

regulation of intestinal CL absorption through several

interactions with CL transporters.

Materials and Methods

Materials

Trypsin–EDTA, nonessential amino acids, antibiotics and

cell culture media were obtained from Gibco BRL (Cergy

Pontoise, France). Cell culture materials were obtained

through Becton Dickinson (Le Pont de Claix, France).

Mouse monoclonal IgG raised against the external domain

(amino acids 104–294) of human SR-BI, also known as

CLA-1, was purchased from BD Transduction Laboratories

(Lexington, KY, USA). Polyclonal antibodies to NPC1L1

raised in rabbit against an external domain (amino acids

596–610) were purchased from Abcam (Cambridge, UK).

The specificity of NPC1L1 antibodies was checked using

blocking peptide (Cayman Chemical, Ann Arbor, MI,

USA). [3H]-CL (1.44/TBq/mmol) was purchased from

Amersham International (Little Chalfont, UK). Radioac-

tivity was measured by liquid scintillation counting

(TRi-Carb 1600 Packard, Meriden, CT, USA) in the pres-

ence of Emulsifier Safe for aqueous media or Insta-Fluor

Plus for all organic samples obtained through Perkin-Elmer

(Waltham, MA, USA).

Measurement of Lipid Donor Size

As an estimate of the size of the lipid particles, the intensity-

weighted mean diameter (z-average diameter) and the

polydispersity index were determined by photon correlation

spectroscopy (Zetasizer Nano ZS, Malvern Instruments,

Malvern, UK; 633-nm He–Ne laser) at 25 �C. All mea-

surements were performed with 10-min runs, and results are

expressed as mean values of at least three measurements

[27].

Cell Culture Conditions

The TC7 cells, a clone of human intestinal cell-line Caco-

2, were used between passages 30 and 50 as previously

described [28, 29]. Stocks of cells were cultured in

Dulbecco’s Modified Eagle Medium (DMEM) containing

25 mM glucose, supplemented with 1% nonessential

amino acids and 20% heat-inactivated (30 min, 56 �C)

fetal calf serum in a 10% CO2 humidified incubator at

37 �C. When the cells reached 70–80% confluence, mon-

olayers were subcultured at 2.5 9 105 cells in 0.25%

trypsin–EDTA (1 mM) on 23.1-mm-diameter PET culture

inserts (1 lm pore size). The inserts were fitted into six-

well culture plates with 1 ml apical and 2 ml basolateral

culture medium. The experiments were performed on day

21 after plating; i.e., after cells had reached confluence and

made a tight monolayer as checked by transepithelial

electrical resistance.

402 Lipids (2008) 43:401–408

123



Absorption Measurement

CL donors at a final concentration of 2 mM phosphati-

dylcholine, 0.03 mM monoacylglycerol, 0.5 mM oleic acid

sodium salt, 0.1 mM CL and traces of [3H]-CL were

obtained with 2, 3, 4, 5, 6 and 8 mM taurocholic acid

(TCA). TCA-free CL donors were also prepared; one part

was used without treatment (0) and the other part was

sonicated for 10 min at 4 dB (0s) (Sonifier 250, Branson,

Danbury, CT, USA). CL donors were added to the apical

side and cells were incubated for 3 h at 37 �C, as previ-

ously published [28]. At the end of the experiment, the

radioactivities of the basolateral and apical media were

measured. Cell CL was extracted using hexane/isopropanol

(3/2 V/V). Cell proteins were extracted using a membrane

protein extraction kit (Pierce, Rockford, IL, USA) and

quantified (BCA kit from Pierce). When necessary, before

CL donor addition, cells were incubated for 2 min with

antibodies diluted in DMEM (8 lg/ml anti-SR-BI, 5 lg/ml

anti-NPC1L1).

Western Blot Analysis

Cell proteins were denatured in sample buffer containing

SDS and b-mercaptoethanol, separated by 10% SDS-

PAGE (10% acrylamide gels), and electroblotted onto

nitrocellulose membranes (Pierce). Nonspecific binding

sites were blocked using 5% non-fat dried milk followed

by overnight incubation at 4 �C with primary antibodies

directed against NPC1L1 (1/200) or SR-BI (1/2,000). After

washing, the membranes were incubated with peroxidase-

labeled antibody raised against rabbit IgG (NPC1L1

detection) or mouse IgG (SR-BI). Blots were developed by

chemiluminescence detection for NPC1L1 and SR-BI

(Pierce). Loading controls were performed on the same

membrane with GAPDH or b-actin. Apparent molecular

mass was determined using standards (Fermentas, Vilnius,

Lithuania). Protein expression levels were quantified using

a Bio-1D++ gel image analysis system (Vilber-Lourmat,

Marne la Vallée, France).

RNA Isolation, Reverse Transcription, and Real-Time

PCR

Total RNA was isolated from incubated cells using TRIzol

reagent (Invitrogen, Carlsbad, CA, USA). One microgram

of each RNA was reverse-transcribed by random priming,

using MMLV enzyme (Invitrogen, Carlsbad, CA, USA).

Five microliters of each cDNA, from a final reaction vol-

ume of 100 ll, were used for real-time PCR, which was

performed on Mx3005P (Stratagene, La Jolla, CA, USA)

using qPCR Mastermix Plus SYBR green I (Eurogentec,

Liege Science Park, Belgium). The primers used are listed

in Table 1. Constitutively expressed 18S rRNA was mea-

sured as an internal standard for sample normalization.

Relative mRNA levels were calculated using the compar-

ative threshold cycle (2-DDCt) method [30]. Each PCR was

performed in triplicate.

Data Analysis

Results are expressed as mean (±SD) values of nmol CL

accumulated into the cell per cellular protein milligram

(n = 3). Differences between data were explored using

one-way analysis of variance (ANOVA) for factorial,

nonrepeated values, and using Fischer test, with P values

B0.05 considered significant. SPSS 11.0 software (SPSS

Inc., Chicago, IL, USA) was used for statistical analysis.

Results

CL Donor-size and TCA Concentration

Cholesterol donors were prepared in the presence or not of

TCA, and their diameter was measured (Table 2). Without

TCA, very large particles (1,025 ± 24 nm) were obtained

which decreased in size after sonication (46 ± 3 nm). In

the presence of increasing TCA concentrations (2–8 mM),

chosen within physiological range [20, 31], the CL donor

diameter varied from 712 ± 25 to 7 ± 1 nm. At 4 mM

TCA, small donors with diameters of \50 nm (vesicles)

were found in the medium. Mixed micelles were observed

for TCA concentrations C5 mM. The smallest CL donor

(7 ± 1 nm) was obtained with 8 mM TCA. Higher TCA

concentrations were not used because of their cellular

toxicity.

Regulation of CL Cell Absorption by TCA

Concentration and Lipid Donor Size

Because of the heterogeneity of the parental population of

Caco-2 cells, the selected experimental model was the TC7

clone of the human intestinal cell-line, which had previ-

ously been characterized for cholesterol absorption studies

Table 1 Sequences of oligonucleotides used for real-time PCR

Oligonucleotides Sequence (50-30)

NPC1L1 for GGCAGACCTCCCAAGTCGA

NPC1L1 rev ATCCTTGAAGGTGAGCGGG

SR-BI for CGGCTCGGAGAGCGACTAC

SR-BI rev GGGCTTATTCTCCATCATCACC

18S for CGCCGCTAGAGGTGAAATTCT

18S rev CATTCTTGGCAAATGCTTTCG
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[29]. When the TCA concentration was increased (from 2

to 8 mM; Fig. 1a; Table 2), CL cell absorption was

markedly enhanced (911). The intercept on the x-axis of

the extrapolated line obtained for high absorption values

gave a TCA concentration of 3.9 mM.

Cholesterol cell absorption increased as the lipid donor

size decreased (Fig. 1b), and exhibited two different pro-

cesses. The first one (R2 = 0.998), observed with large

donors and vesicles (1,025-47 nm), was particularly slow

and exhibited a low transport capacity. CL cell absorption

was increased ninefold when vesicles (47 ± 5 nm) were

compared to large particles (1,025 ± 24 nm). The second

one (R2 = 0.882), only observed with micelle donors

(18-7 nm), was much more efficient. Indeed, CL cell

absorption was increased 38-fold using mixed micelles

(7 ± 1 nm) as compared to large particles (1,025 ± 24 nm).

The calculated maximal donor diameter promoting efficient

cell absorption was 23.49 ± 0.27 nm, which fitted with the

mixed micelle size [5]. To test the role of BA in these pro-

cesses, TCA-free donors were prepared. Using the small

TCA-free donors, the CL cell absorption was increased (94)

compared to when the large ones were used (Table 2). Thus,

the donor size is an important factor per se in the regulation

of CL absorption by BA, but other regulations can take

place.

Contribution of NPC1L1 and SR-BI to CL Absorption

Processes

To quantify the involvement of the main intestinal CL

transporters in the absorption processes from each lipid

donor, cell absorption was measured in the presence or not

(control) of specific antibodies directed at NPC1L1 and

SR-BI, added to the apical medium (Table 2). These anti-

bodies were inefficient at modulating the CL cell

absorption from large donors (1,025 ± 24 nm), but they

significantly reduced CL cell absorption from small donors.

The inhibitory effect of anti-NPC1L1 and anti-SR-BI

abruptly increased in the presence of very small donors

(B45 nm), i.e., from 4mM TCA. The most important effect

was observed in the presence of mixed micelles (56%

NPC1L1 inhibition, 47% SR-BI inhibition) at 6 mM TCA.

For the smallest CL donor used (7 ± 1 nm), the inhibitory

effects of antibodies were reduced, so a saturation process

was observed. Using lipid donors of comparable sizes

obtained with or without TCA (47 and 46 nm, respec-

tively), similar reductions (43–49 for NPC1L1 and 46–27%

for SR-BI, respectively) were observed in both cases. Thus,

the presence of BA is not essential for the interactions

between lipid donors and intestinal transporters. These data

Table 2 CL cell uptake from different CL donors

TCA (mM) Size (nm) Cell uptake (nmol/mg protein)

Control +anti NPC1L1 +anti SR-BI

0 1,025 ± 24 0.19 ± 0.02 0.17 ± 0.07 (87%) 0.17 ± 0.04 (90%)

0s 46 ± 3 0.81 ± 0.06 0.42 ± 0.01** (51%) 0.59 ± 0.09 (73%)

2 712 ± 25 0.66 ± 0.07 0.45 ± 0.02* (71%) 0.63 ± 0.04 (96%)

3 350 ± 15 1.11 ± 0.04 0.76 ± 0.02* (68%) 0.78 ± 0.02* (70%)

4 47 ± 5 1.74 ± 0.06 0.99 ± 0.13* (57%) 0.93 ± 0.08* (54%)

5 18 ± 2 2.73 ± 0.63 1.22 ± 0.23** (45%) 1.48 ± 0.24** (54%)

6 12 ± 3 3.81 ± 0.35 1.62 ± 0.35** (44%) 2.00 ± 0.16** (53%)

8 7 ± 1 7.37 ± 1.64 4.49 ± 0.74* (61%) 5.28 ± 0.47* (72%)

CL cell uptake was measured after 3 h of incubation of TC7 cells with several CL donors added to the apical medium. The donors were prepared

either without TCA (0 and 0s mM) or with TCA. Antibodies directed at SR-BI or NPC1L1 were added or not (control) before incubation with

lipid donors. Percentages were determined as compared to the respective control values, *P \ 0.05, ** P \ 0.01

Fig. 1 Effects of TCA concentration (a) and CL donor size (b) on CL

cell absorption (nmol/mg). Results are expressed as mean ± SD

(n = 3), *P \ 0.05
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confirm that BA regulation takes place at the brush-border

membrane, where intestinal cholesterol transporters are

mainly localized.

NPC1L1 and SR-BI Protein Expression Levels

NPC1L1 and SR-BI protein levels were quantified in TC7

cells after incubation with different CL donors. NPC1L1

protein level increased in a dose-dependent manner with

TCA concentrations (Fig. 2a). A fivefold increase in

NPC1L1 protein level (7.03 ± 0.76 vs. 1.49 ± 0.13 rela-

tive levels) was observed after cell incubation in the

presence of donors prepared with (8 mM) or without

(0 mM) TCA, respectively. Comparable protein expression

level was obtained using TCA-free particles with either

very large or small diameters. Thus, the mixed micelle size

is not involved in this regulation path; TCA is efficient per

se. Conversely, the SR-BI protein level was unchanged,

whatever the experimental conditions (Fig. 2b). TCA was

not able to modulate its expression level, but post-tran-

scriptional regulations which regulate the transporter

activity and/or its turnover may take place.

Regulation of SR-BI and NPC1L1 Gene Expression by

Bile Salts

To confirm the ability of BA to up-regulate the NPC1L1

expression at mRNA level, we treated TC7 cells with TCA

or deoxycholic acid (DCA) for 3 h. Both treatments induced

a significant increase in the NPC1L1 mRNA level (Fig. 3a),

but were inefficient at modulating SR-B1 transcription

levels (Fig. 3b). It is worth noting that the well-known FXR

target gene small heterodimer partner (SHP) was also

up-regulated by this BA treatment (data not shown).

Fig. 2 Effects of TCA concentration on NPC1L1 (a) and SR-BI (b)

protein expression levels in TC7 cells. Two different TCA-free lipid

donors were used, one with large (0) and one with small diameters

obtained after sonication (0s). Expression levels were corrected to

GAPDH for NPC1L1 and to b-actin for SR-BI. Results are expressed

as the mean ± SD (n = 3), *P \ 0.05

Fig. 3 Effect of BA on NPC1L1 (a) and SR-BI (b) mRNA

expression levels in TC7 cells. Differentiated cells were incubated

in the presence of 100 lM TCA or 100 lM DCA added to the apical

medium. NPC1L1 and SR-BI expression were evaluated by quanti-

tative RT-PCR and corrected with 18S rRNA gene expression.

Results are expressed as mean ± SD (n = 3), *P \ 0.05,**P \ 0.01
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Discussion

After a meal, dietary and biliary CL are present in the

human intestinal content in the form of a complex mixture

of emulsified droplets, vesicles, mixed micelles as well as

precipitated material [20, 21]. Different CL transporters

located at the enterocyte brush-border have recently been

identified [10, 32], which has raised the key issue of pos-

sible interactions between components of CL donors and

intestinal transporters with regard to CL absorption.

First, we observed that CL donor size is one determinant

of CL cell transport. Indeed, the CL cell transport was

increased fourfold after a marked size reduction (from

1,025 to 46 nm) of BA-free lipid donors (Table 2). More-

over, when lipid donors with increased TCA concentrations

were dispersed, the CL donor size decreased and CL

transport increased in a dose-dependent manner up to 38-

fold (Table 2), exhibiting a negative relationship (Fig. 1b).

Such a correlation is in agreement with a recent in vivo

study showing that cholic acid supplementation enhances

CL absorption in humans [33], and this has already been

suggested by an in vitro study indicating that CL transfer

from TCA micelles is faster than from other donor particles

not containing bile salts [34]. Two different absorption

processes were observed (Fig. 1b). With very large donors,

a poorly efficient absorption process independent of

NPC1L1 or SR-BI transporters takes place. It is likely a

passive process [35]. In contrast, with small donors (mixed

micelles), NPC1L1 and SR-BI contribute to a very efficient

CL cell uptake. The minimum TCA concentration enabling

efficient CL absorption (i.e., 3.9 mM) was comparable to

the critical micellar concentration of TCA (around 4 mM)

in such conditions. Indeed, when the BA concentration

exceeds the critical micellar concentration, as occurs in

vivo [20, 31], mixed micelles formed from vesicles made

of amphipathic lipids and CL, leading to small-size donors

(7–12 nm). This clearly means that efficient intestinal CL

absorption requires both mixed micelles and intestinal CL

transporters. The main reason for this is that enterocytes

have an apical brush-border membrane made of many

microvilli where the CL transporters (NPC1L1 and SR-BI)

are present in Caco-2 cells [1, 10, 11]. The space between

the microvilli ranges from 5 to 20 nm. To optimally access

this space, CL donors should likely not be larger than it;

indeed, we found in this work that the maximum donor size

for efficient CL absorption is about 23 nm.

However, for a lipid donor size of the same order of

magnitude (46 or 47 nm), the addition of TCA enhanced CL

cell absorption twofold (Table 2). In addition, BA (TCA or

DCA) up-regulated the NPC1L1 mRNA and protein levels

(Figs. 2, 3). Thus, for the first time, we demonstrated that

BAs also regulate intestinal CL absorption by activating an

intracellular pathway, leading to an increase in the NPC1L1

protein level. Such a regulation of NPC1L1 by BA has

already been suggested, with five days of dietary cholic acid

supplementation increasing CL absorption in NPC1L1 (+/+)

mice, but not in NPC1L1 (-/-) mice [7]. The presence of

such an intracellular regulation explains why CL absorption

was enhanced by increasing the BA level in mixed micelles

[10]. It also indicates that the effects of BA on CL absorption

are not solely due to their detergent capacity, in line with

some previous experiments [24–26]. The molecular regula-

tions induced by BA are unknown, but BAs are activating

ligands of the farnesoid X receptor, a nuclear receptor with

established roles in BA and lipid metabolisms [36]. After

stimulating this nuclear receptor expression, intestinal CL

transport was altered as well as the expression level of ABC

family transporters [37]. The hypothesis that farnesoid X

receptor is involved in the intracellular path induced by BA

to up-regulate the NPC1L1 expression levels is currently

under investigation. Surprisingly, SR-BI expression levels

were not regulated by BA in this study. However, BAs were

unable to regulate SR-BI expression levels in the rat model

[38], whereas a reduction of the SR-BI protein levels was

observed in mice with altered bile delivery and impaired CL

absorption [39]. Experimental conditions may explain these

differences, since only acute regulations could be observed

in the present study (cells were incubated for just 3 h for

sustained viability).

In conclusion, CL solubilized in mixed micelles can

access the brush-border membrane transporters more eas-

ily, and is thus efficiently absorbed. In addition, BA

absorbed by the enterocyte can elicit per se an intracellular

signaling pathway which increases the expression of the

main intestinal CL transporter, NPC1L1. Thus intestinal

CL absorption is regulated by both the size and the com-

ponents of the mixed micelles. In this context, these data

confirm that the physicochemical environment of the

lumen plays a major role in CL absorption efficiency. This

can account, at least in a large part, for the important inter-

individual variations observed in the rate of CL intestinal

absorption.
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Abstract This study examines the effect of diacylglyc-

erol (DAG) oil consisting mainly of 1,3-species on fat

oxidation as a possible mechanism for anti-obesity. We

examined the following: (1) the long-term (23-week)

effects of a DAG oil diet on the development of obesity; (2)

the effect of a single ingestion of DAG oil on fat oxidation;

and, (3) the short-term (2-week) effect of a DAG oil diet on

fat metabolism in rats. Rats fed a DAG oil diet accumu-

lated significantly less body fat compared to rats fed a

triacylglycerol (TAG) oil diet, each oil possesses a similar

fatty acid composition. More 14C-CO2 was expired and less
14C-radioactivity was incorporated into visceral fat after

administration of a tracer emulsion containing 1,3-[oleoyl-

1-14C] diolein compared to [carboxyl-14C] triolein. Indirect

calorimetry showed respiratory quotients were significantly

lower in the DAG oil diet group than in the TAG oil diet

group. More 14C-CO2 was expired and less 14C-radioac-

tivity was incorporated into visceral fat in the DAG oil diet

group than in the TAG oil diet group after a single intra-

gastric administration of [carboxyl-14C] triolein. These

results suggest the following. (1) DAG oil has an inhibitory

effect on diet-induced fat accumulation. (2) 1,3-DAG, a

major component of DAG oil, is more susceptible to oxi-

dation. (3) A short-term ingestion of DAG oil increases fat

utilization at the whole body level and results in increased

oxidation of dietary fat. The stimulated fat oxidation might

be one explanation for the anti-obesity effect of long-term

DAG oil ingestion.

Keywords Anti-obesity � 14C-labeled � Diacylglycerol �
1,3-Diolein � 1(3),2-Diolein � Fat oxidation �
Oxygen consumption � Rat � Respiratory quotients �
Triolein

Introduction

The metabolic syndrome can be defined as a state of

metabolic dysregulation characterized by insulin resis-

tance, obesity, and a predisposition to type 2 diabetes,

dyslipidemia, premature atherosclerosis, and other diseases

[1–3]. Especially in individuals with abdominal obesity,

metabolic syndrome is the result of an imbalance between

energy intake and energy expenditure. Therefore, food

ingredients affecting energy expenditure may help people

manage their weight.

Diacylglycerol (DAG) as a natural component of vari-

ous edible oils, contains only two esterified fatty acyl

chains in contrast to triacylglycerol (TAG). DAG oil is an

edible oil containing 80–90% of DAG, approximately 70%

of DAG exists as 1,3-DAG, and its energy value is prac-

tically the same as ordinary oil containing TAG [4–6].

Results from studies in animals and humans demonstrate

that DAG oil has metabolic characteristics distinct from

those of TAG oil, although the two have a similar fatty acid

composition, and that these characteristics can be benefi-

cial in preventing and managing the accumulation of

visceral fat and the postprandial elevations of triacylglyc-

erol in serum and chylomicron [4, 5, 7–15]. Kimura et al.

[16] reported that DAG oil infusion in rats led to higher fat

oxidation compared with TAG oil, although the two have a

similar fatty acid composition. Saito et al. [17] reported

that compared with a TAG oil-containing meal, a DAG oil-

containing meal tended to produce significantly lower
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postprandial respiratory quotient (RQ) in healthy humans.

Kamphuis et al. [18] also reported that consumption of

DAG oil in place of TAG oil increased fat oxidation in

healthy humans. These previous results indicated that a

single ingestion of DAG oil increases fat oxidation, and

also indicated that DAG oil might be more easily oxidized

than TAG oil. In addition, a short-term ingestion of DAG

oil, instead of TAG oil, increased b-oxidation and its

related gene expression in either liver or intestine of

rodents [9–11, 19]. These results also indicated that a short-

term ingestion of DAG oil might increase fat oxidation in

the whole body and that might induce the oxidation of

dietary fat and/or body fat. Therefore, the aim of this study

was to examine the effect of DAG oil ingestion on fat

oxidation as a possible mechanism for anti-obesity. This

study was composed of three experiments:

1. In Experiment 1, we examined the long-term effects of

DAG- and TAG-oil (having similar fatty acid compo-

sitions) on the development of obesity in rats.

2. In Experiment 2, we investigated the effect of a single

ingestion of DAG oil on fat oxidation using 1(3),

2-[oleoyl-1-14C] diolein (14C-1(3),2-diolein), 1,3-

[oleoyl-1-14C] diolein (14C-1,3-diolein) in comparison

with [carboxyl-14C] triolein (14C-triolein).

3. In Experiment 3, we studied the effect of short-term

(2-week) DAG oil ingestion on fat metabolism in

comparison with TAG oil.

Experimental Procedure

Test Oils

DAG oil was prepared by esterifying glycerol with fatty

acids from soybean oil and rapeseed oil using the method

of Huge-Jensen et al. [20]. TAG oil was prepared by

mixing rapeseed oil, safflower oil, and perilla oil. The fatty

acid compositions of the TAG and DAG oils, analyzed by

gas chromatography, are shown in Table 1. The fatty acid

composition of the DAG oil was very similar to that of the

TAG 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.

Materials

[Carboxyl-14C] Triolein (14C-triolein; Purity: [97%, Spe-

cific activity: 3.0–4.4 GBq/mM) was purchased from

Perkin Elmer Life Science, Inc (Boston, MA, USA).

1(3),2- [oleoyl-1-14C] Diolein (14C-1(3),2-diolein; Purity:

[95%, Specific activity: 629 MBq/mM) and 1,3- [oleoyl-

1-14C] diolein (14C-1,3-diolein; Purity: [95%, Specific

activity: 492 MBq/mM) were obtained from Daiichi

Chemical Co., Ltd. (Tokyo, Japan). Casein, cellulose

powder, mineral mixture AIN-76, vitamin mixture AIN-76

(containing choline bitartrate), and a-potato starch were

obtained from Oriental Yeast (Tokyo, Japan). Casein

sodium, sucrose, lecithin (from egg), and 1 N sodium

hydroxide solution were purchased from Wako Pure

Chemical Industries, Ltd (Osaka, Japan). Bovine serum

albumin, xanthan-gum, and ethanolamine were purchased

from Sigma Chemical Co. (St. Louis, MO, USA).

Tracer Emulsion with 14C-Labeled Fat

The tracer emulsion with 14C-labeled fat was prepared in

the same manner as in a previous report, with minor

modification [21]. The ‘‘[14C] TAG emulsion’’ (w/w)

contained 14C-triolein (1.74 kBq/g) in TAG oil (4.61%);

the ‘‘[14C] 1(3),2-DAG emulsion’’ (w/w) contained 14C-

1(3),2-diolein (1.74 kBq/g) in DAG oil (4.61%), and the

‘‘[14C] 1,3-DAG emulsion’’ (w/w) contained 14C-1,3-dio-

lein (1.74 kBq/g) in DAG oil (4.61%). Each tracer

emulsion contained casein sodium (4.61%), sucrose

(11.88%), cellulose powder (0.92%), mineral mixture AIN-

76 (0.81%), vitamin mixture AIN-76 (0.23%), bovine

serum albumin (1.92%), xanthan-gum (0.23%), lecithin

(from egg) (0.19%) and distilled water (74.56%), and was

prepared through emulsification by sonicater.

Animals and Experimental Design

The animal experiments were performed with the approval

of the Ethics Committee for Experimental Animals of the

Table 1 Fatty acid compositions of TAG and DAG oilsa

Fatty acid TAG DAG

C16 5.7 3.1

C16:1 0.2 –

C18 2.1 1.2

C18:1 37.9 38.9

C18:2 45.2 47.8

C18:3 7.4 8.0

C20 0.4 0.2

C20:1 0.6 0.5

C22 0.2 0.2

C22:1 0.1 0.1

C24 0.1 –

C24:1 0.1 –

a Percentage by weight
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Kao Corporation. The animals were housed in a tempera-

ture- and humidity-controlled environment (22 ± 2�C,

55 ± 10%) under a 12-h light/dark cycle. Male SD rats

(7 weeks old) used in Experiments 1 and 3 or 2 were

purchased from CLEA Japan (Tokyo, Japan) or Charles

River Japan (Kanagawa, Japan), respectively. During the

acclimatization periods (7-days), they had free access to a

commercial rodent diet CE-2 (CLEA Japan) and to drink-

ing water.

In Experiment 1, we investigated the long-term effects

of DAG oil on development of obesity. After acclimati-

zation periods, the rats were divided into three groups

(n = 7/group). The body weight of each group was

approximately equal. Each rat ingested either the low-

TAG, TAG, or DAG oil diet for a 23-week period

(Table 2). The energy values for each diet were calculated

from the macronutrient composition, using values of 16.7,

16.7, 38.9, and 39.6 kJ/g for carbohydrate, protein, DAG

and TAG oil, respectively. All rats were allowed access to

water and food ad libitum. Food intake was recorded every

3 or 4 days. A week before the final day of Experiment 1,

the amounts of food consumed and of feces in a 48-h

period were measured and fat contents of the diets and of

the feces were extracted according to the method used by

Jeejeebhoy et al. [22]. Calculation of fat digestibility was

based on the fat contents of diets and of feces. On the final

day of Experiment 1, a blood sample was collected via the

abdominal aorta from the anaesthetized rats under non-

fasting conditions between 9 and 11 am. The fat pads were

then dissected from each rat, and the weight of visceral fat

(retroperitoneal, epididymal, mesenteric, and perirenal

fats), and inguinal fat were determined. Serum triacyl-

glycerol, total cholesterol, and glucose concentrations were

determined using the following enzyme assay kits,

respectively: L-type Wako TG-H; L-type Wako CHO-H;

and L-type Glu2 (all from Wako, Osaka, Japan). Serum

insulin and leptin were measured using rat insulin and

leptin enzyme immunoassay (EIA) kits (both from Mori-

naga, Yokohama, Japan) according to the manufacturer’s

instructions.

In Experiment 2, we compared 14C-1,3-diolein (Exp.2–

1) and 14C-1(3),2-diolein (Exp.2–2) with 14C-triolein in fat

oxidation. After acclimatization periods on the commercial

rodent diet (CE-2), the rats were divided into two groups:

Exp.2–1 ([14C] 1,3-DAG group versus [14C] TAG group,

(n = 12/group)), and Exp.2–2 ([14C] 1(3),2-DAG group

versus [14C] TAG group, (n = 12/group)). The body

weight of each group was approximately equal (Exp.2–1:

[14C] 1,3-DAG group and [14C] TAG group = 293.4 ±

2.5 g and 294.7 ± 2.6 g, Exp.2–2: [14C] 1(3),2-DAG

group and [14C] TAG group = 303.6 ± 4.0 g and

306.0 ± 3.5 g). After intragastric administration of each

tracer emulsion (7.23 g; 12.33 kBq/kg rat body weight of

‘‘[14C] TAG emulsion’’, ‘‘[14C] 1(3),2-DAG emulsion’’, or

‘‘[14C] 1,3-DAG emulsion’’), rats were placed in individ-

ual, airtight metabolic cages (Sugiyama-gen, Tokyo, Japan)

and maintained for 22 h at 22 ± 2�C. Air was drawn

through the cages at 300 mL/min. The air entering the cage

was first passed through 1 N sodium hydroxide solution to

remove atmospheric carbon dioxide and then passed

through silica gel blue (Wako Pure Chemical Industries,

Ltd) to remove water vapor. The gas expired by the rats

was trapped in a trough gas collection chamber containing

50% ethanolamine solution (300 mL). A 1-mL aliquot of

the expired 14C-CO2 was collected at 2, 4, 6, 8, 10, and

22 h after administration of each tracer emulsion. At 22 h

after administration of each tracer emulsion, the rats were

euthanized and blood, liver, and white adipose tissues as

visceral fat (mesenteric, epididymal, perirenal and retro-

peritoneal) were collected for radioactivity measurement.

In Experiment 3, we investigated the effects of short-

term ingestion of DAG oil on fat oxidation in the whole

body (Exp.3–1) and on 14C-triolein oxidation as dietary fat

(Exp.3–2), in comparison with TAG oil.

In Exp.3–1, after acclimatization periods, the rats were

divided into two groups (n = 7/group). The body weight of

each group was approximately equal. Each rat ingested

either a TAG or a DAG oil diet for 2 weeks (Table 2). All

rats were allowed access to water and food ad libitum.

After the 2-week ingestion of each diet, the respiratory

metabolic performance of each rat was measured using an

indirect calorimetric system. (Oxymax Respirometer sys-

tem v5.61, Columbus Instruments, Columbus, OH, USA).

In the respiration chamber, each rat was allowed access to

water and each diet ad libitum. Each metabolic chamber

had a 5 L. Air flow through the chambers, and expired

airflow from the chambers was adjusted to 2.0 L/min and

1.0 L/min, respectively. Oxygen consumption (VO2), car-

bon dioxide exhaustion, and spontaneous motor activity

were measured and recorded, from 5 pm on the first day

Table 2 Composition of the diets

Ingredient Dietary group(g/100 g diet)

Low-TAG TAG DAG

TAG oil 5.0 20.0 –

DAG oil – – 20.0

a-Potato starch 66.5 41.5 41.5

Sucrose – 10.0 10.0

Casein 20.0 20.0 20.0

Cellulose 4.0 4.0 4.0

Mineral mixa 3.5 3.5 3.5

Vitamin mixb 1.0 1.0 1.0

a AIN-76 prescription
b AIN-76 prescription + choline bitartrate (20 g/100 g)

Lipids (2008) 43:409–417 411

123



until 4 pm of the second day, every 10 min for the 23-h

period, and then the average values of each hour-period

were determined. The RQ value was calculated using an

Oxymax respirometer system and the following formula:

RQ = carbon dioxide exhaustion/oxygen consumption.

The spontaneous motor activity of each rat was examined

with SCANET SV-10 (Toyo Sangyo Co., Ltd., Toyama,

Japan). The fat oxidation value was calculated using the

method of Ishihara et al. [23]. The motor activity was

assessed as a single count when the animal moved from

one region of the measurement area, which was optically

divided by multiple lenses, to a neighboring region.

In Exp.3–2, after acclimatization periods, the rats were

divided into two groups (n = 8/group). The body weight of

each group was approximately equal. Each rat ingested

either a TAG or a DAG oil diet for 2 weeks (Table 2). All

rats were allowed access to water and food ad libitum.

After a 2-week ingestion of each diet, each rat was intra-

gastrically given a ‘‘[14C] TAG emulsion’’, then was placed

in an individual airtight metabolic cage and maintained for

22-hour with collection of aliquots for trapping of (14C-

CO2) in the same manner as Experiment 2. At 22-hour after

administration of the [14C] TAG emulsion, the rats were

euthanized and blood, liver, and white adipose tissues as

visceral fat were collected for radioactivity measurement,

as in Experiment 2.

Radioactivity Measurements

Liver and white adipose tissue samples were weighed and

then homogenized in a Polytron homogenizer (Glen Mills

Inc., Clifton, NJ, USA). A 250-mg aliquot of homogenate

was treated with 1 mL Solvable (Perkin Elmer Life Sci-

ence, Inc) for 2 h at 50�C and with 200 lL of 30%

hydrogen peroxide for 30 min at 50 �C. A 100-lL aliquot

of blood sample was treated with 0.5 mL Solvable and

300 lL of 30% hydrogen peroxide. Radioactivity in each

aliquot was quantitated by liquid scintillation analyzer (Tri-

Carb 2550 TR/LL, Packard Instrument Company, Meriden,

CT, USA).

Statistical Analyses

The data are presented as the mean ± SEM. Statistical

differences were determined using a student t-test or

Fisher’s protected least significant difference test. A repe-

ated measures ANOVA was used to investigate changes in

energy expenditure and expired 14C-CO2 levels. A statis-

tical model was constructed using the effects of treatment,

time and interaction of treatment 9 time. In all analysis,

significance was defined as P \ 0.05. These statistical

calculations were performed with Stat View for Windows,

version 5.0 (SAS Institute, Cary, NC, USA).

Results

Experiment 1: Effect of Long-Term Ingestion of DAG

Oil on Development of Obesity

Consistent with earlier reports [7–11], ingestion of a DAG

oil diet significantly reduced body fat accumulation com-

pared with a TAG oil diet in rats.

The TAG oil diet (a high-TAG oil diet) significantly

increased body weight and fat pads weight compared with

a low-TAG oil diet. On the other hand, rats fed a DAG oil

diet accumulated less total visceral, retroperitoneal and

inguinal fat weight by 21, 32, and 27%, respectively, as

compared with a TAG oil diet (Table 3). No significant

difference was observed in the average energy intake and

fat digestibility between the TAG and the DAG oil

diet groups (Table 3), suggesting that reduced body fat

Table 3 Body weight, energy

intake, body fat weight, and

digestibility

Exp.1: Rats were euthanized

after a 23-week ingestion of the

respective diets, and the body

fat weight was determined.

Food intake was measured

throughout the study. Values are

mean ± SEM (n = 7); those

with different letters are

significantly different by

Fisher’s PLSD, P \ 0.05

Dietary group

Low-TAG TAG DAG

Initial body weight (g) 250.9 ± 4.5 252.8 ± 3.5 252.7 ± 2.8

Final body weight (g) 642.7 ± 17.4a 725.5 ± 31.1b 663.8 ± 20.3ab

Energy intake (kJ/rat/day) 366.3 ± 2.9a 381.6 ± 3.7b 370.9 ± 3.4ab

Visceral fat weight

Total visceral fat (g) 58.4 ± 5.0a 84.2 ± 7.0b 66.8 ± 4.3a

Retroperitoneal fat (g) 20.6 ± 2.5a 30.7 ± 3.5b 20.8 ± 0.7a

Epididymal fat (g) 16.3 ± 1.2a 22.7 ± 1.6b 20.6 ± 1.9ab

Mesenteric fat (g) 15.0 ± 1.4a 23.6 ± 2.0b 19.1 ± 1.6ab

Perirenal fat (g) 6.5 ± 0.9a 7.2 ± 0.4b 6.4 ± 0.5ab

Inguinal fat (g) 14.2 ± 1.2a 22.2 ± 2.3b 16.3 ± 1.2a

Fat digestibility (%) 82.9 ± 0.9a 94.9 ± 0.1b 95.4 ± 0.2b
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accumulation in the DAG oil diet group was not related to

reduced energy intake. No significant difference was

observed in non-fasting serum parameters between the

TAG and the DAG oil diet groups, whereas non-fasting

leptin level was significantly higher in the TAG oil diet

group than the low-TAG oil diet group (Table 4).

Experiment 2: Comparison of Oxidation

in 14C-1,3-Diolein (Exp.2–1) and 14C-1(3),2-Diolein

(Exp.2–2) with 14C-Triolein

We investigated the effects of DAG isomers, 1,3-DAG and

1(3),2-DAG, in comparison with TAG, on fat oxidation

and incorporation of dietary fat into visceral fat, liver, and

blood using 14C-1,3-diolein, 14C-1(3),2-diolein, and 14C-

triolein. The expired 14C-CO2 is shown in Fig. 1. The

expired 14C-CO2 in the rats administered the [14C] 1,3-

DAG emulsion (14C-1,3-diolein) was increased compared

with the [14C] TAG emulsion (14C-triolein) (Exp.2–1;

Fig. 1a). In contrast, the expired 14C-CO2 in the rats

administered the [14C] 1(3),2-DAG emulsion (14C-1(3),2-

diolein) was equal to the [14C] TAG emulsion (14C-trio-

lein) (Exp.2–2; Fig. 1b). Table 5 shows the 14C contents in

visceral fat, liver and blood at 22 h after administration of

each tracer emulsion. The 14C content in visceral fat after

[14C] 1,3-DAG emulsion administration was significantly

less compared to [14C] TAG emulsion (Exp.2–1). In con-

trast, incorporation of 14C radioactivity into visceral fat

was similar between [14C] 1(3),2-DAG and [14C] TAG

emulsion (Exp.2–2). The 14C contents in liver and blood

did not differ between the groups (Exp.2–1 and Exp.2–2).

Experiment 3: Effect of Short-Term Ingestion

of DAG Oil on Fat Oxidation

Exp.3–1: Fat Oxidation at a Whole Body Level

Body weight at 2 weeks after ingestion of TAG and DAG

oil diets were 360.7 ± 5.3 and 361.8 ± 3.9 g, and energy

intakes at 2 weeks were 407.2 ± 9.4 and 405.9 ± 4.0 kJ/

rat/day, respectively, with no significant differences

between the groups. VO2, RQ, fat oxidation, and sponta-

neous motor activity for the 23-h feeding period in the

respiration chamber (with access to water and each diet ad

libitum) are shown in Fig. 2. Energy intake for 23 h of the

TAG and the DAG oil diets were 267.0 ± 15.3 and

231.7 ± 25.7 kJ/rat, respectively, with no significant

Table 4 Serum analysis

Dietary group

Low-TAG TAG DAG

Triacylglycerol (mg/dl) 212.2 ± 39.2 159.0 ± 21.9 139.5 ± 21.7

Total cholesterol

(mg/dl)

104.8 ± 7.4 93.1 ± 6.7 93.4 ± 4.6

Glucose (mg/dl) 193.5 ± 7.8 188.7 ± 4.1 190.3 ± 7.9

Insulin (ng/ml) 4.1 ± 0.9 3.9 ± 0.4 3.7 ± 0.3

Leptin (ng/ml) 18.4 ± 1.7a 24.1 ± 1.9b 20.1 ± 1.5ab

Exp.1: Blood was collected from anesthetized rats under non-fasting

conditions. Values are mean ± SEM (n = 7); those with different

letters are significantly different by Fisher’s PLSD, P \ 0.05

Repeated measures ANOVA
treatment: P < 0.01
time: P < 0.01
treatment x time: P < 0.001
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a b

Fig. 1 a The expired 14C-CO2 in the rats that ingested the

commercial rodent diet (CE-2) and received a [14C] 1,3-DAG

emulsion compared with a [14C] TAG emulsion in Exp.2–1. Open
squares represent the [14C] TAG group and closed squares represent

the [14C] 1,3-DAG group. b The expired 14C-CO2 in the rats that

received a [14C] 1(3),2-DAG emulsion compared with a [14C] TAG

emulsion in Exp.2–2. Open squares represent the [14C] TAG group

and closed squares represent the [14C] 1(3),2-DAG group. Values are

expressed as mean ± SEM (n = 12). A symbol at each time point

indicates a significant difference between the groups by Student’s t-
test: *P \ 0.05, **P \ 0.01. Significant differences by repeated

measures ANOVA are shown under the graphs
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difference between the groups. VO2 and spontaneous motor

activity values were equal between the groups. RQ values

in the DAG oil diet group were lower than in the TAG oil

diet group. Fat oxidation measurements in the DAG oil diet

group at 2, 3, and 9 am were higher than in the TAG oil

diet group.

Exp.3–2: 14C-Labeled Dietary Fat Oxidation

Body weight at 2 weeks after ingestion of the TAG and the

DAG oil diets were 377.1 ± 9.7 and 370.3 ± 7.2 g, and

energy intakes at 2 weeks were 362.9 ± 15.9 and

362.9 ± 15.7 kJ/rat/day, respectively, with no significant

differences between the groups. The expired 14C-CO2 after

intragastric administration of [14C] TAG emulsion was

significantly higher in the DAG oil diet group compared to

the TAG oil diet group following a 2-week ingestion of

each diet (Fig. 3). The 14C contents in mesenteric, epi-

didymal, and perirenal fat were significantly less in the

DAG oil diet group than in the TAG oil diet group

(Table 6). In addition, the 14C contents in total visceral fat

were less in the DAG oil diet group than in the TAG oil

diet group. The 14C contents in liver and blood did not

differ between the groups.

Discussion

Consistent with previous reports [7–11], a long-term

ingestion of DAG oil significantly reduced body fat accu-

mulation compared with TAG oil, which has a similar fatty

acid composition. Also consistent with previous reports,

neither energy intake nor fat excretion in feces differed

significantly between TAG and DAG oil diets [6, 9], sug-

gesting that reduced body fat accumulation in the DAG oil

diet group was not related to reduced energy intake.

Fat balance, calculated as the difference between dietary

fat intake and fat oxidation and excretion, has been sug-

gested as a key factor of fat mass regulation [24]. Fat

oxidation at the whole-body level must be assessed by

indirect calorimetry, whereas dietary fat oxidation is

assessed using expired labeled-CO2 after administration of

stable isotope- or isotope-labeled fat. Piers et al. [25]

demonstrated using indirect calorimetry that fat oxidation

was higher after a single ingestion of a high monounsatu-

rated fat meal compared to a high saturated fat meal.

Bessesen et al. [26] reported that the expired 14C-CO2 was

lower after a single administration of 14C-stearic acid

compared to 14C-oleic and linolenic acid. Shimomura et al.

[27] reported that the diets high in saturated fat were

associated with an increase in body weight. The above

studies together suggest that increased fat oxidation may

contribute to improvement of obesity.
14C-1,3-DAG-derived 14C-radioactivity was expired

more as 14C-CO2 and incorporated less into visceral fat

compared to 14C-TAG. In contrast, 14C-1(3),2-DAG was

metabolized similarly as 14C-TAG. These results suggest

that 1,3-DAG, a major component of DAG oil, is more

susceptible to oxidation and less accumulated in visceral

fat compared to TAG after a single administration.

Several studies demonstrated that a single ingestion of

DAG oil affected fat metabolism differentially from TAG

oil. Kimura et al. [16] reported that a single administration

of DAG oil emulsion decreased RQ values compared with

TAG oil emulsion in rats. Kamphuis et al. [18] reported

Table 5 [14C] contents (% of administered dose) in visceral fat, liver, blood and expired CO2

Exp.2–1 Exp.2–2

[14C] 1,3-DAG group [14C] TAG group [14C] 1(3),2-DAG group [14C] TAG group

Visceral fat

Epididymal 2.81 ± 0.38* 4.05 ± 0.42 3.72 ± 0.50 3.63 ± 0.41

Mesenteric 1.34 ± 0.23* 2.33 ± 0.34 1.90 ± 0.30 1.78 ± 0.18

Perirenal 0.44 ± 0.07* 0.70 ± 0.07 0.65 ± 0.10 0.58 ± 0.05

Retroperitoneal 1.32 ± 0.26* 2.20 ± 0.30 1.93 ± 0.33 2.11 ± 0.20

Total 5.91 ± 0.90* 9.28 ± 1.07 8.19 ± 1.18 8.10 ± 0.74

Liver 1.46 ± 0.08 1.53 ± 0.10 1.43 ± 0.09 1.71 ± 0.16

Blood 0.49 ± 0.02 0.48 ± 0.02 0.39 ± 0.03 0.37 ± 0.03

Expired CO2 58.31 ± 2.40* 48.60 ± 2.62 50.18 ± 3.09 49.31 ± 1.50

Exp.2–1: Rats that ingested the commercial rodent diet (CE-2) were administered either the [14C] 1,3-DAG emulsion or the [14C] TAG emulsion.

Exp.2–2: Rats that ingested the commercial rodent diet (CE-2) were administered either the [14C] 1(3),2-DAG emulsion or the [14C] TAG

emulsion. At 22-h after administration of each tracer emulsion, the rats were euthanized and blood, liver, and white adipose tissues were

collected for radioactivity measurement. The expired 14C-CO2 was collected at 2, 4, 6, 8, 10, and 22 h after administration of each tracer

emulsion. Values are mean ± SEM (n = 12).

* Significantly different from the [14C] TAG group, P \ 0.05

414 Lipids (2008) 43:409–417

123



that the ingestion of a DAG oil-containing meal increased

fat oxidation in humans. Saito et al. [17] also reported that

the ingestion of a DAG oil-containing meal decreased RQ

values. The higher susceptibility of 1,3-DAG to oxidation

found in this study is consistent with the above previous

studies.

The present study also demonstrated that the fat oxida-

tion is higher in 1,3-DAG compared with TAG. In contrast,

1(3),2-DAG is oxidized in a similar manner as TAG. The

reason 1,3-DAG and TAG are differentially susceptible to

oxidation is still unclear. The differential metabolic path-

way of each acylglycerol may offer an explanation. Kondo

et al. [12] demonstrated that 1,3-diolein was hydrolyzed to

1(3)-monoolein and fatty acids, and triolein was hydro-

lyzed to 1(3),2-diolein, 2-monoolein and fatty acids

through digestion by pancreatic lipase in the small intestine

in mice. In addition, 1,3-diolein was less susceptible to

enzymatic TAG re-synthesis compared with 1(3),2-diolein.

Murase et al. [10] reported that the amount of fatty acid, as

digestion products, was higher with DAG oil than with

TAG oil diet group DAG oil diet group

Repeated measures ANOVA
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Fig. 2 Changes in VO2 (a), RQ

(b), fat oxidation (c), and

spontaneous motor activity (d)

for the 23-h feeding period in a

respiration chamber after a 2-

week ingestion of either the

TAG or DAG oil diet in Exp.3–

1. Open circles represent the

TAG oil diet group and closed
circles represent the DAG oil

diet group. Values are expressed

as mean ± SEM (n = 7).

Differences in values between

the groups by Student’s t-test:

#P \ 0.1, *P \ 0.05.

Significant differences by

repeated measures ANOVA are

shown under the graphs
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TAG oil in the small intestine of mice. While Nemali et al.

[28] reported that the liver, kidney, small intestine, and

heart were active organs on b-oxidation. According to

these previous reports, decreased TAG re-synthesis and

increased fatty acid production in the small intestine may

contribute to the increased oxidation of 1,3-DAG. On the

other hand, we hypothesized that the oxidation of 1(3),2-

DAG was similar to that of TAG because 1(3),2-DAG is a

main digestive product of TAG. However, further detailed

experiments are required to clarify these speculations.

In Experiment 3, we demonstrated that a short-term

ingestion of DAG oil led to increased fat utilization at a

whole-body level, increased dietary fat oxidation, and

decreased dietary fat incorporation into visceral fat com-

pared with TAG oil. Murata et al. [19] reported that a 2-

week ingestion of DAG oil increased b-oxidation activity,

its related enzymes activities, and reduced fat synthesis-

related enzyme activities in the liver. Murase et al. [10]

also observed that a 10-day ingestion of DAG oil increased

b-oxidation in the small intestine in mice. These results

suggest that a short-term ingestion of DAG oil may activate

hepatic and intestinal b-oxidation at the tissue level. In this

study, we revealed for the first time that a short-term

ingestion of DAG oil stimulates fat metabolism at a whole-

body level. In addition, we demonstrated for the first time

that a short-term ingestion of DAG oil resulted in a stim-

ulation of dietary fat oxidation.

In conclusion, this study shows the following: (1) DAG

oil has an inhibitory effect on diet-induced fat accumula-

tion compared to TAG oil; (2) 1,3-DAG, a major

component of DAG oil, is more susceptible to oxidation

compared to TAG or 1(3),2-DAG; and, (3) a short-term

ingestion of DAG oil increases fat utilization at a whole-

body level, and results in increased oxidation of dietary fat

compared to TAG oil. The stimulated fat oxidation might

be one explanation for the anti-obesity effect of long-term

DAG oil ingestion.
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Abstract The (-)-gallocatechin gallate (GCG) concen-

tration in some tea beverages can account for as much as

50% of the total catechins, as a result of sterilization. The

present study aims to examine the effects of GCG-rich tea

catechins on hyperlipidemic rats and the mechanisms

associated with regulating cholesterol metabolism in the

liver. By performing heat epimerization of (-)-epigallo-

catechin gallate (EGCG), we manufactured a mixture of

catechins that had a GCG content of approximately 50%

(w/w). In sucrose-rich diet-induced hyperlipidemic rats, the

GCG-rich tea catechins exhibited strong activity in reduc-

ing plasma cholesterol and triglyceride concentrations.

Furthermore, the hepatic cholesterol and triglyceride con-

centrations that had increased as a result of the sucrose-rich

diet were reduced due to GCG-rich tea catechins con-

sumption. In order to investigate the hyperlipidemic

mechanism of GCG-rich tea catechins, we examined the

hepatic expressions of LDL receptor and HMG-CoA

reductase in hyperlipidemic rats. We further evaluated

the action of purified GCG on LDL receptor activity,

which is a key contributor to the regulation of cholesterol

concentrations. We found that purified GCG increased

LDL receptor protein level and activity to a greater extent

than EGCG. In conclusion, our study indicates that GCG-

rich tea catechins in tea beverages may be effective in

preventing hyperlipidemia by lowering plasma and hepatic

cholesterol concentrations.

Keywords GCG-rich catechins � Hyperlipidemia �
LDL receptor activity

Abbreviations

EGCG (-)-Epigallocatechin gallate

GCG (-)-Gallocatechin gallate

HDL High density lipoprotein

LDL Low density lipoprotein

VLDL Very low density lipoprotein

LDLR Low density lipoprotein receptor

HMG-CoA 3-Hydroxy-3-methylglutaryl coenzyme A

Introduction

Hypercholesterolemia is one of the major risk factors for

the development of atherosclerosis. Epidemiological stud-

ies have been reported which show a significant inverse

relationship between the consumption of tea beverages and

plasma cholesterol concentration [1, 2]. The health benefits

of green tea have been attributed mainly to catechins,

particularly (-)-epigallocatechin gallate (EGCG), which is

the most abundant catechin in green tea [3, 4]. Animal

studies have shown that EGCG inhibited cholesterol

absorption and lowered plasma cholesterol concentration

[5, 6]. It was found that EGCG enhanced the removal of

intravenously injected 14C-cholesterol from plasma in rats
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[7]. This increased clearance rate of cholesterol might have

been due to an increased LDL receptor expression, as this

is the main mechanism by which cholesterol is removed

from the circulation [8]. Kuhn et al. [9] found that EGCG

was able to increase LDL receptor protein expression with

subsequent up-regulation of LDL receptor gene transcrip-

tion. Moreover, Bursill and Roach [10] found that EGCG

significantly increased LDL receptor binding activity.

These studies might explain the effect of EGCG on regu-

lating cholesterol concentration by increasing LDL

receptor activity.

Canned and bottled tea beverages are widely consumed

in Asian countries and are gaining popularity worldwide.

During pasteurization, these products are generally auto-

claved at 120 �C for several minutes. It has been known

that during pasteurization, considerable amounts (approx-

imately 50%) of catechins undergo epimerization at the

two-position to form (-)-catechin, (-)-gallocatechin, (-)-

catechin gallate, and (-)-gallocatechin gallate (GCG) [11].

It has been reported that the GCG concentration of total

catechins could increase from approximately 1.5% to as

much as 50% in some tea beverages [11]. The relatively

high GCG concentration in tea beverages is due to the

thermal conversion of a major tea catechin, EGCG.

Although the consumption of bottled green tea bever-

ages is increasing, several physiological functions

involving the regulation of plasma lipid concentrations

have been reported for EGCG; however, studies on GCG-

rich tea catechins are limited. Recently, Ikeda et al. [12]

found that tea catechins rich in GCG were more effective in

inhibiting cholesterol absorption than tea catechins rich in

EGCG. In addition, Kobayashi et al. [13] reported that

heat-epimerized catechins had identical cholesterol-lower-

ing activity as green tea catechins in cholesterol-fed rats.

Except for its inhibitory effect on cholesterol absorption,

other mechanisms by which GCG-rich tea catechins reduce

plasma lipid concentrations are not known. In the present

study, we manufactured a mixture of catechins that con-

tained approximately 50% (w/w) GCG by the heat

epimerization of EGCG. By using GCG-rich tea catechins,

we evaluated the effect on lipid concentrations in hyper-

lipidemic rats induced by a sucrose-rich diet. Furthermore,

we analyzed the cholesterol and triglyceride concentrations

in the liver which is the main tissue that regulates lipid

metabolism.

Human and animal cells possess at least two mechanisms

for obtaining the cholesterol necessary for the formation of

membranes, steroid hormones, and bile acids. They can

either obtain this cholesterol by means of receptor-mediated

endocytosis of LDL, an event that involves the LDL

receptor, or synthesize cholesterol de novo using 3-hydroxy-

3-methylglutaryl coenzyme A reductase (HMG-CoA

reductase) as a rate-limiting enzyme [14]. Under certain

conditions, the LDL level in plasma is determined by a

balance between the activities of LDL receptor and HMG-

CoA reductase in the liver. The LDL receptor has been

found to regulate and lower plasma cholesterol concentra-

tion, while HMG-CoA reductase, a rate-limiting enzyme

that catalyzes the conversion of HMG-CoA to mevalonic

acid, is known as the critical enzyme for cholesterol de novo

synthesis in our body [15]. In order to study the mechanism

of the hypercholesterolemic effect of GCG-rich tea cate-

chins, hepatic LDL receptor activity and HMG-CoA

reductase levels were measured. In addition, based on pre-

vious studies that evaluated the effect of EGCG on

increasing LDL receptor activity, we further analyzed the

effect of purified GCG on LDL receptor expression and

activity in HepG2 cells.

Materials and Methods

Chemical Reagents

(-)-Epigallocatechin gallate (EGCG, E4143) and (-)-

gallocatechin gallate (GCG, G6782) were purchased from

Sigma (St. Louis, MO, USA) for in vitro experiments.

Penicillin–streptomycin, Dulbecco’s modified Eagle’s

medium (DMEM), and fetal bovine serum (FBS) were

purchased from GIBCO-BRL of Life Technologies (New

York, NY, USA). Specific antibodies for LDL receptor and

HMG-CoA reductase were purchased from Abcam

(ab14056) and SantaCruz (sc-27578), respectively. For

measurements of LDL receptor activity, fluorescence probe

(BODIPY) labeled LDL was purchased from Molecular

probe, Inc (Eugene, OR, USA). For the manufacture of

GCG-rich tea catechins, pure EGCG powder was obtained

from TEAVIGOTM (94% purity), which was a registered

trademark of DSM Nutritional Products (Parsippany, NJ,

USA). GCG-rich tea catechins were manufactured by

autoclaving the pure EGCG powder at 120 �C for 30 min.

The EGCG and GCG concentrations as a result of heat

epimerization are shown in Table 1. Initially, we intended

to compare the effects of absolute GCG and EGCG in vivo.

However, we realized that purchasing GCG powder from

Sigma-Aldrich in order to include a group of rats admin-

istrated with only GCG (90*100%) would involve

prohibitive costs. Moreover, the EGCG provided by

Sigma-Aldrich is too expensive for animal experiments.

Table 1 EGCG and GCG contents (%) of the GCG-rich tea catechins

EGCG GCG EGCG + GCG

Raw EGCG material 94 0 94

GCG-rich tea catechins 46.6 46.1 92.7
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Therefore, due to high material costs, we used pure EGCG

powder from TEAVIGOTM and manufactured GCG-rich

tea catechins by autoclaving the TEAVIGOTM samples for

our in vivo experiments. The purity of EGCG for the in

vitro and in vivo experiments was 95 and 94%, respec-

tively. Although we obtained EGCG powder from

TEAVIGOTM instead of Sigma-Aldrich, we believe this

did not show any different metabolism results between in

vitro and in vivo experiments, since the EGCG for each

experiment was the same compound and the content of

EGCG was similar.

Sucrose-Rich Diet-Induced Hyperlipidemic Rats

Studies were carried out using male Sprague-Dawley rats

(Orient Bio Company, Korea); each weighing approxi-

mately 200 g. The experiments were conducted under the

Korea Association for Laboratory Animal Science’s

guidelines for the care and use of experimental animals.

The amorepacific institutional animal care and use com-

mittee had approved the use of animals in the experiments.

Seven-week-old rats were randomly divided into the fol-

lowing groups: control diet (CD), sucrose-rich diet (SRD),

EGCG (E), and GCG-rich tea catechins (G), with six ani-

mals per group. All rats were provided free access to

experimental diet and fluid for 30 days. The composition of

the diets is shown in Table 2 [16]. The CD and SRD groups

consumed distilled water. EGCG and the GCG-rich tea

catechins were prepared in distilled water (0.2% w/v) and

the rats in E and G groups consumed each of the designated

fluids ad libitum. The fluids containing EGCG and the

GCG-rich tea catechins were freshly prepared, and the

intakes were measured on every other day. Body weight

and food intakes were measured three times a week.

Analysis of Plasma Total Triglyceride, Total

Cholesterol, HDL Cholesterol, LDL Cholesterol,

and VLDL Cholesterol Concentrations

Venous blood for measuring lipid concentrations was col-

lected from the retro-orbital sinus of the animals on day 30.

Plasma samples were separated from the whole blood by

centrifugation at 3,000g for 10 min. Plasma total triglyc-

eride, total cholesterol, HDL cholesterol, and LDL

cholesterol concentrations were determined according to

the protocol provided by DiaSys Diagnostic Systems

(Holzheim, Germany). Based on the total cholesterol and

HDL cholesterol that were measured, we calculated the

VLDL + LDL cholesterol concentration by using modified

Friedewald formula [17]. The VLDL + LDL cholesterol

level for each sample was obtained using the following

formula:

VLDL + LDL cholesterol = total cholesterol

� HDL cholesterol:

Analysis of the Total Hepatic Triglyceride

and Cholesterol Concentrations

Liver tissue was extracted using the standard Folch [18]

extraction technique as described below. Homogenized

liver (100 mg, wet weigh) was first mixed with 5 mL

methanol containing 0.2% butylated hydroxytoluene, fol-

lowed immediately by the addition of 10 mL chloroform,

and vortexed vigorously for 30 s. The homogenate was

centrifuged at 3,000g for 10 min and we separated the

homogenate to obtain a crude extract solution. The crude

extract was mixed thoroughly with 0.2 times its volume of

water, and the mixture was separated into two phases by

centrifugation. The upper phase was aspirated; it was

completely removed by rinsing the inter-phase three times

with small amounts of pure upper phase solvents. The lower

organic layer was transferred to a tube and stored at -20 �C.

The total hepatic cholesterol and triglyceride concentrations

were measured using EnzyChrom Cholesterol Assay Kit

(BioAssay Systems, Hayward, CA, USA) and L-Type Tri-

glyceride H reagents (Wako, Osaka, Japan), respectively.

Detection of LDL Receptor Activity and HMG-CoA

Reductase in the Rat Liver

Low-density lipoprotein receptor and HMG-CoA reductase

were detected by using western blotting with specific

antibodies [10, 19]. Liver samples and HepG2 cells were

lysed using cell lysis buffer (Cell Signaling Technology,

Beverly, MA, USA). The protein concentration was

determined using a BCA assay kit (Pierce, Rockford, IL,

USA). Proteins (30 lg) were resolved on 10% NuPAGE

gels run in an MES buffer system (Invitrogen, Carlsbad,

Table 2 Composition of the experimental diets

Ingredient Control diet

(CD) (g/kg diet)

Sucrose-rich diet

(SRD) (g/kg diet)

Casein 200 200

Corn starch 397.5 0

Sucrose 100 600

Dextrose 130 30

Soybean oil 70 70

Cellulose 50 50

AIN-93G mineral mix 35 35

AIN-93G vitamin mix 10 10

L-Cystine 3 3

Choline bitartrate 2.5 2.5

t-Butylhydroquinone 0.014 0.014

Modified from the AIN-93 purified rodent diet
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CA, USA) and transferred to nitrocellulose membranes

according to the manufacturer’s protocol. Immunoreactive

proteins were revealed by enhanced chemiluminescence

with ECL+ (Amersham Biosciences, Piscataway, NJ,

USA). Anti-actin antibody (Sigma, A2066) was used to

assess equal loading of the protein. Quantification of each

protein was carried out by using the Image J software

program.

HepG2 Cell Culture and Catechins Treatment

Human hepatoblastoma cells, HepG2, obtained from

American type Culture Collection (Rockville, MD, USA)

were used to quantify LDL receptor activity. Cells were

seeded into 6-well or 96-well plates (Nunc, Rochester, NY,

USA), and were cultured in DMEM supplemented with

10% fetal bovine serum (FBS) and 100 U/mL penicillin–

streptomycin (Gibco, grand Island, NY, USA). Cells were

grown for 48 h at 37 �C in an atmosphere of 5% CO2.

After an additional 24 h of incubation with FBS-free

DMEM, cells were incubated for 24 h with DMEM con-

taining different concentrations (0, 10, 50 lM) of the

purified tea catechins.

Measurement of LDL Receptor Activity

with a Fluorescence Detector

After a 48-h period of culture in DMEM supplemented

with FBS, cells were switched to DMEM containing 0.5%

human serum albumin for an additional 24 h. BODIPY-

LDL (20 lg protein/mL) was incubated with HepG2 cells

for 2 h at 37 �C. At the end of the incubation period, cells

were extensively washed with phosphate-buffered saline,

200 ll (for 96 well) isopropanol was added to each well,

and plates were gently shaken using an orbital shaker for

20 min. BODIPY-LDL fluorescence in each of isopropanol

extracts was determined using a Victor2 1420 multi-label

counter (Wallac, Boston, MA, USA) with excitation and

emission wavelengths set at 485 and 535 nm, respectively.

By representing the total amount of BODIPY-LDL versus

time, the specific activity of each sample was expressed as

microgram of LDL protein per minute per milligram cel-

lular protein, as described elsewhere [20].

Measurement of LDL Receptor Activity with a Flow

Cytometer

Fluorescence was measured with a FACScalibur flow

cytometer (BD bioscience, San Jose, CA, USA) equipped

with 15 mW, 488 nm, air-cooled argon laser and linked to

a Macintosh Quadra 650 computer with CellQuest software

(BD bioscience). Forward scatter and side scatter were

adjusted to exclude debris and dead cells. The emission of

BODIPY LDL was measured at 530 ± 15 nm (FL1-H).

Fluorescence signals of FL1-H were recorded on loga-

rithmically transformed intensity scale in a histogram. The

LDL receptor activity of each sample was expressed as the

mean of FL1-H intensity.

Statistical Analysis

Data were presented as mean ± standard deviation (SD).

Statistical analyses were performed using one-way

ANOVA with post-hoc Tukey–Kramer’s tests for compar-

isons between two groups or multiple groups, respectively.

Differences were considered significant at P \ 0.05 or

P \ 0.01.

Results

Effects of EGCG and the GCG-Rich Tea Catechins

on the Food Intake, Fluid Intake, and Body Weight

Gain of Rats on the Sucrose-Rich Diet

To evaluate the possibility that GCG-rich tea catechins

play an effective role in buffering increases in plasma

cholesterol and triglyceride levels, we investigated their

effects in sucrose-rich diet-induced hyperlipidemic rats.

We first examined the food intake, fluid intake, and body

weight gain of rats on the sucrose-rich diet (Table 3). The

daily food intakes were almost similar between the groups,

Table 3 Food intake, fluid intake, and body weight gain of rats fed indicated diet and beverage

Group Diet and beverage Food intake (g/day) Fluid intake Body weight gain (g/30day)

CD CD + distilled water 22.1 ± 1.9 39.2 ± 7.0 247.1 ± 9.3

SRD SRD + distilled water 21.0 ± 1.8 37.5 ± 4.6 246.8 ± 8.3

E SRD + 0.2% EGCG 18.7 ± 1.5* 28.9 ± 4.6* 221.0 ± 9.9*

G SRD + 0.2% GCG-rich tea catechins 19.0 ± 1.5* 26.1 ± 3.0* 225.0 ± 7.0*

Data are expressed as mean ± SD, N = 6. Significant differences from the SRD group is shown with an asterisk

CD Control diet, SRD sucrose-rich diet, E EGCG, G GCG-rich tea catechins

* P \ 0.05
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whereas fluid intakes were significantly suppressed in the E

and G groups. The average food intakes (mean ± SD) for

the CD, SRD, E, and G groups were 22.1 ± 1.9,

21.0 ± 1.8, 18.7 ± 1.5 and 19.0 ± 1.5 g/day. The food

intakes of E and G groups were significantly decreased

about 2 g per day, compared to CD and SRD groups. The

average fluid intakes (mean ± SD) were 39.2 ± 7.0,

37.5 ± 4.6, 28.9 ± 4.6, and 26.1 ± 3.0 g/day for the CD,

SRD, E, and G groups, respectively. Although the fluid

intakes were decreased significantly in the E and G groups

as compared to the CD and SRD groups, the amount of

GCG-rich tea catechins consumed by the G group was not

significantly different from that of EGCG consumed by the

E group. No difference in body weight gain was observed

between the SRD and CD groups. However, body weight

gain significantly decreased after the consumption of

EGCG and the GCG-rich tea catechins. This result is

consistent with a previous study that showed that dietary

supplementation with EGCG for 1 month attenuated diet-

induced obesity and decreased body weight of mice [21].

The reduced food intakes in E and G groups may influence

the reduced body weight gain.

GCG-Rich Tea Catechins Decreased Plasma

Cholesterol and Triglyceride Concentrations

Significantly in Sucrose-Rich Diet-Induced

Hyperlipidemic Rats

In sucrose-rich diet-induced hyperlipidemic rats, the total

plasma cholesterol concentration in the SRD group was

elevated to 123.8%, as compared to the CD group. The

consumption of GCG-rich tea catechins significantly nor-

malized the plasma cholesterol concentration, which was

augmented by the sucrose-rich diet (Fig. 1a). Although

EGCG seemed to decrease plasma cholesterol

concentration, significant difference was not observed

between E and SRD groups with one-way ANOVA sta-

tistical test. The sucrose-rich diet caused an increase in the

total plasma triglyceride concentration to 155.5% of the

CD group on day 30. Fluids containing EGCG and the

GCG-rich tea catechins reduced the total plasma triglyc-

eride concentration to 126 and 120%, respectively. The

difference between EGCG and the GCG-rich tea catechins

was not clear on the effects of decreasing cholesterol and

triglyceride concentrations (Fig. 1b).

The plasma lipoprotein cholesterol concentrations are

depicted in Table 4. None of the groups showed a signifi-

cant alteration in their plasma LDL cholesterol

concentrations. The sucrose-rich diet increased HDL cho-

lesterol to 136%, as compared to the level found in the

control diet group. The increased HDL cholesterol con-

centration was almost normalized in the GCG-rich tea

catechins-supplemented group. Significant reduction in

HDL cholesterol concentration was observed in G group.

Instead of direct measurement of VLDL cholesterol, we

could calculate VLDL + LDL cholesterol level by using

the Friedewald formula. Although the VLDL + LDL

cholesterol concentration between SRD and G groups was

not significantly different, GCG-rich tea catechins tended

to lower the plasma VLDL + LDL cholesterol level.

Therefore, the normalized plasma total cholesterol con-

centration in G group might be attributed to the reduced

HDL and VLDL + LDL cholesterol concentrations.

Consuming the GCG-Rich Tea Catechins was Effective

in Decreasing the Hepatic Cholesterol and Triglyceride

Concentrations

The liver is well known as the main tissue that regulates

plasma cholesterol and triglyceride concentrations [22].

Fig. 1 Effects of GCG-rich tea catechins on the plasma a cholesterol

and b triglyceride concentrations of sucrose-rich diet-induced hyper-

lipidemic rats. GCG-rich tea catechins significantly reduced plasma

cholesterol and triglyceride concentrations in sucrose-rich diet-

induced hyperlipidemic rats. Significant differences from the SRD

group are presented with asterisks. *P \ 0.05, **P \ 0.01, CD
control diet, SRD sucrose-rich diet, E: EGCG, G: GCG-rich tea

catechins
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A sucrose-rich diet has been proven to be lipogenic and

elevates the hepatic triglyceride concentration [23]. In this

study, it increased hepatic cholesterol concentration to

nearly 2.4-fold that of control. Although the increase in

cholesterol concentration was significantly attenuated by

EGCG and the GCG-rich tea catechins in the fluids, the

effects of the E and G groups were similar (Table 5). The

hepatic triglyceride concentration was significantly ele-

vated by approximately 160% in the SRD group as

compared to the CD group. However, the GCG-rich tea

catechins almost normalized the hepatic triglyceride con-

tent, whereas EGCG tended to decrease the triglyceride

concentration to some degree which was augmented by the

sucrose-rich diet (Table 5).

Expressions of Hepatic LDL Receptor and HMG-CoA

Reductase Remained Unchanged Despite the

Administration of EGCG and the GCG-Rich Tea

Catechins in Sucrose-Rich Diet-Induced

Hyperlipidemic Rats

An increase in the LDL receptor expression is the main

mechanism by which cholesterol is removed from circula-

tion [16]. Further, the LDL receptor is reported to be the

main factor that regulates hepatic lipid concentrations [18].

To confirm the involvement of the LDL receptor in lowering

plasma and hepatic lipid concentrations, we examined the

hepatic expression of the LDL receptor in the sucrose-rich

diet-induced hyperlipidemic rats. The hepatic LDL receptor

was elevated by the sucrose-rich diet. Although EGCG was

known to increase LDL receptor expression [10], the con-

sumption of EGCG and the GCG-rich tea catechins did not

additionally increase LDL receptor expression (Fig. 2a).

Figure 2b shows the expression of hepatic HMG-CoA

reductase for each group after 30 days of treatment. The

sucrose-rich diet did not affect hepatic HMG-CoA reductase

expression, and no significant differences were found

between the rats supplemented with EGCG and the GCG-

rich tea catechins and those in the SRD group.

GCG Was More Effective in Increasing the Expression

of the LDL Receptor than EGCG

The GCG-rich tea catechins were effective in reducing

cholesterol and triglyceride concentrations. Although the

expression of the LDL receptor was not changed apparently

in the E and G groups, we considered that purified EGCG

and GCG could have different effects on LDL receptor

expression. Therefore, we further investigated the effect of

purified EGCG and GCG on the expression of LDL receptor

by using HepG2 cells. Recently, EGCG was reported to

increase LDL receptor expression in HepG2 cells [10]. In

this study, we revealed for the first time that incubation with

GCG (50 lM) significantly increased LDL receptor protein

expression (*450% of control, **P \ 0.01) over the effect

of EGCG (Fig. 3a, b). This result indicates that the effect of

Table 4 Effects of EGCG and the GCG-rich tea catechins on lipo-

protein cholesterol concentrations (mg/dl)

Group HDL-C LDL-C (VLDL + LDL)-Ca

CD 55.57 ± 5.60* 13.67 ± 2.89 19.70 ± 5.37

SRD 75.63 ± 6.15 11.13 ± 2.08 23.67 ± 5.29

E 64.57 ± 5.56 13.33 ± 1.53 24.30 ± 2.26

G 57.23 ± 9.26* 12.33 ± 0.58 18.97 ± 3.02

Data are expressed as means ± SD, N = 6. An asterisk indicates

significant difference from the SRD group

* P \ 0.05
a (VLDL + LDL)-C is calculated by using a modified Friedewald

formula

Table 5 Effects of EGCG and the GCG-rich tea catechins on the

total hepatic cholesterol and triglyceride concentrations (mg/g)

Group Cholesterol Triglyceride

CD 3.56 ± 0.30** 9.08 ± 0.77*

SRD 8.53 ± 1.17 14.38 ± 1.37

E 3.66 ± 0.32** 11.83 ± 2.50

G 3.56 ± 0.60** 8.55 ± 0.32*

Data are expressed as mean ± SD for each group, N = 3. Asterisk

indicates significant difference from SRD group

CD Control diet, SRD sucrose-rich diet, E EGCG, G GCG-rich tea

catechins

* P \ 0.05

** P \ 0.01

Fig. 2 Effects of GCG-rich tea catechins on the hepatic LDL

receptor and HMG-CoA reductase expressions in hyperlipidemic

rats. a Hepatic LDL receptor and b HMG-CoA reductase expressions

remained unchanged among the SRD, E, and G groups. CD control

diet, SRD sucrose-rich diet, E EGCG, G GCG-rich tea catechins,

LDLR LDL receptor
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GCG on up-regulating of the LDL receptor is significantly

greater than that of EGCG, while both EGCG and GCG

increase the expression of the LDL receptor.

GCG Increased the LDL Receptor Activity to a Greater

Extent than EGCG

To confirm the effectiveness of GCG in up-regulating LDL

receptor, we measured the LDL receptor activity with a

fluorometer by using fluorescence probe, BODIPY labeled

LDL. GCG treatment increased LDL receptor activity

significantly (*P \ 0.05), compared to EGCG treatment.

LDL receptor activity increased in a concentration-depen-

dent manner by GCG treatment, showing *2-fold

induction over the control at 50 lM (Fig. 4a). Further, to

validate the effect of GCG on LDL receptor activity, the

association of LDL–LDL receptor was assessed by flow

cytometer. Like as evaluated by the flourometer, GCG

treatment increased LDL–LDL receptor association more

than EGCG (Fig. 4b). During 24 h treatment of the sim-

vastatin, EGCG, and GCG, mean of FL1-H intensity that

represents the LDL–LDL receptor association was 135.2,

138.2, and 150.5% of the control, respectively. Simvasta-

tin, a drug for hyperlipidemia, was used for a positive

control. When we measured LDL receptor activity with a

flow cytometer, however, it could not detect each cell’s

fluorescence properly with 50 lM of EGCG and GCG,

respectively. Maybe this undetectable result was caused by

strong cell–cell adhesion. Although the effect of GCG was

apparent in 50 lM with the fluorometer, observing the

fluorescence of each cell with flow cytometer was limited

in that concentration due to the strong cell–cell adhesion.

This could be related with a previous report that EGCG

increased mRNA expressions of cell adhesion proteins in

the 25 lM and above concentrations [24]. To sum up, this

result strongly suggests that GCG increases the LDL

receptor activity effectively, compared to EGCG.

Discussion

The aim of this study is to elucidate the effectiveness of

GCG-rich tea catechins in modulating cholesterol and tri-

glyceride concentrations in vivo and to investigate the

effective mechanisms. We manufactured GCG-rich tea

catechins, in which GCG concentration was as high as 50%

of the total catechins from the process of heat epimeriza-

tion. For hyperlipidemic animal experiments, sucrose-rich

diet was used to induce hyperlipidemia in rats. This diet-

induced hyperlipidemia is relatively similar to the physi-

ological condition that arises as a result of dietary habits

such as the consumption of daily food.

Table 3 shows the diet and fluid consumption of each

animal group. The daily diet and fluid intakes of the E and

G groups were significantly lesser than those of the SRD

group. Moreover, the total body weight gains in the E and

G groups were greatly decreased, as compared to those in

the SRD group. This difference in body weight gain could

be attributed to the dietary reduction implemented in the

above mentioned groups. Green tea catechins are known to

activate many cellular mechanisms for reducing body

weight. Studies in adipocyte cell lines and animal models

have demonstrated that EGCG inhibits extracellular signal-

related kinases (ERK), activates AMP-activated protein

kinases (AMPK), modulates adipocyte marker proteins,

and down-regulates lipogenic enzymes [25].

A sucrose-rich diet induces hypertriglyceridemia and

elevates the triglyceride concentration in the plasma and

liver as early as within 3 weeks in rats [16, 23]. Long-term

feeding on a sucrose-rich diet results in a steady state of

hyperlipidemia and hyperglycemia. Consistent with previ-

ous studies, the sucrose-rich diet exerted its lipogenic effect

on day 30. The consumption of GCG-rich tea catechins

inhibited the hypertriglyceridemia as well as hypercholes-

terolemia induced by the sucrose-rich diet (Fig. 1). There

was no significant difference between EGCG and the GCG-

rich tea catechins with regard to reducing the plasma

cholesterol and triglyceride concentrations in sucrose-rich

diet-induced hyperlipidemic rats.

(-)-Epigallocatechin gallate and the GCG-rich tea cat-

echins decrease plasma lipid concentrations without

Fig. 3 LDL receptor expression in HepG2 cells treated with either

EGCG or GCG GCG was more effective in increasing the LDL

receptor expression than EGCG. a LDL receptor protein was

determined by using western blotting with a polyclonal anti-LDL

receptor antibody. b Quantitative results of the LDL receptor

expression, **P \ 0.01. Con control, S simvastatin, E EGCG, G GCG
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affecting the LDL cholesterol level. According to a recent

study, LDL cholesterol is not altered significantly by the

consumption of green tea catechins in vivo. Bursill and

Roach [26] proposed that administration of green tea cat-

echins had no effect on plasma LDL cholesterol

concentration in rats. However, other human studies have

reported the effect of green tea extracts in decreasing

plasma LDL cholesterol concentration. Additional studies

of green tea in regulating LDL cholesterol concentration

should be carried out including in vivo experiments.

In this study, as compared to the SRD group, the G

group showed a significant reduction in HDL cholesterol

concentration. Yang et al. [16] reported that all green and

black tea extracts, with the exception of those obtained

from oolong tea, failed to increase plasma HDL choles-

terol concentration in rats; on the contrary, green tea

extracts were found to lower HDL cholesterol concentra-

tion after 25 days of treatment. Weber et al. [6] also

showed that dietary treatment involving 1% EGCG tended

to decrease HDL cholesterol concentration, although there

were no significant changes in the HDL level. Therefore, it

is necessary to conduct further investigation into the effect

of green tea catechins on HDL cholesterol regulation. As

regards VLDL + LDL cholesterol concentration, the

consumption of GCG-rich tea catechins seemed to

decrease VLDL + LDL cholesterol, as calculated using a

modified Friedewald formula. The normalization of the

sucrose-rich diet-induced total cholesterol induction could

be caused by the reduction in VLDL + LDL cholesterol.

The decrease in HDL and VLDL + LDL cholesterol

levels—effected by the GCG-rich tea catechins—shows

that GCG-containing tea drinks can regulate plasma cho-

lesterol concentration. The way in which GCG-containing

tea drinks are able to influence these lipoprotein choles-

terol concentrations also needs further, more specific

investigation.

Fig. 4 GCG is more effective

in increasing LDL receptor

activity than EGCG. a LDL

receptor activity by using a

fluorescence detector The

specific activity of each sample

was expressed in micrograms of

LDL protein per minute per

milligram of cellular protein

*P \ 0.05. b LDL receptor

activity using a flow cytometer

The emission of fluorescent

LDL was measured at

530 ± 15 nm (FL1-H). The

LDL receptor activity in each

sample was expressed as the

mean of FL1-H intensity. Con
control, S simvastatin, E EGCG,

G GCG
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A sucrose-rich diet elevated the hepatic cholesterol and

triglyceride concentrations (Table 5). EGCG and the GCG-

rich tea catechins had a similar effect on decreasing hepatic

cholesterol concentration. However, the GCG-rich tea cat-

echins almost normalized hepatic triglyceride concentration

induced by the sucrose-rich diet. Although green tea

extracts were known for reducing hepatic triglyceride con-

tent [16], we revealed for the first time that GCG-rich tea

catechins were effective on reducing hepatic cholesterol and

triglyceride concentrations. Both EGCG and the GCG-rich

tea catechins may modulate lipid metabolism in the liver.

A high expression of the LDL receptor is related to

plasma cholesterol absorption by the liver, and LDL uptake

by the receptor is a compensatory mechanism in terms of

cholesterol homeostasis [27]. We investigated the hepatic

LDL receptor expression, regarded as the chief mechanism

in plasma cholesterol transport [10], in sucrose-rich diet-

induced rats. The sucrose-rich diet elevated the hepatic

expression of the LDL receptor. It is known that a sucrose-

rich diet stimulates the biosynthesis of very low-density

lipoproteins in the rat liver [28]. In cultures from rats fed

on a sucrose-rich diet, the production of apolipoprotein E

was found to be twice the amount produced by the control

diet [28]. Moreover, Patsch et al. [29] reported that in the

livers of sucrose-fed rats, the abundance of cellular apo A-

IV mRNA increased to 185% of the control values.

Although a sucrose-rich diet is found to increase lipopro-

tein-related components, the effect of such a diet on LDL

receptor expression is not reported thus far. The con-

sumption of EGCG and the GCG-rich tea catechins did not

affect LDL receptor expression in the sucrose-rich diet-

induced hyperlipidemic rats (Fig. 2). These catechins

seemed to reduce the LDL receptor expression, to some

extent, as compared to that found in the SRD group. The

increased LDL receptor expression of the SRD group may

be regarded as an adaptive response aimed at buffering the

higher plasma lipid concentrations induced by the sucrose-

rich diet.

Mammalian cells receive cholesterol by the uptake of

lipoproteins; they also produce their own cholesterol.

Cholesterol synthesis regulation keeps cellular and plasma

cholesterol concentrations at a precisely controlled level;

moreover, cholesterol synthesis is regulated by the activity

of the microsomal enzyme HMG-CoA reductase and is

determined by both the amount of protein present and the

degree of activation of the enzyme [14]. In our study, we

investigated hepatic HMG-CoA reductase expression in

sucrose-rich diet-induced hyperlipidemic rats. There was

no difference in the HMG-CoA reductase expressions for

all animal groups. This result is consistent with a previous

report indicating that the activity of HMG-CoA reductase

is not affected by Lung Chen tea, a Chinese green tea [30].

Therefore, EGCG and the GCG-rich tea catechins are not

involved in regulating the levels of the rate-limiting cho-

lesterol synthesis enzyme HMG-CoA reductase.

It is evident from in vitro and in vivo studies that green

tea catechins inhibit the intestinal absorption of dietary

lipids. Studies in vitro indicated that green tea catechin,

particularly EGCG, interfered with the digestion and

micellar solubilization of lipids, which are critical steps in

the intestinal absorption of dietary fat, cholesterol, and

other lipids. Based on these results, blocking lipid

absorption using tea catechins is likely to be an important

way of reducing plasma cholesterol and triglyceride con-

centrations. In this study, we used hyperlipidemic rats

induced by a sucrose-rich diet that contained the same

quantity of lipids as the diet of rats in the other groups.

Therefore, the effect of the sucrose-rich diet on increasing

lipid concentrations could not be attributed to a high die-

tary fat supply—it was the result of an abnormality in lipid

metabolism with respect to lipoproteins. Therefore, we

suggest that the inhibition of intestinal lipid absorption is

not the main reason for the lipid-lowering effect of tea

catechins in the sucrose-rich diet-induced hyperlipidemic

rat model. Regarding carbohydrates absorption, it was

revealed that black and green tea extracts caused malab-

sorption of carbohydrates in healthy men [31]. Moreover,

in vitro experiments have shown that some constituents of

green tea inhibited the activity of a-amylase [32] and a-

glucosidase [33]. However, inhibition of sucrose absorp-

tion by green tea catechins has not been reported so far.

Elevated plasma concentrations of LDL and LDL oxi-

dation are recognized as playing an important role in

atherogenesis [34] and increasing the efficiency of lipid

clearance by raising LDL receptor activity is an efficient

way to lower plasma cholesterol concentration [35]. Sev-

eral in vitro and in vivo studies have shown that EGCG

enhanced LDL receptor activity and decreased lipid con-

centrations [6, 10]. Bursill and Roach [10] demonstrated

that green tea polyphenol, EGCG, increased LDL receptor

activity and LDL receptor expression in human cells in

vitro. In the present work, we reported that GCG had a

stronger effect on increasing LDL receptor activity than

EGCG in hepG2 cells (Fig. 4). This effect was accompa-

nied by an increase in LDL receptor protein expression

(Fig. 3). This mechanism may be pivotal for GCG-rich tea

catechins to decrease lipid concentrations.

In our results, there is a discrepancy between the

determination of LDL receptor activity by blotting and by a

fluorescent method. According to previous reports, LDL

receptor mRNA level, amount of LDL receptor protein and

functional cellular LDL binding activity were consistent

across the three measurements [36]. In that study, human

LDL was conjugated to colloidal gold (LDL–gold) and the

cell-bound LDL–gold was quantified using silver

enhancement solution. However, another study reported
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that incubation of liver cells with citrus flavonoids caused a

fivefold increase in LDL receptor mRNA level and a

twofold increase in LDL binding activity [37]. LDL was

radiolabeled with 125I using the iodine monochloride

technique for the measurement of LDL receptor binding

activity. Given this, the difference between LDL receptor

activity and LDL receptor expression seemed to be

dependent on which methods were used to detect the LDL

receptor activity. By measuring the fluorescent probe 3,30-
dioctadecylindocarbocyanine (Dil), which is a similar

fluorescent material to that used in our study, Munoz et al.

[20] revealed that LDL obtained during the walnut diet

showed a 50% increase in the association rate to the LDL

receptor in human hepatoma HepG2 cells. Therefore, an

almost twofold increase of LDL receptor activity in our

study can be significantly effective.

The LDL receptor is regulated at the transcriptional level

by a family of membrane-bound transcription factors, the

sterol response element binding proteins (SREBPs). In

response to a decrease in cellular cholesterol availability,

SREBP is processed proteolytically, and the active frag-

ment migrates to the nucleus where it interacts with sterol

response elements present in the promoter of LDL gene and

activates LDL transcription [38]. Kuhn et al. [9] proposed

that the up-regulation of LDL receptor expression induced

by green tea polyphenols was caused by the inhibition of

ubiquitin/-mediated degradation of active SREBP-2. He

reported that green tea catechin, EGCG, potently inhibited

proteasomal activity in HepG2 cells. Significantly, in con-

nection with proteasome inhibition, the cleavage and active

SREBP-2/p68 protein expression was enhanced after

EGCG treatment. Subsequently, EGCG also increased LDL

receptor proteasome expression by inhibiting proteasomal

activity and increasing active SREBP-2 expression. With

respect to this effect on proteasomal activity, a comparison

experiment between EGCG and GCG is needed for eluci-

dating apparent mechanism for regulating LDL receptor

expression. Moreover, further studies should analyze the

role played by GCG in LDL receptor regulation in the

SREBP-2 related transcriptional level.

The results of our study show that GCG-rich tea cate-

chins are effective in reducing cholesterol and triglyceride

concentrations in hyperlipidemic rats. This may be con-

sistent with a recent report that GCG-rich tea catechins are

more effective in inhibiting cholesterol absorption than

EGCG-rich tea catechins [12]. High GCG contents of the

GCG-rich tea catechins may cause this effect. Moreover,

our experiments support that GCG, a major catechin pro-

duced by the heat epimerization from EGCG, has a

stronger effect to increase the LDL receptor activity than

EGCG. Several structure–activity relationship studies

revealed that the difference between the stereoscopic

structures of EGCG and GCG contributed to their different

effects [39–41]. An epitome of this is the binding of GCG

to the active site of tyrosinase with a greater affinity than

EGCG [42]. Furthermore, an electron spin resonance study

indicated that the antioxidant activity of GCG was stronger

than that of EGCG [43]. This effect of GCG is thought to

be a result of the difference in the conformational structure

of the epimer, EGCG. Furthermore, in vivo investigations

are necessary to clarify the absorption, distribution, and

metabolism of GCG, in comparison with EGCG.

Although various physiological functions of EGCG have

been reported in many papers, for the first time, this study

shows that GCG-rich tea catechins have strong effects on

lowering cholesterol and triglyceride concentrations in

hyperlipidemic rats. In the process of manufacturing bottled

green tea beverages, relatively high amounts of GCG are

produced due to the epimerization from EGCG during

sterilization. Because some bottled green tea beverages

have a GCG content of more than 50%, we may be able to

decrease plasma and hepatic lipid concentrations by drink-

ing green tea beverages abundant in GCG-rich tea catechins.
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Abstract The structural importance of the acyl group

in lysophosphatidylcholine (LPC) as substrate of purified

bovine lysophospholipase D (lysoPLD) was investigated.

Among LPCs with saturated acyl chains, the Km value

decreased according to the length of the acyl chain (C12–

C16) up to the palmitoyl group, while the Vm value showed no

remarkable change. But, the extension of the acyl size to C18,

as observed with 1-stearoyl LPC (Km, 8.5 mM), rather

resulted in a remarkable increase in the Km value. Meanwhile,

the introduction of one double bond in the C18 saturated acyl

chain led to a remarkable reduction in the Km value, as

observed with 1-oleoyl LPC (Km, 0.48 mM). Furthermore,

1-linoleoyl LPC (Km, 56 lM) with two double bonds exhib-

ited a smaller Km value than 1-oleoyl LPC, suggesting that the

unsaturation degree might be important in augmenting the

binding affinity of LPCs. A similar phenomenon was also

observed with 1-arachidonoly LPC (Km, 79 lM) or 1-doco-

sahexaenoyl LPC (Km, 36 lM). Overall, the order of catalytic

efficiency (Vm/Km value) of those LPCs seemed to be affected

by the Km value rather than the Vm value, which differed by at

most threefold among LPC derivatives. Next, the introduction

of a hydroperoxide group into 1-linoleoyl-LPC or 1-arachi-

donoyl LPC led to a further reduction in Km values

(1-hydroperoxylinoleoyl LPC, 26 lM; 1-hydroperoxyarach-

idonoyl LPC, 33 lM), accompanied by a further increase in

the Vm/Km values. Additionally, phosphatidylcholines (PCs)

with an oxidized acyl chain at sn-2 position were found to be

efficient as 1-palmitoyl LPC as substrates of lysoPLD. Taken

together, the catalytic efficiency of LPCs or oxidized PCs as

substrates of lysoPLD seems to be determined by the property

of the acyl chain, length of the acyl chain, unsaturation degree

and oxidation status.

Keywords Substrate specificity � Lysophospholipase D �
LPC � Oxidized PC � Acyl chain � Unsaturation �
Oxidation

Abbreviations

LysoPLD Lysophospholipase D

LPC Lysophosphatidylcholine

LPA Lysophosphatidic acid

PC Phosphatidylcholine

AzPC 1-Palmitoyl-2-azelaoyl-sn-glycero-

3-phosphocholine

PGPC 1-Palmitoyl-2-glutaroyl-sn-glycero-

3-phosphocholine

Introduction

Lysophospholipase D (lysoPLD) activity is known to cat-

alyze the conversion of lysophosphatidylcholine (LPC) to

lysoPA (lysophosphatidic acid), a potent lipid signaling

molecule in numerous cellular responses [1]. LysoPLD was

first reported to be present in the microsomal fraction [2],

and later, extracellular lysoPLD was found to be present in

plasma [3], various tissues and body fluids [4–6]. Recently,
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extracellular lysoPLD, belonging to the ecto-nucleotide

pyrophosphatase/phosphodiesterase family, was shown to

correspond to autotoxin, a tumor cell motility-stimulating

factor [7]. Thereafter, endeavors to regulate the extracel-

lular lysoPLD activity have been attempted [8].

Concerning the substrates of lysoPLD, only LPC had

been considered to be a substrate for serum lysoPLD, but

subsequent studies demonstrated that lysoPLD could act on

other lysophospholipids [9] and sphingosylphosphorylch-

oline [10]. Nonetheless, only LPC has been used as a

lysoPLD substrate in a routine assay, since LPC, abun-

dantly present in plasma, corresponds to an endogenous

substrate. Although the level of LPC in plasma [9–16]

amounts up to 200 lM, the concentration of LPA, gener-

ated from the hydrolysis of LPC, is limited to the

micromolar level [11–13] in human plasma, where lys-

oPLD is constitutively active [9, 17]. Therefore, it has been

suggested that lysoPLD-catalyzed hydrolysis of LPC may

be regulated by endogenous factors in vivo. One explana-

tion is that lysoPLD activity in blood may be inhibited by

endogenous LPAs, cyclic LPAs and sphingosine 1-phos-

phate, corresponding to strong inhibitors of lysoPLD [18,

19]. Our recent study indicated that LPAs with unsaturated

acyl chains expressed more potent inhibition of lysoPLD

than those with saturated acyl chains [19]. It may also be

that the amount of free form LPC available for the inter-

action with lysoPLD can limit the formation of LPA in

plasma. In support of this, blood lysoPLD was observed to

express affinity for free form LPCs, equilibrated with

albumin- and lipoprotein-bound forms in plasma [20]. In

addition, the conversion of LPC to LPA in plasma was

higher for free forms of unsaturated acyl type LPCs than

free forms of saturated acyl type LPCs. Thus, it was

assumed that lysoPLD activity in rat plasma might show a

preference for unsaturated LPCs over saturated LPCs.

However, there has been no extensive study to clarify the

structural requirement of acyl group in the hydrolysis of

LPCs by purified lysoPLD.

Separately, lysoPLD was reported to convert the

bioactive platelet activating factor (1-alky-2-acetyl PAF) to

1-alkyl-2-acetyl phosphatidic acid [20, 21]. In addition,

lysoPAF was also hydrolyzed by lysoPLD to produce alkyl

type LPC, which is physiologically active [21, 22]. From

these, lysoPLD was supposed to be implicated in the

metabolism of choline glycerophospholipids with an alkyl

group at sn 1 and a short acyl chain at sn 2. In this regard, it

was assumed that oxidized phosphatidylcholines (PCs),

which accumulate during oxidative damage of membranes,

might be substrates for lysoPLD. Nevertheless, there has

been no study on the lysoPLD-catalyzed hydrolysis of

oxidized PCs.

In this study, the structural requirement of the acyl chain

in lysoPLD-catalyzed hydrolysis of LPCs was examined,

and additionally the role of oxidized PCs as substrates for

lysoPLD was investigated.

Experimental Procedures

Materials

DEAE sephacel, concanavalin A-sepharose, heparin-agarose,

phenyl-agarose, choline oxidase, peroxidase (horse radish),

soybean lipoxygenase (lipoxidase Type I-B), phospholipase

A2 (honey bee venom), 2,20-azino-bis(3-ethylbenzthiazoline-

6-sulfonic acid) were purchased from Sigma Chemical Co.

(St Louis, MO, USA), and 1-linoleoyl LPA and 1-arachido-

noyl LPA were from Echelon Co. (Salt Lake City, UT, USA).

LPCs, phosphatidylcholines, 1-palmitoyl-2-azeuroyl phos-

phatidylcholine, 1-palmitoyl-2-glutaryl phosphatidylcholine

and 1-alkyl-2-acetoyl-sn-glycero-3-phosphocholine (PAF)

were procured from Avanti Polar Lipids, Inc. (Alabaster, AL,

USA). 1-Linoleoyl LPC, 1-arachidonoyl LPC and 1-docosa-

hexaenoyl LPC were prepared from PLA2-catalyzed

hydrolysis of the corresponding PC as described previously

[23, 24]. 1-Hydroperoxylinoleoyl LPC, 1-hydroperoxy-

arachidonoyl LPC and 1-hydroperoxydocosahexaenoyl

LPC were prepared from soybean lipoxygenase-1-catalyzed

oxygenation of the corresponding LPC as reported before

[24, 25].

Purification of LysoPLD from Fetal Bovine Serum

LysoPLD was purified from fetal bovine serum (JRH

Biosciences, Inc, Lenexa, KS, USA) according to a slight

modification of the previously reported methods [19, 26,

27] employing ammonium sulfate fractionation (30–60%),

DEAE sephacel chromatography, concanavalin A sephar-

ose affinity chromatography, heparin agarose affinity

chromatography, phenyl agarose hydrophobic interaction

chromatography, second DEAE sephacel chromatography

and finally FPLC employing a Superpose 12 column. The

protein amount was determined by the Bradford method

[28]. The purified enzyme possessed a specific activity of

approximately 3,700 nmol/h/mg protein in the hydrolysis

of 1-palmitoyl LPC.

Spectrophotometric Assay of LysoPLD Activity

The determination of lysoPLD activity was carried out by

measuring the amount of choline released from exoge-

nously added LPC; briefly, lysoPLD (1.6 U) was incubated

with 1 mM 1-palmitoyl LPC (MW, 495.6) in 100 mM Tris

buffer, pH 9.0 (0.2 ml) containing 500 mM NaCl, 5 mM

MgCl2 and 0.05% Triton X-100 for 30 min at 37 �C. To

avoid the interference by artifacts, a short-time (30 min)
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incubation was chosen. Then, to the assay mixture was

added choline oxidase (3 U/ml) and horseradish peroxidase

(1 U/ml) and finally, 2,20-azino-bis(3-ethylbenzthiazoline-

6-sulfonic acid) was included to 1 mM. After a 2-min

incubation at room temperature, the change of absorbance

at 415 nm was determined [26, 27]. One unit is expressed

as the capability of lysoPLD to release 1 nmol of choline

from 1-palmitoyl LPC per hour at 37 �C.

Determination of Vmax and Km Values of LPCs, PAF

or Oxidized PCs

LysoPLD (1.6 U) was incubated with various concentra-

tions (0.01–30 mM) of each LPC or oxidized PC in

100 mM Tris buffer, pH 9.0 (0.2 ml) containing 500 mM

NaCl, 5 mM MgCl2 and 0.05% Triton X-100 for 30 min at

37 �C. The amount of choline was determined as described

above. The kinetic values were obtained according to

Lineweaver–Burk plot analyses as described before [19,

26]. The catalytic efficiency of the substrate is defined as

the value of Vm/Km.

Oxygenation of 1-Linoleoyl LPA and 1-Arachidonoyl

LPA

Oxygenation of 1-linoleoyl LPA or 1-arachidonoyl LPA

was carried out as described in the previous publication

[24, 25]. Briefly describing, each LPA (400 lM) was

incubated with soybean lipoxygenase-1 (10 U/ml) in

150 ll of 50 mM borax buffer pH 9.0. After 10 min, the

oxygenation products were loaded into a C18 Sep-pack

column (3 cm 9 1 cm), which was washed out with dis-

tilled water, and then the products were eluted with

methanol. Finally, the methanol elute was concentrated,

and used for the inhibition of lysoPLD activity.

Inhibition of LysoPLD activity

by 1-Hydroperoxylinoleoyl LPA

or 1-Hydroperoxyarachidonoyl LPA

LysoPLD (1.6 U) was incubated with 1-palmitoyl LPC

(0.2–1.0 mM) in the presence of 1-hydroperoxylinoleoyl

LPA or 1-hydroperoxyarachidonoyl LPA of different con-

centrations in 100 mM Tris buffer, pH 9.0 containing

500 mM NaCl, 5 mM MgCl2 and 0.05% Triton X-100 for

30 min at 37 �C. The remaining lysoPLD activity was

determined spectrophotometrically as described above. The

Ki values were obtained according to Lineweaver–Burk plot

analyses as described before [19, 29]. Separately, the Ki

value was determined using a fluorogenic substrate (FS-3)

as described previously [19, 30]; lysoPLD was incubated

with FS-3 (0.5–4 lM) in the presence of each hydroper-

oxylated LPA in 100 ll of 50 mM Tris buffer pH 8.0

containing 140 mM NaCl, 5 mM KCl, 1 mM CaCl, 1 mM

MgCl2 and bovine serum albumin (1 mg/ml) for 30 min at

room temperature. The change of fluorescent intensity was

measured at 520 nm with the excitation at 480 nm.

Statistical Analysis

All statistical analyses were performed using a SPSS pro-

gram for Windows. Statistical assessments were performed

using ANOVA for the initial demonstration of significance

at P \ 0.05, followed by post hoc Duncan’s multiple-range

test [31].

Results

Determination of Kinetic Values of Various

Lysophosphatidylcholines as LysoPLD Substrates

Previously [8, 18, 26], it had been reported that lysoPLD

activity in rat plasma catalyzed the hydrolysis of LPCs with

various acyl groups, and PCs with short acyl chains.

However, the study of the role of LPCs as substrates was

limited to LPCs with palmitoyl, myristoyl or oleoyl group,

despite the availability of LPCs with various acyl groups,

saturated or unsaturated. Thus, the structural requirement

of the acyl chain for LPCs as substrate of lysoPLD remains

to be clarified. Here, lysoPLD activity was determined by

measuring the amount of choline released from lysoPLD-

catalyzed hydrolysis of LPCs in the assay buffer (Tris

buffer, pH 9.0) containing 500 mM NaCl, 5 mM MgCl2,

and 0.05% Triton X-100. First, when the Km value and Vm

value of 1-palmitoyl LPC, displaying a typical pattern of

saturation kinetics, were determined by double-reciprocal

plot analysis (Fig. 1a), it was found to possess Km and Vm

values of 147 lM and 2,011 nmol/h/mg, respectively.

Similarly, the kinetic values of the other LPCs were also

determined (Table 1). Among LPCs with saturated fatty

acyl chains, the catalytic efficiency, reflected by the Vm/Km

value, was observed to be the highest for 1-palmitoyl LPC,

followed by 1-myristoyl LPC (Km, 273 lM; Vm,

2,622 nmol/h/mg), 1-lauroyl LPC (Km, 2,291 lM; Vm,

2,717 nmol/h/mg) and 1-stearoyl LPC (Km, 8,512 lM; Vm,

2,244 nmol/h/mg). Thus, the catalytic efficiency appeared

to be proportional to the size of the acyl chain (C12–C16)

up to the palmitoyl group, but the extension of the acyl size

to C18, as observed with 1-stearoyl LPC, resulted in a

remarkable decrease. Noteworthy, a similar relationship

was also found between the size of the acyl group and the

Km values, which differed by 320 -fold among saturated

acyl type LPCs. Therefore, the order of catalytic efficiency

of LPCs seemed to be affected by the Km value rather than

the Vm value, which differed by at most threefold among
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LPC derivatives. Meanwhile, the introduction of one dou-

ble bond in the C18 saturated acyl chain led to a

remarkable decrease in the Km value; 1-stearoyl LPC (Km,

8,512 lM) vs. 1-oleoyl LPC (Km, 477 lM). From these, it

was supposed that the catalytic efficiency of LPCs might be

also governed by the unsaturation degree of the acyl chain.

In this regard, LPCs with polyunsaturated fatty acyl chains

were tested for their efficiency as a substrate of lysoPLD.

As demonstrated in Fig. 1b, the hydrolysis of 1-linoleoyl

LPC by lysoPLD followed classical Michaelis–Menten

kinetics as observed with 1-palmitoyl LPC (Fig. 1a); the

Km and Vm values of 1-linoleoyl LPC were estimated to be

56 lM and 2,077 nmol/h/mg, respectively. Thus, the cat-

alytic efficiency of 1-linoleoyl LPC was much greater than

that of 1-stearoyl LPC or 1-oleoyl LPC, which contains the

same carbon number. In addition, the Km value and the Vm

value of 1-arachidonoyl LPC were estimated to be 79 lM

and 2,100 nmol/h/mg, respectively, and the Km value and

the Vm value of 1-docosahexaenoyl LPC were estimated to

be 36 lM and 1,116 nmol/h/mg, respectively. In compar-

ison, 1-linoleoyl LPC appeared to express a higher Vm/Km

value than 1-arachidonoyl LPC or 1-docosahexaenoyl

LPC. However, the smallest Km value was expressed by

1-docosahexaenoyl LPC, followed by 1-linoleoyl LPC and

1-arachidonoyl LPC. This led to the notion that the property

of the acyl chain might affect the catalytic efficiency of

polyunsaturated acyl type LPCs. In this regard, we examined

the kinetic values of LPCs with oxidized acyl chains.

Effect of Oxidation on the Catalytic Efficiency of LPC

with Polyunsaturated Fatty Acyl Chains

It is well known that polyunsaturated fatty acids are sus-

ceptible to oxidation [32, 33]. Likewise, LPCs with

polyunsaturated fatty acyl chains were found to be readily

subjected to enzymatic oxygenation [24, 25]. In the attempt

to see whether the oxidation could alter the catalytic effi-

ciency of LPCs as substrate, 1-linoleoyl LPC was subjected

to enzymatic or non-enzymatic oxidation, and then kinetic

values of oxidized LPC were determined. First, when

1-linoleoyl LPC was exposed to non-enzymatic oxidation

such as HOCl oxidation or copper ion-catalyzed oxidation,

and the kinetic values of oxidized LPC were determined,

there was no great change (\10%) of Vmax value or Km value.

Next, 1-linoleoyl LPC was subjected to oxygenation by

soybean lipoxygenase-1 to produce 1-hydroperoxylinoleoyl

LPC. When the kinetic values of 1-hydroperoxylinoleoyl

LPC were determined (Fig. 1c), the Km value and the Vmax

value were estimated to be 26 lM and 1,450 nmol/h/mg,

respectively (Table 1). Thus, the Km value of 1-hydro-

peroxylinoleoyl LPC was reduced by 2.2-fold, compared to

that of 1-linoleoyl LPC (Km, 56 lM). Additionally, the

Km value (33 lM) of 1-hydroperoxyarachidonoyl LPC

decreased by 2.4-fold, compared to that of 1-arachidonoyl

LPC. However, the Km value of 1-docosahexanoyl LPC was

not altered remarkably after the exposure to soybean

lipoxygenase-1. When the Vm values were compared, there

was a modest decrease in the Vm value after the exposure of

each polyunsaturated fatty acyl type LPC to soybean

lipoxygenase-1 (Table 1). Taken together, the oxygenation

of 1-linoleoyl-LPC or 1-arachidonoyl LPC with soybean

lipoxygenase-1 led to some reduction in the Km value,

thereby leading to a further increase in the Vm/Km value;

1-linoleoyl-LPC (Vm/Km, 37.5 nmol/h/mg/lM) vs. 1-hy-

droperoxylinoleoyl-LPC (Vm/Km, 56.1 nmol/h/mg/lM)

and 1-arachidonoyl-LPC (Vm/Km, 27.5 nmol/h/mg/lM) vs.

1-hydroperoxyarachidonoyl LPC (Vm/Km, 39.6 nmol/h/mg/

lM). However, such an oxygenation failed to affect the

Vm/Km values of 1-docosahexaenpoyl LPC remarkably,

suggesting that the beneficial effect of lipoxygenation was

not pronounced positively in the case of 1-docosahexaenoyl

LPC with six double bonds. In a separate experiment, there

Fig. 1 Lineweaver–Burk double reciprocal plot for lysoPLD-cata-

lyzed hydrolysis of LPCs LysoPLD (1.6 U) was incubated with each

LPC in 100 mM Tris buffer (pH 9.0) containing 500 mM NaCl,

5 mM MgCl2 and 0.05% Triton X-100 for 30 min at 37 �C. a 1-

Palmitoyl LPC; b 1-linoleoyl LPC; c 1-hydroperoxylinoleoyl LPC.

Data were expressed as means ± S.D. of three experimental sets

434 Lipids (2008) 43:431–439

123



was approximately twofold increase of Km values after

reduction of hydroperoxy group to hydroxyl group; 1-hy-

droperoxylinoleoyl-LPC (Km, 26 lM) vs. 1-hydroxylinole-

oyl-LPC (Km, 35 lM) and 1-hydroperoxyarachidonoyl-LPC

(Km, 33 lM) vs. 1-hydroxyarachidonoyl-LPC (Km, 46 lM).

Inhibition of LysoPLD by 1-Hydroperoxylinoleoyl

LPA or 1-Hydroperoxyarachidonoyl LPA

Since the introduction of a peroxide group into linoleoyl or

arachidonoyl chain caused a remarkable increase of binding

affinity of LPC toward to lysoPLD, it was supposed that the

hydro(pero)xide group might be responsible for the

increased affinity of acyl chain to lysoPLD. In an attempt to

support this idea, 1-linoleoyl-LPA and 1-arachidonoyl-LPA

were oxygenated to produce 1-hydroperoxylinoleoyl-LPA

or 1-hydroperoxyarachidonoyl-LPA [24, 25], and the effect

of oxygenation on the inhibitory potency of those LPAs was

examined. As shown in Fig. 2, it was found that lysoPLD-

catalyzed hydrolysis of 1-palmitoyl LPA was inhibited

competitively by 1-hydroperoxylinoleoyl LPA in a dose-

dependent manner. According to the double-reciprocal plot

analysis (Fig. 2a), the Ki value of 1-hydroperoxylinoleoyl

LPA was estimated to be 1.14 lM (Table 2), which was

found to be lower than Ki value (1.8 lM) of 1-linoleoyl LPA

reported previously [19]. Likewise, the Ki value (2.68 lM)

of 1-hydroperoxyarachidonoyl LPA was smaller than that

(3.4 lM) of 1-arachidonoyl LPA reported previously [19].

Thus, the incorporation of peroxide group markedly

enhanced the binding of polyunsaturated acyl type LPAs

toward lysoPLD. Separately, it was found that lysoPLD-

catalyzed hydrolysis of FS-3, fluorescent substrate [30], was

inhibited by 1-hydroperoxylinoleoyl LPA in a dose-depen-

dent manner at relatively low concentrations. According to

the double-reciprocal plot analysis (Fig. 2b), the Ki value of

1-hydroperoxylinoleoyl LPA was estimated to be 0.14 lM

(Table 2), which was found to be lower than the Ki value

(0.21 lM) of 1-linoleoyl LPA reported previously [19].

Likewise, the Ki value (0.25 lM) of 1-hydroperoxy-

arachidonoyl LPA was smaller than that (0.55 lM) of

1-arachidonoyl LPA reported previously [19]. Thus, the

incorporation of peroxide group markedly enhanced the

binding affinity of LPAs with polyunsaturated fatty acyl

chain toward lysoPLD.

Hydrolysis of Oxidized PCs by LysoPLD

Previous studies [20, 21] indicated that PAF, containing an

acetyl group at the sn-2 position, could be utilized as a sub-

strate for lysoPLD. Therefore, PCs with short acyl

derivatives at sn-2 were supposed to be used as lysoPLD

substrates. In this respect, the oxidized PCs such as 1-pal-

mitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (AzPC)

and 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine

(PGPC) were tested for their efficacy as substrates of lys-

oPLD. The hydrolysis of AzPC or PGPC by lysoPLD

followed classic Michaelis–Menten kinetics as observed

with 1-palmitoyl LPC. In a Lineweaver–Burk plot analysis

(Fig. 3a), the Km and Vm values of AzPC were estimated to

be 203 lM and 1,533 nmol/h/mg, respectively (Table 3). In

Table 1 Km and Vm values of LPCs

Acyl moiety Km (lM) Vmax (nmol/h/mg) Vmax/Km (nmol/h/mg/lM)

1-Lauroyl 2,291 ± 539 2,717 ± 401 1.3 ± 0.5

1-Myristoyl 273 ± 79 2,622 ± 305 9.7 ± 3.0

1-Palmitoyl 147 ± 12 2,011 ± 152 13.4 ± 1.8

1-Stearoyl 8,512 ± 1,828 2,244 ± 433 0.3 ± 0.1

1-Oleoyl 477 ± 44 1,967 ± 207 4.1 ± 0.5

1-Linoleoyl 56 ± 6a 2,077 ± 258 37.5 ± 4.5a

1-Hydroperoxylinoleoyl 26 ± 4b 1,450 ± 234 56.1 ± 9.8b

1-Hydroxylinoleoyl 35 ± 4c 1,444 ± 255 40.9 ± 4.1a

1-Arachidonoyl 79 ± 12d 2,100 ± 233 27.5 ± 5.0c

1-Hydroperoxyarachidonoyl 33 ± 6c 1,294 ± 256 39.6 ± 5.5a

1-Hydroxyarachidonoyl 46 ± 7ac 1,883 ± 304 42.3 ± 3.2a

1-docosahexaenoyl 36 ± 4c 1,116 ± 156 31.0 ± 2.3c

1-Hydroperoxydocosahexaenoyl 34 ± 3c 994 ± 120 29.5 ± 3.2c

1-Hydroxydocosahexaenoyl 35 ± 7c 1,066 ± 202 29.7 ± 5.2c

LysoPLD (1.6 U) was incubated with each LPC in 100 mM Tris buffer (pH 9.0) containing 500 mM NaCl, 5 mM MgCl2 and 0.05% Triton X-

100 for 30 min at 37 �C. The kinetic values were obtained according to Lineweaver–Burk plot analysis. Data were expressed as mean ± S.D. of

three experimental sets. Values were expressed as mean ± S.E. of at least three independent experiments. Mean values with the same letter are

not significantly different (P \ 0.05, n = 3)
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addition (Fig. 3b), PGPC showed the Km value of 146 lM

and the Vm value of 2,172 nmol/h/mg. Although the Km

value of AzPC or PGPC was greater than that of PAF (Km,

71 lM), the Vm value of those oxidized PCs was greater than

that of PAF. Overall, the catalytic efficiency (Vm/Km) of

AzPC or PGPC was close to that of PAF or 1-palmitoyl LPC.

Thus, it is suggested that AzPC and PGPC may be utilized

efficiently as a substrates for lysoPLD.

Discussion

Our present study shows that the Km value of LPCs with

saturated acyl chains varies greatly (up to 320-folds)

according to the length of the acyl chain. It is worth noting

that the introduction of one double bond in stearoyl LPC

led to a remarkable enhancement of binding affinity as

illustrated with 1-oleoyl LPC. Furthermore, 1-linoleoyl

LPC with two double bonds expressed a much smaller Km

value than 1-oleoyl LPC, reaffirming that the unsaturation

degree might be one of the factors in determining the Km

Fig. 2 Inhibitory effect of LPAs on lysoPLD-catalyzed hydrolysis of

1-palmitoyl LPC or FS-3. a LysoPLD (1.6 U) was incubated with

1-palmitoyl LPC (0.2–1.0 mM) in the presence of 1-hydro-

peroxylinoleoyl LPA in 100 mM Tris buffer (pH 9.0) containing

500 mM NaCl, 5 mM MgCl2 and 0.05% Triton X-100 for 30 min at

37 �C. Filled diamonds indicate the control, filled squares indicate

0.5 lM, filled triangles indicate 1 lM, filled circles indicate 2 lM,

open squares indicate 4 lM. Data were expressed as means ± S.D. of

three experimental sets. b LysoPLD (1.6 U) was incubated with FS-3

(0.5–4 lM) in the presence of 1-hydroperoxylinoleoyl LPA in 100 ll

of 50 mM Tris buffer pH 8.0 containing 140 mM NaCl, 5 mM KCl,

1 mM CaCl, 1 mM MgCl2 and BSA (1 mg/ml) for 30 min at 25 �C.

Filled diamonds indicate control, filled squares indicate 0.03 lM,

filled triangles indicate 0.1 lM, filled circles indicate 0.3 lM, open
squares indicate 1 lM. Data were expressed as means ± S.D. of

three experimental sets

Table 2 Ki values of 1-hydroperoxylinoleoyl LPA or 1-hydroperoxyarachidonoyl LPA in the inhibition of LysoPLD activity

Acyl group Spectrophotometric assay, Ki (lM) Fluorometric assay, Ki (lM)

1-Hydroperoxylinoleoyl 1.14 ± 0.13 0.14 ± 0.01

1-Hydroperoxyarachidonoyl 2.68 ± 0.61 0.25 ± 0.02

LysoPLD (1.6 U) was incubated with 1-palmitoyl LPC (0.2–1.0 mM) in the presence of each LPA as described in Fig. 2. Separately, lysoPLD

(1.6 U) was incubated with FS-3 (0.5–4 lM) in the presence of each LPA. The Ki values were determined as described in Fig. 2, and the values

were expressed as mean ± S.D. of three experimental sets

Fig. 3 Lineweaver–Burk double reciprocal plot for lysoPLD-cata-

lyzed hydrolysis of oxidized phosphatidylcholines. a LysoPLD

(1.6 U) was incubated with AzPC in 100 mM Tris buffer (pH 9.0)

containing 500 mM NaCl, 5 mM MgCl2 and 0.05% Triton X-100 for

30 min at 37 �C. b LysoPLD (1.6 U) was incubated with PGPC as

described in a. Data were expressed as mean ± S.D. of three

experimental sets
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value of LPCs. Furthermore, such a beneficial effect of

unsaturation was more remarkable for 1-docosahexaenoyl

LPC. In contrast, the Vm value of LPCs was less dependent

on the type of acyl chain; the differences of Vm values,

among LPCs with saturated acyl chains (C12–C16), were

limited to at most threefold. Taken together, the order of

catalytic efficiency of LPCs with saturated acyl chains

seems to be more intimately related to the Km value than

the Vm value of LPCs, suggesting that the catalytic effi-

ciency of LPCs may be determined largely by the binding

affinity of the acyl chain. Such a difference in the Km

values of LPCs might be due to the difference in the

micellar concentrations of LPCs, since the Km value

decreased with increasing length of the acyl chains (C12–

C16), inversely proportional to the critical micellar con-

centration (CMC) values [34, 35]. However, this is not

supported by the finding that 1-stearoyl LPC, possessing a

smaller CMC value, possessed a higher Km value than

1-palmitoyl LPC. Furthermore, the Km values of LPCs with

saturated fatty acyl chain, possessing smaller CMC values,

were greater than those of LPCs with unsaturated acyl

chains. Alternatively, it is conceivable that the smaller Km

values of LPCs may be related to the greater product

inhibition of lysoPLD by LPAs [8, 19], produced during

the incubation of LPCs with lysoPLD. However, this is not

supported by the previous finding that the inhibitory

potency of LPAs with saturated acyl chains increases with

decreasing length of the acyl chain (C14–C20) [19]. From

these, it is supposed that the direct binding of the LPC

monomer to the lysoPLD active site is important for lys-

oPLD-catalyzed hydrolysis of LPCs. It is interesting to find

that the structural requirement of the acyl chain in the

hydrolysis of LPCs by lysoPLD is somewhat similar to that

in the inhibition of lysoPLD by LPAs [19]; the unsaturated

fatty acyl type is preferred to the saturated fatty acyl type

for the interaction of lysoPLD with either LPCs or LPAs.

Moreover, the contributory role of the oxygenated acyl

chain was commonly observed in the hydrolysis of LPCs

by lysoPLD as well as the inhibition of lysoPLD by LPAs.

Taken together, the interaction of lysoPLD with LPCs

seems to be governed strictly by the property of the acyl

chain, depending on the length of the acyl chain, the un-

saturation degree and the oxygenation of the acyl chain.

A previous report [20, 26] indicated that PCs with short

acyl chains as well as PAF could be utilized as a substrate

of lysoPLD. The present study with oxidized PCs may add

to the list of substrates for lysoPLD. AzPC and PGPC,

corresponding to oxidized PCs with oxidized acyl chains at

the sn-2 position, were also found to be good substrates of

lysoPLD. From the similarity of catalytic efficiency

between of oxidized PCs and 1-palmitoyl LPC, it is sug-

gested that oxidized PCs can go through the metabolic

pathway, which is mediated by lysoPLD in vivo [3–5].

Previously, it was reported that the lysoPLD-induced

conversion of endogenous unsaturated LPCs was more

favorable than saturated LPCs in rat plasma [20]. A pos-

sible explanation is that lysoPLD shows a higher affinity

for free forms of unsaturated acyl type LPCs than free

forms of saturated acyl type LPCs. Therefore, the substrate

specificity of lysoPLD for LPCs is supposed to be a pri-

mary factor responsible for the conversion of LPCs into

LPAs in plasma. In support of this, the order (1-linoleoyl

LPC [ 1-arachidonoyl LPC *1-palmitoyl LPC [ 1-

oleoyl LPC [ 1-stearoyl LPC) for the yield in the conver-

sion of LPCs to LPAs in plasma [20] seems to agree well

with that for catalytic efficiency (Vm/Km) of those LPCs in

this present study. However, the substrate specificity of

purified bovine lysoPLD toward LPCs seemed to somewhat

differ from that reported previously [26]. The discrepancy

might be explained by the difference of kinetic analysis

used and/or the assay conditions [19, 26, 27]; the previous

study employed a prolonged incubation (up to 24 h), where

LPAs, produced from the incubation of lysoPLD with

LPCs, might have interfered with lysoPLD-catalyzed

hydrolysis of LPC through the product inhibition [8].

Here, the structure activity relationship of LPCs as

substrates of lysoPLD was established, based on the cata-

lytic efficiency (Km/Vm). Bovine lysoPLD expressed higher

substrate specificity for LPCs with unsaturated acyl chains

than those with saturated acyl chains. Noteworthy, the

oxygenation of the unsaturated fatty acyl chain remarkably

reduced the Km values of unsaturated fatty acyl type LPCs,

resulting in a further increase in catalytic efficiency. In

addition, PCs with an oxidized acyl chain were as efficient

as 1-palmitoyl LPC or PAF as substrates for lysoPLD.

Thus, lysoPLD may be implicated in the metabolism of

choline phospholipids such as LPCs, oxidized PCs and

PAF. In other words, these choline phospholipids may

compete with each other as substrates of lysoPLD in the in

vivo system. In this regard, it is conceivable that polyun-

saturated acyl type LPCs, showing smaller Km values, may

suppress the lysoPLD-catalyzed hydrolysis of alkyl type

LPCs, saturated acyl type LPCs, oxidized PCs or PAF,

Table 3 Km and Vmax values of oxidized phosphatidylcholines

Km (lM) Vmax

(nmol/h/mg)

Vmax/Km

(nmol/h/mg/lM)

AzPC 203 ± 11 1,533 ± 134 7.6 ± 1.0

PGPC 146 ± 20 2,172 ± 288 14.9 ± 1.2

PAF (1-Alkyl-2-acetoyl) 71 ± 5 1,228 ± 122 17.3 ± 2.5

LysoPLD (1.6 U) was incubated with each oxidized PC in 100 mM

Tris buffer (pH 9.0) containing 500 mM NaCl, 5 mM MgCl2 and

0.05% Triton X-100 for 30 min at 37 �C. The Km and Vmax values

were obtained as described in Table 1. Data were expressed as

mean ± S.D. of three experimental sets
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expressing higher Km values. Furthermore, this may lead to

the notion that the level of physiologically active LPAs

may be regulated by the level of polyunsaturated acyl type

LPCs in the blood, which remains to be clarified in the near

future.
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Abstract Unusual fatty acids with 24, 26, and 28 carbon

atoms were found in triacylglycerols (TAGs) isolated from

fat body tissue of bumblebee Bombus pratorum. The most

abundant one was (Z,Z)-9,19-hexacosadienoic acid. Its

structure was determined by mass spectrometry after

derivatization with dimethyl disulfide and by infrared

spectroscopy. ECL (equivalent chain length) values of its

methyl ester were determined on both DB-1 and DB-WAX

capillary columns. (Z,Z)-9,19-Hexacosadienoic acid is

quite rare in nature. So far it has been identified only in

marine sponges, and this work is the first evidence of its

occurrence in a terrestrial organism. HPLC/MS analysis of

the bumblebee TAGs showed that (Z,Z)-9,19-hexacosadi-

enoic acid is present in one third of all TAG molecular

species. As it was found in all sn-TAG positions, it is likely

that (Z,Z)-9,19-hexacosadienoic acid is transported to tis-

sues. Interestingly, labial gland secretion of B. pratorum

was found to contain (Z,Z)-7,17-pentacosadiene, a hydro-

carbon with markedly similar double bond positions and

geometry. Possible biosynthetic relationships between

these two compounds are discussed.

Keywords Bumblebees � Bombus pratorum �
Fat body lipids � Fatty acids �
Marking pheromone biosynthesis � Triacylglycerol analysis

Introduction

In insects, fat body is the major storage site for nutrients.

Most lipid stores are triacylglycerols (TAGs). It is assumed

that the fat body TAGs originate mainly from dietary fats

absorbed by midgut epithelium during times of feeding. In

addition, lipid reserves can be biosynthesized de novo from

carbohydrates [1]. The fat body is also a key center of

metabolism, which responds to the physiological and bio-

chemical needs of insects. Lipids are mobilized in the form

of 1,2-diacylglycerols and transported to tissues. Fatty

acids (FAs) are known to be essential precursors in the

biosynthesis of many important compounds, including

eicosanoids, pheromones, cuticular hydrocarbons, and

other semiochemicals [2]. It is hypothesized that FAs

released from fat body of bumblebee males might serve as

precursors of their marking pheromones [3]. The most

common FAs found in insect fat bodies are palmitic, pal-

mitoleic, stearic, oleic and linoleic acids [4–6]. The same

FAs also prevail in bumblebees, and we have shown that

the FA composition as well as the composition of TAGs in

this genus are clearly species-specific [7]. Large differ-

ences exist among species, whereas variations within the

species are substantially less significant. In our effort to

prove connections between fat body TAGs and bumblebee

male marking pheromones, several species were investi-

gated, including the early nesting bumblebee Bombus

pratorum. This is a relatively small bee with a bright yel-

low thorax and strikingly orange tail that is common all

over Europe. The fat body of this species was found to
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contain rare FAs which have not been detected in any other

insect species so far.

In this work we report on long-chain FAs with 24, 26

and 28 carbon atoms found in the fat body of the male

bumblebee B. pratorum. Possible connections between the

most abundant long-chain (Z,Z)-9,19-hexacosadienoic acid

and labial gland secretion (marking pheromone) compo-

nents are discussed.

Materials and Methods

Insect Material and Sample Preparation

The bumblebee males of Bombus (Pyrobombus) pratorum

(Linnaeus, 1761) were collected during the summer season

2006 in the north region of the Czech Republic and trans-

ported to the laboratory. After immobilization of males in

cold (-18�C), their peripheral fat bodies were carefully

dissected. The fat body tissue from each individual was

transferred into a glass vial with 100 lL of CHCl3/CH3OH

(1:1, v/v) containing di-tert-butyl-4-methylphenol (Fluka,

Buchs, Switzerland) at a concentration of 25 mg/mL.

Samples were sonicated for 15 min and stored at -18 �C.

Isolation of Triacylglycerols

The tissue was thoroughly crushed using a glass stick

and extracted three times with 100 lL of CHCl3/CH3OH

(1:1, v/v). The combined crude extract was separated on a

pre-cleaned glass TLC plate (76 mm 9 36 mm) coated

with 0.2 mm of Adsorbosil Plus silica gel [Applied Science

Laboratories, Alltech Associates, Inc., Deerfield, IL, USA;

with gypsum (12%)] using a hexane/diethyl ether/formic

acid (80:20:1) mobile phase. TLC zones were visualized by

spraying Rhodamine 6G solution (0.05% in ethanol). The

band containing TAGs (RF = 0.6) was scraped off the plate

and extracted with 7 mL of freshly distilled diethyl ether.

The solvent was evaporated to dryness under argon stream.

The samples were reconstituted in chloroform to a con-

centration of 1% and stored in sealed glass ampoules under

argon at -18 �C until analyzed. The absolute amounts of

TAGs isolated from samples 1–5 were 0.2, 0.4, 0.8, 0.9,

and 0.1 mg, respectively.

Transesterification and DMDS Derivatization

TAG samples were transesterified using a method descri-

bed earlier [8]. Briefly, TAGs were dissolved in CHCl3/

CH3OH (2:3, v/v) in a small glass ampoule. After adding

acetyl chloride (Fluka), the ampoule was sealed and placed

in a water bath at 70 �C. This procedure prevents the loss

of volatile FAMEs during transesterification. After 90 min

the ampoule was opened and the reaction mixture was

neutralized with silver carbonate (Lachema, Brno, Czech

Republic). To determine double bond position(s), FAMEs

were derivatized with dimethyl disulfide (DMDS). The

transesterified mixture was filtered through a column with a

small amount of silica gel and evaporated to dryness under

a stream of argon. The residues were dissolved in 50 lL of

DMDS (Merck, Darmstadt, Germany), which was pre-

cleaned by filtration through silica gel. A diethyl ether

solution of iodine (Lachema, 12.5 lL, 60 lg/lL) was

added and the reaction mixture was shaken for 24 h at

laboratory temperature. Finally, hexane (60 lL) was

added, the excess of iodine was removed by 5% solution of

sodium thiosulfate, and the hexane layer was separated and

directly injected onto the GC column.

Gas Chromatography/Mass Spectrometry

FAMEs and their DMDS derivatives were analyzed using a

6890N gas chromatograph (Agilent, Santa Clara, CA,

USA) coupled to a 5975B quadrupole mass spectrometer

and equipped with a fused silica capillary column HP-5 ms

(30 m 9 0.25 mm, 0.25 lm, Agilent). The carrier gas was

helium at 1 mL/min. The injector was operated in splitless

mode at 230 �C. The temperature program for FAMEs:

40 �C (1 min), then 50 �C/min to 140 �C, then 3 �C/min to

320 �C (20 min). The temperature program for DMDS

derivatives: 70 �C (1 min), then 10 �C/min to 320 �C

(20 min). Standard 70 eV mass spectra were recorded in

the mass range (m/z) of 25–600; a 4-min solvent delay was

used. The temperatures of the transfer line, ion source and

quadrupole were 250, 230 and 150 �C, respectively.

Gas Chromatography/Flame Ionization Detection

FAMEs were quantified and their ECL (equivalent chain

length) values were determined using an HP 5890A gas

chromatograph (Hewlett-Packard, Palo Alto, CA, USA)

equipped with a flame ionization detector (FID). Two fused

silica capillary columns were used: (a) DB-WAX

(30 m 9 0.25 mm, 0.25 lm, J&W Scientific, USA) and

(b) DB-1 (30 m 9 0.25 mm, 0.25 lm, J&W Scientific,

Folsom, CA, USA). The injector and detector temperatures

were 230 and 250 �C, respectively. The injector was

operated in split mode with a split ratio of 20:1. The carrier

gas was hydrogen (87 kPa, ū = 40 cm/s for DB-WAX and

95 kPa, ū = 41 cm/s for DB-1); nitrogen was used as

make-up gas (25 mL/min). Temperature program: (a)

45 �C (2 min), then 15 �C/min to 150 �C, then 4 �C/min to

320 �C (5 min) (FAME quantification on DB-WAX col-

umn); (b) isothermally at 220 �C (60 min) (both columns,

for determining ECL values). Data were collected with

an HP 3393A integrator (Hewlett-Packard). ECL values

were calculated from the retention times of FAMEs and
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co-injected FAME standards (22:0–28:0, both odd and

even) using a program written in GW-BASIC [9].

Gas Chromatography/Infrared Spectroscopy

Double-bond positions were determined using an Agilent

6850 gas chromatograph connected to an Equinox 55 FT-IR

spectrometer (Bruker Optics Inc., Ettlingen, Germany). A

DB-5 column (30 m 9 0.32 mm, 0.25 lm, J&W Scien-

tific) was used for the separations; the injector temperature

was 220 �C (splitless mode), while the carrier gas was He at

a flow rate of 2.5 mL/min. The temperature program: 50 �C

(0 min), then 50 �C/min to 150 �C (0 min), then 1 �C/min

to 240 �C (5 min). A liquid nitrogen-cooled photoconduc-

tive mercury-cadmium-telluride (MCT) detector was used

with an FT-IR resolution of 8 cm-1; the light pipe tem-

perature was 200 �C. Methyl (E)-hexadec-9-enoate and

methyl (Z)-hexadec-9-enoate (Applied Science Laborato-

ries; 20 mg/mL in cyclohexane) were used as standards for

infrared (IR) spectra of unsaturated methyl esters.

High-Performance Liquid Chromatography/Mass

Spectrometry

HPLC was performed on a TSP liquid chromatograph

(Thermo Separation Products, Piscataway, NJ, USA) with an

ion-trap mass spectrometric detector (LCQ classic) con-

trolled by Xcalibur software (Thermo Finnigan Corp., San

Jose, CA, USA). TAGs were separated on two Nova-Pak

C18 stainless steel columns (300 9 3.9 and 150 9 3.9 mm,

4 lm, Waters Corp., Milford, MA, USA) connected in ser-

ies. The mobile phase was mixed from acetonitrile (A) and 2-

propanol (B) [10]. A linear gradient from 0 to 70% of B in

108 min (1.0 mL/min) was followed by a linear gradient to

100% B (150 min, 0.7 mL/min). The columns were kept at

30 �C during analyses. The mobile phase was mixed post-

column in a low dead volume T-piece with 100 mM

ammonium acetate prepared in 2-propanol/water 1:1 (v/v), at

a flow rate of 10 lL/min. The full scan mass spectra were

recorded in the mass range (m/z) of 75–1,300, the tempera-

tures of the vaporizer and heated capillary were set to 400 and

200 �C, respectively; the corona discharge current was

4.5 lA. TAGs were identified using the TriglyAPCI soft-

ware [11] and quantified from reconstructed chromatograms

calculated for [M+H]+ and [M+NH4]+ molecular adducts [7].

Results and Discussions

Identification of Fatty Acids

TAGs from fat body of bumblebee males were transesteri-

fied and analyzed by GC/MS. Methyl esters of both

saturated and unsaturated FAs were found. To determine the

position(s) of double bond(s) in FA chains, DMDS deriv-

atives were prepared [12]. DMDS derivatives of monoenic

FAs provided molecular ions M+• accompanied by less

intense ions formed by the loss of methoxy (M+•-31) and

methylthio (M+•-47) radicals from the molecular ions. The

most abundant peaks resulted from a-cleavage between the

two carbon atoms originally constituting the double bond,

and these ions were denominated A+ ([CH3(CH2)nCH =

S–CH3]+) and B+ ([CH3–S = CH(CH2)mCOOCH3]+) in this

work. Neutral losses of methanethiol from A+ and methanol

and methanethiol from B+ were also observed ([A-48]+,

[B-32]+ and [B-32-48]+, respectively). In the low-mass

region, fragment ions of the CnH2n–1 series, [CH2=S–CH3]+

(m/z 61), and methyl ester-related ions at m/z 74 and 87

were found.

The most abundant dienoic acid found in B. pratorum

contained 26 carbons, and the mass spectrum of its methyl

ester (M = 406) is shown in Fig. 1a. The corresponding

DMDS derivative provided a mass spectrum (Fig. 1b) with

a molecular ion at m/z 594, which indicated the formation

of a tetrasubstituted acyclic derivative. Therefore, at least

Fig. 1 Mass spectra of (Z,Z)-9,19-hexacosadienoic acid methyl ester

(a) and its DMDS derivative (b)
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four methylene groups separating the two double bonds

were expected [13]. An ion at m/z 500 corresponded to the

elimination of both methanethiol and thioformaldehyde.

Further losses of methoxy or methylthio radicals resulted in

ions at m/z 469 and 453, respectively. As two double bonds

existed in the molecule, two pairs of diagnostic ions were

expected. However, only two ions were found; the other

two diagnostic ions lost neutral molecules giving the sec-

ondary fragments. Based on the fragmentation, the

spectrum was interpreted as 9,19-hexacosadienoic acid

methyl ester. Figure 2 indicates the expected fragments

after a-cleavage between the carbons originally constitut-

ing the double bonds, which were labeled A+, B+, C+, and

D+ here. The diagnostic ions A+ and D+ were found at m/z

145 and 217, respectively; D+ was the spectrum base peak.

The B+ and C+ eliminated neutral molecules, either meth-

anethiol, giving m/z 401 ([B-48]+) and m/z 329 ([C-48]+),

or both methanethiol and thioformaldehyde, providing m/z

355 ([B-48-46]+) and 283 ([C-48-46]+), respectively. In

addition, B+ eliminated methanol from the methyl ester

moiety ([B-48-46-32]+; m/z 323). Ions A+ and D+ also

provided additional fragments after the elimination of

neutral molecules, giving m/z 97 ([A-48]+), m/z 185

([D-32]+) and m/z 137 ([D-32-48]+). The low-mass region

contained ions of the CnH2n-1 series, the m/z 67, 81, 95, 109

series, [CH2 = S–CH3]+ (m/z 61), and methyl ester-related

ions at m/z 74 and m/z 87. The identities of all common

FAMEs were also confirmed by determining ECL values

and comparing them with published data [14].

The geometric configuration of double bonds in 9,19-

hexacosadienoic acid methyl ester was determined by IR

spectroscopy. Unsaturated dienoic compounds with at least

one (E)-double bond provide a characteristic strong band at

990–965 cm-1 assigned to the =C–H out-of-plane defor-

mation vibration [15]. Compounds with a (Z)-double bond

do not provide a signal in this area, but show a typical band

from =C–H stretch absorption at 3,028–3,011 cm-1 [16].

The IR spectrum of 9,19-hexacosadienoic acid methyl ester

(Fig. 3) did not show any signal that could be attributed to

(E)-double bond(s). By contrast, a well-resolved band at

3,012 cm-1 was found, which indicated the presence of

double bond(s) with a (Z)-configuration. Other bands were

those expected for methyl esters (1,758 cm-1 (C=O

stretching), 1,176 cm-1 (C–O stretching), 1,651 cm-1

(C=C stretching), and 718 cm-1 (–(CH2)n-skeletal over-

lapping with =CH deformation).

Based on the MS and IR data, we have concluded that

structure of the most abundant dienoic acid is (Z,Z)-9,19-

hexacosadienoic acid [(Z,Z)-9,19-26:2].

ECL values of (Z,Z)-9,19-Hexacosadienoic Acid

Methyl Ester

To characterize the retention behavior of the (Z,Z)-9,19-

26:2 methyl ester for future reference, ECL values at

220 �C were determined. The measurements were done in

quadruplicate on both nonpolar (DB-1) and polar (DB-

WAX) stationary phases, and the values obtained are listed

in Table 1.

Quantification of Fatty Acids

The compositions of the FAs were determined by GC/FID,

because this technique provides almost identical response

factors for FAMEs [17]. FAs identified in the fat body of B.

pratorum and their relative abundances are summarized in

Fig. 2 Labels of the main

fragments expected in the EI

mass spectrum of the DMDS

derivative of (Z,Z)-9,19-

hexacosadienoic acid methyl

ester
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Table 2. To compare variations between individuals,

results for five bumblebees collected in different localities

and at different times during the season are given.

The fat body was found to contain only even FAs, with

the exception of pentadecanoic acid, which was present at

trace levels. Palmitic acid was the most abundant saturated

acid; stearic, myristic, and lauric acids were also detected,

but at lower concentrations. FAs with one double bond

prevailed in the samples. Oleic acid itself formed about

one-third and together with cis-vaccenic acid more than

half of all acids. The typical position of the double bond in

the monoenoic FAs was 9, but FAs with other double bond

positions (11 or 13) also occurred. Among polyenoic acids,

(Z,Z)-9,19-26:2, linoleic and a-linolenic acid were

detected.

Whereas most of the FAs found in B. pratorum are com-

mon in bumblebees [7], those with 24 and 26 carbon atoms

have not been detected in this genus and they are quite rare in

nature. Males of six bumblebee species (Bombus lucorum,

B. terrestris, B. lapidarius, B. hypnorum, B. hortorum, and

B. confusus) underwent analyses of TAGs in their pool lipids,

but none of the species contained fatty acids longer than 22

carbon atoms [7]. 9,19-26:2 has so far been identified only in

marine sponges [18–22]. Even there, its concentrations are

substantially lower than those of the more common isomer

5,9-26:2. Morales and Lichtfield [18] showed in labeling

experiments with Microciona prolifera that 9,19-26:2 is

biosynthesized from 9-16:1 by chain elongation followed by

D9 desaturation. The reaction intermediate 19-26:1 was

found in high quantities in the sponge. By contrast, B.

pratorum produces 9-26:1 as the only monoenic FA with 26

carbons, which might be indicative of a different

biosynthetic pathway (e.g., D9 desaturation of 26:0 followed

by D19 desaturation). However, no data on the biosynthesis

of 9,19-26:2 in bumblebees are available at the moment.

9,19-26:2 has also been found in the marine sponges Dysidea

fragilis [19], Halichondria panicea [20], and Hymeniacidon

sanguinea [21, 22].

Monounsaturated 9-26:1 and 9-24:1 were detected in B.

pratorum at trace levels, but they are more common in

nature than 9,19-26:2. Several papers reported their pres-

ence in both marine [19–26] and freshwater [27, 28]

sponges. Their abundances are also low, at percent or sub-

percent levels. Marine fish have been shown to contain 9-

24:1 in substantially lower quantities than isomeric 15-24:1

[29]. Higher levels of monoenic 9-24:1 and 9-26:1 were

only found in the bacteria Mycobacterium tuberculosis [30]

and Francisella tularensis [31]. So far there has been no

evidence of 9,19-26:2, 9-26:1 or 9-24:1 in insects or any

other higher organism.

Composition of Triacylglycerols

HPLC/MS was employed to elucidate the structures of

intact TAGs and thus to reveal how the rare long-chain FAs

are bonded to the glycerol backbone [32]. Fat body of

B. pratorum was found to contain more than 80 different

TAG molecular species (Table 3). The most abundant

TAGs were those which are common in bumblebees ([16:0,

18:1, 18:1] and [18:1, 18:1, 18:1]). Note that 18:1 might

represent oleic and/or cis-vaccenic acid, as both of them

were detected by GC/MS. Equivalent carbon number

(ECN) values of TAGs from B. pratorum ranged from 38

to 66, i.e., up to unusually high values for bumblebees [7].

In accordance with GC data, rare long-chain FAs with 24

and 26 carbons were detected. In addition, FAs with 28

carbons and two or one double bonds were found, although

at sub-percent levels. 9,19-26:2 occupied at least one

position in one-third of all TAG molecular species. Not

surprisingly, the most abundant TAGs with this acid also

Fig. 3 Infrared spectrum of

(Z,Z)-9,19-hexacosadienoic acid

methyl ester

Table 1 ECL values of (Z,Z)-9,19-hexacosadienoic acid methyl ester

Column ECL ± SD

DB-WAX 26.461 ± 0.002

DB-1 25.393 ± 0.003
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contained 18:1, 16:1 or 16:0, i.e., the main FAs occurring

in this bumblebee. 9,19-26:2 occupied one (e.g., [18:1,

26:2, 18:1], [16:0, 18:1, 26:2]), two (e.g., [26:2, 18:1,

26:2], [26:2, 16:1, 26:2]), or even all three positions ([26:2,

26:2, 26:2]), which is unusual. Other long-chain FAs, 24:1,

24:2, 26:1, 28:1 and 28:2, were found in a small number of

TAGs, mostly at very low concentrations. It is important to

note that the assignment of FAs to a particular sn position

(distinguishing sn-2 from sn-1/3) is based on the intensities

of diacyglycerol fragments observed in the mass spectra.

Besides the position, the fragment intensities are to some

extent also affected by the structures of FAs. Also, unlike

GC/FID, TAG response factors in HPLC/APCI-MS are

generally not equal. Therefore, the FA positions and

quantities of individual TAGs shown in Table 3 are bur-

dened with some uncertainty, which cannot be avoided

without using authentic TAG standards. Despite these

limitations, HPLC/APCI-MS provided valuable informa-

tion on TAGs. An example chromatogram showing the

separation of TAGs from B. pratorum is given in Fig. 4.

9,19-Hexacosadienoic Acid and Labial Gland

Composition

FAs identified in the fat body were compared with the

composition of the cephalic labial gland secretion of

B. pratorum males. Bumblebees use the secretions as scent

marks for denoting prominent objects along the patrolling

routes. The scent—which contains marking pheromone—

attracts females for mating [33]. The composition of labial

gland secretions is strictly species-specific. The biosyn-

thesis of the marking pheromone components has not been

completely clarified yet [34]. We attempt to explore the

idea that FAs stored in the fat body might serve as the

precursors of non-terpenic components of the labial gland

secretions. The marking pheromone blend of B. pratorum

contains isoprenoids (farnesol, geranylgeranyl acetate,

farnesyl acetate), alcohols (11-octadecenol, hexadecanol

[35]), and both saturated and unsaturated hydrocarbons [36,

37]. The hydrocarbon (Z,Z)-7,17-pentacosadiene is a

medium-abundance component; it forms 9% of the labial

gland secretion, which represents about 80% of all hydro-

carbons. This rare diene has not been detected in the

marking pheromone of any other bumblebee species. One

can speculate about its biosynthesis from 9,19-26:2 by

decarboxylation [38], as shown in Fig. 5. 9,19-26:2 is

bonded in several relatively abundant TAGs in two or even

all three positions, which ensures the presence of this acid

in the transport of 1,2-diacylglycerols. Thus, the acid might

be available to the labial gland for pheromone synthesis.

Similar biosynthetic transformations to that proposed for

9,19-26:2 might also apply for 9-24:1 and 9-26:1. The

Table 2 Fatty acids identified in triacylglycerols from the fat body of male B. pratorum

Fatty acid Relative peak area (%)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Mean ± SD

12:0 1.3 3.7 4.3 13.1 2.2 3.7 ± 4.2

14:0 3.1 5.4 6.0 8.5 2.8 5.4 ± 2.1

9-14:1 0.2 0.2 0.2 1.0 0.2 0.2 ± 0.3

15:0 \0.1 0.1 \0.1 \0.1 0.2 \0.1

16:0 21.9 18.5 19.1 14.5 17.7 18.5 ± 2.4

9-16:1 9.0 6.2 7.7 11.7 7.2 7.7 ± 1.9

11-16:1 0.4 1.4 1.4 0.7 0.8 0.8 ± 0.4

18:0 1.2 0.7 0.7 0.4 1.1 0.7 ± 0.3

9-18:1 40.5 35.1 32.9 32.5 38.6 35.1 ± 3.2

11-18:1 9.9 19.5 17.3 12.6 17.5 17.3 ± 3.6

9,12-18:2 0.6 1.3 2.2 0.8 0.7 0.8 ± 0.6

9,12,15-18:3 2.8 2.6 3.4 2.5 2.7 2.7 ± 0.3

20:0 0.2 0.1 0.2 0.2 0.3 0.2 ± 0.1

9-20:1 \0.1 \0.1 \0.1 \0.1 \0.1 \0.1

13-20:1 \0.1 \0.1 \0.1 \0.1 \0.1 \0.1

22:0 0.1 0.1 0.3 0.3 0.5 0.3 ± 0.1

24:0 0.2 \0.1 \0.1 \0.1 0.2 \0.1

9-24:1 0.2 \0.1 \0.1 \0.1 0.1 \0.1

9-26:1 0.2 0.2 0.3 \0.1 0.4 0.2 ± 0.1

9,19-26:2 8.1 5.0 4.0 1.1 6.7 5.0 ± 2.4
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Table 3 Triacylglycerols identified in the fat body of male B. pratorum

ECN CN:DB tR (min) Triacylglycerol(s)a Peak area [rel. (%)]

Sample

1

Sample

2

Sample

3

Sample

4

Sample

5

Mean ± SD

38 46:4 52.6 [12:0, 16:1, 18:3] – 0.1 0.1 0.3 – 0.1 ± 0.1

44:3 53.7 [12:0, 14:0, 18:3] – – 0.1 0.3 – \0.1 ± 0.1

40 54:7 58.6 [18:3, 18:1, 18:3], [18:3, 18:2, 18:2] – 0.1 0.3 0.1 0.1 0.1 ± 0.1

52:6 60.0 [16:0, 18:3, 18:3] 0.2 0.1 0.2 0.1 0.1 0.1 ± 0.1

48:4 59.4 [12:0, 18:1, 18:3] 0.3 0.5 0.8 1.4 0.2 0.5 ± 0.4

46:3 60.7 [12:0, 18:3, 16:0], [14:0, 14:0, 18:3] 0.2 0.3 0.4 0.7 0.1 0.3 ± 0.2

42:1 60.5 [12:0, 18:1, 12:0], [12:0, 16:1, 14:0] – 0.2 0.2 1.7 0.1 0.2 ± 0.6

42 54:6 64.3 [18:2, 18:2, 18:2] – 0.2 0.4 0.2 0.2 0.2 ± 0.1

52:5 64.6 [16:1, 18:1, 18:3] 1.1 1.0 1.4 1.3 1.0 1.1 ± 0.2

50:4 66.0 [16:0, 16:1, 18:3], [14:0, 18:1, 18:3], [14:0, 18:2, 18:2] 1.4 1.1 1.9 1.7 0.8 1.4 ± 0.4

48:3 67.3 [14:0, 14:0, 20:3] – 0.3 0.5 0.5 0.1 0.3 ± 0.2

48:3 65.4 [12:0, 18:1, 18:2] 0.3 0.4 0.4 0.9 0.1 0.4 ± 0.3

46:2 65.7 [12:0, 16:1, 18:1] 0.4 1.0 0.9 4.0 0.5 0.9 ± 1.3

44:1 67.1 [12:0, 18:1, 14:0], [12:0, 16:1, 16:0], 0.2 1.1 0.9 3.9 0.3 0.9 ± 1.3

42:0 68.5 [12:0, 14:0, 16:0] – 0.1 0.1 0.3 – 0.1 ± 0.1

44 54:5 70.3 [18:1, 18:3, 18:1] 2.3 3.5 4.3 2.7 3.2 3.2 ± 0.7

52:4 71.9 [16:0, 18:3, 18:1], [16:0, 18:2, 18:2] 5.0 4.0 6.1 3.3 4.3 4.3 ± 1.0

50:3 73.3 [16:0, 16:0, 18:3] 0.7 0.4 0.7 0.3 0.3 0.4 ± 0.2

50:3 70.6 [16:1, 16:1, 18:1], [18:1, 14:1, 18:1] 1.1 1.3 1.5 2.5 1.1 1.3 ± 0.5

48:2 71.7 [12:0, 18:1, 18:1] 1.9 4.3 3.4 9.7 2.5 3.4 ± 2.8

46:1 73.3 [12:0, 18:1, 16:0], [14:0, 14:0, 18:1] 1.0 3.4 2.5 6.2 1.3 2.5 ± 1.9

44:0 75.0 [14:0, 14:0, 16:0], [12:0, 16:0, 16:0] – 0.2 0.2 0.2 – 0.2 ± 0.1

46 54:4 75.8 [18:2, 18:1, 18:1] 0.8 1.7 1.8 1.3 1.2 1.3 ± 0.3

52:3 76.1 [18:1, 16:1, 18:1] 4.8 6.3 6.6 8.4 7.9 6.6 ± 1.2

50:2 77.6 [18:1, 14:0, 18:1], [16:0.16:1, 18:1] 6.9 8.0 7.2 10.3 7.6 7.6 ± 1.2

48:1 79.2 [14:0, 18:1, 16:0], [16:0, 16:1, 16:0] 1.8 3.0 2.4 3.0 1.3 2.4 ± 0.7

46:0 81.0 [14:0, 16:0, 16:0] – 0.1 0.1 0.1 – 0.1 ± 0.1

48 54:3 81.6 [18:1, 18:1, 18:1] 7.4 11.9 8.8 9.4 15.2 9.4 ± 2.8

52:2 83.2 [16:0, 18:1, 18:1] 12.3 14.6 11.6 10.4 17.8 12.3 ± 2.6

50:1 85.0 [16:0, 18:1, 16:0] 2.5 2.3 2.1 1.3 1.9 2.1 ± 0.4

48:0 87.1 [16:0, 16:0, 16:0] – 0.1 0.1 – – \0.1 ± 0.1

50 62:6 85.2 [18:2, 18:2, 26:2] – – 0.6 0.2 0.3 0.2 ± 0.2

60:5 86.7 [16:1, 18:2, 26:2] 0.3 0.2 0.4 0.1 0.2 0.2 ± 0.1

58:4 86.1 [16:1, 16:1, 26:2] 0.3 0.2 0.2 0.2 0.2 0.2 ± 0.1

56:3 86.9 [18:1, 18:1, 20:1], [12:0, 26:2, 18:1] 1.0 1.1 1.0 1.0 1.5 1.0 ± 0.2

54:2 88.9 [18:1, 16:0, 20:1], [18:1, 18:1, 18:0] 0.8 0.8 0.9 0.8 1.3 0.8 ± 0.2

52:1 90.6 [16:0, 18:1, 18:0] 0.3 0.2 0.2 0.1 0.3 0.2 ± 0.1

52 62:5 90.4 [18:2, 26:2, 18:1], [18:1, 16:1, 26:2] 0.5 0.4 0.5 0.2 0.3 0.4 ± 0.1

60:4 90.7 [16:1, 26:2, 18:1] 2.1 1.3 1.5 0.8 1.4 1.4 ± 0.4

58:3 92.2 [16:0, 16:1, 26:2], [18:1, 14:0, 26:2] 1.3 0.6 1.1 0.6 1.0 1.0 ± 0.3

56:2 94.2 [18:1, 18:1, 20:0] 0.4 0.2 0.4 0.2 0.3 0.3 ± 0.1

54 62:4 95.7 [18:1, 26:2, 18:1] 8.3 4.3 4.1 1.9 5.3 4.3 ± 2.1

60:3 97.1 [16:0, 18:1, 26:2] 3.7 2.2 3.2 1.4 3.4 3.2 ± 0.9

58:2 98.7 [16:0, 26:2, 16:0] 0.4 0.2 0.5 0.2 0.3 0.3 ± 0.1
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expected products, 8-tricosene and 8-pentacosene, were

detected in the labial gland, though only at trace levels.

Furthermore, tricosadiene and heptacosadiene are present

in minor quantities in the pheromonal gland, which cor-

responds well with the presence of 24:2 and 28:2 acids in

TAGs. Clearly, our findings support the hypothesis about a

connection between pheromone biosynthesis and FAs in

the fat body, but more research is needed.

Concluding Remarks

In conclusion, unique FAs with 24, 26 and 28 carbon atoms

were identified in the fat body of B. pratorum. Among

them, (Z,Z)-9,19-hexadecadienoic acid was the most

Fig. 4 HPLC/APCI-MS chromatogram of triacylglycerols isolated

from the fat body of male bumblebee B. pratorum. The numbers in

the upper part of the figure are ECN values

Fig. 5 Proposed biosynthesis of (Z,Z)-7,17-pentacosadiene in male

marking pheromone of B. pratorum from (Z,Z)-9,19-hexacosadienoic

acid

Table 3 continued

ECN CN:DB tR (min) Triacylglycerol(s)a Peak area [rel. (%)]

Sample

1

Sample

2

Sample

3

Sample

4

Sample

5

Mean ± SD

56 70:7 98.2 [18:3, 26:2, 26:2] 0.9 0.7 0.7 0.1 0.2 0.7 ± 0.3

66:5 99.1 [16:1, 26:2, 24:2] 0.6 0.2 0.5 0.1 0.1 0.2 ± 0.2

64:4 99.9 [18:1, 18:1, 28:2], [18:1, 26:2, 20:1] 1.8 0.7 0.8 0.4 0.9 0.8 ± 0.5

62:3 101.9 [18:1, 18:1, 26:1], [18:1, 26:2, 18:0] 1.3 0.6 0.8 0.4 1.1 0.8 ± 0.3

60:2 103.9 [16:0, 18:1, 26:1] 0.3 0.1 0.3 0.2 0.4 0.3 ± 0.1

58 68:5 103.0 [26:2, 16:1, 26:1] 4.3 2.5 2.4 0.8 1.6 2.4 ± 1.2

66:4 104.3 [14:0, 26;2, 26:2], [22:1, 18:1, 26:2] 1.3 0.5 0.9 0.3 0.5 0.5 ± 0.4

64:3 106.2 [18:1, 18:1, 28:1] 0.4 0.1 0.4 0.1 0.3 0.3 ± 0.1

62:2 107.8 [18:0, 18:0, 26:2], [18:1, 18:1, 26:0] 0.1 – 0.1 0.1 0.1 0.1 ± 0.1

60 70:5 107.2 [26:2, 18:1, 26:2] 9.2 6.5 4.8 1.5 4.7 4.8 ± 2.5

68:4 108.4 [16:0, 26:2, 26:2] 2.5 1.7 2.0 0.5 1.5 1.7 ± 0.6

66:3 110.5 [16:0, 24:1, 26:2], [18:1, 22:0, 26:2] 0.2 0.1 0.2 0.1 0.2 0.2 ± 0.1

62 72:5 111.0 [26:2, 18:1, 28:2] 1.3 0.7 0.6 0.2 0.5 0.6 ± 0.4

70:4 113.3 [26:2, 18:1, 26:1] 1.8 1.0 1.6 0.4 1.3 1.3 ± 0.5

68:3 114.9 [16:0, 26:1, 26:2], [18:2, 26:1, 24:0] 0.3 0.2 0.4 0.1 0.3 0.3 ± 0.1

64 72:4 117.6 [20:0, 26:2, 26:2], [16:0, 28:2, 28:2] 0.4 0.2 0.2 0.1 0.3 0.2 ± 0.1

70:3 119.1 [18:1, 26:1, 26:1] 0.1 0.1 – 0.1 0.1 0.1 ± 0.1

66 78:6 118.3 [26:2, 26:2, 26:2] 0.9 0.5 0.3 – 0.2 0.3 ± 0.3

The most abundant TAGs are shown in bold

CN number of carbon atoms in fatty acids in TAG; DB number of double bonds in the carbon chains of fatty acids
a TAG abbreviations reflect the assumed positions of FAs on the glycerol backbone. As APCI MS cannot distinguish between acyls in the sn-1

and sn-3 positions, the TAG abbreviations in the table do not differentiate between these two positions; FA residues in sn-1/3 were ordered by

increasing molecular weight
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abundant, comprising up to 8% of all FAs. In this work we

have also shown remarkable similarities between the

structure of this acid and the main hydrocarbon component

of the male marking pheromone. Due to the uncommon

structure of its acid and labial gland secretion compo-

nent(s), B. pratorum represents a convenient model for

studying marking pheromone biosynthesis.
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8. Stránský K, Jursı́k T (1996) Simple quantitative transesteri-

fication of lipids. 1. Introduction. Fett/Lipid 98:65–71.

doi:10.1002/lipi.19960980206
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37. Cahlı́ková L (2008) Isolation and identification of compounds

influencing the behavior of Hymenoptera. PhD Thesis, Institute

of Chemical Technology, Prague, Czech Republic

38. Tillman JA, Seybold SJ, Jurenka RA, Blomquist GJ (1999) Insect

pheromones—an overview of biosynthesis and endocrine regula-

tion. Insect Biochem Mol Biol 29:481–514. doi:10.1016/S0965-

1748(99)00016-8

450 Lipids (2008) 43:441–450

123

http://dx.doi.org/10.1016/0305-0491(94)90024-8
http://dx.doi.org/10.1016/0305-0491(94)90024-8
http://dx.doi.org/10.1007/BF02543978
http://dx.doi.org/10.1007/BF02535818
http://dx.doi.org/10.1007/BF02535818
http://dx.doi.org/10.1016/0040-4039(96)01964-8
http://dx.doi.org/10.1016/0305-0491(87)90355-5
http://dx.doi.org/10.1016/0305-0491(87)90355-5
http://dx.doi.org/10.1007/BF02227172
http://dx.doi.org/10.1007/BF02227172
http://dx.doi.org/10.1016/S0965-1748(99)00016-8
http://dx.doi.org/10.1016/S0965-1748(99)00016-8


ORIGINAL ARTICLE

Effect of Substitution of High Stearic Low Linolenic Acid Soybean
Oil for Hydrogenated Soybean Oil on Fatty Acid Intake

Maureen A. DiRienzo Æ Shawna L. Lemke Æ
Barbara J. Petersen Æ Kim M. Smith

Received: 19 November 2007 / Accepted: 6 March 2008 / Published online: 26 March 2008

� AOCS 2008

Abstract High stearic, low a-linolenic acid soybean oil

(HSLL) has been developed via traditional breeding to

serve as a substitute for partially hydrogenated soybean oils

used in food manufacturing. The purpose of this study was

to estimate the impact on fatty acid intake in the United

States if HSLL were substituted for partially hydrogenated

soybean oils used in several food categories, including

baked goods, shortenings, fried foods, and margarines.

Using National Health and Nutrition Examination Survey

(NHANES) data (1999–2002), baseline intakes of five fatty

acids and trans fatty acids (TFA) were determined at the

mean and 90th percentile of fat consumption. Then intakes

of these fatty acids were determined after HSLL was

substituted for 100% of the partially hydrogenated soybean

oils used in these four food categories. The results show

that baseline intake of stearic acid is 3.0% energy at the

mean and 3.3% energy at the 90th percentile. Use of HSLL

could increase stearic acid intake to about 4–5% energy.

Mean intakes of TFA could decrease from 2.5 to 0.9%

energy, and intake of palmitic acid would remain

unchanged. Use of HSLL as a substitute for partially

hydrogenated soybean oils would result in changes in the

fatty acid composition of the US diet consistent with cur-

rent dietary recommendations.

Keywords Dietary fat � Edible oils � Atherosclerosis �
Saturated fatty acids � Trans fatty acids � Hydrogenation

Abbreviations

HSLL High stearic acid, low a-linolenic acid

soybean oil

NHANES National Health and Nutrition Examination

Survey

TFA Trans fatty acids

Introduction

The recent United States Food and Drug Administration

regulation [1] to require trans fatty acid (TFA) labeling on

packaged food products has prompted food manufacturers

to find alternatives to partially hydrogenated soybean oils

used in formulating bakery products and margarines and in

fried foods. Partially hydrogenated soybean oils provided

about 9 billion lbs of oil to the diet in the United States [2],

and so it is not a small undertaking to find functional

alternatives for this amount of oil. For frying applications,

alternatives, such as low a-linolenic acid soybean oil, have

been made available to the food industry. Low a-linolenic

acid soybean oil reduces or eliminates the need to hydro-

genate prior to use in food processing; thus, the TFA

content of foods fried in this oil is also reduced or

eliminated.

Bakery products and margarines require the use of solid

fats to provide the desired functionality. The choices of

solid fats have included animal fats, such as lard, tallow

and butter, and tropical oils, such as palm, palm kernel and

coconut, but these have nutritional disadvantages in that

they contain high amounts of hypercholesterolemic lauric

(12:0), myristic (14:0), and palmitic (16:0) saturated fatty

acids. In fact, it was the recognition in the 1980s that these

saturated fatty acids raise serum cholesterol and thus the
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risk of coronary heart disease that prompted population-

based dietary advice to reduce their intake. Partially

hydrogenated oils were then used by food manufacturers to

replace animal fats and tropical oils because it was not

known at that time that the TFAs they contain also have

adverse effects on blood lipids. Food manufacturers now

face the challenge of replacing partially hydrogenated

vegetable oils while not reverting to the use of animal fats

and tropical oils.

Soybean oils high in stearic acid and low in a-linolenic

acid (HSLL) are being developed using conventional

breeding methods to provide a new solid fat alternative for

food manufacturers. The stearic acid molecules are posi-

tioned at the sn 1,3 positions on the triacylglycerols. The

oil provides the functionality of solid fats and can be used

in a variety of food applications, such as shortening for

baked goods and in margarines. In addition, the high stearic

acid coupled with the low a-linolenic acid composition

make this oil suitable for deep fat frying as well.

Although stearic acid is a saturated fatty acid, its con-

sumption does not significantly alter serum total and HDL

cholesterol the way other saturated fatty acids, such as

lauric, myristic and palmitic acids, do [3]. Numerous

clinical studies have shown that the consumption of stearic

acid does not raise serum cholesterol levels, even when

added to the diet in amounts far in excess of typical intake

[4]. Furthermore, clinical studies have shown that stearic

acid does not adversely affect other markers of heart health

when present in the diet at about twice current intake levels

[5, 6]. Thus, HSLL could provide an ideal alternative for

food manufacturers needing solid fat functionality and

stability while avoiding the negative health consequences

associated with certain saturated fatty acids.

If HSLL is to be used instead of partially hydrogenated

soybean oil in food formulations, it is important to first

determine the impact this use could have on fatty acid

intakes. Ideally this substitution would cause TFA intake to

decrease, but not at the expense of undesirable changes in

intakes of other fatty acids.

The purpose of this study was to estimate the potential

dietary impact of substituting HSLL for 100% of the par-

tially hydrogenated soybean oils used in four major food

categories: baked goods, margarines, shortenings and fry-

ing oils. The impact on mean and 90th percentile intakes of

palmitic, stearic, oleic, linoleic, and a-linolenic acids and

TFA was determined for the total US population.

Materials and Methods

Food and soybean oil consumption data were derived from

the National Health and Examination Survey (NHANES

1999–2002) [7], which were the most recent data available

at the time of the study. The NHANES (1999–2002) is a

complex, multistage, probability sample designed to be

representative of the civilian US population. The survey

collects one-day food intake data, in addition to nutrition,

demographic, and health information. The NHANES sur-

vey over-samples minorities, low-income groups, and

children, and statistical weights are provided by the

National Center for Health Statistics to adjust for the dif-

ferential probabilities of selection. Participants included

9,965 subjects in 1999–2000 and 11,039 subjects in 2001–

2002. The NHANES is a large survey specifically designed

to allow the estimation of food and nutrient intakes by the

US population. The NHANES and its predecessor surveys

have been used by the US Department of Agriculture for

more than 70 years to estimate food and nutrient intake and

to evaluate the impact of proposed policy changes.

The NHANES database does not have fatty acid

compositions for the hydrogenated soybean oil component

of foods; therefore, we extrapolated from the USDA’s

database of the fatty acid profiles, including trans fatty

acids, of 214 foods [8]. When this database did not pro-

vide the fatty acid profiles for specific versions of

hydrogenated soybean oils used to prepare certain foods,

these fatty acids were estimated, using information from

the fats/oils industry [Banks D (2003) Approximate

composition of hydrogenated soy oils used in nine broad

food categories, personal communication]. The methods

used to assign these fatty acid profiles to hydrogenated

soybean oils in foods have been described previously [9].

Exponent’s proprietary software program FARE version

7.95TM was used to conduct the intake and substitution

analyses. Other publicly available statistical software

programs such as SAS or STATA can be used to evaluate

data from NHANES and the USDA. The FARETM soft-

ware is currently used by the Center for Food Safety and

Applied Nutrition (CFSAN) within the US Food and Drug

Administration.

Two versions of HSLL, HSLL1 and HSLL2, were

evaluated. These two versions differ primarily in their

stearic and linoleic acid contents. The lower stearic acid

content of HSLL1 is associated with a higher content of

linoleic acid. Conversely, the higher content of stearic acid

in HSLL2 is accompanied by a lower content of linoleic

acid. The fatty acid compositions of HSLL1 and HSLL2

compared to regular soybean oil and partially hydrogenated

soybean oil are shown in Table 1. The analyses substituted

these two versions of HSLL for the partially hydrogenated

soybean oils in the following food categories:

• All baked goods: including yeast breads and rolls, quick

breads, cakes, cookies, pies, pastries, crackers, salty

snacks, pancakes, and waffles

• Home use shortenings
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• French fries, and all fried meat, poultry, and fish

(commercially and home-prepared)

• Margarines (stick, tub, and light varieties)

The three forms of margarines were assigned the following

formulations: stick margarine, 80% fat, of which 50% was

HSLL, 10% was partially hydrogenated soybean oil, and

20% was regular soybean oil; tub margarine, 70% fat, of

which 33% was HSLL, 2% was partially hydrogenated

soybean oil and 35% was regular soybean oil; and light

spreads, 40% fat, of which 19% was HSLL, 1% partially

hydrogenated soybean oil and 20% regular soybean oil.

The fatty acid compositions of these oils are provided in

Table 1.

Data on fatty acid intakes were generated on the total

population mean and 90th percentile. Intakes of palmitic,

stearic, oleic, linoleic, and a-linolenic acids, and TFA were

evaluated. The data are expressed as percent of total energy

intake (% energy), which was calculated by multiplying

grams of fatty acid/day at the mean (or 90th percentile) by

9 cal/g and dividing by the total energy at the mean (or

90th percentile).

Results

This analysis used food consumption data from NHANES

(1999–2002) to determine baseline fatty acid intakes from

the diet, and then fatty acid intakes were determined after

replacement with either HSLL1 or HSLL2 for partially

hydrogenated soybean oil in foods in the four categories of

interest. Figures 1 and 2 provide the results of these

analyses.

The results show that the US diet provided on average

3.0% energy from stearic acid. At the 90th percentile of

total fat intake, stearic acid provided 3.3% energy. Use of

HSLL1 or HSLL2 resulted in an increase in mean intake of

stearic acid from a baseline of 3.0–3.7 or 4.5% energy,

respectively. For 90th percentile consumers of fat, use of

HSLL1 or HSLL2 resulted in an increase in intake of

stearic acid from 3.3% energy to 4.3% or 5.4% energy,

respectively.

Use of either HSLL resulted in decreases in TFA intake

from a baseline mean of 2.5% (3.0% at the 90th percentile)

to 0.9% energy. This reduction was accompanied by no

increase in palmitic acid intake. Substitution of either

HSLL for partially hydrogenated soybean oil also produced

increases in mean and 90th percentile intakes of linoleic

acid of about 1.5–2% energy, decreases in mean and 90th

percentile intakes of oleic acid of about 1% energy, and

slight increases in the intake of a-linolenic acid.

Discussion

This study demonstrates the overall positive dietary impact

of using HSLL to replace partially hydrogenated soybean

oil in four food categories: baked goods; home-use short-

enings; French fries and fried meat, poultry and fish; and

margarines and spreads. Mean intake of TFA could

decrease to 0.9% energy from 2.5–3.0% energy with no

concomitant increase in palmitic acid. Intake of stearic acid

could increase from a baseline mean of 3.0% energy (3.3%

at the 90th percentile) to about 4% energy for average

consumers of fat and to about 5% energy for 90th-per-

centile consumers of fat. Intakes of linoleic and a-linolenic

acids could increase, and intakes of oleic acid decrease;

these changes maintain or improve the fatty acid intake of

the diet to be more in line with current dietary recom-

mendations [3]. The categories chosen for substitution

were ones for which HSLL has appropriate functionality

and so the potential to be selected by food manufacturers.

One limitation of the study is that the actual impact of

HSLL on the diet will depend on how and to what degree

food manufacturers select HSLL to replace partially

hydrogenated oils, and cannot be fully characterized until

reformulation is complete.

The effects of stearic acid on cardiovascular health

endpoints have been extensively studied and recently

reviewed [4–6, 10–17], and will not be reviewed in detail

here. It has long been recognized that stearic acid does not

share the hypercholesterolemic effects of shorter chain

saturated fatty acids, such as lauric, myristic and palmitic

acids [11]. In a recent well-designed and controlled study,

Judd et al. [12] compared the effects of diets containing an

additional 8% energy from stearic acid (STE) versus lau-

ric + myristic + palmitic acid (LMP) versus TFA versus a

blend of stearic acid + TFA (STE/TFA) versus oleic acid

(OL) versus carbohydrate (CHO) on blood lipids. The STE

diet produced the lowest total cholesterol and low-density

Table 1 Fatty acid compositions of two versions of HSLL, regular

soybean oil, and hydrogenated soybean oil

Fatty acid Regular soybean

oil [8]

Hydrogenated

soybean oil [19]

HSLL1 HSLL2

% Fatty acids

Palmitic 10.1 10.8 9.3 8.0

Stearic 3.6 12.1 18.7 30.0

Oleic 21.2 30.2 19.8 23.2

Linoleic 51.3 4.4 44.5 37.1

Linolenic 6.8 0.2 3.1 3.0

TFA 0.7 32.8 0.39 0.5

HSLL1 High stearic low linolenic acid soybean oil version 1, HSLL2
high stearic low linolenic acid soybean oil version 2, TFA trans fatty

acids
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lipoprotein–cholesterol concentrations among the STE,

LMP, TFA and STE/TFA diets, and the effects of the STE

diet on these endpoints were not different from those

observed for the CHO diet. These results are particularly

relevant because they demonstrate the effects on plasma

lipids of different types of dietary fats that could substitute

for each other in food applications. The work of Judd et al.

[12] indicates that using a high stearic acid fat to replace

partially hydrogenated oil or oils high in lauric, myristic

and palmitic acids would result in lower total and LDL

cholesterol.

More recent research has sought to determine whether

there are any potentially undesirable effects of stearic acid

on other cardiovascular health indicators, such as inflam-

matory markers and hemostatic risk factors. For example,

as part of the study by Judd et al. [12] described above,

Baer et al. [13] determined the effects of six different diets

on a variety of inflammatory markers in healthy men. They

found that the STE diet did not result in levels of

E-selectin, C-reactive protein, or IL-6 that were different

from those found in the CHO group. The STE diet did raise

levels of fibrinogen significantly versus the CHO diet,

raising concern that dietary stearic acid could be pro-

inflammatory. However, stearic acid did not consistently

lead to increased fibrinogen levels in this study, since there

were no significant effects on fibrinogen levels by the STE/

TFA diet. The fibrinogen concentration on the CHO diet

was 2.74 g/L, and on the STE/TFA diet, 2.75 g/L. The

amount of stearic acid in the STE/TFA diet, 6.9% energy,

in the study by Baer et al. [13] is higher than the 5.0%

energy estimated to be the 90th percentile intake of stearic

acid in the present study.

Thijssen et al. [5] compared the thrombogenic effects of

diets containing comparable fat compositions except for 7%

energy as either stearic, oleic or linoleic acids. Healthy male

and female subjects consumed each diet for five weeks in a

randomized, cross-over design. At the end of each period,

ex vivo and in vitro platelet aggregation and variables of

coagulation, fibrinolysis and hematology were assessed.

There were no differences among the three dietary fatty

acids in effects on indices of coagulation and fibrinolytic

activity, i.e., Factor VII amidolytic activity, fibrinogen,

Fig. 1 US per capita fatty acid

intake (% energy) after

substitution of HSLL1 in four

food categories, mean and 90th

percentile

Fig. 2 US per capita fatty acid

intake (% energy) after

substitution of HSLL2 in four

food categories, mean and 90th

percentile
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prothrombin fragment 1 and 2, plasminogen activator

inhibitor, and tissue plasminogen activator (tPA/PAI-1)

complexes. There also were no significant effects of diet on

ex vivo and in vitro platelet aggregation. When data from

male subjects were considered separately from those of

female subjects, the ex vivo platelet aggregation time fol-

lowing the linoleic acid diet was prolonged when compared

to the stearic acid diet, but there was no difference

(P \ 0.05) between the stearic and oleic acid diets. Mean

platelet volume for both male and female subjects was

significantly lower following the high stearic acid diet

versus the high oleic and high linoleic acid diets. Thijssen

and coworkers concluded that their data refute the sugges-

tion that stearic acid is thrombogenic.

In the review by Kris-Etherton et al. [4], it was shown

that most clinical trials of the effects of stearic acid on

health-related endpoints have used dietary concentrations

of stearic acid of about 7–13% energy. Compared to the

results shown in this study, these levels are well in excess

of what is likely achievable in the US diet. In their review,

Kris-Etherton et al. [4] concluded that even if stearic acid

intake increased to 9% energy, ‘‘…it is unlikely that any

adverse effects of this level of stearic acid would be

observed’’. The increase in stearic acid intake from 3.0

energy to about 4–5% energy, as estimated in this study,

represents the outer limit of possibility, since it assumed

that 100% of the partially hydrogenated soybean oil used in

four categories of foods would be replaced by HSLL1 or

HSLL2. Thus, the expected intake of stearic acid is likely

to be less than 5% energy as the result of using HSLL1 or

HSLL2.

Note that the use of either HSLL1 or HSLL2 could

result in decreases in TFA intake from a mean of 2.5–0.9%

energy. The ability of these oils to replace partially

hydrogenated soybean oils used in baked goods accounts

for much of their significant potential to reduce intake of

TFA while not increasing intake of palmitic acid. A recent

clinical study [18] has shown that the use of palm oil to

replace partially hydrogenated soybean oil would result in

undesirable effects on lipoprotein profiles when compared

to soy and canola oils. The authors concluded that palm oil

would not be a good substitute for partially hydrogenated

fats.

As food manufacturers seek alternatives to partially

hydrogenated oils, they must weigh their formulation needs

against the need to deliver optimal nutrition. High stearic,

low a-linolenic acid soybean oils provide the opportunity

to deliver stability and functionality to a variety of foods

while also avoiding the negative health consequences

associated with other saturated fatty acids. This study has

shown that the use of HSLL1 or HSLL2 to replace partially

hydrogenated soybean oil in four food categories could

increase the intake of stearic acid from a mean of 3.0%

energy to about 4% energy (at the 90th percentile, 3.3%

energy baseline to about 5% energy). This increased level

of stearic acid intake is well below the levels studied in

numerous clinical trials that have shown no adverse effects

on markers of cardiovascular health. Moreover, such a

substitution could achieve a significant reduction in the

intake of TFA while not increasing the intake of palmitic

acid.
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Abstract An original gas chromatography/mass spec-

trometry method for quantifying trace amounts of

ricinoleic acid (12-hydroxy-cis-9-octadecenoic acid) is

detailed. Data are presented on trace amounts of ricinoleic

acid found in several common vegetable oils and oils

extracted from common oil seeds: e.g., ca. 30 ppm in

commercial olive oil was the lowest amount; and ca.

2,690 ppm in oil extracted from cottonseeds was the

highest amount.

Keywords Ricinoleic acid �
12-hydroxy-cis-9-octadecenoic acid �
Common vegetable oils � Common oil seeds �
Gas chromatography/mass spectrometry

Abbreviations

GC/MS Gas chromatography/mass spectrometry

IS Internal standard

OTMS O-trimethylsilylated

Introduction

With current testing methods, ricinoleic acid (12-hydroxy-

cis-9-octadecenoic acid), the characteristic acyl component

of castor bean oil [1–3] can only be quantified at the per-

cent level. For quantifying trace amounts of ricinoleic acid,

our research group developed a method using gas

chromatography/mass spectrometry (GC/MS). While we

were developing this method, we unexpectedly found that

ricinoleic acid is in many common vegetable oils.

In this communication, we introduce this method and

present the data confirming the presence of ricinoleic acid.

Materials and Methods

Materials and Chemicals

Rapeseeds were supplied by an oil manufacturer; other oil

seeds and vegetable oils were purchased from local mar-

kets. Standard castor oil, authentic ricinoleic acid (purity

87%) and 3-hydroxyhexadecanoic acid (purity 98%) were

from Wako Pure Chemical Industries (Osaka, Japan). Tri-

olein (purity 99%) was from Nu-Chek Prep (Elysian, MN).

Other chemicals were of the highest reagent grade

available.

Preparation of Derivatives from Oil Samples

Samples were ten kinds of vegetable oils and the oils

(extracted by the method of Folch et al. [4]) of four kinds

of oil seeds. The internal standard (IS), 3-hydroxyhexa-

decanoic acid (50 lg), was added to each 50 mg sample,

and then these samples were methanolyzed with 0.5 M

KOH/methanol (1 mL) and successively methylated with

14% BF3/methanol (1.5 mL), under the same conditions as

those described in our previous research [5]. After adding a

saturated NaCl aqueous solution (5 mL), the resultant fatty

acid methyl esters were extracted three times with hexane

(3 mL each time). The hexane layers were combined,

dehydrated and evaporated to dryness. The residue
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containing fatty acid methyl esters was dissolved in hexane

(1 mL). This was poured into a glass column (30 cm 9

15 mm i.d.) packed with 8 g of Wakogel C-300 (Wako

Pure Chemical Industries) and 3 g of anhydrous Na2SO4.

The esters with straight carbon chains were removed from

the column by passing through a solution of ether/hexane

(10:90, by vol.) (50 mL). The remaining esters with

hydroxyl groups on their carbon chains were recovered

from the column by passing acetone (50 mL) through. This

recovered fraction was evaporated to dryness, dissolved in

dehydrated pyridine (0.3 mL), and then trimethylsilylated

with 0.2 mL of a reagent mixture [trimethylchlorosilane/

N-trimethylsilylimidazole/N,O-bis(trimethylsilyl)trifluo-

roacetamide] (1:1:1, by vol.) under the usual conditions.

After standing for 10 min at room temperature, the

O-trimethylsilylated (-OTMS) methyl ester derivatives of

each sample were analyzed by GC/MS.

Preparation of the Standard Mixtures for the Calibration

Curve

Eight different standard mixtures were prepared—each

contained different amounts (0, 0.5, 1, 2, 5, 10, 20 and

50 lg) of authentic ricinoleic acid with the same amount

(50 lg) of 3-hydroxyhexadecanoic acid (IS). These stan-

dard mixtures were methylated, trimethylsilylated, and

analyzed by GC/MS. The conditions for methylating and

trimethylsilylating were the same as those described

above.

GC/MS Conditions

The derivatives of fatty acid methyl ester-OTMS were

analyzed on an SPB-50 capillary column

(30 m 9 0.25 mm i.d., 0.25 lm film, chemically bonded

type, Supelco, Bellefonte, PA) connected to a Shimadzu

QP-2010 mass spectrometer (Kyoto, Japan) with a com-

puter on-line system. The column temperature was

programmed at 180 �C isothermally for 2 min, increased to

240 �C at a rate of 3 �C/min, to 290 �C at a rate of 60 �C/

min, and held at 290 �C isothermally for 8 min. The other

operating conditions were as follows: injector temperature,

280 �C; interface temperature, 280 �C; ion source tem-

perature, 200 �C; carrier gas, helium (linear gas velocity of

35 cm/s); split ratio, 1/25; ionizing energy, 70 eV; and

scanning range, 70–400 m/z (0.5 s/cycle).

Results and Discussion

Calibration Curve for Determining the Amounts

of Ricinoleic Acid

The eight different standard mixtures were analyzed by

GC/MS to get the calibration curve used for determining

the trace amounts of ricinoleic acid in the oil samples.

Figure 1a shows the mass chromatogram of one of the

standard mixtures; methyl 3-hydroxyhexadecanoate-

OTMS (derived from the IS) elutes at 11.9 min and methyl

ricinoleate-OTMS elutes at 16.9 min.

Fig. 1 Mass chromatogram of

one of the standard mixtures of

methyl 3-hydroxyhexa-

decanoate and methyl

ricinoleate after

trimethylsilylation (a), and mass

spectra of trimethylsilylated

derivatives of methyl 3-

hydroxyhexadecanoate (b) and

of methyl ricinoleate (c). In

mass chromatogram A, peak 1

(retention time, 11.9 min) is the

trimethylsilylated derivative of

methyl 3-hydroxyhexa-

decanoate (internal standard)

and peak 2 (retention time,

16.9 min) is the

trimethylsilylated derivative of

methyl ricinoleate. Mass spectra

(b) and (c) are taken from the

tops of peak 1 and peak 2 in

mass chromatogram A. Mass

spectral elucidations and the

GC/MS conditions are given in

the text
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Figure 1b shows the electron impact mass spectrum of

methyl 3-hydroxyhexadecanoate-OTMS. The a-cleavage at

the silyl ether group gives the fragment ions at m/z 175 and

at m/z 285. The ion at m/z 343 (M+-15) is due to the loss of

the methyl group (one of three methyl groups of the silyl

group) from the molecular ion at m/z 358. The major ion at

m/z 73, (CH3)3Si+, is a typical ion originating from the

trimethylsilylated compound.

In the mass spectrum of methyl ricinoleate-OTMS

(Fig. 1c), the a-cleavage at the silyl ether group gives the

fragment ions at m/z 187 and at m/z 299. The migration ion

(TMS rearrangement ion) at m/z 270, CH2–CH = CH–

(CH2)7–C+(=OTMS)–OCH3, is present, indicating the

locations of the hydroxyl group at the C-12 carbon and the

double bond at the C-9 and C-10 carbons. These mass

spectral elucidations agree with those in other research

[6, 7].

With mass chromatography, we traced the fragment ions

at m/z 175 (from methyl 3-hydroxyhexadecanoate-OTMS)

and at m/z 187 (from methyl ricinoleate-OTMS) from the

eight different standard mixtures to get the calibration

curve.

The value V, indicating the peak area ratio of these two

fragment ions, is calculated with the following formula:

V = peak area of the ion at m/z 187/peak area of the ion at

m/z 175. Plotting the value V for the eight different stan-

dard mixtures (on the y-axis) against the known amounts of

ricinoleic acid (on the x-axis) gives the calibration curve in

Fig. 2. Value V increases in direct proportion to the

increasing amounts of ricinoleic acid (from 0 to 50 lg).

This GC/MS method is suitable for quantifying ricinoleic

acid at the ppm level.

Recovery Test

As the model experiment, 32 lg of standard castor oil was

added to 50 mg of triolein. This was analyzed (five times,

independently), and there was an average of 95% recovery

for ricinoleic acid (6.2% CV).

Ricinoleic Acid in Common Vegetable Oils and Oil

Seeds

Using this method, we analyzed ten kinds of vegetable oils,

and all the oils contain ricinoleic acid (Table 1). Figure 3

illustrates the mass spectrum of methyl ricinoleate-OTMS

taken from the soybean oil analysis, and it agrees with the

spectrum of authentic methyl ricinoleate-OTMS (Fig. 1c).

We considered the possibility that these vegetable oils

were contaminated, with castor oil or another contaminant

containing ricinoleic acid, in the refining process during

Fig. 2 Calibration curve for determining the amounts of ricinoleic

acid. Known amounts of ricinoleic acid in the eight different standard

mixtures are plotted on the x-axis. The values V, indicating the peak

area ratio of the two fragment ions, are plotted on the y-axis. The

value V is calculated with the following formula: V = peak area of

the ion at m/z 187/peak area of the ion at m/z 175, where the ion at m/z
187 is from the trimethylsilylated derivative of methyl ricinoleate and

the ion at m/z 175 is from the trimethylsilylated derivative of methyl

3-hydroxyhexadecanoate. Each value V is an average of triplicate

determinations

Table 1 Amounts of ricinoleic acid in common vegetable oils and

oils from seeds

Type of oil Ricinoleic acid (ppm)a

Coconut 33 ± 1

Corn 209 ± 6

Cottonseed 1,695 ± 80

Extracted from seedb 2,688 ± 397

Olive 31 ± 1

Rapeseed 208 ± 40

Extracted from seedb 171 ± 37

Rice branc 243 ± 8

Safflower 54 ± 19

Sesame 212 ± 17

Extracted from seedb 138 ± 23

Soybean 542 ± 27

Extracted from seedb 344 ± 51

Sunflower 181 ± 3

a Mean value and standard deviation from triplicate determinations
b Extracted in our laboratory according to the method of Folch et al.

[4]
c We found an isomer of ricinoleic acid in rice bran oil. The details

will be reported elsewhere
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production. To check this, we directly extracted oil from

four kinds of oil seeds (according to the method of Folch

et al. [4], routinely used in lipid laboratories). In these

cases, as well, ricinoleic acid is quantified (Table 1).

From our data, we may conclude that many common

vegetable oils and oil seeds contain ricinoleic acid.

This easy and sensitive GC/MS method can be a strong

tool for those who need to determine trace amounts of

ricinoleic acid in the food, cosmetic or pharmaceutical

industries and also in research laboratories.

Possible Mechanism for Ricinoleic Acid Biosynthesis

The oil-producing plants (reported here) must have enzyme

systems involving ricinoleic acid bioformation. Plant lipid

researchers fully understand the biosynthetic pathway for

ricinoleic acid in castor bean [3, 8–11]; an enzyme system

catalyzes the production of ricinoleate by direct hydrox-

ylation of oleate (cis-9-octadecenoate) attaching to

phosphatidylcholine (the immediate substrate: oleoyl-

phosphatidylcholine). We do not know, however, if this

enzyme system exists in the plants we analyzed.

In addition, fatty acyl hydroxylases and desaturases have

similar amino acid sequences and similar reaction mecha-

nisms [7, 9–11]. Our findings may help researchers

studying the ricinoleate-synthesizing enzyme and the

linoleate-synthesizing enzyme in higher plants.
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Abstract Fatty acid composition of the adipose tissue of

six carnivorous mammalian species (European otter Lutra

lutra, American mink Mustela vison, European Mink

Mustela lutreola, European polecat Mustela putorius,

stone marten Martes foina and European wild cat Felis

silvestris) was studied. These species forage to differing

degrees in aquatic and terrestrial food webs. Fatty acid

analysis revealed significant differences in polyunsatu-

rated fatty acid composition between species. More

specifically, our results underline a gradual significant

decrease in the docosahexaenoic acid (DHA)/linoleic acid

(LNA) ratio of carnivore species as their dependence on

aquatic food webs decreases. In conclusion, the use of the

DHA/LNA ratio in long-term studies is proposed as a

potential proxy of changes in foraging behaviour of semi-

aquatic mammals.

Keywords Biomarkers � Carnivorous mammals �
Conservation � Diet � Docosahexaenoic acid � Fatty acids �
Food webs � Linoleic acid � Peritoneal fat

Abbreviations

ARA Arachidonic acid

ALA a-Linolenic acid

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

LNA Linoleic acid

MUFA Monounsaturated fatty acid

PUFA Polyunsaturated fatty acid

SAFA Saturated fatty acid

TFAW Total fatty acid weight

Introduction

Recent legal protection and conservation programs allowed

many endangered species to re-colonise their habitats.

Nevertheless, these species have to cope now with dis-

turbed biotopes and prey populations. The re-colonising

success of these species in their disturbed niches suggests a

change in their foraging strategies [1, 2]. However, these

diet modifications are very difficult to evaluate in a low

density context [3]. Indeed, direct observation of faeces

analysis give only a snapshot of the animals’ diet.

On the other hand, fatty acid storage tissue composition

has been successfully used in many cases as an accurate

and time-integrating proxy of carnivorous mammals’ diets

[4–7]. The latter is based on the fact that some dietary fatty

acids are stored in the adipose tissues without important

modifications and thus can be used as biomarkers [4].

Lipids from aquatic and terrestrial primary producers

exhibit differences in fatty acid signatures [8]. Phytoplank-

tonic microalgae can produce n-3 polyunsaturated fatty

acids (PUFAs) in large quantities [8–11]. In contrast, few

terrestrial plants (e.g. Berries, Olives) contain significant

amounts of a-linolenic acid (18:3n-3, ALA), whereas many
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more synthesize and store large amounts of linoleic acid

(18:2n-6, LA) [12]. Highly unsaturated PUFAs (e.g. 20:4n-

6; ARA, 20:5n-3; EPA, 22:6n-3; DHA) are involved in a

wide range of physiological processes. As most animals lack

the specific fatty acid desaturases required to insert double

bonds in the n-3 and the n-6 position, these compounds have

to be obtained by the animals from their diet [13, 14]. This

results in a high conservation of these molecules along food

webs, from primary producers to final consumers [15, 16].

Consequently, each type of food web shows a ‘‘typical’’ fatty

acid profile [17, 18]. In aquatic food webs n-3 PUFAs

dominate over n-6 PUFAs by a factor of 5–20 [17, 19]. The

opposite is true for terrestrial food webs where n-6 PUFAs

are more abundant than n-3 PUFAs [20]. Thus, we expect

that gradual transitions from one food web to another are

followed by a gradual evolution of fatty acid proportions

The major aim of this study is to investigate the evolution of

PUFA patterns along a gradual transition from aquatic to

terrestrial food webs.

In this context, fatty acid composition of the peritoneal

fat of six carnivore species (Mammalia, Carnivora) was

analysed. The analysed species (European otter Lutra lutra,

Linnaeus 1758 American mink Mustela vison, Schreber

1777, European mink Mustela lutreola, Linnaeus 1761,

European polecat Mustela putorius, Linnaeus 1758, Stone

marten Martes foina, Erxleben 1777 and European wild cat

Felis sylvestris, Schreber 1777) were chosen in order to

illustrate a continuous decreasing gradient of aquatic food

web exploitation (Fig. 1).

Materials and Methods

Carnivore Sampling

Six species of two families of carnivores were chosen in

order to illustrate a continuous decreasing gradient of

aquatic food web exploitation (Fig. 1), and sampled in

France between 2002 and 2006. Species were mainly

chosen in the Mustelidae family: (American mink, n = 13;

European otter, n = 17; European mink, n = 17; European

polecat, n = 13; stone marten, n = 13) and one species was

chosen in the Felidae family (European wild cat, n = 14).

For ethical, legal and technical reasons, only freshly con-

served (maximum 24 h) wild animals killed by road traffic

were collected, using existent French networks in animal

studies. Peritoneal adipose tissues were sampled and deep-

frozen (-80 �C) before the lipid analysis.

Lipid and Statistical Analysis

Total lipids were extracted from tissue samples with a chlo-

roform/methanol (2:1, v/v) mixture [21]. Fatty acid methyl

esters were obtained by hydrolysis in methanolic NaOH and

esterification in methanolic H2SO4 [10]. Fatty acid analyses

were carried out on a Chrompack CP 9001 gas chromatograph

equipped with a Supelco� OmegacoaxTM column and a FID

detector (260 �C) (split injection; injector temperature:

260 �C; carrier gas: helium; oven rise from 140 to 245 �C at

3 �C min-1). Individual fatty acid methyl esters are identified

by comparing retention times with those obtained from

Supelco� standards and laboratory standards. Fatty acid

methyl esters were quantified using 13:0 as an internal stan-

dard that is added before the derivation of fatty acids.

Statistical differences in DHA, LNA and DHA/LNA

compositions among sampled species were analysed with

the Kruskal–Wallis test and when significant, two-by-two

species comparisons were made with the Mann–Whitney U

test. Correlation was calculated with Spearman’s correlation

coefficient (rs). P values less than 0.05 where considered

significant.

Results and Discussion

SAFA and MUFA Patterns

A total of 87 individuals were analysed for fatty acid

composition (Table 1). Saturated fatty acids (SAFA) varied

from 29.3 (European otter) to 55.3% (stone marten) of the

total fatty acids weight (TFAW). As already observed

[4, 22] for other mammals, SAFA are dominated by 16:0

(17.2% of the TFAW for otter, 31.4% for stone marten) and

to a lesser extent by 18:0 (4.9% of the TFAW for otter to

22.8% of the TFAW for stone marten).

The monounsaturated fatty acids (MUFA) ranged from

21.4 (stone marten) to 45.0% (European mink) of TFAW.

As observed for other carnivorous mammals [4, 22, 23]

18:1n-9 was the dominant fatty acid in MUFA, varying from

20.0 (stone marten) to 40.6% (European mink) of TFAW.

Substantial or high levels of 16:1n-7 were also observed,

ranging from 1.4 (stone marten) to 8.3% (European otter).

Fig. 1 Schematic representation of food source origin of the studied

carnivorous mammals. White: fish; clear grey: crayfish; dark grey:

amphibians; black: terrestrial food (birds, mammals, fruits, terrestrial

invertebrates); Data synthesised from previous studies [35–39]
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Variations in PUFA Patterns

The polyunsaturated fatty acids (PUFA) make up 20.1%

(American mink) to 29.7% (European polecat) of TFAW,

and are dominated by the n-6 FAs (52.4–89.1% of the total

weight of PUFA, data not shown). For all sampled species,

18:2n-6 (linoleic acid, LA) counts for more than half of the

weight of n-6 PUFAs (data not shown). High concentra-

tions of LNA (from 10.6 to 18.2% of TFAW for otter and

polecat, respectively) were also observed in terrestrial

mammalian carnivores in previous studies [4, 24] and

certainly reflect the abundance of this FA in terrestrial food

webs [12, 18].

In contrast, n-3 FAs show stronger variations ranging

from 10.9% (stone marten) to 42.5% (European otter) of

total PUFA weight (data not shown) and are dominated by

18:3n-3 (a-linolenic acid, ALA) as well as by 22:6n-3

(docosahexaenoic acid, DHA) and to a lesser extent by

Table 1 Fatty acid composition of peritoneal adipose tissue of the six carnivorous mammal species studied

Lutra lutra
(n = 17)

Mustela vison
(n = 13)

Mustela lutreola
(n = 17)

Mustela putorius
(n = 13)

Martes foina
(n = 13)

Felis silvestris
(n = 14)

14:0 4.0 ± 1.8 3.8 ± 1.8 2.5 ± 0.8 2.9 ± 0.8 1.1 ± 1.2 1.5 ± 1.2

15:0 1.0 ± 0.5 3.5 ± 3.0 Tr 0.6 ± 0.3 Tr 2.1 ± 1.9

16:0 17.2 ± 3.6 18.4 ± 8.6 20.5 ± 3.5 18.8 ± 3.4 31.4 ± 10.5 19.3 ± 4.7

17:0 0.8 ± 0.3 0.6 ± 0.3 0.5 ± 0.3 0.8 ± 0.5 Tr 1.1 ± 1.4

18:0 4.9 ± 1.9 8.5 ± 1.2 8.9 ± 2.9 16.3 ± 16.1 22.8 ± 7.3 10.6 ± 4.4

20:0 Tr Tr Tr Tr – Tr

Br. SAFA 1.4 ± 1.1 Tr Tr Tr – Tr

SAFA 29.3 ± 5.3 34.8 ± 4.9 32.4 ± 5.0 39.4 ± 14.5 55.3 ± 9.3 34.6 ± 8.7

16:1n-7 8.3 ± 3.2 3.7 ± 1.5 3.4 ± 1.8 2.1 ± 1.1 1.4 ± 1.1 2.0 ± 0.6

18:1n-7 1.6 ± 2.2 – Tr Tr Tr Tr

18:1n-9 28.4 ± 2.7 37.6 ± 7.2 40.6 ± 10.1 27.0 ± 9.7 20.0 ± 7.1 38.5 ± 14.0

20:1n-11 + 1n-9 1.7 ± 1.0 1.1 ± 0.7 1.0 ± 0.7 Tr Tr 0.6 ± 0.5

MUFA 40.0 ± 4.9 42.4 ± 7.4 45.0 ± 9.2 29.1 ± 10.9 21.4 ± 7.3 41.1 ± 14.3

16:2n-4 Tr – – – – –

16:3n-4 0.9 ± 0.6 Tr Tr Tr – Tr

18:2n-6* 10.6 ± 2.8 15.2 ± 5.5 14.8 ± 4.4 18.2 ± 4.4 11.1 ± 3.3 15.9 ± 5.1

18:3n-6 Tr Tr Tr Tr Tr Tr

18:3n-3 4.0 ± 2.2 1.8 ± 1.2 1.7 ± 1.1 7.3 ± 7.9 Tr 2.6 ± 2.8

18:4n-3 Tr – – – – –

20:2n-6 0.8 ± 0.4 Tr Tr 0.6 ± 0.5 Tr Tr

20:3n-6 0.6 ± 0.4 Tr Tr Tr 1.0 ± 0.9 Tr

20:4n-6 2.2 ± 1.0 1.0 ± 0.6 1.1 ± 0.6 1.2 ± 1.0 5.5 ± 4.3 2.3 ± 3.8

20:3n-3 Tr Tr Tr Tr – Tr

20:4n-3 Tr Tr – – – –

20:5n-3 1.2 ± 0.9 Tr Tr Tr Tr Tr

22:4n-6 0.9 ± 0.5 Tr 0.6 ± 0.4 0.5 ± 0.3 1.3 ± 1.3 Tr

22:5n-6 Tr Tr 0.6 ± 0.4 Tr Tr Tr

22:5n-3 2.7 ± 0.7 0.9 ± 0.5 0.8 ± 0.6 1.3 ± 0.8 2.5 ± 1.9 1.6 ± 1.5

22:6n-3* 4.4 ± 1.2 1.2 ± 0.8 1.1 ± 0.7 0.6 ± 0.3 Tr Tr

PUFA 28.3 ± 4.6 20.1 ± 6.8 20.7 ± 6.4 29.7 ± 9.3 21.4 ± 7.3 22.4 ± 9.2

NI 0.9 ± 0.8 Tr Tr Tr Tr Tr

Sum n-3 12.3 ± 2.4 3.9 ± 2.2 3.6 ± 2.3 9.2 ± 8.4 2.5 ± 2.1 4.2 ± 4.3

Sum n-6 15.1 ± 3.9 16.2 ± 6.1 17.1 ± 5.2 20.3 ± 5.2 18.9 ± 6.3 18.2 ± 6.6

22:6/18:2* 0.46 ± 0.22 0.09 ± 0.07 0.08 ± 0.06 0.04 ± 0.02 0.01 ± 0.02 0.02 ± 0.04

Values are the mean percentages of total fatty acid weight (TFAW) ± standard deviations

Tr trace amounts (\0.5% TFAW), Br. SAFA sum of branched saturated fatty acids, MUFA sum of mono unsaturated fatty acids, PUFA sum of

poly unsaturated fatty acids, – not detected, NI not identified

* Significant difference amongst six studied species Kruskall–Wallis P \ 0.001 (only for 18:2n-6, 22:6n-3 and 22:6/18:2)
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22:5n-3 (Table 1). Species with aquatic prey-based diet

(Fig. 1) show up to tenfold higher concentrations of DHA

than species that predate exclusively on terrestrial prey

(Fig. 2). A dietary-influence of DHA and EPA concentra-

tions linked to fish consumption has already been

documented for American minks kits fed on a fish-oil

supplemented diet [4]. Indeed, DHA is abundant in both

marine and freshwater fishes [14, 19]. Although freshwater

fishes can also be a source of ALA [8, 25, 26] the high

concentration of this FA observed for the European polecat

(7.3% of TFAW) is probably not completely due to fish

consumption. Indeed, the results suggest that important

ALA amounts of aquatic origin are associated with high

DHA amounts, as observed for the European otter and both

mink species (Fig. 2). Moreover, European polecats rarely

consume fish (Fig. 1) and ALA could come from berries

consumption, since berries are known to contain significant

amounts of ALA [12]. Furthermore, the European polecat

is known to complete its diet with fruits and berries

(Fig. 1). In contrast with DHA, the LNA concentration

tends to be increased in carnivorous mammals with more

‘‘terrestrial’’ diets (Fig. 2).

The DHA/LNA Ratio

The decrease in DHA as well as the increasing tendency of

LNA in carnivorous mammals from aquatic to terrestrial

food webs seems to be confirmed when comparing our

results to those from other studies (Fig. 3). Indeed, animals

foraging strictly in aquatic food webs, such as dolphins or

marine seals, are characterized by the highest DHA/LNA

ratios whereas freshwater seals exhibit lower DHA/LNA

ratios when compared to marine mammals. A previous

study successfully used the n-3/n-6 fatty acid ratio to dis-

tinguish marine from freshwater populations of genetically

related seals [23]. The great abundance of n-6 PUFAs in

freshwater food webs has been suggested to be due to a

greater terrestrial input of organic matter [18]. Indeed, river

food webs are often based on the use of terrestrial plant

detrital material by macroinvertebrates [27]. Moreover,

in lakes, a recent study has suggested that 22–55% of

assimilated carbon by the major freshwater ‘‘herbivore’’

Daphnia sp. is derived from terrestrial organic matter [28]

Fig. 2 Mean values of four major PUFAs in the peritoneal adipose

tissue of the sampled carnivorous mammals, according to their degree

of aquatic food web exploitation. For simplification reasons only the

DHA and LNA statistical differences are presented. Data labelled

with the same letter are not significantly different (Mann–Whitney,

P \ 0.05)

Fig. 3 Mean values of DHA/

LNA ratio in adipose tissue of

carnivorous mammals

belonging to different food

webs. Dagger: data estimated

from Samuel and Worthy [33];

double dagger data estimated

from Käkelä and Hyvärinen

[23]; asterisks data estimated

from Grahl-Nielsen et al. [22].

No symbol: data from present

study. Above: DHA/LNA ratio

in peritoneal adipose tissue of

carnivorous mammals from this

study. Data labelled with the

same letter are not significantly

different (Mann–Whitney,

P \ 0.05)
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which could be rich in LNA [29]. Thus, inputs of terrestrial

organic matter could partially explain the abundance of n-6

PUFAs and more particularly LNA in freshwater food

webs. However, terrestrial influence may also occur under

the form of phosphorus loading. It has recently been shown

that sestonic concentrations of n-3 highly unsaturated fatty

acids (such as DHA or EPA) decreased along a trophic

state gradient from oligotrophic to eutrophic lakes [30]. For

evident reasons the authors established the decrease of

DHA with increasing total phosphorus by sampling dif-

ferent lakes. It is tempting to speculate that the decrease of

DHA could occur in a given lake over a long-term temporal

scale corresponding to its natural eutrophication. This

could imply that the DHA/LNA ratios that are observed in

a given aquatic food web gradually evolve towards more

terrestrial values. However, Müller-Navarra et al. [30] did

not mention any increase of LNA with increasing total

phosphorus. Nevertheless, phytoplankton composition in

eutrophic lakes is often dominated by Cyanobacteria or

Chlorophyceae, which do not produce DHA but can con-

tain relatively high amounts of LNA [9, 31].

DHA/LNA Ratio Gradient from Aquatic to Terrestrial

Food Webs

Because of the terrestrial influence and specific processes

occurring in freshwater food webs, the DHA/LNA ratio can

distinguish marine from freshwater mammals. For example,

dolphins and seals foraging in marine food webs exhibit

high DHA/LNA ratios ranging from 11 (Bottlenose dolphin

Tursiops truncatus) to 11.82 (Ringed seal Phoca hispida),

whereas freshwater seals exhibit ratios ranging from 2.5 to

5.29 (Fig. 3). Continental carnivorous mammals foraging

partially or totally in terrestrial food webs exhibit much

lower DHA/LNA ratios, ranging from 0.46 (European otter)

to 0.01 (stone marten). More interestingly, the gradual

decrease of the ratio is correlated with decreasing aquatic

food web exploitation (rs = 0.957, P\0.05) (Fig. 3).

The decrease in the DHA/LNA ratio from aquatic

to terrestrial food webs led us to consider DHA/LNA ratio

of carnivorous mammals as a proxy evaluating their

connection strength to these two types of food webs.

Nevertheless, the mean values of the DHA/LNA ratio of

the animals sampled in this study exhibit an important

individual variability (Fig. 3). As these animals were col-

lected in different geographic areas and at different

seasons, this variability could reflect geographical and

temporal differences in foraging behaviour [32]. Further-

more, other parameters such as age, sex or physiological

state should also be taken into account when considering

this variability [22, 33].

Thus, further studies are required to better understand

the dietary FA accumulation patterns and their variations

among and within species. Moreover, more attention

should be paid on adipose tissue turnover rates in order to

establish more precisely the links between DHA/LNA

ratio and dietary shifts. Once these parameters are known,

it should be possible to determine whether the striking

difference in the DHA/LNA ratios between otters and

freshwater seals (Fig. 3) is relevant. If so, our results

could suggest that the re-colonising otters sampled for this

study are more strongly connected to terrestrial food webs

than expected. This phenomenon has already been

observed for American minks sharing the same biotope

with otters. These two species are niche competitors, and

their competition in a disturbed biotope can result in a

switch of the mink’s diet from aquatic to terrestrial prey

[1, 34].

In conclusion, we suggest that the DHA/LNA ratio is a

useful tool for the assessment of the dietary plasticity of

carnivorous mammals. The use of the DHA/LNA ratio in

long-term studies could allow to evaluate in which manner

changes in foraging behaviour are linked to population

dynamics of semi-aquatic species in different geographical

areas.
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Abstract Renal handling of major HDL components was

studied by analyzing urine from patients with Fanconi

syndrome, a rare renal proximal tubular reabsorption fail-

ure, including dysfunction of the kidney HDL receptor,

cubilin. A high urinary excretion of apolipoprotein A-I and

A-IV corresponding to a major part of the metabolism of

these proteins was measured. In contrast, no urinary

excretion of apolipoprotein A-II which is more hydropho-

bic and tighter bound to HDL was found. Control urines

displayed absence of the three apolipoproteins. Urinary

excretion of phospholipids, triglycerides, cholesterol and

cholesterol esters in patients was as low as in controls. In

conclusion, these data indicate that the human kidney is a

major site for filtered nascent apolipoprotein A-I and A-IV

but not for HDL particles.

Keywords Lipid biochemistry � Apolipoproteins �
Lipoproteins � HDL � Lipoproteins � Renal function �
Physiology

Abbreviations

apoA-I Apolipoprotein A-I

apoA-II Apolipoprotein A-II

apoA-IV Apolipoprotein A-IV

HDL High-density lipoprotein

Introduction

The high density lipoprotein (HDL) plasma level, including

its major protein component apolipoprotein A-I (apoA-I),

is inversely correlated to the incidence of cardiovascular

diseases [1]. ApoA-I’s anti-atherosclerotic properties, have

led to a focus on apoA-I metabolism and apoA-I based

therapies [2–6]. The plasma level of HDL/apoA-I is cor-

related to the catabolic rate rather than production rate of

apoA-I [7]. Whereas the liver and steroid organs are major

site for uptake of HDL lipids, there are diverging data

on the catabolism of the HDL particles and protein

components.

In studies of elimination of human and murine apoA-I in

mice models and hamster apoA-I in hamster, the liver was

found to be the major organ for clearance of apoA-I [8–10],

whereas in rats the kidney was found to be the major site

[11]. These different observations may be due to species

differences as well as the apoA-I labeling procedures used.

The latter is indicated by a study in rabbits showing that

70% of injected human apoA-I was cleared by the kidneys,

whereas 125I- labeled apoA-I was cleared substantially

faster, and predominantly by liver [12]. Furthermore, the
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catabolic site of apoA-I may depend on its degree of lipi-

dation and binding strength to the entire HDL particle.

Studies of the apoA-I clearance in mice transgenic for

human apoA-I indicate that the liver preferentially takes up

apoA-I associated to particles [13, 14].

In rodent kidney, apoA-I uptake is accounted for by

glomerular filtration and subsequent recognition by cubilin

in the proximal tubules leading to endocytosis and degra-

dation [15].

To define the role of the human kidney in HDL clear-

ance we compared the renal handling of HDL apoA-I,

apoA-II and apoA-IV and HDL lipid components in human

Fanconi syndrome patients with failure in megalin and

cubilin-mediated protein re-absorption in the proximal

tubules [16].

Materials and Methods

Fanconi Syndrome Patients and Specimen Collection

Patients with the rare Fanconi syndrome had the following

diagnoses: Dent’s disease caused by mutations in the ClC-5

chloride channel (Patients 3–5 and 8); Lowe syndrome

(Patients 6 and 7) and autosomal dominant idiopathic

Fanconi syndrome (Patients 1 and 2). All patients had well-

preserved renal glomerular function estimated by creati-

nine clearance and had been described previously [16].

Sample collection and calculation of 24 h excretion based

on creatinine values was conducted as described [16].

Urine Analysis

Western blot analysis was conducted using rabbit poly-

clonal antibodies against apoA-I, apoA-II and apoA-IV.

Urine concentrations of apoA-I were measured by an

enzyme-linked immunosorbent assay (ELISA) as described

[2]. Two-dimensional gel-electrophoresis analysis of uri-

nary apoA-I and A-IV was carried out as described [17].

Lipids were extracted from 60 ml urine samples and

phospholipids and cholesterol concentrations determined as

described [18–20]. Creatinine, a1-microglobulin and albu-

min were determined as described [16].

Immunocytochemistry Studies of Human Proximal

Tubules

Normal, uninvolved human renal tissue was obtained from

resected renal carcinoma kidneys and 0.8 lm cryosections

prepared [21]. The sections were incubated with rabbit

anti-human apoA-I antibody. As negative control, sections

were incubated with secondary antibodies alone or non-

specific rabbit IgG.

Results

Analysis of Urine from Fanconi Patients

Substantial reabsorption of apoA-I in the human proximal

tubules was indicated by apoA-I immunoreactivity in

lysosomal-like vesicles proximal tubule cells of normal

human kidney cortex (Fig. 1). An estimate of the clearance

of apoA-I in the kidneys was obtained by analyzing urine

of Fanconi patients having failure in tubular reabsorption

with high urinary protein excretion.

Western blotting showed a substantial secretion of full-

length apoA-I (Fig. 1) and ELISA of patients urine showed

apoA-I levels ranging from 7.8 to 178 lg/ml (mean

73 ± 55 lg/ml, Table 1) corresponding to an excretion of

Fig. 1 Immunochemical detection of apoA-I in normal human renal

cortex and urine of Fanconi patients. a Immunohistochemical

detection of apoA-I in normal human proximal tubules, seen as a

vesicular staining (arrows) in agreement with uptake into endosomes

and lysosomes. b SDS-PAGE and Western blotting of apoA-I in urine

samples. Lane 1 control urine, lane 2 patient 1, lane 3 patient 4, lane 4
patient 6, lane 5 patient 8, lane 6 human plasma HDL. c Two-

dimensional gel-electrophoresis and Western blotting of apoA-I in

normal plasma and in urine of three Fanconi patients, with indications

of areas with apoA-I exhibiting pre-b and a migration
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205 ± 181 mg apoA-I/24 h with 0.5 g/24 h being the

maximum value. No apoA-I was detected in urine from

control individuals (sensitivity limit 0.01 lg/ml). Measure-

ment of urinary creatinine, albumin and a1-microglobulin

(Table 1) suggested normal filtration rates in the patients.

Western blotting detected also a high apoA-IV content

but no apoA-II in the urines. The level of apoA-IV in urine

was by semiquantitative immunoblotting of 2-D gels

measured to 8–86 lg/ml, (mean 42 ± 30 lg/ml), corre-

sponding to a total daily urinary excretion of 6–172 mg

apoA-IV (mean 120 ± 89 mg/day). This is in the range of

what is previously reported [22, 23]. No apo-A-II or apoA-

IV was detected by western blotting of control urine.

ApoA-I from urine exhibited pre-b1 migration in 2-D

gel-electrophoresis (Fig. 1) indicating that apoA-I was

represented by pre-b1 particles or less lipidated including

the nascent apoA-I form (which also exhibits pre-b1

migration). Low apoA-I lipidation was further indicated by

the very low contents of phospholipids, cholesterol, cho-

lesterol esters and triglyceride determined by thin layer

chromatography of lipids extracted from urine of patients

and controls. In the urine of the two patients (3 and 4) the

phospholipid concentrations were 0.82 and 2.87 mg/l,

respectively, whereas cholesterol concentrations were 1.59

and 1.92 mg/l, respectively. In two healthy individuals

similar phospholipid (0.86 and 0.62 mg/l) and cholesterol

(1.21 and 1.45 mg/l) concentrations were measured.

Discussion

By taking advantage of the fact that Fanconi patients in the

urine excretes filtered proteins that otherwise would be

reabsorbed in the proximal tubules [16], we measured the

urinary content of the major HDL apoA proteins to get

further insight into the role of the kidney in HDL clearance.

Using proteomic methods apoA-I and apoA-IV have pre-

viously been identified in the urine of Fanconi syndrome

patients [24], but a comparative quantitative approach has

to our knowledge not been done. Although this approach

for estimating normal renal filtration of a protein has its

limitations and may underestimate the true values we find it

justified because the Fanconi disease has no observed

effect on lipoprotein levels [25], glomerular filtration rates

and glomerular sieving coefficients [16]. The data showed

a high urinary excretion of apoA-I amounting to at least

0.2–0.5 g/day, that is about 50% of the daily synthesis of

apoA-I previously estimated to 9–14 mg apoA-I/kg in

humans [7, 26].

Consistent with previous data on HDL catabolism in

animal models showing a high apoA-I clearance in kidney

but a very low HDL cholesteryl ester uptake [10, 11], the

data indicate that apoA-I is catabolized in a lipid-poor

form. Lipidation of apoA-I and rearrangement into the lipid

loaded helix-belt formation [27, 28] may therefore protect

apoA-I from catabolism. The absence of this protection

may therefore contribute to hypercatabolism of HDL and

very low apoA-I and plasma HDL levels in Tangier disease

patients with failure in ABCA-1-mediated phospholipid

and cholesterol efflux to apoA-I [29–31].

Renal failure surprisingly also causes a decrease in HDL

cholesterol [32] but an increase in the fraction of free

apoA-I [33] thus indicating that increased extrarenal

metabolism of HDL counteracts a failed renal filtration of

nascent apoA-I. Hemodialysis of renal failure patients is

also reported to further increase the plasma pre-b fraction

of HDL and free apoA-I [32, 33], indicating that this

treatment does not compensate for the absent apoA-I fil-

tration in the kidney

ApoA-II is not excreted in the urine of Fanconi patients,

presumably due to the strong hydrophobicity of apoA-II

protecting it from dissociation from the HDL particle and

subsequent glomerular filtration. Concordant with a stronger

association of apoA-II to HDL, transgenic mice over-

expressing apoA-II have an increased renal catabolism of

apoA-I, presumably displaced from HDL by apoA-II [34].

In conclusion, these data indicate that the human kidney

is a major site for filtering nascent apoA-I and A-IV,

whereas there is no evidence for filtration of HDL

holoparticles.

Table 1 Excretion of apoA-I,

a1-microglobulin, albumin and

creatinine in urine from Fanconi

patients

Patient no. ApoA-I a1-microglobulin Albumin Creatinine

lg/ml mg/24 h lg/ml mg/24 h lg/ml mg/24 h mM mmol/24 h

1 108 328 242 734 73 222 4.3 13

2 39 31 513 411 193 154 15.4 12

3 60 192 215 697 148 478 5.2 17

4 39 104 232 621 187 501 4.7 13

5 8 28 66 235 266 956 7.2 26

6 178 580 297 969 974 3173 4.9 16

7 47 173 240 885 187 687 4.3 16

8 108 209 354 685 175 339 5.1 10
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Abstract Transient receptor potential vanilloid subtype 1

(TRPV1) is known as capsaicin (CAP) receptor and activated

by CAP. Activation of TRPV1 by CAP increases energy

expenditure and thermogenesis in rodents or human.

Therefore, TRPV1 may be target for energy expenditure

enhancement and thermogenesis. To search for novel

TRPV1 agonist, we screened 19 types of foods by using

TRPV1-expressing HEK293 cells. TRPV1 was activated by

hexane extract of wheat flour, and its functional compounds

were 1-monoacylglycerols containing oleic, linoleic, and

a-linolenic acids. Their potencies (EC50) were about 50

times larger than that of CAP and their efficacies (maximal

response) were about half of that of CAP. TRPV1 was acti-

vated by 1-monoacylglycerols (MGs) having C18 and C20

unsaturated and C8–C12 saturated fatty acid (FA). More-

over, 2-MGs having C18 and C20 unsaturated FA acted on

TRPV1 with the same potency. On the other hand, no

activation of TRPV1 was induced by MGs having C16 and

C18 saturated FA, di- or triacylglycerols of C18:1 FA.

Pain-relating aversive responses were induced when

TRPV1-activating 1-monoacylglycerols (50 mM) was

administered subcutaneously into rat hind paw. These effects

were inhibited by the co-injection of capsazepine (10 mM)

which is a TRPV1 competitive antagonist. These results

suggested that these 1-monoacylglycerols activate TRPV1

in vitro and in vivo.

Keywords Monoacylglycerol � TRPV1 � Pungency �
Capsaicin

Abbreviations

AEA Arachidonoylethanolamide (Anandamide)

2-AGE 2-Arachidonyl glycerol ether

CAP Capsaicin

CPZ Capsazepine

DG Diacylglycerol

DRG Dorsal root ganglion

EtOAc Ethyl acetate

FA Fatty acid

MG Monoacylglycerol

OEA Oleoylethanolamide

TG Triacylglycerol

TRPV1 Transient receptor potential vanilloid 1

Introduction

Transient receptor potential vanilloid subtype 1 (TRPV1) is a

non-selective cation channel activated by noxious heat

([43 �C), protons, and capsaicin (CAP), a pungent ingre-

dient of red pepper (Fig. 1). TRPV1 is mainly expressed in

sensory neurons [1, 2]. TRPV1 functions as nociceptor, and

is involved in pungent taste by red pepper intake and pain by

inflammation or other stimuli [3]. A variety of natural

products and endogenous compounds other than CAP have

been identified as the TRPV1 agonists. For example,

gingerols and shogaols (pungent compounds of ginger),

piperine (pungent compound of black or white pepper), and

sanshools (pungent compounds of Japanese pepper) have

been identified as natural compounds, and anandamide

(arachidonoylethanolamide, AEA; Fig. 1) and N-arachido-

nyl dopamine as endogenous TRPV1 agonists [4–6].
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Activation of TRPV1 plays a role not only in transmission

of pungent or pain sensations but also in CAP-induced

energy expenditure enhancement and thermogenesis [3, 7,

8]. CAP increases energy expenditure (oxygen consump-

tion) and body temperature by first stimulating the

sympathetic nerves and then stimulating adrenaline secre-

tion from the adrenal gland [9–14]. Adrenaline secretion via

the activation of sympathetic nervous system plays a key role

in energy consumption [15], and it is very important for

CAP-induced energy expenditure enhancement. CAP-

induced adrenaline secretion and core temperature incre-

ment were blocked by pretreatment with capsazepine (CPZ),

a TRPV1 competitive antagonist [13, 16]. Recently, it has

been reported that CAP intake could not prevent obesity in

TRPV1-knockout mice [17] although CAP prevented body

fat accumulation in normal rats and mice [18, 19]. These

results indicate that TRPV1 activity is very important for

CAP-induced anti-obesity. Therefore, TRPV1-activating

food ingredients may exert for CAP-like action on energy

expenditure enhancement and prevention of obesity that is a

serious risk factor for life style-related diseases including

impaired glucose and lipid metabolism [20].

In the present study, we screened 19 types of foods by

using intracellular Ca2+ imaging of TRPV1-expressing

HEK293 cells. We found that hexane extract of wheat flour

increased intracellular calcium concentration ([Ca2+]i) in

TRPV1-expressing HEK293 cells. This extract was

fractionated by repeated chromatography, and 1-monoacyl-

glycerols (MGs) having oleic, linoleic, and a-linolenic acid

as acyl components were determined as TRPV1 agonists.

These MGs not only activated TRPV1 both in vitro

[recombinant TRPV1-expressing HEK293 cells and

endogenous TRPV1 expressing mouse dorsal root ganglion

(DRG)] and in vivo (hind paw irritancy test). TRPV1 was

activated by not only 1-MGs binding C18 and C20

unsaturated and C8–C12 saturated fatty acids (FAs) but also

2-MGs binding C18 and C20 unsaturated FAs. Therefore,

TRPV1-activating MGs may be useful for increasing energy

expenditure.

Materials and Methods

Reagents

Capsaicin and CPZ were purchased from Sigma. Fura-2

AM and fluo-4 AM were obtained from Molecular Probes

Inc. (Eugene, OR, USA). All other lipid chemicals such as

MGs, diacylglycerol (DGs), triacylglycerols (TGs), FAs

and glycerol were of guaranteed reagent grade or higher.

These compounds were dissolved in dimethyl sulfoxide

(DMSO) and stored at -20 �C. All food materials were

purchased from a local market. Wheat flour was obtained

from Nisshin Flour Milling Inc. (Tokyo, Japan).

Extraction and Purification of Wheat Flour

Wheat flour (1,029 g) was extracted with hexane (10 L),

and this extract was purified as shown in Fig. 3. Each

fraction was examined for TRPV1 activity by using

TRPV1-expressing HEK293 cells. The fraction positive for

TRPV1 activity was further purified. Briefly, the hexane

extract from wheat flour (7,900 mg) was partitioned with

hexane/methanol (MeOH)/H2O (200/97/3, by vol.). The

MeOH layer (3,278 mg) that activated TRPV1 was chro-

matographed on silica gel (36 mm 9 90 mm) with a

stepwise elution of hexane/ethyl acetate (EtOAc) and

MeOH. The fraction eluted with EtOAc (Fr. 4, 205 mg)

was rechromatographed on silica gel (15 mm9 120 mm)

with hexane/EtOAc (1/1), and Fr. 4–2 (127.6 mg) was

obtained as the active fraction. Fr. 4-2 was further purified

by solid-phase extraction (MEGA BE-C18, 1 g, 6 mL,

BOND ELUT) with MeOH as an eluent, and Fr. 4-2-M

(63.2 mg) was obtained as a single spot by thin-layer

chromatography (TLC) along with the development of

sulfuric acid.

Identification and Quantification of Monoacylglycerols

in Wheat Flour

1H-NMR spectra (TMS as the internal standard) were

recorded on a JEOL a-400 instrument (Tokyo, Japan) at

399.65 MHz. The 1H-NMR spectra of Fr. 4-2-M (CDCl3)

were d 5.35 (2.9H, m), d 4.21 (1.0H, dd, J = 4.6, 11.2 Hz,

H-1a), d 4.15 (1.0H, dd, J = 6.0, 11.6 Hz, H-1b), d 3.93

(0.83H, quint, J = 5.0 Hz, H-2), d 3.83 (0.19H, d,

J = 4.8), d 3.70 (1.0H, dd, J = 4.0, 11.2 Hz, H-3a), d 3.60

(1.0H, dd, J = 6.0, 11.2 Hz, H-3b), d 2.77 (2.3H, t,

Fig. 1 Chemical structures of capsaicin, 1-oleoylglycerol, ananda-

mide and oleoylethanolamide
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J = 6.0 Hz), d 2.35 (3.1H, t, J = 7.6 Hz), d 2.05 (3.6H,

m), d 1.63 (2.4H, m), d 1.29 (18.8H, m), d 0.89 (3.2H, m).

Quantitative and qualitative analyses of lipids were

carried out using TLC with flame ionization detection

(TLC-FID) on Iatroscan MK-5 (Mitsubishi Kagaku Iatron

Inc., Tokyo, Japan). The analysis conditions were as fol-

lows: flow rate of hydrogen, 160 mL/min; flow rate of air,

2.0 L/min; scanning speed, 30 s/scan. The purified sample

of wheat flour (Fr. 4-2-M) spotted on the rod-silica gel

treated with 3% borate and a 2-stage development system

was used to separate the compound classes. The first stage

was developed with chloroform, and the second separation

comprised the development in chloroform/MeOH/25%

ammonia water (700/4/1, by vol.). The total crude MG

content in wheat flour was determined with the calibration

curve for 1-oleoylglycerol [1-MG (18:1)] as the standard.

The samples spotted with the TLC rods were developed

twice with hexane/diethyl ether/acetic acid (5/5/0.1, by

vol.).

In order to analyze the acyl components in MGs, gas

chromatography/mass spectrometry (GC/MS) was per-

formed with HP 6890 Series (Hewlett Packard, CA, USA).

WCOT fused silica CP-Sil 88 column (0.25 mm 9 50 m;

Varian, Inc., Palo Alto, CA, USA) was used with helium at

a flow rate of 1 mL/min for the separation of the sample.

The injector temperature was set at 260 �C. The column

oven temperature was changed from 160 to 240 �C (3 �C/min).

FAs methyl esters from Fr. 4-2-M were obtained by reac-

tion with 0.5 N NaOH/MeOH and 14% BF3/MeOH. The

GC/MS spectrum of Fr. 4-2-M showed five peaks at

7.37 min (hexadecanoic acid methyl ester; concordance

rate, 97%), 9.71 min (octadecanoic acid methyl ester,

97%), 10.47 min (9Z-octadecenoic acid methyl ester,

99%), 11.66 min (9Z, 12Z-octadecadienoic acid methyl

ester, 99%), and 13.13 min (9Z, 12Z, 15Z-octadecatrienoic

acid methyl ester, 95%).

Direct determination of the MG structure with liquid

chromatography/mass spectrometry (LC/MS) was per-

formed using a NANOSPACE 51-1 HPLC system

(Shiseido, Tokyo, Japan) connected to an LCQ MS

(Thermo Fisher Sci., Watham, MA, USA). Unison UK-C18

150 9 2 mm (3 lm) column (Imtakt, Kyoto, Japan) with a

flow rate of 0.2 mL/min was used for the separation of the

sample. The linear gradient was used as follows: first

condition, acetic acid (0.1%)/acetonitrile (30/70, by vol.);

from 0 to 10 min, 1/99 (by vol.); then held up to 20 min.

The MS condition used was as follows: ionization, APCI;

ion polarity, positive; vaporizer temperature, 250 �C;

sheath gas flow rate, 80 arb; aux gas flow rate, 0 arb; dis-

charge current, 5 mA; capillary temperature, 200 �C; and

capillary voltage, 10 V. Standard MGs were measured

using the selected ion monitoring mode. 1-MGs (16:0 and

18:0) were detected as [M + H]+-H2O, while others were

detected as [M + H]+. The retention times of standard

lipids [1-MGs having palmitic (1-MG16:0), stearic

(1-MG18:0), oleic (1-MG18:1), linoleic (1-MG18:2), and

a-linolenoic acids (1-MG18:3)] were detected at 11.48,

14.92, 12.08, 9.85, and 8.28 min, respectively.

Animals

Male 6-week-old Sprague-Dawley rats and male 5-week-

old C57BL/6 Cr mice (Japan SLC, Shizuoka, Japan) were

housed at least for 1 week under conditions of controlled

temperature (23 ± 1 �C), humidity (55 ± 5%), and light-

ing (light on, 7:00–19:00 hours). Food and water were

available ad libitum. Animal experiment procedures con-

formed to the Guidelines for the Care and Use of

Laboratory Animals of the University of Shizuoka.

Rats were handled for 1 week to get them habituated to

humans for the behavior experiment. On the day of the

behavior experiment, the rats were placed individually in

transparent cages (21 cm 9 31 cm 9 13 cm) and main-

tained for at least 10 min in order to stabilize their

behavior.

Measurement of Intracellular Calcium Concentration

in TRPV1-Expressing HEK293 Cells and DRG Cells

of Mice

HEK293 cells that stably expressed rat-TRPV1 (named as

HEK293VR11 cells [21]) were generated according to the

methods reported by Caterina et al. with minor modifica-

tions [1]. The HEK293VR11 cells were maintained in

Dulbecco’s modified Eagle’s medium containing 10% fetal

bovine serum, 100 units/mL of penicillin, 100 lg/mL of

streptomycin, and 250 ng/mL of amphotericin B at 37 �C

under 5% CO2/air. The cells were sub-cultured every week,

and the highest passage number used was 35. We con-

firmed that HEK293VR11 cells up to passage 35 showed

almost equal responses to CAP.

Measurement of the intracellular calcium concentration

([Ca2+]i) of HEK293VR11 cells was performed using a

previously reported method [21]. Briefly, the

HEK293VR11 cells were loaded with cytoplasmic calcium

indicator fura-2 AM (5 lM) or fluo-4 AM (2.5 lM) in a

loading buffer (5.37 mM KCl, 0.441 mM KH2PO4,

137 mM NaCl, 0.336 mM Na2HPO4�7H2O, 5.56 mM

glucose, 20 mM HEPES, 1 mM CaCl2, and 0.1% bovine

serum albumin at pH 7.4) at 37 �C for 30 min. The time-

dependent changes in fluorescence (fura-2: excitation

wavelength of 340 and 380 nm and emission wavelength of

500 nm; fluo-4: excitation wavelength of 485 nm and

emission wavelength of 540 nm) were recorded using a

CAF-110 fluorospectrophotometer (Jasco, Tokyo, Japan)

and analyzed using PowerLab (AD Instruments, NSW,
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Australia). The test compounds and extracted fractions of

foods were dissolved in DMSO and applied at 0.1 or 0.3%

concentration to the cells. In some experiments, CPZ

(100 lM, dissolved in DMSO) was added at least 1 min

prior to the addition of the test compound. Each data value

was expressed as a percent response to 10 lM CAP in each

experiment. Curve fitting and parameter estimation were

carried out using Prism 4 software (GraphPad Software,

San Diego, CA, USA).

Dorsal root ganglia from all spinal levels of male

C57BL/6 mice (5*6 weeks old) were rapidly dissected

and dissociated by incubation for 20 min in a solution of

culture medium [Earl’s balanced salt solution with 10%

fetal bovine serum, 100 units/mL of penicillin, 100 lg/mL

of streptomycin, 250 ng/mL of amphotericin B, 2 mM L-

alanyl-L-glutamine, and 19 MEM vitamin solution

(Sigma)] containing 1.25 mg/mL collagenase P (Roche,

Basel, Swiss). Cells were gently triturated using fire-pol-

ished Pasteur pipettes and centrifugated in culture medium

to separate cells from debris. Cells were resuspended and

plated onto coverslips coated with poly-L-lysin. Cells were

cultured in medium with 50 ng/mL nerve growth factor

(Sigma). Calcium imaging experiments were performed

18*36 h after plating using fluorescence microscopy.

DRG neurons were loaded with fluo-4 AM (5 lM) for

30 min at 37 �C.

Hind Paw Irritancy Test

Pain behaviors such as licking or biting produced by the

local injection of chemicals into the hind paw have been

used as a model of chemogenic nociception in rats [22, 23].

Experimental methods were similar to those reported pre-

viously [5]. Briefly, 15 lL of the test reagent solution (0.5

or 50 mM) in saline containing 5% DMSO and 10% Tween

80 was subcutaneously injected into the hind paw by using

a 27-G needle on a 1-mL syringe. The total time spent on

licking and biting in the injected paw was measured for

3 min after the injection. In some experiments, CPZ

(10 mM) was coadministered with the test solution. Only 1

hind paw was examined per test. The other hind paw was

examined at least 24 h after the first experiment.

Eye-Wiping Test

The eye-wiping test [24] was used for evaluating the

pungency of compounds. Experimental methods were the

same as those reported previously [5]. Briefly, using a

micropipette, 15 lL of the test solution (0.5 or 5 mM) in

saline containing 5% DMSO and 10% Tween 80 was

instilled into an eye of the animal. The tip of the micro-

pipette was cut at approximately 10 mm from the top to

increase the size of the instillation drop. The number of

wiping movements per minute after the administration was

counted. Only 1 eye was examined per test. The other eye

was examined at least 24 h after the first experiment.

Statistical Analysis

All data were indicated as mean ± SEM. These statistical

analyses were carried out by using the Prism 4 software. In

the aversive behavior tests, the treatment effects were

analyzed by one-way ANOVA (nonparametric), and the

differences between the mean values were evaluated by

using Tukey’s multiple comparison test. In other tests, the

differences between the compounds and vehicle treatments

on different days were evaluated by using the unpaired

t-test. Similarly, the differences between CPZ treatment

and non-treatment on different days were also evaluated by

using the unpaired t-test. Differences with P \ 0.05 were

considered to be significant.

Results

1-Monoacylglycerols in Wheat Flour Activate TRPV1

A total of 19 types of food extracts (onion, Chinese chive,

garlic, welsh onions (white and green types), shallot, Jap-

anese pepper, myoga (Zingiber mioga), perilla, peach,

American cherry, Konbu (Laminaria japonica), cucumber,

tomato, bitter melon, egg plant, apple, kiwi fruit, and wheat

flour) were examined for TRPV1 activation by calcium

imaging of TRPV1-expressing HEK293 cells. Of all

extracts, we found that the hexane extract of wheat flour

(300 lg/mL) increased the intracellular calcium concen-

tration ([Ca2+]i) in TRPV1-expressing HEK293 cells, and

this activity was half the maximum response to 10 lM

CAP (Fig. 2a, e). On the other hand, this extract induced

only a small response in native HEK293 cells (Fig. 2b, e).

Accordingly, this extract certainly contained specific

TRPV1-activating compounds. TRPV1 activation in sen-

sory neurons induces pain or pungent sensation. However,

unlike red pepper, wheat flour is not pungent. Therefore,

wheat flour may contain a weak-pungent or a non-pungent

TRPV1 agonist.

Wheat flour extract was purified by silica gel and

octadecyl silica (ODS) column chromatography (Fig. 3).

Purified fraction (Fr.) 4-2-M (5 lg/mL) increased the

[Ca2+]i in the TRPV1-expressing HEK293 cells but not in

the native HEK293 cells (Fig. 2c–e). Furthermore, the

preadministration of 100 lM CPZ, a TRPV1-specific

antagonist, completely inhibited the response in the

TRPV1-expressing HEK293 cells to Fr. 4-2-M (15 lg/mL)

(non-treatment, 333.4 ± 26.2 nM (n = 3); CPZ treatment,

2.50 ± 0.379 nM (n = 3), values are D[Ca2+]i). These
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results clearly show that the purified fraction has a specific

TRPV1 activity.

A part of the 1H-NMR spectrum of Fr. 4-2-M was

fitted with a glycerol portion of 1-palmitoylglycerol: d
4.21 (1.0H, dd, J = 4.6, 11.2 Hz, H-1a), d 4.15 (1.0H, dd,

J = 6.0, 11.6 Hz, H-1b), d 3.93 (0.83H, quint,

J = 5.0 Hz, H-2), d 3.70 (1.0H, dd, J = 4.0, 11.2 Hz,

H-3a), d 3.60 (1.0H, dd, J = 6.0, 11.2 Hz, H-3b). According

to this, Fr. 4-2-M was estimated to be a 1-MG analogue.

In agreement with this speculation, 1-MG peak

(Rf = 0.586) was mainly detected in the TLC with FID

analysis of Fr. 4-2-M (Fig. 4a). A small peak of Rf 0.480

was consistent with the 2-oleoylglycerol [2-MG (18:1)]

standard (Fig. 4a). TLC/FID analysis showed that

Fr. 4-2-M was composed of mainly 1-MG and small part of

2-MG, but the exact ratio of MGs could not be got because

the sensitivity of FTD differed significantly depending on

the degree of unsaturation for acyl moiety in MGs.

Fig. 2 Transient receptor

potential vanilloid subtype 1 is

activated by wheat flour extract.

Time course of fluorescence

changes by fluo-4 AM in

TRPV1-expressing HEK293

cells (a, c) and parent HEK293

cells (b, d) are shown. Triton X-

100 (0.1%) was added to obtain

maximum fluorescence. (e)

Calcium responses of the parent

(wild-type, open bar) and

TRPV1-expressing HEK293

cells (TRPV1, hatched bar) by

capsaicin (CAP) and wheat flour

extract. These values are

mean ± SEM (n = 3). Asterisk
indicates a significant difference

between each cell type

(P \ 0.01)
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The chemical structure of the acyl portion of 1-MG in

Fr. 4-2-M could not be identified from the 1H-NMR

spectra. Therefore, the FA was analyzed by GC/MS after

the BF3/MeOH methanolysis of Fr. 4-2-M to identify the

acyl portion of 1-MG. The GC/MS analysis revealed pal-

mitic (16:0), stearic (18:0), oleic (18:1), linoleic, (18:2) and

a-linolenic acids (18:3) as the constituted FAs of 1-MG.

The chemical structures of 1-MGs in Fr. 4-2-M were

directly analyzed by LC/MS. 1-MGs of 16:0, 18:0, 18:1,

18:2, and 18:3 FAs were detected in Fr. 4-2-M, and the

weight ratios of these 1-MGs were calculated to be 31.2,

0.302, 55.7, 12.5, and 0.302%, respectively (Fig. 4b).

The TRPV1 activities of the five types of 1-MGs were

measured using standards in 100 lM concentration. 1-MGs

(18:1, 18:2, and 18:3) increased the [Ca2+]i in the TRPV1-

expressing HEK293 cells; however, 1-MGs of 16:0 and

18:0 did not (Fig. 5a). These responses were inhibited by

100 lM CPZ (Fig. 5a) and were not observed in the parent

HEK293 cells [414 ± 29.3, 411 ± 35.8, 433 ± 35.1 nM

for HEK293VR11 cells (100 lM, n = 3), 44.7 ± 8.31,

45.9 ± 7.40, 44.3 ± 9.83 nM for HEK29 cells (100 lM,

n = 3), respectively]. Values are D[Ca2+]i), showing a

TRPV1-specific action of 1-MGs of 18:1, 18:2, and 18:3.

The dose–response curves for TRPV1 activation by 1-MGs

containing oleic, linoleic, and a-linolenic acids were

comparable, and their potency (EC50) was 50 to 100 times

higher than that of CAP, and their efficacy (% activity in

response to 10 lM CAP) was approximately 50% (Fig. 5b;

Table 1). Moreover, the dose–response curve of Fr. 4-2-M

[total content of TRPV1-activating MGs (18:1, 18:2, and

18:3) was 68.5% by LC/MS] was roughly consistent with

that of 1-MGs of 18:1, 18:1, and 18:3 (Fig. 5c). Conse-

quently, it was concluded that 1-MGs of 18:1, 18:2, and

18:3 were the TRPV1-activating compounds in wheat

flour.

The total crude MG content in wheat flour was 197 lg/g

by quantitative TLC/FID analysis.

Other Foods Containing TRPV1-Activating MGs

Active compounds in wheat flour were identified to be

1-MGs containing oleic, linoleic, and a-linolenic acids. The

hexane extracts of onion (Allium cepa) (onion powder;

GABAN, Tokyo, Japan) and myoga (Z. mioga) also acti-

vated TRPV1 in the above described screening. The main

active compounds in onion extract were also 1-MGs of

18:1, 18:2, and 18:3 FAs. Myoga extract contained the

same 1-MGs (18:2 and 18:3) and additional 2-MGs of 18:2

and 18:3 FAs. The contents of these MGs were as small as

the level of wheat flour.

TRPV1 Activity of Other Lipid Compounds

Transient receptor potential vanilloid subtype 1 was acti-

vated by 1-MGs binding oleic, linoleic, and a-linolenoic

acids but not 1-MGs binding stearic and palmitic acids

Fig. 3 Purification of TRPV1-

activating compounds in wheat

flour EtOAc, ethyl acetate;

MeOH, methanol; ODS,

octadecyl silica
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(Fig. 5a). This result suggested that acyl moiety of MG is

very important for TRPV1 activity. To decide important

acyl moiety of MG, we examined TRPV1 activities for

1-MGs having FAs of varied length. In saturated FAs,

1-MGs (8:0, 10:0, and 12:0) increased [Ca2+]i of

HEK293VR11 cells. However, by increasing carbon chain

length of acyl moiety the effect was reduced (Fig. 6a).

Although 1-MG of C18 saturated FA [1-MG(18:0)] could

not act on HEK293VR11 cells, 1-MGs of C18 unsaturated

FA [1-MG(18:1, 18:1trans, 18:2, 18:3 and 20:4] increased

[Ca2+]i of HEK293VR11 cells (Fig. 6a). Moreover, 2-MG

of C18:1, C18:2 and C20:4 increased [Ca2+]i of

HEK293VR11 cells (Fig. 6a). These responses of 1-MGs

and 2-MGs on HEK293VR11 cells were inhibited by CPZ,

suggesting that these 1-MGs and 2-MG specifically acted

on TRPV1 (Fig. 6b). All TRPV1-activated MGs except

1-MG(8:0) had the equivalent TRPV1 potencies (EC50)

and efficacies (maximum response) respectively (Table 1).

Fig. 4 Chromatograms of

TLC/FID (a) and LC/MS

(b) analysis of purified flour

extract (Fr. 4-2-M)
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These potency values were 20 to 150 times higher than that

of CAP, and these efficacies were half to that of CAP. The

potency of 1-MG(8:0) was only large in comparison with

MGs, and its EC50 was 195.9 lM (Table 1). These results

suggest that middle-chain and long-chain unsaturated acyl

moiety of MGs are very important structure for activating

TRPV1.

There are other glycerol-based compounds than MGs,

i.e., 1,2-DGs, 1,3-DGs, and TGs. Therefore, we investi-

gated whether or not 1,2-DGs, 1,3-DGs, and TGs binding

long acyl chain could activate TRPV1. No responses were

induced by the DGs and TGs used [1,2-DG(16:0); 100 lM,

others; 100 lM, Fig. 6a]. Moreover, some FAs (FA,

300 lM) and glycerol (300 lM) increased little or no

[Ca2+]i of HEK293VR11 cells (Fig. 6c). These results were

consistent with previous reports [25, 26].

Anandamide (AEA) and oleoylethanolamide (OEA)

were identified as endovanilloids (Fig. 1) [25, 27]. Struc-

ture of 1-MGs is similar to that of AEA and OEA.

Moreover, It was reported that 2-arachidonyl glycerol ether

(2-AGE, noladin ether), which was known as endocan-

nabinoid [28], increased [Ca2+]i of TRPV1-expressing

Fig. 5 Transient receptor potential vanilloid subtype 1 (TRPV1)

activities by monoacylglycerols (MGs) as measured by intracellular

Ca2+ concentration in TRPV1-expressing HEK293 cells. a White bars
indicate TRPV1 activities by 100 lM MGs having 16:0, 18:0, 18:1,

18:2, and 18:3 fatty acids, respectively. Checked bars indicate TRPV1

activities by these MGs after pretreatment with 100 lM capsazepine

(CPZ). These values are mean ± SEM (n = 3). Asterisk indicates a

significant difference between each cell type (P \ 0.01). b, c Dose–

response curves of capsaicin (CAP, closed circle), 1-MGs of 18:1,

18:2, and 18:3 (open circle, open triangle, and open inverted triangle,

respectively), and Fr. 4-2-M of wheat flour extract (filled square).

These values are mean ± SEM (n = 3–10)

Table 1 TRPV1 activation

potencies of capsaicin,

monoacylglycerols (MGs),

anandamide (AEA),

oleoylethanolamide (OEA),

and 2-arachidonyl glycerol

ether (2-AGE)

Maximum responses were

normalized to the 10 lM CAP-

induced response. pEC50 values

and maximum responses are

indicated as mean ± SEM, and

EC50 is expressed as the mean

value

Compounds pEC50 (-log M) EC50 (lM) Maximum response (%) Number of experiments

Capsaicin 7.09 ± 0.0310 0.0819 99.0 ± 1.15 4–10

1-MG(8:0) 3.71 ± 0.0710 195.9 54.6 ± 2.84 3–5

1-MG(10:0) 4.90 ± 0.0565 12.6 50.6 ± 1.70 3–10

1-MG(12:0) 5.10 ± 0.0639 8.01 44.9 ± 1.59 3–10

1-MG(18:1) 5.32 ± 0.0518 4.78 53.3 ± 1.96 3

1-MG(18:1 trans) 5.41 ± 0.140 3.88 46.8 ± 3.40 3–6

1-MG(18:2) 5.21 ± 0.0524 6.19 50.1 ± 1.79 3–5

1-MG(18:3) 5.07 ± 0.0380 5.60 50.3 ± 1.41 3–6

1-MG(20:4) 5.81 ± 0.0895 1.55 58.6 ± 2.67 3–4

2-MG(18:1) 5.37 ± 0.0844 4.27 50.4 ± 2.33 3–6

2-MG(18:2) 5.48 ± 0.0496 3.34 59.0 ± 19.4 3

2-MG(20:4) 5.60 ± 0.0869 2.54 59.8 ± 2.64 3–7

AEA 5.69 ± 0.0126 2.02 63.6 ± 0.546 3

OEA 5.60 ± 0.0554 2.53 60.9 ± 2.42 3

2-AGE 5.71 ± 0.0917 1.97 48.3 ± 2.23 3
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HEK293 cells [29]. TRPV1 activities of effective MGs in

this study were compared with those of AEA, OEA, and

2-AGE. These compounds increased [Ca2+]i in TRPV1-

expressing HEK293 cells in concentration-dependent

manner as shown in Table 1. These effects were TRPV1

specific because they were inhibited by CPZ (Fig. 6d).

TRPV1 activities of AEA and OEA were in agreement

with those of previous reports [29–31]. Additionally,

TRPV1 activities of MGs were almost identical to those of

AEA, OEA, and 2-AGE (Table 1).

Effect of 1-MG(18:1) to Mouse DRG Neurons

Transient receptor potential vanilloid subtype 1 is mainly

expressed in sensory neuron of such as DRG and trigeminal

nerve [1, 2]. We examined the effect of 1-MG (18:1) to

endogenous TRPV1 expressed in mouse DRG neurons.

[Ca2+]i of DRG neurons were increased by 100 lM

1-MG(18:1), and all these neurons were responded to

10 lM CAP (67 cells, Fig. 7a). On the other hand, small

number of neurons were activated by only 10 lM CAP (10

cells, Fig. 7a). The percentage of MG positive neurons/

CAP positive neurons was 87%. Moreover, all cells that

were activated by 100 lM 1-MG (18:1) were significantly

inhibited by 100 lM CPZ (n = 10, Fig. 7b). These results

suggested that 1-MG (18:1) also activates endogenous

TRPV1 of mouse DRG.

Irritant Response after Subcutaneous Injection

of Monoacylglycerols into Hind Paw

Activation of TRPV1 in the somatic sensory neurons car-

ries pain signals to the brain. In fact, subcutaneous

administration of CAP into mouse or rat hind paws induced

licking and biting behaviors, which are the characteristic

actions in response to a painful sensation [5, 22, 23, 32].

Fig. 6 Transient receptor potential vanilloid subtype 1 (TRPV1)

activities of lipid-related compounds as measured by intracellular

Ca2+ concentration in TRPV1-expressing HEK293 cells. a Calcium

responses by 1-monoacylglycerols (1-MGs), 2-MGs, diacylglycerols

(DGs) and triacylglycerols (TGs). Concentrations of 1-MG(8:0) and

1,2-DG(16:0) were 1,000 and 10 lM, respectively. Other’s concen-

trations were 100 lM. b Suppressive effect of capsazepine (CPZ,

100 lM) on the MGs-induced responses. CPZ was treated 1 min

before samples injection. c Calcium responses by fatty acids (FA) and

glycerol (300 lM). d TRPV1 activities of 2-arachidonyl glycerol

ether (2-AGE), anandamide (AEA), and oleoylethanolamide (OEA)

(100 lM). White bars indicate calcium responses by sample only.

Gray bars indicate calcium responses by CPZ treatment 1 min before

sample addition. These values are mean ± SEM (a and b: n = 3–13,

c: n = 3–4, d: n = 3–7). Asterisk indicates a significant difference

between each groups with or without CPZ, P \ 0.05
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Thus, we investigated whether the subcutaneous injection

of TRPV1-activating 1-MGs into rat hind paw induced an

irritant behavior.

From the results obtained, the concentration of TRPV1-

activating 1-MGs to produce TRPV1 activation was 100-

fold the concentration of CAP; thus, 50 mM 1-MG solution

was administrated subcutaneously into the rat hind paw.

First, we confirmed that vehicle injection elicited no lick-

ing and biting behaviors (Fig. 8a). 1-MGs of 18:1, 18:2,

and 18:3 induced these behaviors to the same extent or

even greater than that induced by 0.5 mM CAP (Fig. 8a).

The coadministration of CPZ (10 mM) significantly

diminished these irritant responses (Fig. 8b). These data

indicated that 1-MGs (18:1, 18:2, and 18:3) activated

TRPV1 in vivo. As predicted, 1-MG (18:0) and 1, 3-dili-

noleoylglycerol (50 mM), which could not activate

TRPV1, did not elicit aversive responses (Fig. 8a).

TRPV1-Activating MGs have no Pungency

As functional food compounds, pungency is an important

factor. Many TRPV1 activators induce a pungent taste.

On the other hand, capsiate (a red pepper compound),

olvanil (CAP’s synthetic analogue), and [10]-shogaol (a

ginger compound) were identified to be less or non-

pungent TRPV1 agonists [5, 32]. Therefore, we exam-

ined the pungencies of the TRPV1-activating MGs by a

rat eye-wiping assay. This assay has often been used for

evaluating the pungency of plant ingredients and chem-

ical compounds [24]. The number of eye-wiping

movements observed during 1 min after 0.5 mM CAP

application was approximately 27 times/min (Fig. 8c).

On the other hand, 1-MGs of 18:1, 18:2, and 18:3 did

not induce eye-wiping movements as well as vehicle

(Fig. 8c) although they activated TRPV1 in vitro and in

vivo (Figs. 5, 8a, c). Thus, these MGs were thought to

have no pungent taste.

Discussion

Since CAP induces energy expenditure enhancement and

thermogenesis via the activation of TRPV1 [8], other

TRPV1 activators in foods may play a role in energy

expenditure. In this study, we searched for food ingredients

activating TRPV1. We found that TRPV1 was activated by

hexane extract of wheat flour which do not have pungency

although most of foods contained TRPV1 activators have

pungency such as hot pepper, ginger, and pepper. Active

compounds in wheat flour were identified to be 1-MG

having oleic, linoleic, and a-linolenic acids. Lipid-related

TRPV1 agonists reported thus far are 12-(S)-hydro-

peroxyeicosatetraenoic acid, AEA, OEA, and 2-AGE [26,

29]. Omega-3 polyunsaturated FAs activated TRPV1 only

when TRPV1 sensitivity was high by phorobol 12, 13-

dibutyrate (PDBu)-induced phosphorylation [33]. In the

present study, we first report that 1-MG or 2-MG con-

taining C18 and C20 unsaturated- or a C8–C12 FAs

activated TRPV1, and excited sensory neurons expressing

TRPV1. In addition, the TRPV1 activities of such MGs

were almost identical to those of AEA, OEA, or 2-AGE

(Table 1) [30, 31].

Transient receptor potential vanilloid subtype 1 poten-

cies (EC50) for these MGs were near to those of [6]-

gingerol (4.55 lM) or piperine (2.69 lM) that are the

pungent compounds of ginger or pepper, respectively [5,

34] (Table 1). However, these efficacies (maximum

response) for MGs were half for that of CAP (Table 1). On

the other hand, TRPV1 activities of such MGs were almost

the same levels as that of AEA or OEA, known as endo-

vanilloid (Table 1). Movahed et al. examined TRPV1

activity of endogenous C18 N-acylethanolamines having

stearic, oleic, linoleic, and a-linolenic acids [31]. N-Acy-

lethanolamine of saturated C18 (stearic acid) did not

activate TRPV1, while other N-acylethanolamines binding

unsaturated C18 FAs activated TRPV1 at the same EC50s.

Fig. 7 1-MG (18:1) increases cytosolic Ca2+ concentration ([Ca2+]i)

in mouse sensory neurons. a Two types of representative charts are

shown. One is both 100 lM 1-MG(18:1)- and 10 lM CAP-positive

neuron (unbroken line, n = 67), the other is 10 lM CAP-positive and

100 lM 1-MG(18:1)-negative neuron (broken line, n = 10). b 1-MG

(18:1)-induced increases in [Ca2+]i were inhibited by capsazepine

(CPZ) in mouse DRG neurons (n = 10)
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These results are consistent with structure activity rela-

tionships for TRPV1 activity of MGs in this study.

Moreover, we confirmed that TRPV1 was activated by both

1-MG(18:1) having oleic acid and 1-MG(18:1trans) having

elaidic acid at the same potencies. Geometric configuration

(cis or trans) of acyl moiety in 1-MG affects molecular

size, and 1-MG(18:1cis) is smaller than 1-MG(18:1trans).

This result suggested that important thing for TRPV1

activation might be not a molecular size but the existence

of double bounds in acyl moiety of MG.

The potency of TRPV1 activation generally correlates

with pungency. But some compounds having high lipo-

philicity, such as capsiate, olvanil and [10]-shogaol, are

strong TRPV1 agonists with low or no pungency [5, 32].

The probable reason why capsiate, olvanil, and [10]-sho-

gaol are not pungent is that these substances cannot reach

the epithelium-covered TRPV1-expressing trigeminal

nerve endings in the mouth or eye due to their high lipo-

philicity [5, 32]. The TRPV1-activating MGs may have a

high lipophilicity because they are lipids with long-chain

FAs. In fact, the lipophilicity of 1-MGs of 18:1, 18:2, and

18:3 was higher than that of CAP and roughly equal to that

of olvanil, as revealed by ODS-TLC analysis performed

with MeOH/water [ratio, 9/1; the Rf value: CAP, 0.73;

olvanil, 0.36; 1-MG (18:1), 0.30; 1-MG (18:2), 0.38; and 1-

MG (18:3), 0.43]. Therefore, these MGs are believed to

have no pungency and activate TRPV1 via the same

mechanism as capsiate, olvanil, and [10]-shogaol.

Capsiate is very low pungent CAP analogue isolated

from non-pungent red pepper ‘CH-19 Sweet’ [35]. Capsi-

ate activates TRPV1 with the same potency [32], and

increases energy expenditure via TRPV1 activation as well

as CAP [13, 36, 37]. For some people who dislike CAP,

CAP is too pungent to intake for increasing energy

expenditure. From this point of view, capsiate is very

useful as it is very low pungent. MGs which activated

TRPV1 also may be useful food ingredients to increase

energy expenditure like capsiate.

These MGs are minor constituents in foods. In fact, the

total crude MG content of wheat flour was 197 lg/g.

However, when vegetable oils are ingested, 2-MGs con-

taining oleic or linoleic acids are produced by the lipase

digestion of dietary TGs in the small intestine. TRPV1 is

expressed at several locations such as myenteric ganglia

and mucosa in the lower gastrointestinal tract, and its

activation may be related to provide a sensory integration

of chemical, physical, or inflammatory stimuli [38].

Therefore, TRPV1 activation by MGs might participate in

the control of digestion or absorption of fat.

In the present study, we identified 1- or 2-MGs con-

taining oleic, linoleic, or a-linolenic acids as TRPV1

activators in wheat flower, onion, and myoga. MGs binding

to not only C18 and C20 unsaturated FAs but also C8–C12

saturated FAs activated recombinant and endogenous

TRPV1 in vitro. Moreover, 1-MGs of 18:1, 18:2, or 18:3

acted on the sensory neurons via TRPV1 in vivo. However,

Fig. 8 Aversive responses of rats induced by TPRV1-activating

monoacylglycerols (MGs) after the subcutaneous hind paw injection

or eye instillation. (a) The total time spent on licking and biting the

injected hind paw was measured for 3 min after the injection of the

vehicle, capsaicin (CAP, 0.5 mM), MGs (50 mM), and 1,3-dili-

noleoylglycerol [1,3-DG (18:2), 50 mM]. b The total time spent on

licking and biting was measured for 3 min after the injection of the

TRPV1-activating MGs (50 mM) with or without capsazepine (CPZ,

10 mM) administration. c The number of eye-wiping movements was

counted for 1 min after the administration of vehicle, CAP (0.5 mM),

or TRPV1-activating MGs (50 mM). The values are mean ± SEM (a:

n = 5, b: n = 4–6, c: n = 6–12). Different letters indicate significant

differences, P \ 0.05. Asterisk indicates a significant difference

between the groups with or without CPZ, P \ 0.05
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the physiological function through the activation of TRPV1

is not clear now. Study on the effect of 1-MG intake for fat

accumulation in rodents is now in progress.
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Abstract In this work, we assessed the in-vitro effects of

eicosapentaenoic acid (EPA; C20:5n-3) and docosahexae-

noic acid (DHA; C22:6n-3) (final concentration, 15 lM)

on T cell blastogenesis, interleukin-2 and -4 (IL-2, IL-4)

secretion, fatty acid composition and intracellular oxidative

status in type I diabetic patients with or without compli-

cations. Con A stimulated lymphocyte proliferation,

glucose uptake, intracellular reduced glutathione levels and

catalase activity were lower in diabetics as compared to

controls, regardless to the presence of complications. EPA

and DHA diminished T-lymphocyte proliferation and IL-2

production but enhanced IL-4 secretion in both diabetic

and control groups. No changes in the levels of reduced

glutathione and in the activities of catalase and SOD were

observed in control T cells cultured in the presence of EPA

and DHA. However, in diabetic patients, addition of n-3

PUFA to culture induced an increase in T cell levels of

reduced glutathione and hydroperoxide, and in activities of

catalase and SOD. Low levels of arachidonic acid (C20:4n-

6) were found in plasma membrane phospholipids of

lymphocytes from diabetic patients compared to controls.

Incubation of lymphocytes with EPA and DHA was asso-

ciated with an incorporation of these fatty acids in

membrane phospholipids. In conclusion, the beneficial

effects of n-3 PUFA on T cell functions in type I diabetes

could be attributed to their suppressive action and modu-

lation of cytokine secretion, and to the improvement of

intracellular oxidative status.

Keywords Diabetes � Docosahexaenoic acid �
Eicosapentaenoic acid � Interleukins � Lymphocytes �
Oxidant status � Polyunsaturated fatty acids
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Département de Biologie Moléculaire et Cellulaire,
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ROS Reactive oxygen species

SOD Superoxide dismutase

TCR T cell receptor

TG Triglycerides

Introduction

The pathogenesis of diabetes mellitus is multifactorial and

hence, abnormalities in the immune system have been well

established in type 1 and type 2 diabetic subjects [1–4]. A

high susceptibility to infection has been described in dia-

betes mellitus patients, which may be caused by several

defects of the immunological defense mechanism [2].

Impairment of polymorphonuclear leukocyte phagocytosis

and reduction in granulocyte phagocytic capacity have

been reported with increased plasma glucose concentration

in diabetic patients [5]. The most dramatic defect that

occurs in diabetes mellitus is related to abnormalities of

T cell function. Abnormal lymphocyte subpopulations,

decreased numbers and activity of T-cytotoxic cells, the

presence of activated T cells, and increased number and

activity of natural killer (NK) cells have been reported in

diabetes [1, 6, 7].

Type 1 diabetes is an autoimmune disease resulting from

the selective destruction of insulin-producing b cells by

autoreactive T cells [1, 8]. An in-vivo activation of T cells

in diabetes is typically reflected by increased serum levels

of their products, namely interleukin-2 (IL-2) and the

soluble interleukin-2 receptor (sIL-2R). In fact, the CD4+

T cells involved in the mechanisms underlying type 1

diabetes exhibit predominantly a Th1 phenotype, charac-

terized by the secretion of high amounts of IL-2 and IFN-d
[9]. Conversely, CD4+ T cells of the Th2 subset may

exhibit regulatory functions that control the development

of type 1 diabetes [10, 11].

Paradoxically, a reduced in-vitro production of IL-2

upon mitogen stimulation is found in these patients, asso-

ciated with an impaired proliferation response in mitogen-

activated peripheral blood mononuclear cells [1, 12]. In

fact, most of the studies have indicated that T cell growth is

triggered exclusively by the production of IL-2 and the

consequent expression of its surface receptor [13].

Moreover, the impaired immune function in diabetes

could be partly associated with insulin deficiency [1], since

insulin modulates cell growth and differentiation [14] and

mitogen-activated lymphocyte proliferation [15]. In addi-

tion, insulin has an anti-inflammatory effect [16]. Glucose

is essential for lymphocyte function, and diabetes causes

marked changes in lymphocyte metabolism [4].

There is overwhelming evidence for the effects of n-3

polyunsaturated fatty acids (PUFA) on inflammatory

diseases, and they exert beneficial effects in various

inflammatory disorders [17]. Dietary n-3 PUFA induce

changes in membrane fatty acid composition specially

alterations in lipid raft composition, membrane fluidity,

receptor distribution; prostaglandin biosynthesis which

may influence T cell mediated immune responses [18, 19].

Besides, PUFA have been shown to modulate lymphocyte

proliferation, IL-2 production, IL-2 receptor (IL-2R)

expression, antigen presentation and natural killer cell

activity [19–22]. In addition, the effects of n-3 PUFAS

especially EPA (eicosapentaenoic) and DHA (docosa-

hexaenoic acid), on ex vivo lymphocyte functions as

judged by mitogen stimulation, have been consistent in

both human and animal studies showing suppressed

responses [19–22].

Previous studies have demonstrated that n-3 PUFA

decrease T cell proliferation [21, 23], cytokine secretion

[23], intracellular enzyme activity [24] and gene tran-

scription [25] and modulate antigen presentation through

the HLA class I pathway [26]. Additionally, n-3 PUFA

suppress T cell proliferative capacity attributed to a

reduction in IL-2 production and/or function, and to

enhancement of counter regulatory IL-4-driven Th2 cells

[27]. Previous studies on the effects of n-3 PUFA on

apoptosis in purified T cells indicated that dietary n-3

PUFA preferentially promote apoptosis in a T cell subset

exhibiting a Th1 cytokine profile [28]. This exciting

observation provides yet another unique mechanism by

which n-3 PUFA exert a significant and selective effect

on T cell proinflammatory function.

Other factors implicated in different forms of apop-

tosis are reactive oxygen species (ROS). Several studies

have provided evidence for the involvement of ROS in

apoptosis of T cell blasts [29]. Apoptosis in these cells is

the consequence of changes in mitochondrial perme-

ability and the subsequent release of ROS. Studies

performed with primary T cells, however, indicate that

the formation of intracellular ROS is necessary for T cell

activation and IL-2 secretion but also regulates activation

induced T cell apoptosis, therefore suggesting that

intracellular ROS could play a role in peripheral T cell

homeostasis [30].

The steady-state formation of ROS produced during

cell metabolism is normally balanced by a similar rate of

consumption by antioxidants. Under normal conditions,

protective intracellular enzymes mainly catalase and

superoxide dismutase, and cellular non-enzymatic anti-

oxidants such as glutathione prevent ROS accumulation.

Oxidative stress may result from imbalance in this

pro-oxidant-antioxidant equilibrium. Oxidative stress

was found to influence functional characteristics of

T lymphocytes with critical implications on proximal and

distal T cell receptor (TCR) signaling events [31].
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T lymphocyte oxidative stress could originate from

environmental free radicals or intracellular enzyme

activity.

Diabetes mellitus is associated with increased oxidative

stress. Increased production of reactive oxygen species as

well as reduced antioxidant defense mechanisms have been

suggested to play a role in type 1 diabetic patients [32].

Oxidative stress plays an important role in the etiology of

diabetic complications such as atherosclerosis, a major

cause of morbidity and mortality in these patients. The

following mechanisms are thought to be involved in the

increased oxidative stress in diabetes mellitus: hypergly-

cemia, oxygen free radical generation due to nonenzymatic

protein glycosylation, autoxidation of glucose and glyca-

tion products, and changes in antioxidant defense systems

[32–34].

Despite the various markers of oxidative stress in dia-

betes mellitus and its implications in the development of

diabetes complications, it is not well known whether

T lymphocytes affected by this oxidative stress had

suppressive proliferative responses to n-3 PUFA supple-

mentation in vitro. In addition, it is still unclear whether

impaired lymphocyte proliferation responses occur in dia-

betic patients with or without complications, and whether

EPA and DHA have modulatory effects on cell mediated

immune responses in diabetes mellitus regardless to

complications.

Therefore, the present study was undertaken to assess

in-vitro effects of n-3 PUFA (EPA and DHA) on mito-

gen-stimulated proliferation, cytokine production, fatty

acid composition and oxidant/antioxidant status of T

lymphocytes in type 1 diabetic patients with or without

complications.

Materials and Methods

Subjects

A total of 38 type I diabetic patients were recruited from

the Department of Diabetics, University Hospital of

Tlemcen (Algeria). Medical records were screened by

specialist physicians. The diabetic type I patients were

divided into two groups: group I consisted of type I dia-

betic patients without complications (20 patients); group II

consisted of patients with complications. Complications in

the diabetic patients included coronary artery disease in ten

type I diabetics, diagnosed by clinical symptoms of angina

pectoris, electrocardiogram examination or documented

myocardial infarction and renal failure (RF) in eight

patients, evaluated by significant renal impairment such as

abnormal creatinine or macroalbuminuria. All diabetic

patients received insulin. In addition, diabetic patients with

RF were treated by angiotensin converting enzyme inhib-

itors. Diabetic patients with coronary artery disease were

treated by calcium antagonists.

Twenty-six control subjects were selected. Controls and

diabetic subjects were matched with respect to age and body

mass index (BMI) as determined by the weight and height

of patients. The characteristics of patients are given in

Table 1. The study was approved by the ethical committee

of the Tlemcen University Hospital and informed written

consent was obtained from all the subjects.

Blood Samples

Samples were collected at approximately the same time

each day (between 7 and 8 o’clock in the morning) to

Table 1 Characteristics of the study groups

Controls Type I diabetics

Without complications With complications

Number 26 20 18

M/F ratio 15/11 11/9 10/8

Age (years) 28.50 ± 1.37 29.05 ± 1.82 30.50 ± 2.21

BMI (Kg/m2) 22.83 ± 2.42 21.86 ± 1.53 22.17 ± 2.31

Duration of disease (years) – 5.00 ± 0.52 9.00 ± 1.44

Fasting glucose (mmol/l) 4.72 ± 0.45 8.87 ± 0.52* 12.24 ± 1.51*

Hb A1C (%) 4.50 ± 0.40 7.56 ± 0.81* 9.89 ± 0.50*

Total cholesterol (mmol/l) 5.63 ± 0.51 5.53 ± 0.53 5.87 ± 0.81

Triglycerides (mmol/l) 1.50 ± 0.42 1.65 ± 0.61 2.59 ± 0.23*

HDL-C (mmol/l) 1.82 ± 0.20 1.64 ± 0.43 1.00 ± 0.20*

Values are means ± SD. The significance of the differences between two groups was determined by Student’s t test. *P \ 0.05, diabetic subjects

versus controls

BM body mass index, HDL-C high density lipoprotein-cholesterol
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minimize diurnal variations, and before morning insulin

injection or any drugs used for diabetic patients. Fasting

venous blood samples were collected in two heparinized

tubes from each patient. From the first blood sample,

plasma was collected for analysis of glucose, glycosylated

hemoglobin (Hb A1C) and lipids. The second blood sample

was used for immediate lymphocyte isolation.

Laboratory Methods

Plasma Determination

Glycosylated hemoglobin levels (Hb A1C) were deter-

mined using a Stambio laboratory kit (P350-050, USA).

Plasma glucose was determined by the glucose oxidase

method using a glucose analyzer (Beckman Instruments,

Fullerton, CA, USA). Plasma triglyceride, total cholesterol

and HDL-cholesterol contents were determined by using

enzymatic methods, according to the instructions furnished

with the kit (Boehringer, Mannheim, Germany).

Lymphocyte Proliferation Assay

Peripheral blood lymphocytes were isolated from hepa-

rinized venous blood using differential centrifugation

(400g for 40 min) on a density gradient of Ficoll-Paque

(pharmacia biotech, UK). The peripheral blood lympho-

cytes (PBL) at the interface of plasma and Ficoll-Paque

were collected and washed twice with RPMI 1640 culture

medium (Gibco, USA). After washing and counting, the

cells were resuspended in a tissue culture medium at

2 9 106 cells/ml. For proliferation assay, 1.5 9 105 cells

were cultured in triplicate in 200 ll of medium RPMI 1640

containing 25 mM HEPES buffer supplemented with 10%

heat-inactivated fetal calf serum, L-glutamine (2 mM),

2-mercaptoethanol (5 9 10-5 M), penicillin (100 UI/ml)

and streptomycin (100 lg/ml) with or without concanava-

lin A (Sigma St Louis, MO) at a final concentration of

5 lg/ml. This concentration of Con A was found optimal to

activate T cells (results not shown). Cultures were per-

formed in 96-well flat-bottomed microtiter plates (Nunc,

Paris, France) and maintained at 37 �C in humidified 5%

CO2 atmosphere for 48 h. This culture time was optimal

for cytokine secretion. To determine the effects of n-3

PUFA, lymphocytes were also incubated with EPA and

DHA (Sigma St Louis, MO) as described by Purasiri et al.

[35]. The fatty acids were initially dissolved in ethanol.

The stock solution of EPA and DHA in ethanol was diluted

in RPMI 1640 culture medium immediately before use (to

minimize oxidation) and was added to the cultures at a final

concentration of 15 lM (final concentration of ethanol

0.1%). Control cells were mixed with equivalent amounts

of ethanol to reach a final concentration of 0.1% ethanol. In

preliminary experiments, we have found that this fatty acid

concentration (15 lM) induced maximal inhibition of

lymphocyte proliferation while cell viability was unaf-

fected. After incubation, cells were harvested by washing

with RPMI 1640 medium. Cell viability was controlled by

trypan blue exclusion test. Proliferation was monitored by

direct cell counts, and confirmed by [3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyl tetrazolium bromide] (MTT; Sigma)

assay as described by Mosmann [36].

Interleukin-2 and -4 Quantification

Aliquots of culture supernatants were used to quantitate

IL-2 and IL-4 by using commercially available ELISA kits

(R&D System, Oxford, UK), as per instructions furnished

by the manufacturer. The results are expressed as pg/ml.

Analysis of Lymphocyte Phospholipid Fatty Acids

Lipids from T lymphocytes were extracted according to the

method of Bligh and Dyer [37]. Phospholipids were sepa-

rated on silica gel by thin layer chromatography. Fatty acid

composition was analysed by gas–liquid chromatography

as previously reported [34].

Glucose Uptake by Lymphocytes

After incubation period, the supernatant of the culture was

collected and used for the measurement of glucose as

described above. Glucose uptake by lymphocytes after in

vitro incubation with Con A for 48 h was calculated by

comparing the glucose concentration in the supernatant of

cultured cells from controls or diabetics with that of glu-

cose in the supernatant without lymphocytes.

Lymphocyte Oxidant/Antioxidant Markers

GSH Measurement

Glutathione (GSH) levels were measured using a Bioxy-

tech GSH-400 kit (OXIS International, Inc., Portland,

OR, USA). Briefly, cells were resuspended in 500 ll of 5%

(w/v) metaphosphoric acid and were homogenized. After

centrifugation of the homogenate at 3,000g for 10 min,

100 ll of the supernatant was transferred to 800 ll of

200 mM potassium phosphate containing 0.2 mM dieth-

ylenetriamine pentacetic acid and 0.025% (w/v) lubrol.

Then 50 ll of 12 mM chromogenic reagent and 50 ll of

30% NaOH were added, and the mixture was incubated at

25�C for 10 min in the dark. The absorbance at 400 nm

was measured, and the GSH concentration was then

determined with the GSH standard curve obtained at

400 nm.
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Determinations of Lymphocyte Antioxidant Enzyme

Activities

After different incubations and cell collection, lymphocytes

were washed once, resuspended in chilled 10 mM phos-

phate buffer (pH 7.0) containing 0.15 M NaCl, sonicated

for 30 s and then centrifuged at 15,000g for 20 min. Ali-

quots of the supernatant fractions were used to determine

the activities of catalase and the total activity of Super-

oxide dismutase (Cu, Zn-SOD and Mn-SOD) according to

established methods. Briefly, catalase (CAT, EC 1.11.1.6)

activity was measured by spectrophotometric analysis of

the rate of hydrogen peroxide decomposition at 240 nm

[38]. Enzyme activity was expressed as U/mg of protein.

The activity of the total SOD was measured by the NADPH

oxidation procedure [39] and expressed as units of SOD per

mg of protein. Protein content was determined using a

Lowry protein kit.

Determination of Lymphocyte Hydroperoxides

To determine markers of lipid peroxidation, hydroperoxides

were measured, in sonicated lymphocyte supernatant, by

the ferrous ion oxidation-xylenol orange assay (Fox2) in

conjunction with a specific ROOH reductant, triphenyl-

phosphine (TPP), according to the method of Nourooz-

Zadeh et al. [40]. This method is based on the principle of

the rapid peroxide-mediated oxidation of Fe2+ to Fe3+

under acidic conditions. The latter, in the presence of

xylenol orange, forms a Fe3+-xylenol orange complex

which can be measured spectrophotometrically at 560 nm.

Hydroperoxide content in the samples was determined as a

function of the mean absorbance difference of samples with

and without elimination of ROOH by TPP. Calibration was

done with standard peroxides such as hydrogen peroxide.

Statistical Analysis

Data are expressed as mean ± SEM. Statistical analysis

were carried out using STATISTICA (version 4.1, Statsoft,

Paris, France). The significance of the differences between

two groups was determined by Student’s t test. Multiple

comparisons were performed using ANOVA followed by

the least significant difference (LSD) test. P \ 0.05 was

considered to represent statistical significant differences.

Results

Hb A1C, Plasma Glucose, Cholesterol, Triglyceride

and HDL-Cholesterol Levels

Significant differences were found between diabetic and

control subjects for plasma glucose and HbA1C levels

which were high in all diabetic patients regardless to

complications (Table 1). However, the highest values were

apparent in type I diabetes mellitus associated to compli-

cations. HDL-cholesterol amounts were lower only in type

I diabetes mellitus with complications compared to control

and diabetic patients without complications. Plasma tri-

glyceride (TG) levels were significantly increased in type I

diabetic patients with complications as compared to these

patients without complications and to controls.

Effects of n-3 Fatty Acids on T cell Blastogenesis

Figure 1 shows that mitogen induced cell proliferation, as

expressed by cell number, was significantly diminished in

both type I diabetic patients with or without complications,

as compared to controls. Con A, a T cell-specific mitogen,

significantly stimulated lymphocyte proliferation in both

diabetic and control subjects. Addition of insulin to culture

medium potentiated Con A-stimulated T cell proliferation

in all groups. Addition of EPA and DHA to the culture

medium resulted in inhibition of Con A-stimulated lym-

phocyte proliferation, whether the cells were treated with

insulin or not, in both diabetic and control groups (Fig. 2),

as shown by the reduction in cell number. Inhibition of

lymphocyte proliferation was more pronounced with EPA

than DHA. Nonetheless, lymphocyte proliferation was

always significantly diminished in diabetic patients,

regardless of complications. However, the lowest values

Fig. 1 Resting and mitogen-stimulated T cell proliferation in diabetic

and control subjects. 1.5 9 105 cells per well were incubated in 96

well microplates in the presence or absence of concanavalin A (Con

A, 5 lg/ml) and insulin (Ins, 5 lg/ml). Cultures were performed in

triplicate for 48 h. Proliferation was monitored by direct cell counts,

and confirmed by MTT method. The values are mean ± SEM of

triplicate assays of subjects composed of following numbers: controls,

26; type I diabetics without complications, 20; type I diabetics with

complications, 18. The significance of the differences between two

groups was determined by Student’s t test. Multiple comparisons were

performed using ANOVA followed by the least significant difference

(LSD) test. The values in diabetic subjects are significantly different

(*P \ 0.05; **P \ 0.01) as compared to respective control subjects

in each incubation. a, b, c, d denote significant differences between

different incubations within a group (P \ 0.05)
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were observed in diabetic patients with complications. As

far as insulin is concerned, its addition to the culture

medium did not affect the suppressive effects of EPA and

DHA, and the results showed similar patterns as to those

obtained with Con A-activated lymphocytes in both control

and diabetic subjects (Fig. 2).

Effects of n-3 Fatty Acids on Interleukin-2

and Interleukin-4 (IL-2 and IL-4) Production

IL-2 and IL-4 production was increased by Con A in both

diabetic and control groups (Table 2). The data showed

that T cells in control and diabetic patients stimulated with

Con A for 48 h secreted significantly more IL-2 than IL-4.

Because Th1 cells secrete high levels of IL-2, Con A

appears to have generated a Th1-like phenotype. Insulin

exerted no significant effect on IL-2 secretion induced by

Con A. However, it induced a significant increase in IL-4

production by Con A stimulated lymphocytes in both dia-

betic and control groups.

The effects of EPA and DHA on IL-2 production are

parallel to those seen on the proliferation responses. IL-2

levels showed a significant diminution following exposure

to EPA and DHA. The addition of insulin in these culture

mediums did not affect IL-2 production (data not shown).

Production of IL-2 by lymphocytes from type I diabetic

patients was significantly diminished compared to controls,

the lowest values being in diabetics with complications.

However, in the presence of insulin and the combination of

the two fatty acids, DHA and EPA, IL-2 amounts secreted

by Con A stimulated lymphocytes from diabetics were not

significantly different from those of controls (Table 2).

Incubation of T lymphocytes with EPA or DHA was

associated with significantly higher production of IL-4 in

all groups. The greatest production was observed with the

combined n-3 PUFA. Adding insulin to culture mediums

containing either EPA or DHA did not affect IL-4 pro-

duction (data not shown). However, addition of insulin to

culture medium with the combined n-3 PUFA potentiated

the effects of the combined EPA and DHA on Con

A-stimulated T cell production of IL-4 in all groups

(Table 2). On the other hand, in the presence of n-3 PUFA,

IL-4 production by T cells was significantly increased in

diabetic patients than in controls.

Fatty Acid Composition of Lymphocyte Phospholipids

The basal fatty acid composition of phospholipid of

lymphocytes from diabetic patients was significantly

different from that of controls (Table 3). In fact, type I

diabetic patients showed a significant increase in the

proportion of C18:2n-6 and a significant decrease in the

proportion of C20:4n-6 in their lymphocyte phospholip-

ids as compared to controls, regardless to the presence of

complications.

Lymphocytes stimulated with Con A showed a significant

increase in the proportion of C18:1 and a decrease in the

proportion of C18:0, C18:2n-6 and C20:4n-6 compared to

basal fatty acid composition, in both diabetic and control

groups. As expected, the proportion of DHA in phospho-

lipids in lymphocytes incubated with DHA was significantly

higher than in cells cultured without DHA. Similarly, the

EPA content of phospholipids from lymphocytes incubated

with EPA contained significant high proportion of EPA. The

Fig. 2 Effects of EPA and DHA on mitogen-stimulated T cell

proliferation in diabetic and control subjects. 1.5 9 105 cells per well

were incubated in 96 well microplates in the presence or absence of

the following agents: concanavalin A (Con A, 5 lg/ml), eicosapen-

taenoic acid (EPA, 15 lM), docosahexaenoic acid (DHA, 15 lM),

insulin (Ins, 5 lg/ml). The values are mean ± SEM of triplicate

assays. The values in diabetic subjects are significantly different

(*P \ 0.05; **P \ 0.01) as compared to respective control subjects

in each incubation. a, b, c, d denote significant differences between

different incubations within a group (P \ 0.05)
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concentration of C20:4n-6 (AA) was lower in phospholipids

of lymphocytes following exposure to DHA and EPA. These

modifications were observed in both control and diabetic

groups, regardless to complications. However, lower

incorporation of n-3 PUFA and lower loss of AA was

observed on diabetic membranes than in controls. The

addition of insulin in culture mediums did not affect mem-

brane fatty acid composition (data not shown).

Glucose Uptake by Lymphocytes

Glucose uptake by T cells was measured after in vitro

incubation for 48 h. As shown in Table 4, glucose uptake by

resting lymphocytes from diabetic patients was significantly

lower than that from control subjects, the lowest values

being in diabetics with complications. The addition of Con A

and insulin increased significantly glucose uptake, but the

values remained still lower in diabetics than in controls.

Glucose uptake was not affected by the addition of EPA

or DHA in the medium. Adding insulin to these mediums

did not change glucose uptake in the presence of either

EPA or DHA (data not shown). However, in the presence

of insulin and the combined n-3 PUFA, glucose uptake by

lymphocytes from diabetics patients was not significantly

different from that of control cells (Table 4).

Cellular GSH and Hydroperoxide Contents

of Stimulated Lymphocytes

Analyses of glutathione levels in T lymphocytes from

diabetic patients showed several significant differences

from normal controls. First, as shown in Table 5, T lym-

phocytes from diabetic patients had significantly decreased

reduced glutathione levels, the lowest values being in

diabetics with complications. Second, in the presence of

Con A, lymphocytes exhibited increased intracellular lev-

els of reduced glutathione, and addition of insulin to

culture medium potentiated Con A effects in all groups.

Third, glutathione levels of control lymphocytes were not

sensitive to n-3 PUFA adding in the medium. Adding

insulin to these mediums did not change cellular GSH in

the presence of either EPA or DHA (data not shown).

However, EPA and DHA produced a significant increase in

reduced glutathione levels in lymphocytes from diabetic

patients, the highest values being in the presence of insulin

and combined n-3 PUFA.

Table 2 Production of IL-2 and IL-4 by stimulated lymphocytes from diabetic and control subjects

Control 1 Type I diabetics

Uncomplicated Complicated

IL-2(Pg/ml)

Basal 890.55 ± 46.22a 856.18 ± 47.25a 810.50 ± 70.16a

Con A 6,900.25 ± 432.15b 5,600.32 ± 330.54*, b 4,270.58 ± 250.35**, b, �

Con A + Ins 6,547.85 ± 345.50b 5,508.56 ± 328.64*, b 4,846.42 ± 300.33*,�, b

Con A + DHA 3,450.32 ± 167.31c 2,565.30 ± 108.50*, c 2,051.50 ± 230.45*,�, c

Con A + EPA 3,009.45 ± 231.7d 1,980.52 ± 306.65*, d 1,765.75 ± 100.53*,�, d

Con A + DHA + EPA 2,599 ± 311.65e 2,164 ± 200.35 d 1,645 ± 187.64*, �, d

Con A + Ins + DHA + EPA 2,278 ± 442e 2,005.50 ± 306d 1,809 ± 323.52d

IL-4 (Pg/ml)

Basal 15 ± 3.87a 18 ± 2.54a 17.50 ± 3.65a

Con A 47.89 ± 4.78b 52.43 ± 5.32b 56.86 ± 6.33b

Con A + Ins 165.76 ± 12.54c 387 ± 23*, c 399.45 ± 28.75*, c

Con A + DHA 1,500 ± 48.95d 1,875 ± 67*, d 1,796.57 ± 75.98*, d

Con A + EPA 1,234 ± 42.58e 1,654 ± 56.40*, e 1,561.62 ± 67.90*, e

Con A + DHA + EPA 1,854.87 ± 83.75f 2,506.06 ± 118*, f 2,478.50 ± 99.35*, f

Con A + Ins + DHA + EPA 2,279.56 ± 25.68g 2,808.57 ± 105.33*, g 2,711.04 ± 79.55*, g

Values are means ± SD. Total of 1.5 9 105 cells per well (or 106 cells/ml) were incubated in 96 well microplates in the presence or absence of

the following agents: concanavalin A (Con A, 5 lg/ml), eicosapentaenoic acid (EPA, 15 lM), docosahexaenoic acid (DHA, 15 lM), insulin

(Ins, 5 lg/ml) in triplicate assays. Different letters (a, b, c, d, e, f, g) denote significant differences between different incubations within a group

(P \ 0.05). Values with the same letter are not significantly different

* Comparison between diabetic and control groups *P \ 0.05; **P \ 0.01
� Denote significant differences between uncomplicated and complicated diabetics P \ 0.05
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Hydroperoxides, markers of lipid peroxidation, were

significantly increased in T lymphocytes from diabetics

compared to control values (Table 5). In the presence of

Con A, hydroperoxide levels were higher than basal values

and the addition of insulin did not affect these levels.

Addition of EPA or/and DHA in the culture medium pro-

duced significant increases in hydroperoxide levels in all

groups. Adding insulin to these mediums did not change

hydroperoxide levels in the presence of either EPA or DHA

(data not shown). However, in the presence of insulin and

combined n-3 PUFA, no significant difference was noted

between diabetic and control groups.

Lymphocyte Cellular Antioxidant Enzyme Activities

Resting lymphocyte catalase activity was significantly

lower in the two groups of type I diabetes mellitus when

compared with controls (Table 6). However, no significant

difference in basal SOD activity was observed between

type I diabetic groups and controls.

In the presence of Con A, catalase and SOD activities

were enhanced in lymphocytes from diabetic and control

subjects. This effect was amplified when insulin was added

to culture medium. Catalase activity was reduced while

SOD activity was enhanced in stimulated lymphocytes

from diabetics compared to controls. The treatment with

n-3 PUFA had no effect on catalase and SOD activities in

all groups. Adding insulin to mediums did not change

catalase and SOD activities in the presence of either EPA

or DHA (data not shown).

Table 3 Fatty acid composition of lymphocyte phospholipids in

diabetic patients and control subjects

Controls Type I diabetics

Uncomplicated Complicated

14:0

Basal 5.18 ± 1.04a 6.63 ± 1.01a 5.66 ± 1.43a

Con A 5.15 ± 1.11a 5.63 ± 0.99a 4.77 ± 1.33a

DHA 5.04 ± 0.89a 5.37 ± 1.07a 5.89 ± 0.97a

EPA 5.84 ± 1.01a 5.66 ± 1.23a 5.99 ± 1.21a

16:0

Basal 25.18 ± 2.03a 24.33 ± 2.45a 24.82 ± 1.63a

Con A 25.55 ± 2.31a 24.15 ± 2.01a 24.16 ± 2.08a

DHA 25.91 ± 2.39a 24.82 ± 2.09a 24.34 ± 1.94a

EPA 25.89 ± 2.41a 24.62 ± 1.87a 24.93 ± 1.64a

16:1

Basal 6.14 ± 1.14a 7.16 ± 0.88a 7.55 ± 1.03a

Con A 7.13 ± 1.01a 7.22 ± 1.47a 7.14 ± 0.99a

DHA 6.19 ± 1.23a 7.07 ± 1.25a 6.44 ± 0.95a

EPA 6.83 ± 0.87a 7.37 ± 1.32a 7.45 ± 1.01a

18:0

Basal 20.06 ± 1.44a 22.15 ± 1.52a 23.04 ± 2.12a

Con A 18.15 ± 1.06b 20.36 ± 1.08b 20.67 ± 1.22b

DHA 18.73 ± 1.45b 19.88 ± 1.39b 20.04 ± 1.11b

EPA 18.06 ± 1.53b 19.89 ± 1.63b 19.55 ± 1.04b

18:1

Basal 13.89 ± 1.06b 12.33 ± 0.93b 11.69 ± 1.08b

Con A 19.98 ± 1.13a 19.58 ± 1.12a 20.08 ± 1.08a

DHA 19.57 ± 1.30a 19.67 ± 1.28a 19.75 ± 1.45a

EPA 20.03 ± 1.82a 19.57 ± 1.77a 19.11 ± 1.33a

18:2n-6

Basal 9.66 ± 0.87a 14.04 ± 0.45*, a 14.69 ± 1.08*, a

Con A 8.09 ± 0.75b 11.88 ± 0.71*, b 12.03 ± 1.10*, b

DHA 8.68 ± 0.65b 11.06 ± 0.92*, b 11.54 ± 1.06*, b

EPA 8.12 ± 0.67b 10.67 ± 0.82*, b 10.98 ± 1.24*, b

18:3n-3

Basal 1.38 ± 0.49a 1.58 ± 0.37a 1.56 ± 0.29a

Con A 1.39 ± 0.25a 1.27 ± 0.35a 1.29 ± 0.24a

DHA 1.28 ± 0.54a 1.36 ± 0.24a 1.38 ± 0.28a

EPA 1.42 ± 0.33a 1.39 ± 0.30a 1.54 ± 0.23a

20:4n-6

Basal 13.85 ± 1.01a 8.72 ± 1.11*, a 7.89 ± 1.03*, a

Con A 10.64 ± 1.12b 6.83 ± 0.90*, b 6.58 ± 0.70*, b

DHA 7.06 ± 1.04c 6.18 ± 0.89b 6.09 ± 0.64b

EPA 7.02 ± 0.66c 6.68 ± 0.72b 6.44 ± 0.57b

20:5n-3

Basal 1.99 ± 0.58b 1.08 ± 0.69b 1.33 ± 0.50b

Con A 1.87 ± 0.43b 1.19 ± 0.55b 1.56 ± 0.60b

DHA 1.68 ± 0.51 b 1.38 ± 0.56b 1.44 ± 0.51b

EPA 4.64 ± 0.42a 2.42 ± 0.36*, a 2.38 ± 0.53*, a

Table 3 continued

Controls Type I diabetics

Uncomplicated Complicated

22:6n-3

Basal 2.47 ± 0.64b 1.98 ± 0.77b 1.77 ± 0.80b

Con A 2.04 ± 0.71b 1.89 ± 0.65b 1.70 ± 0.53b

DHA 5.86 ± 0.89a 3.21 ± 0.38*, a 3.09 ± 0.62*, a

EPA 2.15 ± 0.52b 1.73 ± 0.62b 1.63 ± 0.48b

Values are means ± SEM. Values are expressed as a percentage of

total fatty acids. Total of 1.5 9 105 cells per well (or 106 cells/ml)

were incubated in 96 well microplates in the presence or absence of

the following agents: concanavalin A (ConA, 5 lg/ml), eicosapen-

taenoic acid (EPA, 15 lM), docosahexaenoic acid (DHA, 15 lM),

insulin (Ins, 5 lg/ml) in triplicate assays. Fatty acid composition was

determined in resting lymphocytes before any addition (basal), after

mitogen addition (Con A), and after n-3 PUFA addition (DHA or

EPA). Comparison between diabetic and control groups *P \ 0.05

Different letters denote significant differences between different

incubations within a group (P \ 0.05). Values with the same letter are

not significantly different

492 Lipids (2008) 43:485–497

123



Discussion

To gain further insight into the immunomodulatory effects

of n-3 PUFA, the present study was conducted to examine

in-vitro proliferation of T lymphocytes from diabetic

patients with or without complications and from healthy

subjects, cultured with n-3 PUFA, eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA). Behaviour of

oxidative stress biomarkers in T lymphocytes was also

analyzed. To our knowledge, this is the first study to

Table 4 Glucose uptake by lymphocytes from diabetic and control subjects

lg/48 h/105 cells Controls Type I diabetics

Uncomplicated Complicated

Basal 11.72 ± 3.76a 4.85 ± 1.05*, a 3.67 ± 1.03*, a

Con A 95.43 ± 10.18a 57.32 ± 9.27*, a 39.54 ± 8.32*, �, a

Con A + Ins 129.67 ± 12.35b 98.56 ± 10.75*, b 87.38 ± 11.04*, b

Con A + DHA 98.45 ± 11.56a 60.32 ± 7.36*, a 49.83 ± 8.02*, a

Con A + EPA 104 ± 23.05a 63.32 ± 8.11*, a 53.48 ± 7.70*, a

Con A + DHA + EPA 100.36 ± 21.50 a 65.98 ± 8.45*, a 55.77 ± 8.59*, a

Con A + Ins + DHA + EPA 133.04 ± 20.13b 103 ± 18.04b 101.50 ± 20.08b

Values are mean ± SEM. Total of 1.5 9 105 cells per well (or 106 cells/ml) were incubated in 96 well microplates in the presence or absence of

the following agents: concanavalin A (Con A, 5 lg/ml), eicosapentaenoic acid (EPA, 15 lM), docosahexaenoic acid (DHA, 15 lM), insulin

(Ins, 5 lg/ml) in triplicate assays. Glucose uptake was calculated by subtracting the glucose content in the medium after in vitro incubations for

48 h from the glucose content in preculture medium

* Comparison between diabetic and control groups P \ 0.05
� Denote significant differences between uncomplicated and complicated diabetics P \ 0.05

Different letters (a, b) denote significant differences between different incubations within a group (P \ 0.05). Values with the same letter are not

significantly different

Table 5 Cellular GSH and hydroperoxide contents of stimulated lymphocytes from diabetic and control subjects

Controls Type I diabetics

Uncomplicated Complicated

GSH (nM/106 cells)

Basal 8.45 ± 1.67a 4.09 ± 0.98*, a 2.34 ± 0.67*, �, a

Con A 15.68 ± 2.76b 9.05 ± 3.23*, b 6.76 ± 2.14*, �, b

Con A + Ins 30.04 ± 3.11c 18.16 ± 2.88*, d 10.32 ± 2.21*, �, c

Con A + DHA 14.25 ± 1.33b 14.32 ± 1.17c 11.75 ± 1.64*, c

Con A + EPA 13.06 ± 2.05b 14.66 ± 3.05c 10.34 ± 1.86*, c

Con A + DHA + EPA 15.87 ± 2.11b 14.98 ± 1.14c 12.63 ± 1.17*, c

Con A + Ins + DHA + EPA 28.86 ± 3.53c 24.99 ± 3.27e 19.65 ± 1.33*, d

Hydroperoxides (nM/106 cells)

Basal 1.35 ± 0.19a 1.87 ± 0.28*, a 1.90 ± 0.37*, a

Con A 2.85 ± 0.15b 3.56 ± 0.10*, b 3.76 ± 0.22*, b

Con A + Ins 2.97 ± 0.26b 3.76 ± 0.14*, b 3.83 ± 0.11*, b

Con A + DHA 8.50 ± 1.23c 15 ± 1.13*, d 17.34 ± 1.08*, d

Con A + EPA 7.35 ± 1.34c 13.27 ± 1.32*, d 15.89 ± 1.52*, d

Con A + DHA + EPA 8.94 ± 1.41c 15.37 ± 1.45*, d 17.68 ± 2.44*, d

Con A + Ins + DHA + EPA 7.08 ± 1.53c 8.32 ± 1.81c 8.56 ± 1.78c

Values are means ± SEM. Total of 1.5 9 105 cells per well (or 106 cells/ml) were incubated in 96 well microplates in the presence or absence of

the following agents: concanavalin A (Con A, 5 lg/ml), eicosapentaenoic acid (EPA, 15 lM), docosahexaenoic acid (DHA, 15 lM), insulin

(Ins, 5 lg/ml) in triplicate assays. Different letters (a, b, c, d) denote significant differences between different incubations within a group

(P \ 0.05). Values with the same letter are not significantly different

* Comparison between diabetic and control groups P \ 0.05
� Denote significant differences between uncomplicated and complicated diabetics P \ 0.05
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investigate the in vitro effects of n-3 PUFA (EPA, DHA)

on T lymphocyte proliferation, cytokine production com-

bined to lymphocyte antioxidant/oxidant status in diabetes

regarding the influence of metabolic control. In the popu-

lation studied, abnormalities in lipids (high TG, low HDL-

C) were seen only in diabetic patients with complications.

However, high fasting glucose and HbA1C levels were

observed in all type I diabetics.

In this study, we determined cell proliferation by count-

ing the number of viable cells and by the MTT method. Con

A, a T cell specific mitogen, significantly stimulated lym-

phocyte proliferation in both diabetic and control subjects. T

cells in control and diabetic patients stimulated with Con A

for 48 h secreted significantly more IL-2 than IL-4. Because

Th1 cells secrete high levels of IL-2, Con A appears to have

generated a Th1-like phenotype.

We also observed that mitogen-activated lymphocyte

proliferation was lower in diabetic patients than that in

healthy subjects. Basal and Con A stimulated IL-4 pro-

duction was not affected by diabetes.

However, IL-2 production was diminished in type I

diabetic patients, the lowest values were seen in diabetic

patients with complications. Other investigators have also

reported that IDDM patients not only showed a depressed

response of lymphocytes to T cell mitogen but also lower

IL-2 production when compared with matched controls

[1, 5, 6, 9]. The explanation of decreased in vitro prolif-

erative response may be that lymphocyte in diabetic

patients are subjected to in-vivo activation of the immune

system. In this case, their further in-vitro proliferation will

be reduced compared to those from control subjects. It is

well known that Con A acts, mainly, on resting (quiescent)

T cells. In fact, several studies have reported a significant

increase in the percent of in-vivo activated T-lymphocytes

in diabetic patients [6, 7, 41], which play a role in the

progression of chronic complications [1, 6–9]. Since

impaired immune function in diabetes is partly associated

with insulin deficiency and activated lymphocytes possess

insulin receptors, we were tempted to investigate the

effects of insulin on T cell activation. Hence, we have

observed that insulin potentiated Con A-stimulated T cell

proliferation, indicating that insulin deficiency in diabetes

mellitus might be partly responsible for immunosuppres-

sion. In addition, insulin has no effect on IL-2 production

while it increased IL-4 secretion by lymphocytes, due

probably to its anti inflammatory effect [16]. Insulin effect

on IL-4 secretion was more pronounced in diabetic

patients. This observation is in accordance with previous

publications reporting IL-4 secretion in response to insulin

in individuals with type 1 diabetes [11] and increased

mitogen induced secretion of IL-4 by insulin from PBMCs

[42].

Table 6 Cellular antioxidant enzyme activities of stimulated lymphocytes from diabetic and control subjects

Catalase (U/mg protein) Controls Type I diabetics

Uncomplicated Complicated

Basal 8.56 ± 1.24a 4.23 ± 0.98*, a 3.57 ± 0.65*, �, a

Con A 16.85 ± 1.05b 10.07 ± 1.13*, b 8.36 ± 0.85*, �, b

Con A + Ins 25.28 ± 3.54c 17.25 ± 1.08*, c 15.63 ± 1.17*, c

Con A + DHA 18.45 ± 1.76b 16.78 ± 1.97c 16.50 ± 1.23c

Con A + EPA 15.35 ± 2.87b 15.47 ± 2.56c 14.32 ± 3.01c

Con A + DHA + EPA 18.38 ± 49b 18.28 ± 2.69c 17.37 ± 2.44c

Con A + Ins + DHA + EPA 28.63 ± 2.58c 26.67 ± 3.33d 25.93 ± 3.77d

SOD (U/mg protein)

Basal 80.32 ± 4.76a 74.23 ± 8.93a 78.50 ± 6.77a

Con A 141.19 ± 12.34b 189.45 ± 22.54*, b 178.05 ± 20.24*, b

Con A + Ins 169.78 ± 18.90c 235.32 ± 21.05*, c 229.28 ± 28.93*, c

Con A + DHA 148.35 ± 23.89b 209 ± 26.86*, b 199.73 ± 22.02*, b

Con A + EPA 138.07 ± 31.22b 185.35 ± 30.21*, b 187.38 ± 25.30*, b

Con A + DHA + EPA 155.06 ± 28.93b 203.57 ± 39.44*, b 200.57 ± 31.06*, b

Con A + Ins + DHA + EPA 182.39 ± 37.84c 217.99 ± 32.10b, c 208.09 ± 27.43b, c

Values are means ± SEM. Total of 1.5 9 105 cells per well (or 106 cells/ml) were incubated in 96 well microplates in the presence or absence of

the following agents: concanavalin A (Con A, 5 lg/ml), eicosapentaenoic acid (EPA, 15 lM), docosahexaenoic acid (DHA, 15 lM), insulin

(Ins, 5 lg/ml) in triplicate assays. Different letters (a, b, c, d) denote significant differences between different incubations within a group

(P \ 0.05). Values with the same letter are not significantly different

* Comparison between diabetic and control groups P \ 0.05
� Denote significant differences between uncomplicated and complicated diabetics P \ 0.05
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We further observed that in vitro EPA and DHA

significantly reduced lymphocyte proliferation in both

diabetic and control groups. The immuno-suppressive

action was more pronounced with EPA. The suppressed

T-lymphocyte proliferative response of EPA and DHA is

supported with the observations of other investigators who

have also reported that n-3 PUFA significantly diminished

mitogen activated lymphocyte proliferation [19–23]. There

are several possible mechanisms as to how n-3 PUFA may

exert their inhibitory effects. Firstly, both EPA and DHA

reduced IL-2 secretion by Con A-stimulated lymphocytes,

suggesting that the suppressed lymphoproliferation is due

in part to a reduction in IL-2 production [21, 22]. However,

IL-4 production was enhanced by n-3 PUFA. These data

are consistent with previous observations showing an

increase in IL-4-dependent Th2 proliferation after n-3

PUFA feeding [28], and indicate that n-3 PUFA act dif-

ferently on distinct T cell subsets. It has been shown that

dietary n-3 PUFA shift the Th1/Th2 balance toward the

Th2 pole by suppression of Th1 development rather than

enhancement of Th2 development [43].

In the presence of combined n-3 PUFA and insulin,

lymphocytes from diabetic patients secreted similar

amounts of IL-2 but higher levels of IL-4 compared to that

from controls, which probably reflected a regulatory effect

of n-3 PUFA on Th cell phenotypes in diabetes, in favor of

an anti-inflammatory phenotype.

Incubation of lymphocytes with fatty acids in vitro

resulted in marked alterations in fatty acid composition

[18, 19, 44]. Dietary DHA alter T cell plasma membrane

microdomain lipid composition and influence the plasma

membrane partitioning of signaling proteins that regulate T

cell activation in vivo [45]. In our study, the addition of

DHA or EPA to culture media was accompanied with a

predominant composition of DHA or EPA in phospholipids

of T cell membrane from control and diabetic patients.

These effects appeared to result from alterations in lipid

raft composition of T cells, as indicated by several previous

investigations [18, 44, 45].

In our study, suppressed proliferation response may be

also due to arachidonic acid (AA) substitution by EPA and

DHA in lymphocyte membrane phospholipids as observed

in our study. We should recall that turnover of membrane

phospholipids is an early event in T cell activation which

implies arachidonic acid liberation and its metabolism [44].

Similarly, low levels of this n-6 fatty acid, observed in

diabetic subjects, may contribute to depressed T cell pro-

liferation in type I diabetes, regardless to complications.

Stimulation with Con A also brings about changes in

lymphocyte fatty acid composition. Mitogenic activation of

lymphocyte is associated with a decrease in the proportions

of stearic, linoleic and arachidonic acids and an increase in

the proportion of oleic acid, in accordance with other

studies [46]. It is interesting to note that lymphocytes from

type I diabetic patients responded to EPA and DHA in a

manner similar to those from healthy subjects despite the

altered initial fatty acid composition.

Glucose is essential for lymphocyte function, and it is

the main energy source for mature lymphocytes, especially

at the stage of proliferation after in vitro stimulation with

mitogens. Diabetes causes marked changes in lymphocyte

metabolism [4]. We found that glucose uptake by T lym-

phocytes was significantly lower in diabetic than in control

subjects, the lowest value being in diabetes with compli-

cations. In addition, insulin enhanced Con A stimulated

glucose uptake by T cells from controls and diabetics.

Lymphocyte proliferation in type I diabetes might be also

due to the impairment of glucose uptake by lymphocytes.

Indeed, EPA and DHA had no effect on in vitro glucose

uptake by lymphocytes from both control and diabetic

subjects. However, in the presence of combined n-3 PUFA

and insulin, T cell glucose uptake in diabetic patients was

not significantly different from that in controls.

Our results on oxidative stress biomarkers in T lym-

phocytes showed that these cells are submitted to an

oxidative stress in type I diabetes. In fact, abnormalities in

glutathione levels were observed in T lymphocytes from

diabetic patients compared with cells from healthy con-

trols, with significantly decreased intracellular levels of

reduced glutathione (GSH), the lowest values being in

diabetes with complications. We have previously reported

that oxidative stress is induced by both the increases in free

radicals and disturbance of the free radical scavenging

system in type I diabetes mellitus [33, 34]. We also

observed that Con A involved an increased glutathione

level in T lymphocytes in both diabetic and control sub-

jects, and insulin potentiated this effect. It has been

demonstrated that enhancement of intracellular GSH con-

centration results in an increased lymphocyte response to

mitogen stimulation [47].

Our findings indicated that catalase activity was reduced

while SOD activity was normal in basal T lymphocytes

from diabetics. Stimulation with Con A and insulin

enhanced catalase and SOD activities in T cells from dia-

betic and control subjects. Thus, the increase in GSH levels

and in catalase and SOD activities could be adaptative

responses to oxidative stress following T cell receptor

activation.

Hydroperoxides were measured as a marker of lipid

peroxidation. We have previously assessed elevated levels

of hydroperoxides in plasma from type 1 diabetic patients

[34]. High hydroperoxide levels in our diabetic patients

could result from their hyperglycemia. Lipid peroxidation is

initiated when membrane PUFA interact with ROS which

include hydrogen peroxide (H2O2). Our results showed that

basal T cell hydroperoxide levels were increased in diabetic
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versus controls. Addition of Con A enhanced hydroperoxide

levels following T cell activation in all groups.

As far as the effects of n-3 PUFA are concerned, we

found that the hydroperoxide content was increased in T

cells from control and diabetic patients. N-3 PUFA are

highly susceptible to lipid peroxidation. No changes in the

levels of GSH and in the activities of catalase and SOD

were observed in control T cells cultured in the presence of

EPA and DHA. However, in diabetic patients, addition

of n-3 PUFA to culture induced an increase in T cell levels

of GSH and hydroperoxide, and activities of catalase and

SOD. These findings suggested a defect in the utilization of

GSH or an upregulation of the enzymes responsible for

GSH production and recuperation of extracellular GSH

with a resultant increase in intracellular levels of GSH in

diabetic lymphocytes exposed to n-3 PUFA. It was clear

that the oxidant/antioxidant status of T lymphocyte from

diabetic patients was more sensitive to the presence of n-3

PUFA than those from controls. Interestingly, we noted

that in the presence of combined EPA and DHA and

insulin, the oxidant/antioxidant status of T lymphocyte

from diabetic patients became similar to that found in

control subjects, with only minor perturbations in diabetes

with complications. We suggested that the diabetic T cells,

in the presence of n-3 PUFA, regulate their intracellular

oxidative status; this could be considered as one mecha-

nism that resulted in the benefits of n-3 PUFA.

In conclusion, the present study demonstrates that type I

diabetes mellitus is associated to in vitro reduced T lym-

phocyte proliferation, IL-2 secretion and glucose uptake,

altered fatty acid composition of T lymphocyte membrane

phospholipids and oxidant/antioxidant status, regardless to

the presence of complications. EPA and DHA possessed

immunosuppressive properties and have similar effects on T

cell functions of diabetic patients as in healthy subjects.

EPA and DHA inhibit in vitro T cell proliferation, IL-2

secretion and enhance IL-4 production with a shift away

from Th1 response to Th2 phenotype. Although EPA and/or

DHA alone had no effects on behaviour of oxidative stress

biomarkers, combined n-3 PUFA in the presence of insulin

improved T cell intracellular oxidative status in type I

diabetes mellitus. The beneficial effects of n-3 PUFA on T

cell functions in type I diabetes could be attributed to their

suppressive action and modulation of cytokine secretion,

and to the improvement of intracellular antioxidant status.
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Abstract To evaluate the anti-inflammatory effects of

different dietary oils on ovalbumin-sensitized and -chal-

lenged mice. Experimental BALB/c mice were fed with

different diets containing 5% corn oil [rich in linoleic acid,

18:2n-6 polyunsaturated fatty acids (PUFA), as a control

diet], 5% perilla oil (rich in a-linolenic acid, 18:3n-3

PUFA) or 5% compound oil containing 50% corn oil and

50% perilla oil, for 5 consecutive weeks. The leukocyte

count, inflammatory mediators, and cytokine levels,

including proinflammatory and Th1/Th2 cytokines in the

bronchoalveolar lavage fluid (BALF) from the mice were

determined. The results showed that 5% compound oil

administration significantly (P \ 0.05) decreased eosino-

philic infiltration. Dietary perilla oil could not significantly

(P [ 0.05) decrease the eosinophil accumulation or the

secretions of inflammatory mediators such as prostaglandin

E2 (PGE2), histamine, nitric oxide and eotaxin. However,

dietary perilla oil significantly (P \ 0.05) reduced proin-

flammatory cytokine (TNF-a, IL-1b and IL-6) and Th1

cytokine (IFN-c and IL-2) production. The production of

Th2 cytokine IL-10, but not IL-4 and IL-5, was also sig-

nificantly inhibited by perilla oil administration. The

results suggest that dietary perilla oil might alleviate

inflammation via decreasing the secretion of pro-inflam-

matory cytokines in BALF, but failed to regulate the

Th1/Th2 balance toward Th1 pole during the Th2-skewed

allergic airway inflammation.

Keywords Perilla oil �
n-3 Polyunsaturated fatty acids (PUFA) �
Proinflammatory cytokines � Th1/Th2 balance �
Ovalbumin-sensitized and -challenged mice

Introduction

In the modern Western dietary pattern there is an increase

in the consumption of total fat and n-6 polyunsaturated

fatty acids (PUFAs), but a decrease in n-3 PUFAs and

antioxidants. The changes in dietary lipid patterns are

potent promoters of many chronic diseases [1]. Asthma,

one of the chronic inflammatory airway disorders may be

related to dietary lipids [2]. Reasonably, daily modification

of the dietary lipid pattern may alleviate asthmatic damage.

Asthma is recognized as a T-helper type 2 (Th2)-skewed

allergic disease [3]. Th2-type cells are important in

humoral immunity and defense against extracellular

pathogens [4] via eosinophilic infiltration, as well as IgE

and IgG1 production in vivo [5]. Th2-type cytokines

include interleukin (IL)-4, IL-5, IL-6, IL-9, IL-10, and IL-

13. IL-4 and IL-13 are implicated in isotype switching of

B-cells to produce IgE. IL-5 promotes the differentiation,

recruitment, and survival of eosinophils [6]. In contrast to

the Th2 cells, Th1 cells are characterized by the production

of IL-2, interferon (IFN)-c and tumor necrosis factor

(TNF)-a. Th1 cells promote cell-mediated immunity to

destroy intracellular pathogens [4], inhibit eosinophilic

infiltration, IgE and IgG1 production, and strengthen IgG2a

production in vivo [5]. Th1-skewed immune responses are

generally pro-inflammatory and may result in autoimmune
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and chronic inflammatory diseases. However, Th2-skewed

immune responses may cause asthma and allergy [7].

Whether it is possible to maintain the Th1/Th2 balance

through dietary modification, especially the dietary lipid

pattern, is an important issue in immunology.

Many animal experiments and clinical intervention

studies indicate that long-chain n-3 polyunsaturated fatty

acids (PUFAs) such as eicosapentaenoic acid (EPA, 20:5n-

3) and docosahexaenoic acid (DHA, 22:6n-3) from fish oil

have anti-inflammation effects [8]. However, arachidonic

acid (ARA, 20:4n-6), which is a component of phospholipids

in the cell membrane, may produce ARA-derived eicosanoid

inflammatory mediators, e.g. leukotriene (LT) B4 and pros-

taglandin (PG) E2 [9]. It has been found that EPA (n-3

PUFA) supplementation can replace ARA as an eicosanoid

substrate to inhibit ARA metabolism and decrease inflam-

mation status resulting from inflammatory eicosanoids [10].

In contrast to linoleic acid (18:2n-6), which is abundant

in vegetable oils such as corn oil, and converted to ARA in

animal cells [11], a-linolenic acid (ALNA, 18:3n-3), which

exists in green leafy vegetables, as well as some seed and

vegetable oils such as flaxseed oil and perilla oil, is a

possible precursor of EPA and DHA. However, ALNA use

to replicate the effects of EPA or DHA is still not properly

justified in vivo. Perilla oil is obtained from the seeds of

Perilla frutescenes, and exhibits high n-3 fatty acid ALNA

bioavailability [12]. Perilla oil consists of about 50–60%

ALNA in the form of triglycerides. ALNA has been rec-

ognized as an essential fatty acid in nutrition [13]. Increase

uptakes of ALNA have similar effects as EPA and DHA on

health and chronic disease control [14]. Weanling NIN

wistar rats that consumed 10% perilla seed oil in their diet

for 18 weeks suffered no toxicological effects [15]. Gen-

erally, perilla oil is valuable more for its medicinal benefit

than its flavor, such as uses for chemopreventive effects on

tumors [16] and plasma triacylglycerol level [17].

Recently, Kim and Choi [18] indicated that dietary perilla

oil showed effects similar to that of fish oil on EPA and

DHA accumulation in the hepatic membrane fraction of

male Sprague Dawley rats. Perilla seeds are widely used to

treat asthma in traditional Chinese medicine. However, the

medicinal effects of dietary perilla oil administration on

asthmatic airway inflammation have been scarcely dis-

cussed. As perilla oil is rich in ALNA, we hypothesized

that it has physiological effects, especially in immuno-

modulation, like EPA and DHA. Thus, perilla oil was

selected for study.

This study evaluated the anti-inflammatory and

immuno-modulatory potential of perilla oil (rich in n-3

PUFA) using ovalbumin (OVA)-sensitized and -challenged

allergic inflammatory murine models. The diet consisted of

5% corn oil (rich in linoleic acid, 18:2n-6) as the control

diet. The immune responses in the bronchoalveolar lavage

fluid (BALF) from the experimental mice were determined

to evaluate the effects of perilla oil administration on air-

way inflammation and allergic characteristics.

Methods

Materials, Experimental Animals and Feeds

The experimental feed was prepared according to the rec-

ommendation of the American Institute of Nutrition AIN-

76 [19] and varied only in lipid composition. The basic

composition of each feed, expressed in g/100 g, contained

40 g sucrose, 25 g corn starch, 20 g casein, 5 g fiber, 3.5 g

mineral mixture, 1 g vitamin mixture, 0.3 g DL-methionine,

0.2 g choline bitartrate and 5 g lipid. The components of

each feed were thoroughly mixed and stored at -20�C.

There were three kinds of lipid used in the experiment.

Perilla oil (PER) rich in a-linolenic acid ([60.5%) was

purchased from MasterAsia Marketing Co. (Taipei, Tai-

wan, ROC) as the source of n-3 fatty acid. Corn oil (COR)

rich in linoleic acid but poor in a-linolenic acid (\2%) was

purchased from Chang Chi Foodstuff Factory Co. (Tai-

chung, Taiwan, ROC) as a control and the source of n-6

fatty acids. Compound oil (COR-PER) was a mixture

containing 50% corn oil and 50% perilla oil.

Female BALB/c ByJNarl mice (6 weeks old) were

obtained from the National Laboratory Animal Center,

National Applied Research Laboratories, National Science

Council in Taipei, ROC and maintained at the Department

of Food Science and Biotechnology at National Chung

Hsing University College of Agriculture and Natural

Resources in Taichung, Taiwan, ROC. The animal room

was kept on a 12-h light and 12-h dark cycle. Constant

temperature (25 ± 2�C) and humidity were maintained.

The mice were housed and kept on a chow diet (laboratory

standard diet) to acclimatize for 2 weeks before feeding the

experimental diet. After this equilibrium period, the mice

were divided into four groups varied by oil source and

sensitized treatments: non-sensitized control (PBS/COR,

n = 12), dietary control (OVA/COR, n = 8), OVA/COR-

PER (n = 8) and OVA/PER (n = 9). Each group was fed

with the specified experimental diets for 5 consecutive

weeks. Mice food intake and body weight were measured

twice a week during the study period. There were no dif-

ferences in food intake, feed efficiency and body weight

gain between the four groups.

OVA-Sensitized and -Challenged Allergic

Inflammation Murine Model

To test the effects of n-3 and/or n-6 fatty acids on airway

inflammation, the mice (8 weeks old) were sensitized and
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challenged to induce allergic airway inflammation. The

mouse allergic airway inflammation model was manipu-

lated as described by Lin et al. [20] and Ye et al. [21]. In

brief, the mice were sensitized using an intraperitoneal

injection (i.p.) of 0.2 ml alum-precipitated antigen con-

taining 8 lg of ovalbumin (OVA, albumin chicken egg

grade III, Sigma A-5378, MO, USA) and 2 mg Al(OH)3 to

induce primary immunity after supplementation of the

specified experimental diets for 1 week. Two booster

injections of this alum-OVA mixture were given 7 and

14 days later, respectively. Non-sensitized control mice

received alum–phosphate-buffered saline (PBS, 137 mM

NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4,

pH 7.2–7.4, 0.2 lm filtered) only. One week later, the mice

were then challenged by aerosolized OVA at a concentra-

tion of 5 mg OVA per milliliter PBS for 60 min, twice at

3 day intervals and repeated twice in 24 h. The aerosolized

OVA were produced using an ultrasonic nebulizer (sw918,

Shinmed). Non-sensitized control mice received PBS only.

Two days later, the animals were anesthetized with diethyl

ether, exsanguinated using retro-orbital venous plexus

puncture and immediately euthanized using CO2 inhala-

tion. The bronchoalvelor lavage fluid (BALF) was

collected and assayed for cytokines and other inflammatory

mediators. The experimental design is given in Fig. 1.

Collection of BALF and Cellular Differential Counts

The BALF collection and differential cell counts were

modified from the methods described by Ye et al. [21]. The

mice were anesthetized with diethyl ether, exsanguinated

using retro-orbital venous plexus puncture and immedi-

ately euthanized using CO2 inhalation. Using a cannula,

their lungs were immediately lavaged through the trachea

with 5 aliquots of 0.6 ml Hank’s balanced salts solution

(HBSS) which was free of ionized calcium and magnesium

(HyClone). The bronchoalveolar lavage fluid (BALF) was

centrifuged at 400g for 10 min at 4�C. The supernatant

(BALF) volume was determined and stored at -70�C for

future assay. The cell pellet was resuspended in minimum

essential medium (MEM, HyClone) containing 10%

bovine serum albumin (HyClone) and the final cell density

was 1 9 106 cells/ml. Total cells counts were determined

with a hemocytometer using the trypan blue dye exclusion

method. Cytocentrifuged preparations were stained with

Liu’s stain for differential cell counts. Based on standard

morphologic criteria, a minimum of 200 cells were

counted and classified as macrophages, lymphocytes, or

eosinophils.

Assay Inflammatory Mediators in BALF

Histamine

The BALF histamine level was determined using the His-

tamine-ELISA kit (Cat. No. A05890, SPI-BIO). The

procedure was carried out according to the manufacturer’s

instructions for use.

Prostaglandin E2 (PGE2)

The BALF PGE2 level was determined using the compet-

itive enzyme immunoassay method (Prostaglandin E2

Express EIA Kit, Cat. No.500141, Cayman).

Nitric Oxide (NO)

Aliquots of 80 ll BALF samples and standards (0–100 lM

sodium nitrite (Sigma S-2252) dissolved in double distilled

water) were pipetted into the 96-microplate wells (Nunc).

Aliquots of 160 ll Griess reagent were then added into

each well to develop the color. The Griess reagent was

freshly prepared from Reagent A and B at a ratio of 1:1

(Reagent A: 2% (w/v) sulfanilamide (Sigma S-9251) dis-

solved in 2.5% (v/v) phosphoric acid; Reagent B: 0.2% (w/v)

N-1-naphthylethylene diamide dihydrochloride (Sigma

N-9125) dissolved in 2.5% (v/v) phosphoric acid). After

incubation for 10 min, the plate was read on a plate reader

(ELISA reader, ASYS/HITECH Jupiter) at 540 nm. Using

the standard curve, the NO concentration for each unknown

sample was determined.

Protein

The BALF protein content was analyzed using the Bio-Rad

protein assay dye reagent concentrate (Cat. no. 500-0006),

according to the accompanying instructions, using a 96-

well micro-titre plate.

Fig. 1 Sensitization and challenge protocols for inducing allergic

airway inflammation. Mice were sensitized with OVA/alum at days 7,

14, 21. The sensitized mice were then challenged twice with

aerosolized OVA for 60 min at days 30, 33. The challenge was

administered twice a day. All experimental mice were sacrificed at

day 35 and their bronchoalveolar lavage fluids (BALF) were collected

and analyzed
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Measurement of Cytokine and Chemokine Levels in

BALF by an ELISA

IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IFN-c and TNF-a

Cytokine (IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IFN-c,

TNF-a) levels in BALF were determined using sandwich

ELISA kits, respectively. The IL-1b, IL-2, IL-4, IL-5, IL-6,

IL-10, IFN-c and TNF-a concentrations were assayed

according to the cytokine ELISA protocol of manufac-

turer’s instructions (mouse DuoSet ELISA Development

system, R&D Systems). The sensitivity of these cytokine

assays was \15.6 pg/ml.

Eotaxin

The BALF eotaxin concentration was determined using the

mouse eotaxin sandwich ELISA kit (Quantikine M murine,

R&D Systems). The eotaxin concentration was assayed

according to the manufacturer’s instructions. The sensi-

tivity of this assay was \15.6 pg/ml.

Statistical analysis

Data were expressed as means ± SD. Data within OVA-

sensitized treatment are analyzed using analysis of variance

(ANOVA) followed by Duncan’s test. Data between the

dietary control and non-sensitized control are analyzed

using unpaired Student’s t-test. Differences between the

dietary control and non-sensitized control or among OVA-

sensitized groups were considered statistically significant if

P \ 0.05.

Results

The OVA-Sensitization and -Challenge Effects

on Differential Indicators in Bronchoalveolar Lavage

Fluid (BALF) from BALB/c Experimental Mice

The OVA-sensitization and -challenge effects on differ-

ential indicators in BALF from BALB/c experimental

mice are shown in Table 1. The results showed that

sensitization and challenge with OVA significantly

(P \ 0.05) increased an influx of total leukocytes (increase

from 5.7 ± 3.4 9 105 to 21.5 ± 14.4 9 105 cells/mouse)

into the lungs and airways. Challenge with OVA signifi-

cantly increased an infiltration of eosinophils (increase

from 1.9 ± 1.1 to 65.9 ± 12.4%) but decreased the

monocytes/macrophages (decrease from 86.3 ± 11.7 to

32.2 ± 11.5%) infiltration into the lungs and airways.

Challenge with OVA also significantly increased PGE2

(increase from 1.18 ± 0.80 to 6.75 ± 3.95 ng/mouse)

secretion into the lungs and airways. However, the other

measured BALF indicators did not significantly change

after OVA sensitization and challenge (OVA/COR group)

compared to the sensitization control (PBS/COR) group.

Effects of Different Dietary Oil on Cellularity of BALF

from OVA-Sensitized and -Challenged Mice

Effects of different dietary oils on cellularity of BALF

from OVA-sensitized and -challenged mice are shown in

Table 2. Total leukocyte count in BALF from experimental

mice that consumed the diet containing perilla oil (OVA/

COR-PER, OVA/PER) did not significantly change com-

pared to the dietary control (OVA/COR). Among the

OVA-sensitized and -challenged groups, dietary compound

oil (COR-PER) significantly increased the percentage of

monocytes/macrophages (increase from 32.2 ± 11.5 to

52.7 ± 18.8%), whereas decreased that of eosinophils

Table 1 Effects of OVA-sensitization and -challenge on differential

indicators in bronchoalveolar lavage fluid (BALF) from BALB/c

experimental mice

Indicators in BALF Treatments

PBS/COR OVA/COR

Cellularity

Total cells (9105/mouse) 5.7 ± 3.4 21.5 ± 14.4*

Monocytes/macrophages (%) 86.3 ± 11.7 32.2 ± 11.5*

Lymphocytes (%) 11.7 ± 11.3 1.87 ± 1.69

Eosinophils (%) 1.9 ± 1.1 65.9 ± 12.4*

Inflammatory mediators

Protein (lg/mouse) 266 ± 96 368 ± 139

Eotaxin (pg/mouse) 270 ± 108 356 ± 107

PGE2 (ng/mouse) 1.18 ± 0.80 6.75 ± 3.95*

Histamine (pmol/mouse) 10.40 ± 3.94 9.79 ± 3.55

Nitric oxide (nmol/mouse) 5.10 ± 1.57 5.68 ± 2.83

Pro-inflammatory cytokines

IL-1b (pg/mouse) 34.3 ± 26.5 29.6 ± 19.6

TNF-a (pg/mouse) 280 ± 223 216 ± 128

IL-6 (pg/mouse) 289 ± 204 257 ± 134

Th1-type cytokines

IFN-c (pg/mouse) 118.6 ± 104.8 77.6 ± 56.5

IL-2 (pg/mouse) 155 ± 92 167 ± 46

Th2-type cytokines

IL-4 (pg/mouse) 161 ± 90 161 ± 84

IL-5 (pg/mouse) 265 ± 196 222 ± 110

IL-10 (pg/mouse) 548 ± 315 418 ± 190

Data are presented as means ± SD (n = 6–9). Asterisk (*) means

significantly (P \ 0.05) different from the PBS/COR group within the

same row analyzed using unpaired Student’s t-test
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(decrease from 65.9 ± 12.4 to 46.6 ± 18.1%) in BALF.

The percentages of lymphocytes in BALF did not signifi-

cantly differ among groups.

Effects of Different Dietary Oil on Inflammatory

Mediator Levels in BALF from OVA-Sensitized

and -Challenged Mice

Effects of different dietary oil on eotaxin and protein levels

in BALF are shown in Table 3. Effects of different dietary

oil on inflammatory mediator levels in BALF are shown in

Table 4. The results showed that perilla oil administration

did not significantly affect protein, eotaxin, and inflam-

matory mediator levels in BALF.

Effects of Different Dietary Oil on the Levels

of Pro-inflammatory Cytokines in BALF

from OVA-Sensitized and -Challenged Mice

Table 5 shows the effects of different dietary oil on the

levels of pro-inflammatory cytokines IL-1b, TNF-a and IL-

6 in BALF from OVA-sensitized and -challenged mice

through 5 weeks feeding. Sensitization and challenge with

OVA did not significantly influence the secretion of pro-

inflammatory cytokines, but dietary perilla oil significantly

decreased these pro-inflammatory cytokines levels in

BALF of OVA-sensitized and -challenged mice.

Effects of Different Dietary Oils on the Levels

of Th1/Th2 Cytokines in BALF from OVA-Sensitized

and -Challenged Mice

To evaluate the effects of different dietary oils on the

secretion of Th1/Th2 cytokines in the local tissues of lungs

and airways, the amounts of Th1 cytokines (IFN-c and IL-

2) and Th2 cytokines (IL-4, IL-5 and IL-10) in BALF were

measured (Tables 6, 7). Dietary perilla oil significantly

decreased the levels of Th1 cytokines in BALF; IFN-c
level decreased from 77.6 ± 56.5 to 21.9 ± 27.5 pg/

mouse and IL-2 level decreased from 153 ± 42 to

110 ± 28 pg/mouse (Table 6). The levels of Th2 cytokines

IL-4, IL-5, and IL-10 in BALF from experimental mice

Table 2 Effects of different dietary oil on total leukocytes and cell distributions in bronchoalveolar lavage fluid (BALF) from OVA-sensitized

and -challenged BALB/c mice

Groups Total cells (9105/mouse) Monocytes/macrophages (%) Lymphocytes (%) Eosinophils (%)

OVA/COR 21.5 ± 14.4 32.2 ± 11.5a 1.87 ± 1.69 65.9 ± 12.4b

OVA/COR-PER 17.0 ± 9.7 52.7 ± 18.8b 0.71 ± 0.82 46.6 ± 18.1a

OVA/PER 34.1 ± 16.6 29.1 ± 14.8a 2.69 ± 2.90 68.3 ± 16.8b

Data are presented as means ± SD (n = 6–9). Data within the same column not sharing the same superscript letters are significantly different

(P \ 0.05) from each other analyzed using analysis of variance (ANOVA) followed by Duncan’s test

Table 3 Effects of different dietary oil on protein and eotaxin levels

in bronchoalveolar lavage fluid (BALF) from OVA-sensitized and -

challenged BALB/c mice

Groups Protein (lg/mouse) Eotaxin (pg/mouse)

OVA/COR 368 ± 139 356 ± 107

OVA/COR-PER 412 ± 142 371 ± 124

OVA/PER 478 ± 63 442 ± 174

Data are presented as means ± SD (n = 6–10). Data within the same

column are analyzed by analysis of variance (ANOVA) followed by

Duncan’s test. There is no significant difference among groups. The

sensitivity of eotaxin kit was about \7.8 pg/ml

Table 4 Effects of different dietary oil on inflammatory mediators of

bronchoalveolar lavage fluid (BALF) from OVA-sensitized and -

challenged BALB/c mice

Groups PGE2 (ng/mouse) Histamine

(pmol/mouse)

Nitric oxide

(nmol/mouse)

OVA/COR 6.75 ± 3.95 9.79 ± 3.55 5.68 ± 2.83

OVA/COR-PER 8.21 ± 6.65 10.15 ± 6.95 5.41 ± 1.47

OVA/PER 10.91 ± 5.04 12.28 ± 3.80 5.87 ± 1.70

Data are presented as means ± SD (n = 6–11). Data within the same

column are analyzed by analysis of variance (ANOVA) followed by

Duncan’s test. There is no significant difference among groups. The

detection limit of the kits used in this study: PGE2 36 pg/ml; Hista-

mine 0.5 nM

Table 5 Effects of different dietary oils on the levels of pro-

inflammatory cytokines IL-1b, TNF-a and IL-6 in bronchoalveolar

lavage fluid (BALF) from OVA-sensitized and -challenged BALB/c

mice

Groups IL-1b
(pg/mouse)

TNF-a
(pg/mouse)

IL-6

(pg/mouse)

OVA/COR 29.6 ± 19.6b 216 ± 128b 257 ± 134b

OVA/COR-PER 24.7 ± 6.3ab 178 ± 52ab 227 ± 45ab

OVA/PER 12.5 ± 7.1a 108 ± 60a 141 ± 53a

Data are presented as means ± SD (n = 6–11). Data within the same

column not sharing the same superscript letters are significantly dif-

ferent (P \ 0.05) from each other analyzed using analysis of variance

(ANOVA) followed by Duncan’s test
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were decreased by dietary perilla oil administration

(Table 7). Especially, IL-10 levels significantly decreased

(decrease from 418 ± 190 to 242 ± 92 pg/mouse).

Effects of Different Dietary Oils on the Secretion

Ratios of Th1/Th2 Cytokines in BALF from OVA-

Sensitized and -Challenged Mice

To compare the secretion ratios between Th1and Th2

cytokine levels in BALF, the secretion ratios of Th1/Th2

cytokine displayed as IFN-c/IL-4, IFN-c/IL-5 and IFN-c/

(IL-4 + IL-5) are shown in Fig. 2. The results showed that

sensitization and challenge with OVA slightly decreased

the secretion ratio of Th1/Th2 cytokine in BALF.

However, dietary perilla oil administration significantly

decreased the secretion ratios of Th1/Th2 cytokines in

BALF (IFN-c/IL-4, decrease from 0.49 ± 0.32 to

0.15 ± 0.17; IFN-c/IL-5, decrease from 0.36 ± 0.06 to

0.12 ± 0.13; IFN-c/(IL-4 + IL-5), decrease from 0.18 ±

0.10 to 0.07 ± 0.08).

Discussion

The purpose of this study was to evaluate the effects of

perilla oil administration on airway inflammation using an

allergic asthma animal model. The established animal

model significantly increased the flux of total leukocytes,

especially eosinophils, as well as PGE2 release into the

bronchoalveolar tissues (Table 1), and slightly increased

the Th2-skewed inclination in BALF (Fig. 2) compared to

OVA/COR with the PBS/COR group. The levels of non-

specific and anti-OVA specific IgE were significantly

increased in the sera after OVA-sensitization and -chal-

lenge treatments (data not shown). Mice sensitized and

challenged with OVA exhibited asthma-like symptoms

[20], e.g. allergic airway inflammation, infiltration of dif-

ferential cells, such as eosinophils, into the lungs and

airways, and chemical mediator releases including

inflammatory eicosanoids, histamine, Th1/Th2 cytokines,

nitric oxide (NO), or eotaxin [3]. This study suggests that

an intermediate airway inflammation mouse model was

achieved. This airway inflammation mouse model (Fig. 1)

might be suitable for evaluating the effects of different

dietary lipids on the airway inflammation in vivo. Unfor-

tunately, no significant up-regulation of cytokines occurred

as expected in BALF in the established experimental ani-

mal model (Table 1). Undoubtedly, this might limit the

results interpretation and relevance. Therefore, cytokine

levels secreted by lymphocytes from the spleen or other

lymphoid organs remain to be further clarified to com-

pensate for the lack in the model.

In this study perilla oil rich in ALNA (18:3n-3) and corn

oil rich in linoleic acid (18:2n-6) were selected and sub-

jected to the allergic airway inflammation animal study.

The compound oil consisted of n-3/n-6 fatty acid (PER/

COR) exhibited the best anti-allergic effects via

Table 6 Effects of different dietary oils on the levels of Th1-type

cytokines in bronchoalveolar lavage fluid (BALF) from OVA-sensi-

tized and -challenged BALB/c mice

Group IFN-c (pg/mouse) IL-2 (pg/mouse)

OVA/COR 77.6 ± 56.5b 153 ± 42ab

OVA/COR-PER 67.7 ± 19.7b 175 ± 64b

OVA/PER 21.9 ± 27.5a 110 ± 28a

Data are presented as mean ± SD (n = 6–11). Data within the same

column not sharing the same superscript letters are significantly dif-

ferent (P \ 0.05) from each other analyzed using analysis of variance

(ANOVA) followed by Duncan’s test

Table 7 Effects of different dietary oil on the levels of Th2-type

cytokines in bronchoalveolar lavage fluid (BALF) from OVA-sensi-

tized and -challenged BALB/c mice

Group IL-4

(pg/mouse)

IL-5

(pg/mouse)

IL-10

(pg/mouse)

OVA/COR 161 ± 84 222 ± 110 418 ± 190b

OVA/COR-PER 174 ± 34 206 ± 43 378 ± 84ab

OVA/PER 121‘± 31 137 ± 55 242 ± 92a

Data are presented as means ± SD (n = 6–11). Data within the same

column not sharing the same superscript letters are significantly dif-

ferent (P \ 0.05) from each other analyzed using analysis of variance

(ANOVA) followed by Duncan’s test
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Fig. 2 Effects of different dietary oils on Th1/Th2 cytokine secretion

ratios in bronchoalveolar lavage fluid (BALF) from BALB/c mice in

an OVA-sensitized and -challenged asthmatic murine model. Data are

presented as mean ± SD (n = 6–11). Within the same Th1/Th2

cytokine item not sharing the same letters are significantly different

(P \ 0.05) from each other analyzed using analysis of variance

(ANOVA) followed by Duncan’s test
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significantly decreasing eosinophils, but increasing mono-

cytes/macrophages infiltration into the airways (Table 2).

Although lymphocytes in BALF did not significantly

change, the decrease in eosinophilic infiltration suggested

that compound oil (COR-PER) administration might

remodel the inflammatory condition of the airways via

decreasing vasodilation, mucus hypersecretion and bron-

choconstriction [22, 23]. However, perilla oil

administration alone could not significantly change the

eosinophilic infiltration status in the airways. The anti-

eosinophilic infiltration effect mechanism using a mixture

of perilla and corn oils remains to be further clarified. To

further clarify the effects of n-3 or n-6 PUFA, this study

suggests that an ovalbumin sensitized group fed a diet

supplemented with 5% of oil not rich in n-3 or n-6 fatty

acids should be added. The added group will be helpful to

further decipher the anti-inflammatory effects due to the

anti-inflammatory effects of n-3 fatty acids or the lack of

inflammatory effects of n-6 fatty acids.

The suppressive effects of n-3 PUFAs, such as EPA and

DHA, on the production of arachidonic acid-derived

eicosanoids have been reported [2, 24, 25]. Perilla oil was

proposed to have anti-inflammatory potential for its high

bioavailability of the n-3 fatty acid ALNA (18:3n-3) [12].

Contrary to our hypothesis, dietary perilla oil did not sig-

nificantly affect the levels of inflammatory mediators in

BALF such as protein, eotaxin, PGE2, histamine, and nitric

oxide (Tables 3, 4). Although the n-3 PUFAs such as EPA

and DHA inhibit the production of inflammatory eicosa-

noids [24, 25], the synthesis of EPA and DHA from their

precursor ALNA (18:3n-3) is low efficiency in cells [26,

27]. This study further hypothesized that ALNA (n-3,

PUFA) from perilla oil having lower anti-eicosanoid

effects than those of EPA and DHA (n-3, PUFA) from fish

oil might result from its low conversion efficiency from

ALNA to EPA and DHA in vivo. The low conversion

efficiency from ALNA to EPA and DHA in vivo might

decrease the anti-eicosanoid effect of perilla oil. To further

clarify whether or not the ALNA in the perilla oil is con-

verted to EPA or DHA and speculate the mechanisms by

which EPA and DHA may cause immuno-modulation, the

tissue fatty acid composition of experimental mice should

be analyzed. Unfortunately, this study did not analyzed the

fatty acid composition in relevant cells or tissues. How-

ever, Kim and Choi (2005) have analyzed fatty acid

composition in tissues and have demonstrated that both

dietary corn oil (rich in C18:2n-6, 57.29%) and dietary

perilla oil (rich in C18:3n-3, 61.49%) indeed reflected their

fatty acid composition upon hepatic microsomal phospho-

lipids of male Sprague–Dawley rats either through 4-day

feeding or 4-week feeding [18]. They reported that total n-

6 and n-3 fatty acid composition in hepatic microsomal

phospholipids of the experimental rats, fed with 10% corn

oil and 10% perilla oil diet through 4-day feeding, were

46.85% (Rn-6), and 4.47% (Rn-3), as well as 32.57% (Rn-

6), and 22.58% (Rn-3, including considerable EPA and

DHA), respectively [18]. Comparatively the fatty acid

composition of C20:4 in the analyzed tissue were 30.10 and

17.73%, respectively [18]. Although only 5% perilla oil

diet was used in this study, this study suggests that the anti-

inflammatory activity of dietary perilla oil might be par-

tially via increasing n-3 fatty acid composition, but

decreasing C20:4 (arachidonic acid) composition in vivo.

To further elucidate the effects of dietary perilla oil

administration on cytokine secretions in BALF, pro-

inflammatory cytokines including IL-1b, IL-6 and TNF-a,

and Th1/Th2 cytokines were determined. The results

revealed that dietary perilla oil administration significantly

inhibits the production of pro-inflammatory cytokines, IL-

1b, IL-6 and TNF-a, in BALF (Table 5). Undoubtedly,

perilla oil administration exhibited anti-inflammatory

potential via inhibiting the production of pro-inflammatory

cytokines. Since the fatty acid composition (purity) in

perilla oil was [99.9%, this study suggests that the effec-

tive components in perilla oil are fatty acids but not other

components. However, the effective components in perilla

oil and their immuno-regulatory mechanism should be

further clarified.

Furthermore, this study showed that both Th1 (IFN-c
and IL-2) and Th2 (IL-10), especially Th1 cytokine

secretions were significantly inhibited by dietary perilla oil,

suggesting that perilla oil administration might also have

immunosuppressive effects on Th1 cells from OVA-sen-

sitization and -challenge mice (Tables 6, 7). IL-10 is

generally synthesized in a lower level at the late stage of

inflammation [28, 29] to inhibit Th1 cell and delayed-type

hypersensitivity responses [6]. Thus, the decrease in Th1

cytokine production might also result in a significant

decrease of IL-10 production in vivo. Recent evidences

have indicated that lipid micro domains in the T-cell

plasma membrane are remodeled using a dietary lipid

consisting of n-3 PUFA, EPA and DHA [30–33]. Long-

chain n-3 PUFAs suppress Th1-cell, but not Th2-cell,

development [34, 35], and modulate the Th1/Th2 balance

toward the Th2 pole [36–38]. The results from this study

also exhibited that perilla oil, which is rich in ALNA (n-3

PUFA), regulated the Th1/Th2 balance toward to Th2-

skewed inclination in the asthmatic model as compared to

corn oil (rich in n-6 PUFA) administration (Fig. 2). The

Th2-skewed immune response is disadvantage to allergic

diseases.

In conclusion, the results from this study showed that

perilla oil administration might alleviate bronchoalveolar

inflammation by decreasing the secretion of pro-inflam-

matory cytokines (TNF-a, IL-1b and IL-6) and Th1

cytokines (IFN-c and IL-2) into the local lung and airway
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tissues, but failed to regulate the Th1/Th2 balance toward

the Th1 pole during the Th2-skewed allergic airway

inflammation.

References

1. Simopoulos AP (2002) The importance of the ratio of omega-6/

omega-3 essential fatty acids. Biomed Pharmacother 56:365–379

2. Spector SL, Surette ME (2003) Diet and asthma: has the role of

dietary lipids been overlooked in the management of asthma?

Ann Allergy Asthma Immunol 90:371–377

3. Kay AB (2003) Immunomodulation in asthma: mechanisms and

possible pitfalls. Curr Opin Pharmacol 3:220–226

4. Opal SM, DePalo VA (2000) Anti-inflammatory cytokines. Chest

117:1162–1172

5. Morokata T, Ishikawa J, Yamada T (1999) Differential suscep-

tibility of C57BL/6 and DBA/2 mice to ovalbumin-induced

pulmonary eosinophilia regulated by Th1/Th2-type cytokines.

Immunol Lett 70:127–134

6. Riffo-Vasquez Y, Spina D (2002) Role of cytokines and che-

mokines in bronchial hyperresponsiveness and airway

inflammation. Pharmacol Ther 94:185–211

7. Kidd P (2003) Th1/Th2 balance: the hypothesis, its limitations,

and implications for health and disease. Altern Med Rev 8:223–

246

8. Calder PC, Yaqoob P, Thies F, Wallace FA, Miles EA (2002)

Fatty acids and lymphocyte functions. Br J Nutr 87:S31–48

9. Wong KW (2005) Clinical efficacy of n-3 fatty acid supple-

mentation in patients with asthma. J Am Diet Assoc 105:98–105

10. Calder PC (2005) Polyunsaturated fatty acids and inflammation.

Biochem Soc Trans 33:423–427

11. Burdge GC, Calder PC (2005) Conversion of alpha-linolenic acid

to longer-chain polyunsaturated fatty acids in human adults.

Reprod Nutr Dev 45:581–597

12. Kurowska EM, Dresser GK, Deutsch L, Vachon D, Khalil W

(2003) Bioavailability of omega-3 essential fatty acids from

perilla seed oil. Prostaglandins Leukot Essent Fatty Acids

68:207–212

13. Burdge GC (2006) Metabolism of a-linolenic acid in humans.

Prostaglandins Leukot Essent Fatty Acids 75:161–168

14. Simopoulos AP (1991) Omega-3 fatty acids in health and disease

and in growth and development. Am J Clin Nutr 54:438–463

15. Longvah T, Deosthale YG, Kumar PU (2000) Nutritional and

short term toxicological evaluation of perilla seed oil. Food Chem

70:13–16

16. Futakuchi M, Cheng JL, Hirose M, Kimoto N, Cho YM, Iwata T,

Kasai M, Tokudome S, Shirai T (2002) Inhibition of conjugated

fatty acids derived from safflower or perilla oil of induction and

development of mammary tumors in rats induced by 2-amino-1-

methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). Cancer Lett

178:131–139

17. Kim HK, Choi S, Choi H (2004) Suppression of hepatic fatty acid

synthase by feeding a-linolenic acid rich perilla oil lowers plasma

triacylglycerol level in rats. J Nutr Biochem 15:485–492

18. Kim HK, Choi H (2005) Stimulation of acyl-CoA oxidase by a-

linolenic acid-rich perilla oil lowers plasma triacylglycerol level

in rats. Life Sci 77:1293–1306

19. AIN (1977) Report of the American Institute of Nutrition ad hoc

Committee on Standards for Nutritional Studies. J Nutr

107:1340–1348

20. Lin JY, Chen ML, Lin BF (2006) Ganoderma tsugae in vivo

modulates Th1/Th2 and macrophage responses in an allergic

murine model. Food Chem Toxicol 44:2025–2032

21. Ye YL, Huang WC, Lee YL, Chiang BL (2002) Interleukin-12

inhibits eotaxin secretion of cultured primary lung cells and

alleviates airway inflammation in vivo. Cytokine 19:76–84

22. Kay AB, Phipps S, Robinson DS (2004) A role for eosinophils in

airway remodelling in asthma. Trends Immunol 25:477–482

23. Wills-Karp M, Karp CL (2004) Eosinophils in asthma: remod-

eling a tangled tale. Science 305:1726–1729

24. Calder PC (2006) n-3 Polyunsaturated fatty acids, inflammation,

and inflammatory diseases. Am J Clin Nutr 83:S1505–1519

25. Mickleborough TD, Murray RL, Ionescu AA, Lindley MR (2003)

Fish oil supplementation reduces severity of exercise-induced

bronchoconstriction in elite athletes. Am J Respir Crit Care Med

168:1181–1189

26. Deckelbaum RJ, Worgall TS, Seo T (2006) n-3 Fatty acids and

gene expression. Am J Clin Nutr 83:S1520–1525

27. Cunnane SC (2003) Problems with essential fatty acids: time for

a new paradigm? Prog Lipid Res 42:544–568

28. Lin JY, Tang CY (2007) Interleukin-10 administration inhibits

TNF-a and IL-1b, but not IL-6 secretion of LPS-stimulated

peritoneal macrophages. J Food Drug Anal 15:48–54

29. Lin JY, Lai YS, Liu CJ, Wu AR (2007) Effects of lotus plumule

supplementation before and following systemic administration of

lipopolysaccharide on the splenocyte responses of BALB/c mice.

Food Chem Toxicol 45:486–493

30. Fan YY, McMurray DN, Ly LH, Chapkin RS (2003) Dietary (n-

3) polyunsaturated fatty acids remodel mouse T-cell lipid rafts.

J Nutr 133:1913–1920

31. Diaz O, Berquand A, Dubois M, Di Agostino S, Sette C,

Bourgoin S, Lagarde M, Nemoz G, Prigent AF (2002) The

mechanism of docosahexaenoic acid-induced phospholipase D

activation in human lymphocytes involves exclusion of the

enzyme from lipid rafts. J Biol Chem 277:39368–39378

32. Jolly CA, Jiang YH, Chapkin RS, McMurray DN (1997) Dietary

(n-3) polyunsaturated fatty acids suppress murine lymphoprolif-

eration, interleukin-2 secretion, and the formation of

diacylglycerol and ceramide. J Nutr 127:37–43

33. Stulnig TM, Huber J, Leitinger N, Imre EM, Angelisova P,

Nowotny P, Waldhausl W (2001) Polyunsaturated eicosapentae-

noic acid displaces proteins from membrane rafts by altering raft

lipid composition. J Biol Chem 276:37335–37340

34. Switzer KC, McMurray DN, Morris JS, Chapkin RS (2003) (n-3)

Polyunsaturated fatty acids promote activation-induced cell death

in murine T lymphocytes. J Nutr 133:496–503

35. Switzer KC, Fan YY, Wang N, McMurray DN, Chapkin RS

(2004) Dietary n-3 polyunsaturated fatty acids promote activa-

tion-induced cell death in Th1-polarized murine CD4+ T-cells.

J Lipid Res 45:1482–1492

36. Zhang P, Smith R, Chapkin RS, McMurray DN (2005) Dietary

(n-3) polyunsaturated fatty acids modulate murine Th1/Th2 bal-

ance toward the Th2 pole by suppression of Th1 development.

J Nutr 135:1745–1751

37. Ly LH, Smith R, Switzer KC, Chapkin RS, McMurray DN (2006)

Dietary eicosapentaenoic acid modulates CTLA-4 expression in

murine CD4+ T-cells. Prostaglandins Leukot Essent Fatty Acids

74:29–37

38. Zhang P, Kim W, Zhou L, Wang N, Ly LH, McMurray DN,

Chapkin RS (2006) Dietary fish oil inhibits antigen-specific

murine Th1 cell development by suppression of clonal expansion.

J Nutr 136:2391–2398

506 Lipids (2008) 43:499–506

123



ORIGINAL ARTICLE

Increased Postprandial Triglyceride-Rich Lipoprotein Levels
in Elderly Survivors of Myocardial Infarction

Samira Lekhal Æ Trond Børvik Æ Arne Nordøy Æ
John-Bjarne Hansen

Received: 25 January 2008 / Accepted: 18 February 2008 / Published online: 4 April 2008

� AOCS 2008

Abstract Postprandial triglyceride-rich lipoproteins

(TRL) levels are a predictor for coronary atherosclerosis.

The aim of the study was to compare fasting high density

lipoprotein (HDL) cholesterol, plasma lipoprotein lipase

(LPL) activity, and postprandial TRL between elderly

survivors of myocardial infarction (MI) and healthy con-

trols. A case-control study was performed in 44 elderly

patients 65–85 years of age with a previous history of MI

and 43 age- and sex-matched healthy controls. Each par-

ticipant underwent physical examination and was given a

standard oral fat load with subsequent blood sampling over

the next 8 h. Total and chylomicron triglycerides were

assessed by area under the curve (AUC), incremental are

under the curve (AUCi) and triglyceride response (TGR).

Elderly MI patients had significantly lower postheparin

LPL activity (87.4 ± 36.9 mU/ml) (mean ± 1 SD) than

healthy controls (106.0 ± 29.0 mU/ml) (P = 0.014).

Decreased postheparin LPL activity was accompanied by

significant increased and delayed clearance of postprandial

TRL. Fasting HDL cholesterol was significantly lower in

elderly MI patients than controls (1.45 ± 0.32 and 1.66 ±

0.47 mmol/l, respectively, P = 0.048). Multiple regression

analysis revealed postheparin LPL activity as an indepen-

dent predictor for postprandial TRL and fasting HDL

cholesterol. Logistic regressions analysis revealed HDL

cholesterol, triglycerides measured 2 h after the oral fat

load, and postheparin LPL activity as independent predic-

tors for MI. Our findings indicate that decreased fasting

HDL cholesterol is associated with increased postprandial

triglyceridemia which could be a target for life-style and

therapeutic interventions in patients at risk for cardiovas-

cular disease.

Keywords Lipoproteins � Triglyceride metabolism �
Lipoprotein � Lipase � Hyperlipidemia � HDL �
LDL metabolism � Plasma lipids

Introduction

More than 20 years ago, Zilversmit [1] proposed that ath-

erosclerosis is, at least in part, a postprandial disease, and

hypothesised that accumulation of TRL promoted forma-

tion of atherosclerosis, due to reduced clearance and

thereby prolonged exposure of the vascular wall to TRL.

More recent studies provide new perspective to this

hypothesis by reporting a particular efficient penetration

and selective retention of chylomicron remnants in sites of

lesion formation [2, 3]. Patients with coronary artery dis-

ease (CAD) have delayed elimination of postprandial TRL

[4, 5], and plasma concentrations of postprandial remnants

have been related to the progression of coronary lesions

[6]. Furthermore, increased and delayed postprandial

hyperlipidemia has been reported to be a strong predictor

for CAD verified by angiography in middle-aged men with

severe disease [4].

Lipoprotein lipase (LPL) is the major lipase in lipo-

protein metabolism [7]. The enzyme is synthesized by and

released from parenchymal cells in many tissues, and

becomes anchored to heparan sulphate proteoglycans

(HSPGs) at the endothelial surface [7]. LPL hydrolyzes

triglycerides in chylomicrons (CM) and very low-density

lipoproteins (VLDL), providing fatty acids to the under-

lying tissues [8]. A delay in chylomicron clearance would
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imply prolonged postprandial hyperlipidemia, which sup-

posedly leads to increased deposition of chylomicron

contents in the arterial wall and to an unfavourable trans-

location of cholesteryl-esters from high density lipoprotein

(HDL) to CM [1, 4]. Deficiency of LPL or its cofactor apo-

CII is known to induce accumulation of CM in plasma,

suggesting that triglyceride hydrolysis is important for

clearance of these particles [9]. Furthermore, low levels of

LPL activity, as encountered in patients with partial LPL

deficiency, are associated with premature atherosclerosis

and accelerated progression of atherogenesis [10], and low

postheparin LPL activity is related to severe angina pec-

toris in men with angiographically documented CAD [11].

Low HDL cholesterol is known to be a strong and

independent risk factor for CAD [12], which remains sig-

nificant even at old age [13, 14]. In humans, LPL activity

contributes to the regulation of HDL cholesterol and may

partly explain the inverse relation between postprandial

TRL and HDL cholesterol [5, 15, 16]. In addition, post-

heparin LPL activity is associated with HDL cholesterol

[17, 18] and inversely correlated to the magnitude of

postprandial hyperlipidemia in normolipidemic patients

[19].

The purpose of the present study was to compare fasting

HDL cholesterol, plasma LPL activity, and postprandial

TRL in elderly patients with a previous history of myo-

cardial infarction (MI) with apparently healthy controls. To

address these questions we performed a case-control study

among elderly, normotriglyceridemic survivors of acute MI

more than a year prior to the investigation and in healthy

age- and sex-matched controls. Our hypothesis was that

low fasting HDL cholesterol may be a marker of decreased

LPL activity accompanied by increased and delayed

clearance of postprandial TRL.

Materials and Methods

Patients and Study Design

Medical records of consecutive patients between 65 and 85

years of age with the diagnosis acute MI were obtained

from the archives at the University Hospital of North

Norway in Tromsø. The diagnosis acute MI was verified by

diagnostic criteria such as chest pain, pathological ECG

and increase in serum concentration of cardiac markers.

The inclusion criteria were; suffering of acute MI 1–4 years

before the present investigation without any major coro-

nary events (i.e. hospitalization for angina pectoris,

reinfarction, coronary angioplasty or ACB surgery) after-

wards, both genders, and age between 65 and 85 years

at diagnosis. The exclusion criteria were; regular use

of drugs interfering with the coagulation system, chronic

inflammatory diseases, renal or liver disease, cancer,

hypothyroidism, serious hypertension, abuse of alcohol or

drugs, and psychiatric diseases. One age- and sex-matched

healthy person for each case was recruited from the general

population and invited to a screening visit. At the screening

visit, a complete medical history, physical examination

and blood samples were taken with special emphasis on

exclusion criteria were conducted on both cases and con-

trols. Absence of diseases, and cardiovascular diseases in

particular, for the healthy controls were confirmed by

searching into their medical records. Height and weight

were measured with the patients in light clothing without

shoes and body mass index (BMI) was calculated. Blood

pressure was recorded in seated position by the use of an

automatic device (Dinamap Vital Signs Monitor). Three

recordings were made at 1 min intervals, and the mean of

the two last values was used in this report. A 75-g oral

glucose tolerance test was performed on the first visit.

Impaired fasting glucose (fasting plasma glucose 6.1–6.9

mmol/l), impaired glucose tolerance (fasting glucose\7.0

mmol/l and 2 h plasma glucose from 7.8 to 11.0 mmol/l)

and diabetes (fasting glucose C 7.0 mmol/l or 2 h plasma

glucose C 11.1 mmol/l or on antidiabetic treatment) were

defined according to WHO criteria. Eligible persons (44

cases and 43 controls) were invited to a second visit during

which the participants were subjected to a fat tolerance

test. Informed written consent was obtained from the

participants, and the Regional Board of Research Ethics

approved the study. The study was performed at the Clin-

ical Research Centre at the University Hospital of North

Norway in Tromsø.

Fat Tolerance Test

A fat tolerance test was conducted using a test meal pre-

pared as a standard cream porridge containing 70% of

calories from fat of which 66% saturated fat, 32% mono-

unsaturated fat and 2% polyunsaturated fat. A weight-

adjusted meal (1 g fat per kg body weight) was served at

8:00 a.m. and consumed over a 15 min period. The par-

ticipants were allowed to drink 350 ml calorie-free

beverages (diet soda) and eat an apple during the following

8 h. Blood samples for isolation of CM, and serum and

plasma preparations were collected after 12 h fasting,

before the meal and every second hour during the next 8 h.

Measurement of Plasma Glucose, Serum lipids,

Apolipoproteins and Isolation of Chylomicrons

Serum was prepared by clotting whole blood in a glass tube

at room temperature for 1 h and then centrifuged at 2,000g

for 15 min at 22 �C. Blood for plasma preparation was

collected into vacutainers (Becton Dickinson, Meylan
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Cedex, France) containing 0.129 M sodium citrate (1 vol

anticoagulant and 9 vol whole blood) as anticoagulant.

Plasma glucose was measured (Gluco-quant Glucose/HK,

Roche Diagnostics GmbH, Mannheim, Germany) in fasting

plasma and 2 h after a 75 g oral glucose tolerance test

according to the manufacturers instructions. Serum lipids

were analyzed on a Hitachi 737 Automatic Analyzer (Bo-

ehringer Mannheim, Germany) with reagents from the

manufacturer. Total cholesterol was measured with an

enzymatic colorimetric method (CHOD-PAP) and HDL

cholesterol was assayed by the same procedure after pre-

cipitation of lower density lipoproteins with heparin and

manganese chloride as described by Burstein et al. [20].

Total triglycerides and chylomicron triglycerides concen-

tration was determined with an enzymatic colorimetric test

(GPO-PAP). Low-density lipoprotein (LDL) cholesterol

was calculated by the formula of Friedewald et al. [21].

Apo-AI and apo-B100 were measured immunochemically

by rate nephelometry, using the Array Protein System from

Beckman Instruments Inc. (Brea, CA, USA). CM were

isolated by over layering 8 ml EDTA plasma with 5 ml of

NaCl solution (a density 1.006 kg/l NaCl solution with

0.02% sodium azide and 0.01% EDTA) in a cellulose

nitrate tube (Beckman Instruments Inc., CA, USA) and

centrifuged in a Beckman SW40 Ti swinging bucket rotor

at 20,000 rpm for 1 h at 4 �C. The CM, with Svedberg

flotation (Sf) rates [400, were carefully removed by aspi-

ration from the top of the tube divided into three aliquots in

cryovials, flushed with nitrogen, and frozen at -70 �C until

further analysis.

Lipoprotein Lipase Activity

Eight hours after ingestion of the test meal, blood was

drawn into vacutainers (Becton Dickinson) containing

heparin as anticoagulant and the heparinised blood was

immediately placed on ice. Unfractionated heparin was

given as a bolus injection (100 IU/kg body weight) on the

contra lateral arm to mobilize LPL from the endothelial

surface into the circulation, and a second blood sample was

obtained 15 min after heparin administration and imme-

diately placed on ice. Heparinised plasma was recovered

within 30 min by centrifugation (2,0009g for 10 min) at

4 �C, divided into aliquots of 1.0 ml in cryovials, flushed

with nitrogen, and frozen at -70 �C until further analysis.

LPL activity was determined as described by Olivecrona

et al. [22]. In short, sonicated emulsion of 3H-oleic acid-

labelled triolein in 20% Intralipid (Fresenius Kabi, Halden,

Norway) was used as substrate. Samples were preincubated

for 2 h on ice with 0.5 vol goat antibodies to hepatic lipase

(HL) to suppress HL activity. LPL activity is expressed in

mU/ml corresponding to nanomole of fatty acids released

per millilitre per minute. The samples were quantitated in

duplicate, and postheparin plasma from pooled normal

control persons was used to correct for interassay variation.

Statistics

All variables were checked for frequency distribution. The

extent of postprandial hypertriglyceridemia was assessed

by the total area under the curve (AUC) and incremental

area under the curve (AUCi) for triglycerides and chylo-

micron triglycerides, and by the triglyceride response

(TGR), defined as the average of the two highest post-

prandial triglyceride concentrations minus baseline

concentration. Unpaired t test was used to compare dif-

ferences between groups. v2 (Chi-square) test was used to

compare groups on categorical variables. General linear

models for univariate analysis of variance were used for

adjustments. Pearson’s correlation coefficients were used

to examine correlations between continuous variables.

Linear regression models were used to test linear trends.

Multiple linear regression models were used to assess

independent predictors of AUCi for serum triglycerides,

AUCi for CM and HDL cholesterol. Multiple logistic

regression models were performed with case-control status

for MI with triglycerides measured 2 h after the fat load,

postheparin LPL activity and HDL cholesterol. All analy-

ses were performed using SPSS (SPSS Inc. Chicago,

Illinois, USA) for windows software, version 14.0. Two-

sided P values (\0.05) were considered statistically sig-

nificant. Values are mean ± SD if not otherwise stated.

Results

Characteristics of elderly survivors of MI and age- and sex-

matched healthy controls are shown in Table 1. Patients

had significantly higher frequency of hypertension and

lower measured blood pressure and heart rate than healthy

controls. The apparent discrepancy between higher fre-

quency of hypertension and actual lowered blood pressure

and heart rate among MI patients is most probably

explained by their frequent use of b-blockers (Table 1).

Elderly MI patients tended to have a higher frequency of

diabetes mellitus, but impaired fasting glucose and

impaired glucose tolerance were equally distributed

between groups.

Serum lipids and apolipoproteins in elderly survivors of

MI and their age- and sex-matched controls are shown in

Table 2. Elderly MI patients had significantly lower total

cholesterol, LDL cholesterol and HDL cholesterol than

control persons in crude analysis and after adjustment for

BMI, diabetes mellitus and regular use of statins. Apo-AI

was lower in MI patients in crude analysis, but the differ-

ence between groups disappeared after adjustment for
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BMI, diabetes and use of statins. No difference between

groups was observed with regard to fasting serum

triglycerides.

To investigate the time-course of postprandial triglyc-

eride-rich lipoproteins (TRL) in elderly patients with and

without a previous history of MI, the participants were

subjected to a standard fat meal, and total serum triglyc-

erides and chylomicron triglycerides were measured over

time (Fig. 1 and Table 3). The MI patients had increased

peak concentrations of total triglycerides, increased total

and incremental AUC, which reached significance after

adjustment for BMI, diabetes and use of statins. Even more

pronounced differences between groups with regard to

peak concentrations and both total and incremental AUC

were observed for chylomicron triglycerides. Statistical

adjustments for use of cardiovascular drugs (statins, b-

blockers, Ca-antagonists, diuretics) and concurrent diseases

(diabetes mellitus and hypertension) among MI patients did

not influence differences between groups. The MI patients

had significantly higher levels of chylomicron triglycerides

8 h after the fat load (P = 0.018). Furthermore, we found a

significant correlation between fasting TG and AUCi for

total triglycerides in patients (r = 0.51, P = 0.001), but not

in controls (r = 0.21, P = 0.193).

Preheparin LPL activity was similar in the two groups,

whereas elderly MI patients had significantly lower

Table 1 Characteristics of

elderly survivors of myocardial

infarction and age- and sex-

matched healthy controls

Values are mean ± SD or

percentage with absolute

numbers in brackets

Variables MI patients (n = 44) Healthy controls (n = 43) P values

Age (years) 73.4 ± 5.4 73.7 ± 5.4 0.76

Gender (% men) 77 (34) 77 (33) 0.95

Smoking (%) 5 (2) 9 (4) 0.43

BMI (kg/m2) 27.4 ± 3.8 26.0 ± 3.9 0.10

Diabetes mellitus (%) 11 (5) 0 (0) 0.06

Hypertension (%) 66 (29) 5 (2) \0.001

Systolic BP (mmHg) 137 ± 21 148 ± 22 0.02

Diastolic BP (mmHg) 71 ± 10 84 ± 11 \0.001

Heart rate (beats/min) 60 ± 8 68 ± 12 \0.001

Glucose (mmol/l) 5.5 ± 0.8 5.2 ± 0.5 0.10

Impaired fasting glucose 5 (2) 7 (3) 0.68

Impaired glucose tolerance 5 (2) 7 (3) 0.68

Statins (%) 48 (21) 0 (0) \0.001

Ca-antagonists (%) 9 (4) 14 (6) 0.48

b-blockers (%) 68 (30) 5 (2) \0.001

Diuretics (%) 32 (14) 2 (1) \0.001

ACE-inhibitors (%) 18 (8) 5 (2) 0.09

Nitrates (%) 48 (21) 0 (0) \0.001

Aspirin (%) 95 (42) 7 (3) \0.001

Table 2 Serum concentrations of fasting lipids and apolipoproteins in elderly survivors of myocardial infarction and age- and sex-matched

healthy controls

Variables MI patients (n = 44) Healthy controls (n = 43) P values

P1 P2

Total cholesterol (mmol/l) 5.24 ± 1.16 6.40 ± 1.12 \0.001 0.002

LDL cholesterol (mmol/l) 3.23 ± 0.97 4.28 ± 0.92 \0.001 \0.001

HDL cholesterol (mmol/l) 1.45 ± 0.32 1.66 ± 0.47 0.02 0.05

Triglycerides (mmol/l) 1.12 ± 0.44 1.11 ± 0.45 0.91 0.38

Apolipoprotein-AI (g/l) 1.46 ± 0.26 1.61 ± 0.30 0.01 0.28

Apolipoprotein-B (g/l) 1.08 ± 0.26 1.09 ± 0.23 0.78 0.69

Values are mean ± SD

P1, crude analyses; P2, adjusted for BMI, presence of diabetes mellitus, and regular use of statins
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postheparin LPL activity than age- and sex-matched con-

trols in crude analysis (P = 0.014) (Table 3). Statistical

adjustments for smoking, BMI, use of cardiovascular drugs

(statins, b-blockers, Ca-antagonists, diuretics) and concur-

rent diseases (Diabetes Mellitus and hypertension) among

MI patients did not influence the differences between

groups. In the total study population (n = 87), postheparin

LPL activity was inversely correlated with fasting TG

levels (r = -0.29, P = 0.008), incremental AUC for total

triglycerides (r = -0.39, P \ 0.001) and chylomicron tri-

glycerides (r = -0.41, P \ 0.001). Furthermore, a

significant positive correlation was found between post-

heparin LPL activity and fasting HDL cholesterol for both

patients (r = 0.40, P = 0.013) and healthy controls (r =

0.34, P = 0.037). Multiple linear regression analyses were

performed to determine independent predictors for incre-

mental AUC for triglycerides (TG-AUCi), incremental

AUC for chylomicron triglycerides (CM-AUCi) and HDL

cholesterol (Table 4). Triglycerides measured 2 h after the

oral fat load was independent predictors for TG-AUCi,

whereas triglycerides measured 2 h after fat load and

postheparin LPL activity were significant independent

predictors for CM-AUCi. Postheparin LPL activity was the

only significant predictor for HDL cholesterol in the model.

The included variables in the model explained 51% of the

variation in TG-AUCi, 43% of the variation in CM-AUCi,

and 19% of the variation in HDL cholesterol.

To study the predictive role of triglycerides measured 2

h after the fat load, postheparin LPL activity and HDL

cholesterol for MI in elderly, multiple logistic regression

analysis were performed (Table 5). Postheparin LPL

activity (P = 0.02), triglycerides measured 2 h after the fat

load (P = 0.05) and HDL cholesterol (P = 0.02) were

independent predictors for MI in elderly. After adjusting

for BMI and statin prescription, postheparin LPL activity

(P = 0.02) and triglycerides measured 2 h after the fat load

Fig. 1 Line graph showing postprandial concentrations of total

triglycerides (upper panel) and chylomicron triglycerides (lower
panel) over time after a standard fat meal in elderly patients with a

previous history of myocardial infarction (n = 44) and healthy age-

and sex-matched controls (n = 43). Values are mean ± SEM

Table 3 Serum concentrations of postprandial total triglycerides and

chylomicron triglycerides measured as total area under the curve

(AUC), incremental area under the curve (AUCi) and triglyceride

response (TGR), and lipoprotein lipase activity during 8 h after intake

of a standard fat meal in elderly survivors of myocardial infarction

and age- and sex-matched healthy controls

Variables MI patients

(n = 44)

Healthy controls

(n = 43)

P values

P1 P2

Triglycerides

AUC (mmol/h/l) 14.65 ± 6.00 12.94 ± 4.81 0.16 0.04

AUCi (mmol/h/l) 3.94 ± 2.53 5.64 ± 3.38 0.01 0.03

TGR (mmol/l) 1.12 ± 0.66 0.82 ± 0.50 0.02 0.03

Chylomicrons

AUC (lmol/h/l) 2683.9 ± 1387.3 1437.8 ± 956.1 \0.001 \0.001

AUCi (lmol/h/l) 2358.4 ± 1334.2 1346.8 ± 951.6 \0.001 \0.001

TGR (lmol/l) 451.6 ± 252.0 270.5 ± 188.8 \0.001 0.003

LPL activity

Preheparin (mU/ml) 1.5 ± 2.3 1.2 ± 0.9 0.39 0.71

Postheparin (mU/ml) 87.4 ± 36.9 106.0 ± 29.0 0.01 0.01

Values are mean ± SD

P1 crude analyses, P2 adjusted for BMI, presence of diabetes mellitus, and regular use of statins
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(P = 0.05) remained as independent predictors in the

model.

Discussion

The present study showed that decreased fasting HDL

cholesterol in elderly survivors of MI was associated with

lowered postheparin LPL activity accompanied by

increased postprandial TRL. To the best of our knowledge,

our study is the first to show these metabolic changes in

elderly MI patients.

In our study, elderly survivors of MI had increased peak

concentrations, elevated AUC and delayed clearance of

both total triglycerides and chylomicron triglycerides.

Similar findings have previously been reported in middle-

aged male subjects with severe CAD [4]. Although other

studies have reported delayed clearance of TRL in CAD

patients [5, 23], they were not able to demonstrate increased

postprandial levels of TRL [5, 23, 24]. Previous studies

have shown a significant association between fasting tri-

glycerides and postprandial TRL [5, 24]. A significant

correlation between fasting triglycerides and postprandial

TRL in elderly MI patients was confirmed in our study, and

multiple regression analysis revealed triglycerides mea-

sured 2 h after the fat load as a strong and independent

predictor for the magnitude of postprandial increase in TRL

and the presence of CAD.

Postprandial lipoprotein changes in healthy persons

aged 22–79 years showed that elderly people had signifi-

cantly increased [25] and prolonged postprandial

hypertriglyceridemia compared to healthy young persons

[26]. Thus, both age and the presence of CAD are known

predictors for increased and delayed clearance of post-

prandial TRL. Our findings of a pronounced increase in

peak concentrations and delayed clearance of postprandial

TRL in elderly MI patients may indicate that age contrib-

utes to reinforcing the effect on postprandial handling of

TRL.

Obesity, insulin resistance, and dyslipidemia including

low levels of HDL cholesterol are important elements of

the metabolic syndrome [27] associated with increased risk

for cardiovascular disease [28, 29] and type 2 diabetes [30].

Insulin resistance is associated with endothelial dysfunc-

tion [31] with subsequent impaired metabolism of TRLs by

LPLs [32]. Persons with obesity [33] and diabetes mellitus

type 2 [34] are reported to have increased levels of post-

prandial TRLs. In our study, elderly MI patients tended to

have higher BMI and to have a higher frequency of dia-

betes mellitus type 2 than the healthy controls. However,

the increased levels of postprandial TRL in elderly MI

patients remained significant even after adjusting for BMI

and diabetes mellitus.

Statin treatment is known to reduce the postprandial

triglyceridemia [35–38] in a Dose-Dependent manner by

5–30% [39]. In the present study, almost 50% of the MI

patients regularly used statins. Thus, it is likely correct to

assume that the actual difference in postprandial levels of

TRL between groups was underestimated in our study.

Both non-selective and b1-selective b-blockers increase

fasting plasma triglycerides [40]. In our study, all patients

were using b1-selective b-blockers which are reported not

Table 4 Predictors for incremental area under the curve for total triglycerides (TG-AUCi), chylomicrons (CM-AUCi) and HDL cholesterol in

elderly survivors of myocardial infarction and controls (n = 87) using a multiple linear regression model

Independent variables Dependent variables

TG-AUCi CM-AUCi HDL-Chol

b t b t b t

Triglycerides 2 h (mmol/l) 2.97 6.34** 1045.7 5.08** -0.06 -0.81

HDL (mmol/l) -1.35 -1.83 -236.7 -0.74

Postheparin LPL (mU/ml) -0.01 -1.11 -7.68 -1.92* 0.004 2.52*

BMI (kg/m2) -0.09 -1.32 21.10 0.65 -0.02 -1.87

R2 0.51 0.43 0.19

Values are standardized beta coefficients (b) and t values

* P \ 0.05; ** P \ 0.001

Table 5 Logistic regression models with case-control status for tri-

glycerides measured 2 h after the fat load, postheparin LPL activity

and HDL cholesterol

Variables OR (95% CI) OR*

HDL-cholesterol (mmol/l) 0.26 (0.08–0.81) 0.32 (0.07–1.44)

Triglycerides, 2 h (mmol/l) 1.99 (1.00–4.03) 2.54 (1.00–6.44)

LPL activity (mU/ml) 0.89 (0.84–0.97) 0.89 (0.68–0.99)

Values are crude and adjusted odds ratios (OR) with 95% confidence

intervals

OR* adjusted for BMI and prescription of statins. Units are 1 mmol/l

for serum lipids and 10 mU/ml for postheparin LPL activity
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to affect postprandial TRL [41] and postheparin LPL

activity [42]. However, adjustments for use of cardiovas-

cular drugs (statins, b-blockers, Ca-antagonists, diuretics)

among MI patients did not influence the differences

between groups.

The ‘‘response to retention’’ hypothesis of atheroscle-

rosis suggests that intimal deposition is proportional to the

concentration of circulating proatherogenic lipoproteins

[43, 44]. Experimental studies suggest that plasma accu-

mulation of remnant lipoproteins is not just an associated

feature of an atherogenic lipoprotein profile, but that TRL

remnants themselves contribute to the pathogenesis of

atherosclerosis. Chylomicron remnants in the intima are

derived from postprandial lipoproteins [2, 45], and TRL

can be taken up directly by macrophages without prior

modification and form foam cells [46]. Apo-B48 contain-

ing chylomicron remnants may contain up to 40 times more

cholesterol per particle than do LDL particles, and conse-

quently, exposure and retention of apo-B48 containing

postprandial lipoproteins in the arterial wall may pose a

significant atherogenic risk [2]. The present study supports

the hypothesis that both increased and delayed postprandial

hyperlipidemia are associated with CAD, and suggests that

increased postprandial hypertriglyceridemia is a stronger

predictor for CAD in old age. Thus, it may be speculated

that increased and delayed postprandial levels of TRL

among elderly may contribute to increased risk for CAD in

older men and women [47].

The amount of LPL released after a bolus dose of hep-

arin is used as a measure of functional LPL and assumed to

reflect the LPL availability at the endothelial surface [22].

Inconsistent data has been reported on postheparin LPL

activity in CAD. In two independent studies in young

normotriglyceridemic CAD patients, both no change [5]

and decreased [17] postheparin LPL activity has been

reported. In the latter study, hypertriglyceridemic patients

did not have decreased LPL activity [17]. However, a large

cohort study among dyslipidemic CAD patients less than

70 years of age showed a significant decrease in posthep-

arin LPL activity [48]. In the present study,

normotriglyceridemic elderly survivors of MI had signifi-

cantly lower postheparin LPL activity than healthy

controls. Both environmental and genetic factors are

known to affect LPL activity [7]. Postheparin LPL activity

decreases with advancing age [25]. Use of b-blockers was

earlier reported to inhibit LPL activity [49], whereas more

recent studies have shown no influence of regular use of b-

blockers [11, 48]. In the present study, the differences in

postheparin LPL activity remained significant even after

adjustments for use of cardiovascular drugs and concurrent

diseases among the MI patients.

Chylomicron clearance, both lipolysis and hepatic

uptake, is sensitive to LPL activity [7]. Thus, decreased

LPL activity may slow chylomicron clearance in both

stages. In our study, multiple regression analysis revealed

that postheparin LPL activity was an independent predictor

for both fasting HDL and postprandial TRL. Decreased

postheparin LPL activity was associated with low HDL

cholesterol and increased postprandial TRL, a lipid profile

that is associated with increased risk for atherosclerosis [4,

5, 50]. Genetic studies have reported that individuals, who

are heterozygous for LPL mutations that reduce enzymatic

activity, are predisposed to premature atherosclerosis [51,

52]. Conversely, a variant of LPL that is associated with

increased activity has been shown to protect against coro-

nary heart disease [53]. Thus, our findings support a novel

property of LPL in CAD either directly or indirectly by

subsequent modulation of HDL cholesterol and postpran-

dial TRL.

In conclusion, elderly MI patients had decreased fasting

HDL cholesterol associated with metabolic disturbances

such as decreased postheparin LPL activity and increased

postprandial triglyceridemia. Increased postprandial tri-

glyceridemia could be a target for life-style changes, i.e.

weight loss [54], physical exercise [55] and dietary sup-

plementation of polyunsaturated n-3 fatty acids [38, 56],

and therapeutic interventions, i.e. statin treatment [35–37].
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Abstract Several studies in animals and humans have

reported beneficial effects of diacylglycerol (DAG) on lipid

and energy metabolism. We assessed the effect of DAG

versus triacylglycerol (TAG) treatment on total energy

expenditure (TEE), total fat oxidation (Fox) and respiratory

quotient (RQ), and measured the oxidation rate of each oil

using a respiratory chamber and the 13C-stable isotope.

Eleven healthy subjects participated in a double-blind,

randomized crossover study. Subjects consumed an energy

maintenance diet consisting of 55% of total calories from

carbohydrate, 15% from protein and 30% from fat during

both the 3-day pre-chamber and 36-h chamber period. Fifty

percent of the fat was test oil, containing either DAG oil or

TAG oil. The oxidation rate of ingested test oils was

determined by monitoring 13CO2 excretion in the breath

from 13C-labeled diolein or 13C-labeled triolein. There

were no significant differences in TEE, RQ and total Fox

between the DAG and TAG treatment in the overall anal-

ysis. In the subgroup analysis, DAG treatment decreased

RQ significantly in subjects with a high fat ratio (HFR)

compared to TAG treatment. In addition, ingested diolein

oxidation in DAG treatment was significantly faster than

triolein oxidation in TAG treatment in the HFR group.

Enhanced fat utilization with DAG treatment and rapid

oxidation of ingested DAG may, at least in part, explain the

greater loss of body weight and body fat related to DAG

consumption found in the weight-loss studies.

Keywords Diacylglycerol � Obesity �
Total energy expenditure � Respiratory quotient �
Total fat oxidation � Ingested fat oxidation �
Respiratory chamber � 13C-stable isotope

Introduction

The prevalence of obesity has increased worldwide.

Obesity is an important risk factor for chronic diseases

such as coronary heart disease, hypertension and diabetes.

Genetic predisposition, physical inactivity, and composi-

tion of habitual diets are some of the factors identified as

causes of obesity [1]. Among these, the amount of dietary

fat in a usual diet is considered to be important in the

development of obesity [2]. Therefore, it would be bene-

ficial to have a dietary fat with properties of enhanced fat

oxidation.

Diacylglycerol (DAG) oil reportedly has nutritional

properties distinct from triacylglycerol (TAG) oil due to its

different chemical structure [3–5]. Human studies in the

US and Japan have demonstrated that long-term ingestion

of DAG oil enhanced loss of body weight and body fat, in

comparison with TAG oil [6–9]. Animal studies have also

shown lower fat accumulation after DAG oil feeding

compared to TAG oil feeding [10]. Although the mecha-

nisms are still speculative, these effects are most likely

attributable to enhanced b-oxidation in the liver and small

intestine [11–13].

Recently, a few studies in humans examined the effect

of DAG on fat utilization. Kamphuis et al. [14] showed

significantly increased total fat oxidation (Fox) and

reduced respiratory quotient (RQ) with DAG consumption

compared to TAG consumption, with no difference in total

energy expenditure (TEE). Saito et al. [15] reported
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significantly lower postprandial RQ and a trend toward

higher postprandial energy expenditure after DAG inges-

tion. Although significantly increased total fat utilization

after DAG consumption was found in these studies, whe-

ther the oxidation rate of ingested DAG itself contributes to

the enhanced total fat utilization is yet to be examined.

The combination technique of the respiratory chamber

and fatty acid labeled with 13C stable isotope enables the

accurate determination of ingested fat oxidation during

practical daily life activities over a long period of time. The

primary objective of this study was to determine the effects

of short-term DAG consumption on energy metabolism,

with special attention paid to the rate of ingested DAG

oxidation.

Methods

Subjects

Eight males and six females [age: 38.5 ± 5.5 years; body

mass index (BMI): 24.2 ± 2.7 kg/m2] were recruited from

the local population. After receiving a full explanation of

the study, all subjects gave their informed consent to par-

ticipate in the study, which was approved by the Clinical

Research Ethical Committee of Shibuya Core Clinic

(Tokyo, Japan). All subjects were healthy according to

their medical histories. All were non-smokers, and had no

metabolic disorders. The study was performed in accor-

dance with the principles of the Helsinki Declaration.

Study Design

The study was a randomized, double-blind, placebo-con-

trolled crossover design with three stays in a respiratory

chamber. After the first chamber stay, which acclimated the

subjects to the process, they were randomized into either

the DAG or TAG diet group for the second chamber stay.

Then, they had a 4-week rest period before crossing over

and receiving the opposite test diet for the third chamber

stay. Each test diet was consumed for a 4-day period,

including the period of the chamber stay from the night of

day 3 until the morning of day 5 (Fig. 1).

Test Oils

The DAG oil used in the present study was prepared from

soybean oil and rapeseed oil in the presence of immobi-

lized lipase [16]. The prepared DAG oil contained more

than 80% diacylglycerol and the ratio of 1(3),2-diacyl-

glycerol to 1,3-diacylglycerol was approximately 3:7. TAG

oil was prepared by mixing rapeseed, safflower and perilla

oils so the fatty acid composition was similar to that of

DAG oil. Fatty acid and glyceride compositions are shown

in Table 1. The test oil was served as a mayonnaise-type

food that contained 66.3 wt.% of the test oil.

Test Diet and Chamber Protocol

Total energy intake of the test diet was calculated for each

subject by multiplying the subject’s estimated basal met-

abolic rate (BMR) by a physical activity level of 1.4. BMR

was estimated using the Harris–Benedict equation [17].

The macronutrient composition of the test diet was made

up of 55% of total calories from carbohydrate, 15% from

protein and 30% from fat. Fifty percent of the total fat was

taken from the test oil served as a mayonnaise-type food.

The test diet was allocated as 30% for breakfast, 30% for

lunch and 40% for dinner.

Subjects were required to consume the test diet provided

by the study investigator for a 4-day period, including the

chamber stay. Subjects entered the respiratory chamber at

Fig. 1 Schematic representation of test diet consuming periods and

measurement of energy metabolism and substrate utilization in

respiratory chamber

Table 1 Fatty acid and glyceride compositions of test oils

TAG DAG

Glyceride composition (wt.%)

Monoglyceride ND 0.4

Diglyceride 1.0 84.1

Triglyceride 99.0 15.5

Fatty acid composition (wt.%)

C14:0 0.1 0.9

C16:0 6.4 4.0

C18:0 2.4 1.5

C18:1 33.7 36.4

C18:2 48.8 47.1

C18:3 7.5 9.3

C20:0 0.4 0.2

ND not detectable

518 Lipids (2008) 43:517–524
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2100 hours on day 3 and left at 0900 hours on day 5.

During the 36-h stay in the respiratory chamber, subjects

were served dinner at 2100 hours on day 3, breakfast at

0900 hours, lunch at 1500 hours and dinner at 2100 hours

on day 4. In the respiratory chamber, subjects were

required to perform two sessions of a 20-min bicycle

exercise at a rate of 120 heartbeats/min at 1430 and

2030 hours. The metabolic data in the respiratory chamber

were analyzed at 36-h and at 24-h after from entering the

respiratory chamber at 2100 hours on day 3 to 2100 hours

on day 4.

Anthropometrics and Body-Composition Measurement

Body weight, height and whole-body dual-energy X-ray

absorptiometry (DEXA, Hologic Inc., QRD 4500 W,

Waltham, MA) measurement were performed during the

washout period. Measurements of fat mass (FM), fat-free

mass (FFM) and body fat ratio (BFR) were made with the

use of Hologic Systems Software according to procedures

outlined in the Hologic QRD 4500 User’s Guide. Body fat

ratio (BFR) was calculated using the following equation:

BFR (%) = FM/(FM + FFM) 9 100.

Respiratory Chamber

The whole-room respiratory chamber was a 16-m3 room

with a bed, chair, desk, sink, toilet, exercise bike (Combi

Wellness Co. Ltd., Tokyo, Japan), telephone, personal

computer, radio and CD player. The room temperature

was set at 25 �C, the humidity was set at 50% and the

fresh air rate was set at 100 L/min. A fan drew mixed air

(sample air) out of the chamber, while fresh air was

forced into the chamber by the resulting negative pres-

sure. The air samples were dried using a gas sampling

unit (Shimadzu Corp., CPF-8000, Kyoto, Japan) and

analyzed using a mass spectrometer (Thermo Fisher

Scientific, VG PRIMA dB, Cheshire, UK), which was

calibrated biweekly using standard gas (N2 78.08%, CO2

0.033%, O2 20.95% and Ar 0.934%). The flow rate

exhausted from the chamber was measured by a mass

flow meter (Yamatake Corp., CMQ0200J-K, Tokyo,

Japan). The oxygen consumption (VO2) and carbon

dioxide production (VCO2) were calculated using the

method reported by Brown et al. [18]. Gas concentration

was analyzed every 14 s and data were calculated every

5 min to obtain stable and accurate gas concentration. The

gas concentration for 5 min was determined from the mid-

point of the least square linear regression lines in this time

period. The fresh air was analyzed every hour. TEE was

calculated by VO2 and VCO2 according to the method of

Weir [19]. Total Fox were calculated using the following

formula [20]:

Total Fox ðg=dÞ¼1:718�VO2�1:718�VCO2�0:315�P

The sleeping metabolic rate (SMR) was defined as the

lowest mean energy expenditure over three consecutive

hours between 0000 and 0800 hours [21]. P is protein

oxidation (g/d) calculated from protein intake.

Oxidation Rate of Ingested Test Oil

13C-labeled diolein and triolein, used as probes for mea-

surement of ingested test oil oxidation, were synthesized

from 13C-labeled oleic acid (purity of oleic acid [99%,
13C [99%, Isotec Inc., OH) and free glycerol using the

method described by Watanabe et al. [16] and purified with

silica gel liquid chromatography. The glyceride composi-

tion of each probe was determined by gas–liquid

chromatography (Table 2). The ratio of 13C-labelled

1(3),2-diolein and 1,3-diolein was approximately 3:7. 13C-

labeled diolein or triolein at a dose of 900 mg was added to

the DAG and TAG diets as a portion of breakfast at

0900 hours on day 4. Breath samples were collected into

aluminum bags (GL Science Inc., Japan) before breakfast

(baseline) and then hourly for a period of 8-h, and again at

10 and 15-h. Enrichment of 13CO2 in the breath was ana-

lyzed by isotope ratio mass spectrometry (Sercon, ANCA-

GSL, UK). The oxidation rates of the 13C-labeled diolein

and triolein were calculated as the dose recovery rate in the

breath, described by Murphy et al. [22], with some modi-

fication as follows:

Atom%¼13 CO2=ð12
CO2þ13CO2Þ

�10013C excretion to 13C administered ratio

¼ðAtom%T�Atom%BÞ=100�VCOT
2=ðM�22:4Þ

where Atom%B denotes the Atom% at baseline, Atom%T

denotes Atom% at each time, VCO2
T denotes the VCO2

measured by the respiratory chamber for 1 h prior to the

time point of breath sample collection, and M denotes the

molar of 13C-labeled oleic acid administered in diolein or

triolein. The 13C dose recovery in breath (%) was measured

for 15 h at each time point after the test meal ingestion.

The cumulative dietary triolein or diolein oxidation was

Table 2 Glyceride compositions of 13C tri- or diolein

TAG DAG

Glyceride composition (wt.%)

Monoglyceride 0.26 1.71

Diglyceride 3.94 96.14

Triglyceride 95.80 2.15

Free fatty acid 1.12 0.33
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determined from the cumulative values of 13C dose

recovery in breath.

Statistical Analysis

Data are presented as means ± SD. Possible differences in

TEE, RQ and total Fox between TAG treatment and DAG

treatment were analyzed using a paired t test. At first,

relationships between the differences in metabolic param-

eters in TAG versus DAG treatment and the subjects’ body

compositions were assessed by a Spearman rank correla-

tion coefficient. The subgroup analysis was performed

when significant correlation was found. Analysis of vari-

ance (ANOVA) models were generated using a PROC

MIXED procedure. Repeated measures ANOVA was used

to assess the effects of treatment-by-time interactions on

delta from the baseline in 13C doses recovered in breath.

Statistical analyses were performed with the SAS systems

for Windows (release 8.2, SAS Institute Inc., Cary, NC).

Results

Subjects and Baseline Characteristics

Of the 14 subjects enrolled, 2 did not complete the study.

One subject discontinued for private reasons and the other

subject withdrew for medical reasons unrelated to the study

treatment. Of 12 subjects who completed the study, 1 was

excluded from the analysis because of menstruation in the

respiratory chamber. As a result, the data of 11 subjects (6

men and 5 women) were used for the analysis. The baseline

characteristics of subjects are shown in Table 3.

Energy Expenditure and Substrate Utilization

TEE, RQ and total Fox for 36 h are shown in Table 4. The

data from all subjects showed no significant differences

in TEE, RQ and total Fox for 36 h between TAG and

DAG treatment. TEE in TAG and DAG treatment were

11.52 ± 1.62 and 11.41 ± 1.68 MJ, respectively. The

energy intake for all subjects was 8.88 ± 1.01 MJ during

the test period per day. This value agreed with the appro-

priate intake as defined by the guidelines of the Ministry of

Health and Welfare in Japan. The energy intake in respi-

ratory chamber stays for 36 h was 12.43 ± 1.42 MJ.

Energy balance for 36 h was slightly positive in both

groups and did not differ between TAG and DAG treat-

ment (0.91 ± 0.93 and 1.02 ± 1.11 MJ, respectively).

During the 24 h inside the respiratory chamber, TEE was

8.18 ± 1.17 MJ in TAG treatment and 8.11 ± 1.18 MJ

in DAG treatment. TEE for 24 h did not differ between

treatments. Both 36-h TEE and SMR (mean values of two

nights in the chamber) positively correlated with FFM in

the TAG treatment (FFM vs. 36-h TEE; r = 0.745,

p = 0.009, FFM vs. SMR; r = 0.718, p = 0.013). Mean

RQ and total Fox for the 36-h analyses showed no signif-

icant differences between the TAG and DAG treatments

(RQ; 0.867 ± 0.020 and 0.870 ± 0.020, total Fox;

94.4 ± 29.8 and 90.3 ± 29.8 g, for TAG and DAG,

respectively). For 24 h, mean RQ and total Fox also

showed no significant differences between TAG and DAG

treatments (RQ; 0.867 ± 0.020 and 0.869 ± 0.023, total

Fox; 66.9 ± 20.8 and 64.8 ± 22.3 g, for TAG and DAG,

respectively).

In order to further examine the metabolic effect of DAG

on fat utilization, we conducted a post-hoc subgroup

analysis. DRQ for each subject was calculated by sub-

tracting the 36-h RQ in the DAG treatment from that in

the TAG treatment and their correlation with various

anthropometric parameters were examined. Among various

parameters, a strong positive correlation of DRQ in body

fat ratio was found, suggesting enhanced fat utilization

in the subjects with higher body fat ratio (r = 0.855,

p \ 0.001, Fig. 2).

After observing this significant correlation, subgroup

analyses were performed with the two subgroups divided

by median of body fat ratio (24.4%): the high fat ratio

(HFR) group and the low fat ratio group (LFR). The HFR

group consisted of six subjects (two men and four women),

and the LFR group consisted of five subjects (four men

and one woman). At baseline, there were no significant

differences in fat-free mass and BMI between the two

subgroups (Table 3). In each subgroup, the parameters for

energy metabolism were compared between TAG and

DAG treatments. Mean RQ for 36 h in the HRF group was

significantly lower with DAG treatment than with TAG

Table 3 Baseline characteristics of subjects

All HFR LFR

Sex (M/F) M = 6/F = 5 M = 2/F = 4 M = 4/F = 1

Age (year) 38.5 ± 5.5 37.2 ± 5.6 40.0 ± 5.7

Weight (kg) 67.1 ± 8.6 67.3 ± 8.4 66.9 ± 9.7

Height (cm) 166.4 ± 6.4 164.3 ± 6.8 168.9 ± 5.5

BMI (kg/m2) 24.2 ± 2.7 24.9 ± 2.9 23.4 ± 2.5

FFM (kg) 48.6 ± 8.1 45.6 ± 7.4 52.1 ± 8.1

FM (kg) 17.3 ± 4.6 19.8 ± 4.6 14.3 ± 2.3a

Body fat ratio (%) 26.3 ± 6.2 30.2 ± 5.6 21.6 ± 2.6a

Values are means ± SD
a Significant difference from HFR group at baseline by unpaired t test

(p \ 0.05)
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treatment (p = 0.003), but the LFR group did not show a

difference between the TAG and DAG treatments

(Table 4). TEE and total Fox for 36 h did not differ sig-

nificantly between treatments in each subgroup.

Oxidation of Ingested Test Fat

Oxidation of ingested test fat was assessed for 15 h by

measuring 13C-labeled CO2 after ingestion of 13C diolein or
13C triolein on day 4. The recovery rates of 13CO2 in the

breath peaked at 6 h and had almost returned to baseline at

15 h (0.78 ± 0.22 and 0.70 ± 0.12%, TAG and DAG,

respectively). The cumulative recovery of 13CO2 in the

breath of all subjects during the 15-h period is not signif-

icantly different between treatment groups (29.0 ± 5.7 and

29.4 ± 4.7%, for TAG and DAG, respectively). Subgroup

analyses were performed with the two subgroups. The

cumulative values of 13CO2 in breath over 15 h did not

differ significantly between the TAG and DAG treatments

(LFR; 32.0 ± 4.8 and 29.8 ± 3.8%, HFR; 26.6 ± 5.5 and

29.1 ± 5.8%, for TAG and DAG, respectively). The time

course of the cumulative recovery rate for 13CO2 in the

HFR group is shown in Fig. 3. The repeated measures

ANOVA showed significant (p = 0.008) treatment-by-

time interaction in the time course for cumulative recovery

of 13CO2 in the HFR group.

Discussion

In the present study, the effect of short-term DAG treat-

ment on energy metabolism was investigated with

emphasis on the rate of ingested DAG oxidation using the

combination technique of a respiratory chamber and fatty

acid labeled with 13C-stable isotope. In the analysis of all

subjects, TEE, RQ and total Fox during 36-h showed no

difference between TAG and DAG treatments. Because the

subjects in our study had various backgrounds, their BMI

varied from 19.8 to 29.3 kg/m2, and body fat ratio varied

from 18.3 to 38.7%, so the metabolic parameters were

greatly influenced by the physical parameters. However,

we found that the extent of reduction of RQ caused by

DAG treatment had a positive correlation with the body fat

Table 4 Energy expenditure and substrate utilization during 36 hours of treatment with diacylglycerol or triacylglycerol consumption

TAG DAG

All HFR LFR All HFR LFR

TEE (MJ/36 h) 11.52 ± 1.62 11.30 ± 1.52 11.77 ± 1.87 11.41 ± 1.68 11.35 ± 1.86 11.47 ± 1.65

36-h RQ 0.867 ± 0.020 0.875 ± 0.021 0.857 ± 0.016 0.870 ± 0.020 0.869 ± 0.023a 0.871 ± 0.019

Total Fox (g/36 h) 94.4 ± 29.8 84.7 ± 30.3 106.1 ± 27.7 90.3 ± 29.8 91.9 ± 36.3 88.3 ± 23.7

Values are means ± SD
a Significantly lower than TAG on HFR group (paired t test): p = 0.003

Fig. 2 Correlation of body fat rate with difference in RQ between

DAG and TAG treatment. DRQ for each subject was calculated by

subtracting 36-h RQ in DAG treatment from that in TAG treatment.

The relationships between the DRQ and the subjects’ body compo-

sitions were assessed by a Spearman rank correlation coefficient

(r = 0.855, p \ 0.001)
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Fig. 3 Cumulative 13CO2 recovery in breath over 15 h in the HFR

group. Time zero corresponds to the time of [13C] enriched meal

ingestion. The cumulative dietary triolein or diolein oxidation

determined from cumulative values of 13C dose recovery in breath.

Closed circles, diolein; open circles, triolein. Data are shown as

means ± SD. The repeated measures ANOVA showed significant

(p = 0.008) treatment-by-time interaction in the time course for

cumulative recovery of 13CO2 in the HFR group
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ratio of each subject (Fig. 2). In the post-hoc subgroup

analysis, significantly lower RQ was observed in DAG

treatment compared to TAG treatment, suggesting that

DAG treatment increased fat utilization. Though the results

from the post-hoc subgroup analysis provide limited eval-

uation, it is noteworthy that DAG oil showed an enhanced

fat utilization in subjects with higher body fat ratios.

Kamphuis et al. [14] investigated the effect of DAG

treatment over 36 h, determined by use of a respiratory

chamber. In 12 female subjects (average body fat ratio;

32.5 ± 5.3%), they observed significantly lower RQ but no

change in TEE in DAG treatment compared to TAG

treatment. These results are consistent with those obtained

from the present study with the HFR subgroup with respect

to the body fat ratio of the subjects and the extent of the

reduction in RQ. Indeed the reductions in RQ level in the

study conducted by Kamphuis and in the present study

were 0.006 and 0.005, respectively. Although the RQ

measured in the respiratory chamber was affected by

energy balance, by PFC balance of intake and by the

subjects’ own background, it is an appropriate predictor of

weight loss [23, 24]. The subjects who rely less on fat

oxidation have a tendency to gain weight, possibly because

they are more prone to store excess energy as fat [25].

The enhanced fat utilization that occurs with DAG oil

consumption changes fat balance (fat intake minus fat

oxidation). Fat balance over the short-term (days), which is

measured by a respiratory chamber, is possibly more clo-

sely related to energy balance over the long term (weeks or

months) [26]. In the present study, we observed only the

difference between DAG treatment and TAG treatment on

fat utilization to explain the differences in the effect that

DAG oil and TAG oil appears to have on body fat stores.

Based on these results, it can be assumed that over the long

term DAG oil consumption has a different effect on energy

expenditure and energy intake.

Several long-term clinical trials have indicated that

DAG consumption results in a loss of body weight and

body fat in healthy, non-obese men and women, as well as

with obese men and women. In the study with 38 male

subjects conducted by Nagao et al. [7], subjects who con-

sumed DAG over 4 months experienced 1.5 kg more

reduction in body weight compared to subjects who con-

sumed TAG. Whereas, in the present study, in the HFR

subgroup, experienced a total Fox increased of 4 g/d (NS)

with DAG consumption compared to TAG consumption,

which estimates 0.48 kg of weight loss for 4 months based

on the simple extrapolation. In addition, subjects in the

present study consumed DAG approximately three-fold

more than subjects in the study of Nagao et al. Taking these

discrepant levels in total Fox and dosages of DAG into

consideration, the increased total Fox on short-term DAG

treatment observed from the present study cannot

completely explain the full-extent of weight loss reported

in the study of long-term DAG consumption, suggesting

that other factors may contribute to the weight loss with a

long-term DAG consumption. In C57BL/6J mice, which

are a model for diet-induced obesity, the small intestinal

b-oxidation activity and mRNA expression of lipid

metabolism-related molecules were markedly increased

after long-term intake of DAG oil [12]. Further studies are

needed to examine the relationship precisely between

alteration in energy metabolism and body weight loss

associated with long-term DAG consumption.

Ingested fat oxidation was investigated next, to gain

further insight into the mechanism responsible for

enhanced fat utilization after short-term DAG treatment.

The oxidation of ingested fat was assessed using the

combination technique of a respiratory chamber and 13C-

labeled diolein or triolein. The mean 13C-labeled triolein

oxidation over 15-h after oral administration was

29.0 ± 5.7% in the present study. This level is similar to

data reported previously [27, 28]. The rates of ingested
13C-labeled diolein and triolein oxidation were compared

(Fig. 3). The repeated measures ANOVA showed signifi-

cant (p = 0.008) treatment-by-time interaction in the time

course for cumulative recovery of 13CO2 in the HFR group.

We found small, but significant, differences in oxidation

kinetics between DAG and TAG. This rapid oxidation of

ingested DAG may partly explain increased total fat utili-

zation in DAG treatment compared to TAG treatment.

Insulin is the most potent regulator in postprandial fat

metabolism through the mediation of lipoprotein lipase

(LPL) and hormone-sensitive lipase (HSL) [29]. Saito et al.

[15] reported lower postprandial insulin and RQ after

loading with a DAG meal compared to a TAG meal. The

lower postprandial insulin levels after DAG consumption

compared to TAG consumption indicated a smaller stim-

ulus in the direction of fat storage and increased

postprandial fat utilization through the regulation of LPL

and HSL, which may be associated with the present find-

ings of increased total fat utilization in DAG treatment.

The mechanism of pronounced fat utilization of DAG,

observed only in the HFR group, is yet to be clarified, and

further investigation is needed. Nagao et al. [7] reported

that weight loss by long-term DAG consumption was

pronounced in the subjects with higher intra-abdominal fat

areas, which is partially explained by the present results in

the HFR group. 1,3-DAG, a major component of DAG oil,

is more susceptible to the beneficial effect against obesity

compared to TAG or 1(3),2-DAG; Previous and present

results suggest that 1,3-DAG might up-regulate fat utili-

zation leading to greater b-oxidation in the intestine and

liver, and/or via insulin action (Fig. 4).

In conclusion, TEE, RQ and total Fox for 36 h in the

respiratory chamber showed no differences between DAG
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treatment and TAG treatment in all subjects. However,

post-hoc analysis showed that oxidation of ingested DAG

was more rapid than that of TAG, and that fat utilization

after a DAG meal was greater than that after a TAG meal

in HFR subjects. Although further analyses are needed to

examine these increases in fat utilization, these changes

experienced by HFR subjects may in part explain the

greater loss of body weight and body fat found in weight-

loss studies after DAG oil consumption.
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Abstract The early to mid-gestational period (days 28–

78) in sheep is the period of most rapid placental develop-

ment. Maternal nutrient restriction (MNR) in this phase has

negative consequences on fetal growth and development,

predisposing the fetus to disease in adult life. The influence

of MNR on fetal tissue fatty acids has not been reported.

Ewes were fed to 50% (MNR) or 100% (control fed) of total

digestible nutrients from days 28 to 78 of gestation. At

78 days, fetuses were sacrificed and the fatty acids in fetal

liver, lung and muscle as well as maternal and fetal plasma

were analyzed. Most fatty acids were not influenced by

MNR. The n-3 long chain PUFA eicosapentaenoic acid

(20:5n-3, EPA) concentration (lg/mg) was low and more

than doubled in the MNR sheep. Similarly, docosapentae-

noic acid (22:5n-3, DPA) increased by 60, 19, and 38% in

liver, lung, and muscle, respectively. Neither docosahexa-

enoic acid (22:6n-3, DHA) nor any of n-6 PUFA changed.

Arachidonic acid (20:4n-6; ARA) increased in MNR

maternal plasma as a percent of total fatty acids only, while

in MNR fetal plasma only EPA increased. These results

provide the first indication that MNR in early to mid-ges-

tation influences the profiles of LCPUFA in fetal tissues,

and suggest that metabolic processes involving LCPUFA

should be considered in evaluations of the impact of

maternal nutriture on perinatal health.

Keywords Lipid metabolism � Metabolism �
n-3 Fatty acids � Nutrition � Fatty acids �
Maternal nutrient restriction

Introduction

The concept of developmental programming during fetal

and neonatal life is well established. Extensive epidemio-

logical evidence indicates that the nutritional and hormonal

environment encountered by the fetus is a strong determi-

nant of not only fetal growth but also disease risk in later

life [1, 2]. These epidemiological findings are strongly

supported by an increasing number of animal studies [3]

indicating that fetal physiological development and organ

sensitivity, including that of the lung, heart, and skeletal

muscle, are significantly altered by maternal nutrient

restriction (MNR). These adaptations may lead to predis-

position of offspring to cardiovascular disease, type II

diabetes and obesity in adult life [4–9].

Long chain polyunsaturated fatty acids (LCPUFA) have

diverse roles in tissue function. Docosahexaenoic acid

(DHA, 22:6n-3) and arachidonic acid (ARA, 20:4n-6) play

critical roles in neurodevelopment during the perinatal

period [10, 11]. LCPUFA are structural components of cell

membranes and DHA is highly concentrated in brain grey

matter and retina rod photoreceptors [11, 12]. Evidence from

various studies suggests that retinal function and learning
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ability may be permanently impaired if there is a reduction in

the accumulation of sufficient DHA during intrauterine life

[13, 14]. ARA is associated with normal intrauterine growth,

including weight and head circumference [15]. The precur-

sors, linoleic acid (LA, 18:2n-6) and a-linolenic acid (ALA,

18:3n-3), are converted into LCPUFA by alternating desat-

uration (D6 and D5 desaturases) and chain elongation,

however most studies indicate that the process is inefficient

in humans and primates [16]. In addition to the well-studied

ARA and eicosapentaenoic acid (EPA, 20:5n-3)-derived

eicosanoids, recent studies indicate that DHA and EPA are

substrates for potent bioactive compounds involved in the

resolution phase of inflammation [17] and in neuroprotection

[18]. Studies in rats demonstrate that n-3 LCPUFA, notably

EPA and DHA, modulate the expression and repression in

brain of a number of genes that are involved in structure,

energy metabolism, neurotransmission, signal transduction

and regulation [19–21].

The fatty acid pattern found in the walls of umbilical

blood vessels suggests that the essential fatty acid status of

a developing fetus is marginally sufficient [22, 23]. Sup-

plementation of pregnant mothers with LCPUFA has been

shown to improve offspring LCPUFA status [24]. How-

ever, the availability of the PUFA/LCPUFA to the fetus

depends not only on the maternal dietary intake but also on

the function of the placenta and the many physiological and

biochemical adaptations that occur during pregnancy.

The pregnant sheep has been studied extensively to

determine the effects of nutrient restriction during various

periods of gestation [25]. Apart from these studies, there is a

great deal of information on the influence of maternal die-

tary fatty acids on tissue fatty acids, particularly of the fetus.

Tissue fatty acids differ in their sensitivity to diet: ARA is

generally much less sensitive to diet than DHA, for instance

[12]. The impact of other maternal dietary factors on fetal

tissue PUFA is much less studied. Nothing is known about

the influence of pure calorie restriction on fetal PUFA, and

there are scant data on gene expression or related factors to

guide formulation of a rational and grounded hypothesis.

We therefore undertook an exploratory study to evaluate the

impact of MNR on fetal fatty acids in sheep tissues. The

present study was designed to determine the impact of MNR

from early- to mid-gestation on profiles of fatty acids in

maternal and fetal sheep to better understand the metabo-

lism of LCPUFA in situations of maternal restriction.

Materials and Methods

Animals and Tissue Collection

All protocols were approved by the University of Wyoming

Institutional Animal Care and Use Committee. Details of

the diet and procedures used have been published else-

where [7] and will be summarized here. The diet is based

on beet pulp solids with fatty acid composition shown in

Table 1. 18:2n-6 and 18:3n-3 are the only sources of the

respective essential fatty acids, and their ratio of about 9–1

is similar to that of the human western diet. The fatty acids

16:0 and 18:1n-9 make up almost 50% of the balance of the

fatty acids.

On day 28 of gestation, ewes were randomly assigned to

a control-fed group (n = 6; 100% NRC requirements) and

a nutrient-restricted group (n = 6; fed 50% NRC require-

ments). On day 78 of gestation ewes were given an

overdose of sodium pentobarbital (Abbott Laboratories,

Abbott Park, IL) and exsanguinated, and fetuses were

removed. Fetal organs including liver, lung and muscle and

maternal and fetal plasma were stored in a -80 �C freezer

until analyzed.

Lipid Extraction and Analysis

Organ samples were processed by one step homogeniza-

tion/extraction/methylation method of Garces and Mancha

[26]. About 0.1 g sample was weighted and placed into a

Pyrex tube. Two ml heptane, 1.4 ml of freshly made

aqueous reagent (methanol: 2,2-dimethyl-3-penta-

nol:H2SO4 = 85:11:4 by volume) and 1.6 ml of organic

reagent (heptane:toluene = 63:37 by volume) were added.

Freshly prepared di-heptadecanoyl-phosphatidylcholine

(Matreya, Inc Pleasant Gap, PA, USA) was also added as

internal standard before extraction. After mixing the con-

tents the tubes were stoppered and placed in a shaking

water bath at 80 �C for 2 h. Upon cooling, tubes are

thoroughly vortexed to yield a homogeneous solution

similar in appearance to tissue homogenized by a rotary

blade homogenizer. Two ml of saturated NaCl are then

added, and after vortexing, phase separation was accom-

plished by centrifugation at 3,500 rpm for 10 min. The

organic layer was removed by nitrogen evaporation.

All the purified FAME was dissolved in 200 ll heptane

and stored in a -20 �C freezer until analysis.

Table 1 Composition of selected fatty acids in maternal feed

Mean ± SD (%, w/w)

16:0 35.4 ± 3.8

Other SFA 6.5 ± 0.6

18:1n-9 12.7 ± 1.5

Other MUFA 7.1 ± 0.9

18:2n-6 30.7 ± 4.3

18:3n-3 3.4 ± 0.2

18:3 isomers 4.1 ± 0.1

n-6/n-3 9
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Total FAME were analyzed by gas chromatography

(GC) (Hewlett Packard 5890 series II GC with flame ion-

ization detector; BPX-70 capillary column:

60 m 9 0.32 mm I.D. 9 0.25 lm film; SGE, Austin, TX,

using H2 as carrier gas). Each fatty acid was identified by

GC-Covalent Adduct Chemical Ionization tandem mass

spectrometry [27]. Quantitative profiles were calibrated

using methyl-17:0 as an internal standard and an equal

weight FAME mixture (68A; Nuchek Prep, Elysian, MN)

to derive response factors for each FAME. Chromatogra-

phy conditions and calibration details have been reported

previously [28]. The concentration of each fatty acid from

14 to 24 carbons is expressed as lg fatty acid per mg wet

tissue weight or mg fatty acid per ml plasma.

Statistics

Data are expressed as means ± SD. Concentrations of fatty

acids in differently fed groups were tested for significant

differences. A t-test was performed on a pairwise basis

with significance declared at P \ 0.05. Statistics were

calculated using functions provided in Excel 2000 for

WinXP (Microsoft, Redmond, WA). No correction for

multiple comparisons was applied.

Results

Table 2 presents weights of the fetuses and several organs.

MNR reduced fetal body weight about 21%, with reduc-

tions of 16, 21, and 17% in liver, lung, and longissimus

dorsi muscle weights, respectively.

Table 3 presents the maternal and fetal plasma fatty acid

concentrations, expressed as mg/ml plasma; in cases in

which the proportion of fatty acids as a weight percent of

total (%, w/w) was significant, these data are presented as

well. As expected, fetal plasma had enhanced 20:4n-6 and

22:6n-3 compared to maternal plasma, as well as 20:3n-9

(Mead acid). Significant differences in plasma fatty acid

concentrations were not found for any fatty acid in either

compartment. A 13% decrease in 16:0 as %, w/w was

found in fetal plasma due to MNR, while in maternal

plasma MNR induced a 24% increase in 18:1 and a 14%

decrease in 20:4n-6.

Table 4 presents the effects of MNR fetal liver, lung and

skeletal muscle fatty acid composition. MNR did not

induce changes in the overwhelming majority of saturated

and monounsaturated fatty acid concentrations compared

with control group. There was an increase of 24% in

Table 2 Fetal and fetal organ weights from conceptuses on day 78 of

gestation from control–fed and nutrient-restricted ewes

Control fed (n = 6) Nutrient restricted (n = 6)

Fetal weight (g) 268 ± 28 211 ± 21*

Liver (g) 15.9 ± 2.4 13.4 ± 1.5*

Lung (g) 13.7 ± 1.8 10.8 ± 2.0*

Lda muscle (g) 2.5 ± 0.4 2.1 ± 0.3*

* Means ± SD within a row and measurement differ (P \ 0.05)
a Longissimus dorsi muscle

Table 3 Fetal and maternal plasma fatty acids concentrations

Fatty acid Fetal plasma Maternal plasma

C MNR C MNR

16:0 0.30 ± 0.03, 25.3 ± 1.2 0.25 ± 0.04, 22.1 ± 1.7** 0.38 ± 0.05 0.39 ± 0.02

18:0 0.18 ± 0.03 0.18 ± 0.03 0.25 ± 0.08 0.23 ± 0.04

16:1n-9/n-7 0.088 ± 0.02 0.081 ± 0.010 0.058 ± 0.006 0.058 ± 0.005

18:1n-9/n-7 0.31 ± 0.04 0.31 ± 0.04 0.24 ± 0.04 (18.7 ± 1.1) 0.31 ± 0.04 (23.1 ± 1.6**)

20:3n-9 0.040 ± 0.013 0.035 ± 0.006 0.022 ± 0.006 0.020 ± 0.007

18:2n-6 0.054 ± 0.013 0.046 ± 0.023 0.18 ± 0.03 0.17 ± 0.01

20:4n-6 0.098 ± 0.016 0.097 ± 0.016 0.063 ± 0.009 (4.89 ± 0.31) 0.057 ± 0.011 (4.28 ± 0.51**)

18:3n-3 -a -a -a -a

20:5n-3 0.024 ± 0.007 0.031 ± 0.005 0.023 ± 0.026 0.027 ± 0.011

22:5n-3 0.027 ± 0.007 0.031 ± 0.005 0.032 ± 0.009 0.039 ± 0.007

22:6n-3 0.063 ± 0.003 0.054 ± 0.012 0.037 ± 0.007 0.037 ± 0.008

Rfatty acid 1.16 ± 0.11 1.11 ± 0.12 1.29 ± 0.17 1.33 ± 0.12

All fatty acids are presented as mean ± SD, in units of mg/ml. In cases of significant differences (P \ 0.05) for %, w/w, these units are entered

in the same cell immediately below

ND not detected

* Different from control (P \ 0.05). ** Different from control only when expressed as relative weight percent of fatty acids (%, w/w)
a Trace, below quantifiable levels
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nervonic acid (24:1n-9) in liver and a 17% increase in the

%, w/w of nervonic acid in muscle. Similar to saturates and

monounsaturates, there were no changes in n-6 PUFA due

to MNR in the three tissues studied.

MNR Did Induce Changes in n-3 PUFA

Figure 1 presents selected results for fetal tissue LCPUFA.

In liver, 20:5n-3 increased more than twofold, from 0.23 to

0.51 lg/mg, while 22:5n-3 increased 60%, from 0.84 to

1.34 lg/mg. 20:5n-3 increased 2–3 fold in lung and mus-

cle, from lower base levels, and the increases in lung and

muscle 22:5n-3 concentrations were similarly attenuated,

with only the lung concentration value reaching signifi-

cance. The muscle 22:5n-3 %, w/w was significant. In stark

contrast, 22:6n-3 was not affected by MNR and no trend in

means was apparent.

Discussion

The literature is replete with studies showing that the fatty

acid composition of various diets influence tissue fatty acid

composition. In contrast, these are the first results to show

that MNR of a single diet alters fatty acid composition of

tissues, in this case fetal tissue. Some but not all-long chain

n-3 PUFA were selectively altered but not in plasma, with

no other major changes in concentrations.

Augmentation of 20:5n-3 and 22:5n-3 but not in 22:6n-3

is reminiscent of a large body of work in humans in which

18:3n-3 intake is increased through the use of supplements

[16]. For supplementation of many grams of 18:3n-3 for

several weeks, adult human plasma and platelet 18:3n-3,

20:5n-3, and 22:5n-3 are increased, in decreasing order of

enhancement, while 22:6n-3 concentrations do not change.

This pattern is also seen for breast milk of 18:3n-3 sup-

plemented women [29]. These changes are generally

regarded as health-promoting. In the present study, 18:3n-3

concentrations were too low for reliable quantitative

analysis due, presumably, to rumen organism saturation of

much of the incoming 18:3n-3. However, the pattern of

increases in 20:5n-3 and 22:5n-3 in MNR group may be

indicative of entry of 18:3n-3 into a similar desaturation/

elongation pathway within the fetus. It is widely believed

that the final steps in the synthesis of 22:6n-3 (and 22:5n-6)

involve the translocation of 24:6n-3 and 24:5n-6 from

endoplasmic reticulum to peroxisomes, where partial oxi-

dation by acyl-CoA oxidase generates 22:6n-3 and 22:5n-6

[30]. The regulatory mechanism of these final steps is not

established, but could perhaps explain why 22:6n-3 is

unaffected by MNR though the upstream intermediates are

increased.

Recent studies report that 50% of NRC caloric intake

produced ewes with 7.4% of body weight loss during early

to mid gestation [7], with fetuses markedly smaller in the

restricted group than in the control group. Restricted

fetuses exhibited greater right- and left-ventricular and

liver weights per unit fetal weight. In addition, maternal

and fetal blood glucose concentrations were reduced in

MNR groups. Kwon et al. [31] demonstrated that 50%

global nutrient restriction markedly reduced concentrations

of total a-amino acids and polyamines in the ovine
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Fig. 1 LCPUFA composition in Control (filled square) and MNR

(open square) fetal sheep tissue. a Liver, b lung, c muscle. *P \ 0.05
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maternal and fetal plasma and in fetal allantoic and

amniotic fluids at both mid and late gestation. Our data

indicate that n-3 LCPUFA are also affected by MNR. The

changes observed here due to nutrient restriction operated

specifically on long chain n-3 PUFA in the fetal tissues

investigated and did not influence n-6 PUFA in the fetus.

The rate-limiting step in long chain PUFA synthesis is

usually considered to be the initial conversion of 18:2n-6

Table 4 Fetal tissue fatty acids concentrations (mean ± SD, lg/mg wet weight)

Fatty acid Liver Lung Muscle

C MNR C MNR C MNR

14:0 0.34 ± 0.03 0.37 ± 0.08 0.2 ± 0.06 0.17 ± 0.04 0.23 ± 0.02 0.22 ± 0.04

15:0 0.12 ± 0.03 0.13 ± 0.03 0.09 ± 0.01 0.09 ± 0.01 0.07 ± 0.03 0.08 ± 0.01

16:0 4.20 ± 0.43 4.83 ± 0.73 1.63 ± 0.14 1.61 ± 0.18 1.62 ± 0.16 1.72 ± 0.14

18:0 3.88 ± 0.41 4.22 ± 0.31 0.84 ± 0.1 0.82 ± 0.11 1.28 ± 0.11 1.29 ± 0.09

20:0 0.1 ± 0.03 0.1 ± 0.01 0.1 ± 0.03 0.08 ± 0.04 0.09 ± 0.02 0.09 ± 0.02

22:0 0.18 ± 0.03 0.22 ± 0.05 0.09 ± 0.02 0.08 ± 0.02 0.08 ± 0.01 0.09 ± 0.02

24:0 NDa ND 0.13 ± 0.02 0.12 ± 0.04 0.09 ± 0.02 0.08 ± 0.02

16:1n-5 ND ND 0.06 ± 0.01 0.06 ± 0.02 0.1 ± 0.02 0.1 ± 0.02

16:1n-7 0.36 ± 0.07 0.395 ± 0.042 0.18 ± 0.02 0.16 ± 0.03 0.18 ± 0.01 0.17 ± 0.02

18:1n-7 0.91 ± 0.11 0.95 ± 0.14 0.29 ± 0.03 0.28 ± 0.03 0.45 ± 0.03 0.42 ± 0.04

20:1n-7 0.05 ± 0.01 0.055 ± 0.009 ND ND ND ND

20:3n-7 0.09 ± 0.03 0.08 ± 0.03 0.04 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.04 ± 0.02

17:1** ND ND 0.05 ± 0.02

(0.71 ± 0.24)

0.03 ± 0.01

(0.48 ± 0.07**)

0.07 ± 0.02 0.06 ± 0.02

18:1 ND ND 0.09 ± 0.03 0.07 ± 0.04 0.11 ± 0.02 0.13 ± 0.03

19:1 0.06 ± 0.01

(0.28 ± 0.05)

0.05 ± 0.02

(0.22 ± 0.05**)

ND ND ND ND

22:3 0.07 ± 0.03 0.07 ± 0.03 0.09 ± 0.01 0.08 ± 0.02 0.12 ± 0.02 0.11 ± 0.03

16:1n-9 0.29 ± 0.04 0.33 ± 0.06 0.17 ± 0.01 0.17 ± 0.02 0.17 ± 0.01 0.17 ± 0.02

18:1n-9 3.07 ± 0.39 3.26 ± 0.53 1.58 ± 0.16 1.59 ± 0.18 2.33 ± 0.12 2.32 ± 0.13

trans 18:1n-9 0.06 ± 0.01 0.06 ± 0.01 ND ND ND ND

20:1n-9 0.1 ± 0.01 0.12 ± 0.03 0.06 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 0.08 ± 0.02

22:1n-9 0.1 ± 0.04 0.09 ± 0.03 0.06 ± 0.03 0.05 ± 0.01 0.06 ± 0.01 0.05 ± 0.03

24:1n-9 0.42 ± 0.07 0.52 ± 0.07* 0.13 ± 0.03 0.12 ± 0.02 0.16 ± 0.01

(1.8 ± 0.1)

0.18 ± 0.03

(2.1 ± 0.2**)

20:2n-9 0.08 ± 0.01 0.1 ± 0.03 ND ND ND ND

20:3n-9 0.63 ± 0.17 0.62 ± 0.23 0.26 ± 0.03 0.25 ± 0.06 0.38 ± 0.04 0.32 ± 0.07

18:2n-6 0.26 ± 0.02 0.28 ± 0.04 0.06 ± 0.02 0.07 ± 0.02 0.08 ± 0.01 0.08 ± 0.02

20:3n-6 0.18 ± 0.05 0.23 ± 0.04 0.03 ± 0.01 0.03 ± 0.02 0.04 ± 0.01 0.05 ± 0.03

20:4n-6 2.31 ± 0.36 2.78 ± 0.44 0.37 ± 0.09 0.36 ± 0.05 0.47 ± 0.06 0.42 ± 0.03

22:4n-6 0.1 ± 0.04 0.1 ± 0.02 ND ND ND ND

22:5n-6 0.17 ± 0.05 0.22 ± 0.05 ND ND ND ND

18:3n-3 b b b b b b

20:5n-3 0.23 ± 0.14 0.51 ± 0.09* 0.02 ± 0.04 0.07 ± 0.02* 0.03 ± 0.03 0.07 ± 0.02*

22:5n-3 0.84 ± 0.27 1.34 ± 0.26* 0.16 ± 0.04 0.22 ± 0.04* 0.21 ± 0.04

(2.4 ± 0.4)

0.25 ± 0.03

(2.9 ± 0.4**)

22:6n-3 2.16 ± 0.24 2.30 ± 0.38 0.18 ± 0.03 0.18 ± 0.03 0.22 ± 0.03 0.22 ± 0.03

Rfatty acid 21.4 ± 2.06 24.4 ± 2.9 6.94 ± 0.73 6.84 ± 0.77 8.74 ± 0.48 8.81 ± 0.61

Fatty acids without ‘‘n-’’ designations are of unspecified double bond position. Differences as %, w/w presented below

* Different from control (P \ 0.05). ** Different from control only when expressed as relative weight percent of fatty acids (%, w/w)
a ND not detected
b Trace, below quantifiable levels
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and 18:3n-3 to 18:3n-6 and 18:4n-3 by the action of D6-

desaturase [32], the product of FADS2 gene, and further

synthesis of 20:3(n-6) and 20:4(n-3) requires D5 desaturase

[33], coded by FADS1. D6 and D5 desaturase activities

have been shown in human fetal liver microsomes from as

early as 17 weeks of gestation [34, 35].

Both D6 and D5 desaturases are activated by insulin and

depressed by glucagon, adrenaline, and glucocorticoids

[36]. A considerable body of work has explored the

underlying regulatory mechanisms of desaturases and

elongases [37–42]. They can be upregulated by peroxi-

somal proliferator-activated receptor-a (PPARa) and

sterol-regulatory element binding protein-1 (SREBP-1).

PPARa was required for WY14643-mediated induction of

elongase-5 (Elovl-5), Elovl-6, and D5, D6 and D9 desatu-

rases. Increased nuclear SREBP-1 is correlated with

enhanced expression of Elovl-6, D5, D6 and D9 desatu-

rases. D6 desaturase activity can be downregulated by

glucocorticoids and by an increased abundance of

LCPUFA products [32, 43, 44]. The promoter region of

FADS2 (D6-desaturase) contains the response element for

the ligand-activated transcription factor PPARa [40].

Binding of 22:6n-3 to PPARa suppresses transcription of

D6-desaturase and so would be expected to down-regulate

conversion of LNA to longer-chain PUFA. Nutrient

restriction in sheep over the same early period of gestation

that we have studied, leads to increased mRNA for PPARa
in fetal adipose tissue [45].

A plausible hypothesis to explain our results is that

MNR-induced fetal hypoglycemia induced higher insulin

secretion, which may in turn increase desaturase and

elongase activities in fetal liver. These may be involved in

the regulation of transcription factors, particularly PPARa
and SREBP-1. Decreased amino acids and inadequate

energy may also participate in the activation.

20:4n-6 is the most important substrate for synthesis of

highly bioactive eicosanoids that regulate many aspects of

cellular and tissue metabolism. 20:4n-6 tissue concentra-

tions are much less subject to dietary influence than the n-3

fatty acids in primates [46], and this tighter control may in

part explain why the maternal and fetal plasma 20:4n-6

remained stable in MNR, and decreased as a percentage of

fatty acids in maternal plasma to do so. The activated de-

saturases and elongases preferentially impact the n-3 PUFA

production pathway leading to the increase of concentra-

tions of 20:5n-3 and 22:5n-3 while not affecting n-6

LCPUFA concentrations. Common use of enzymes for n-3

and n-6 desaturation and elongation, as is also widely

believed, does not explain why 20:5n-3 concentrations

were more than doubled while 20:4n-6 was unaffected.

Either the presence of family-specific (n-3 or n-6) isozymes

or differential affinities of the acylation pathways could

explain this result.

In conclusion, these data provide the first examination of

fatty acid levels in fetal tissues and plasma of MNR ewes.

The PUFA data reveal that during early- to mid-gestation,

fetal n-3 PUFA are most influenced among fatty acids by

nutrient restriction, and these changes do not parallel that

of the ewe. Alterations PUFA metabolism in fetal deve-

lopment are known to induce lasting deficiencies in the

CNS [47] and thus fetal programming for abnormal con-

ditions in later life is warranted based on these results.

Moreover, changes in LCPUFA profiles may provide a

marker for identifying those at risk of developing adult-

hood disease. Knowledge obtained from the effects of

restricted fetal nutrition will be useful in developing

guidelines for consumption of essential fatty acids by

mothers in a manner that is specific to each pregnancy

(Fig. 1).
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Abstract Oat kernels were extracted with methanol, and

glycolipid-enriched fractions were prepared using silica

solid phase extraction. Using direct infusion electrospray

ionization (ESI) tandem mass spectrometry (MS), high

performance liquid chromatography (HPLC)-ESI-MS, and

HPLC-atmospheric pressure chemical ionization (APCI)-

MS, we confirmed previous reports that digalactosyldiacyl-

glycerol (DGDG) was the most abundant glycolipid in oat

kernels and confirmed a previous report of the presence of a

DGDG mono-estolide in oat kernels. In the current study we

also identified several additional natural galactolipid esto-

lides: two new DGDG estolides (di- and tri-estolides), two

trigalactosyldiacylglycerol (TriGDG) estolides (mono-

and di-estolides), and one tetragalactosyldiacylglycerol

(TetraGDG) estolide (mono-estolide). The levels of total

galactolipid estolides in oat kernels were estimated to be

about 29% of the total glycolipid fraction. To our knowledge,

this report is the first evidence of natural di- and tri-estolides

of polar lipids.
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ELSD Evaporative light scattering detector

EIC Extracted ion chromatogram

HPLC High-performance liquid chromatography

MS Mass spectrometry

MGDG Monogalactosyldiacylglycerol

NL Neutral loss

NP Normal-phase

RP Reverse-phase

SPE Solid phase extraction

MS/MS Tandem mass spectrometry
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Introduction

Although the major lipid components of most biological

membranes are phospholipids, the most abundant lipids of

plant chloroplasts are the galactolipids, MGDG and DGDG

[1]. In addition to their occurrence in chloroplasts, MGDG

and DGDG have been observed in significant levels in oat

kernels and other seeds [2]. Smaller amounts of two other

galactolipids have also been detected in some plant tissues;

TriGDG has been reported in wheat [3], potatoes [4], rice

[5], Adzuki beans [6], and pumpkin [5, 7, 9]; TetraGDG

has been reported in rice [5].

Hamberg et al. [9] previously reported that oat kernels

contain significant amounts of an unusual hydroxy fatty acid,

15(R)–hydroxylinoleic acid (avenoleic acid), and later [10]

described an unusual galactolipid containing this fatty acid in

oat kernels (Fig. 1), containing this fatty acid. The galactoli-

pid was a DGDG with 15(R)–hydroxylinoleic acid esterified

to the sn-2 position of the glycerol and a third fatty acid

esterified to the free OH on the hydroxy fatty acid (Fig. 1).

This ‘‘acyl-DGDG’’ is a natural estolide. An estolide is formed

when a hydroxy fatty acid is esterified to another fatty acid

[11]. Natural estolides are rare, but natural triacylglycerol

estolides have been described in the seed oils of three species

of Sebastiana [11–13], in ergot oil [14], in Lesquerella oil

[15], and more recently, in castor oil [16]. Synthetic estolides

have been prepared from common vegetable oils [17] and

from oils that contain hydroxy fatty acids such as those in

Lesquerella and castor oil [18]. The current study employs

HPLC-MS and direct infusion ESI-MS/MS to characterize

additional unusual glycolipids in oat kernels and oat oil.

Materials and Methods

Materials

Oats (Avena sativa L., cv Morton) were grown in the field

in Fargo, North Dakota. DGDG for HPLC standardization

was purchased from Matreya, Inc., Pleasant Gap, PA.

Extraction of Lipids

Oat grain was dehulled with a Codema (Codema, Inc.,

Eden Prairie, MN) compressed air oat dehuller. Oat groats

(caryopses) were steamed with a vegetable steamer for

20 min to inactivate hydrolytic enzymes. Enzyme-inacti-

vated groats were ground with a Retsch (Haan, Germany)

Z-200 centrifugal mill with a 0.5 mm collar screen. For

polar lipid extraction, a sample of 10 g of flour was

extracted in 50 ml of methanol in a 150 ml Corex (Corn-

ing, New York) centrifuge bottle. Solvent and flour were

mixed thoroughly by vortexing and shaking the sealed

bottle by hand. The bottle was centrifuged at 1,500g for

15 min to pellet particulates, and the supernatant was

removed. The pellet was suspended in 20 ml methanol and

shaken vigorously by hand to extract a second time. The

bottle was centrifuged as before and the supernatant pooled

with the first supernatant. About 15 g of sodium sulfate

were added to the extract to remove traces of water, and the

extract was filtered through Whatman (Middlesex, UK) #1

filter paper. Solvent was reduced to about 15 ml with a

rotary evaporator, using an aspirator to draw a vacuum,

with a water bath temperature of 42 �C. The remaining

extract was divided into three tubes and evaporated to

dryness under nitrogen, on a block evaporator at 48 �C.

Samples were stored under nitrogen at -80 �C until further

fractionation.

Glycolipid Fractionation Via Solid Phase Extraction

Crude oat oil extracts (80–200 mg) were dissolved in

chloroform/methanol (9:1, by vol). A silica SPE column

(10 g silica in a 75 ml column) was equilibrated with

chloroform, and the crude extract was applied to the col-

umn. Neutral lipids were eluted with 100 ml chloroform/

acetone (4:1, by vol). Glycolipids were eluted with 100 ml

acetone/methanol (9:1, by vol), and phospholipids were

eluted with 100 ml methanol [19]. Solvent was removed by

a rotary evaporator under the conditions described above.

Several ml of acetone/methanol (9:1, by vol) were added to

Fig. 1 The structure of the

DGDG mono-estolide (DGDG

54:6) reported by Hamberg

et al. [10]. Exact mass

(C69H118O17), 1,218.8369 Da;

average mass, 1,219.69 Da; m/z
of [M + NH4]+ (C69H122O17N),

1,236.8707
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each flask, and several grams of sodium sulfate were added

to remove moisture. Solvent was removed by pipette and

several more ml of solvent added to the flask and mixed

before the solvent was removed and pooled with the first

aliquot of solvent. The combined aliquots were filtered

with Whatman #541 filter paper and evaporated to dryness

under nitrogen, on a block evaporator at 48 �C.

Subfractions enriched in the putative Tri- and TetraGDG

were generated. Thirty to one-hundred milligrams of the

total glycolipid fraction (eluted with acetone/methanol

(9:1, by vol) as described above) were loaded onto a silica

SPE column equilibrated with chloroform. Subfraction 1

was eluted with 100 ml of chloroform/acetone (1:1, by

vol). Subfraction 2, which contained primarily DGDG and

its estolides, was eluted with 100 ml chloroform/acetone

(1:4, by vol). Subfraction 3, which was enriched in TriG-

DG and TetraGDG, was eluted with acetone/methanol (9:1,

by vol). Solvents were evaporated with a rotary evaporator,

and samples were stored dry under nitrogen at -80 �C.

ESI-MS/MS

An aliquot of the oat total glycolipid SPE fraction in

chloroform was combined with solvents, such that the ratio

of chloroform/methanol/300 mM ammonium acetate in

water was 300:665:35 (by vol) and the final volume was

1 ml. This solution was introduced by continuous infusion

into the ESI source on a triple quadrupole MS/MS (API

4000, Applied Biosystems, Foster City, CA), using an

autosampler (LC Mini PAL, CTC Analytics AG, Zwingen,

Switzerland) fitted with the required injection loop for the

acquisition time, and presented to the ESI needle at 30 ll/

min. The collision gas pressure was set at 1 (arbitrary

units). The collision energy, with nitrogen in the collision

cell, was 84 V. The declustering potential was 215 V, the

entrance potential was 15 V, and the exit potential was

17 V. The mass analyzers were adjusted to a resolution of

0.7 Da full width at half height. For each spectrum, 9–150

continuum scans were averaged in multiple channel ana-

lyzer (MCA) mode. The source temperature (heated

nebulizer) was 100 �C, the interface heater was on,

+5.5 kV or -4.5 kV was applied to the electrospray cap-

illary, the curtain gas was set at 20 (arbitrary units), and the

two ion source gases were set at 45 (arbitrary units).

DGDG species were detected by neutral loss (NL) of

‘‘341’’ (digalactose minus H minus H2O + NH4
+; NL

setting, 341.13 Da) to identify the [M + NH4] + ions of

DGDG and DGMG, neutral loss of ‘‘503’’ (trigalactose

minus H minus H2O + NH4
+; NL setting, 503.18 Da) to

identify the [M + NH4]+ ions of TriGDG and TriGMG,

and neutral loss of ‘‘665’’ (tetragalactose minus H minus

H2O + NH4
+; NL setting, 665.24 Da) to identify the

[M + NH4]+ ions of TetraGDG. Sequential neutral loss

scans of the extracts produced a series of spectra with each

spectrum revealing a class of lipid species containing a

common head group fragment.

Multiple acyl precursor scanning in negative ion mode

was combined with head group neutral loss ion scanning to

identify and quantify DGDG species with specified indi-

vidual acyl chains [20]. Briefly, scans of the head group

(NL 341 in positive ion mode) and acyl anions (precursors

of m/z 255.23, 277.22, 279.23, 281.25, 283.28, 295.23,

305.25, 307.26, and 309.28 in negative ion mode) were

performed in the DGDG mass range (m/z 900–1,050). The

neutral loss of 341 scan (to identify the [M + NH4]+ ions

of DGDG) was used to quantify the total amount of each

galactolipid at each nominal mass in comparison to internal

standards (DGDG 16:0/18:0 (0.49 nmol) and DGDG 18:0/

18:0 (0.71 nmol)). By integrating data from the acyl pre-

cursor scans with those from the neutral loss head group

scan, individual molecular species (i.e., with both acyl

chains identified) were quantified.

ESI-MS/MS Product Ion Analysis

The structures of the galactolipid species were discerned by

product ion analysis in the positive mode as [M + NH4]+

ions. The solvent was chloroform/methanol/300 mM

ammonium acetate in water (300:665:35, by vol). The

collision energy was 45 V.

Normal-Phase HPLC, HPLC-APCI-MS,

and HPLC-ESI-MS Methods for Lipid Class Analysis

Normal-phase (NP) polar lipid HPLC analyses were per-

formed on a Hewlett Packard Model 1100 HPLC, with

autosampler, and detected by both an HP Model 1100

diode-array UV-visible detector (Agilent Technologies,

Avondale, PA) and a Sedex Model 55 ELSD (Richard

Scientific, Novato, CA), operated at 40 �C and a nitrogen

gas pressure of 2 bars. The column was a LiChrosorb,

3 mm diameter and 100 mm length, 7 micron DIOL

(Chrompack, Raritan, NJ). The ternary gradient had a

constant flow rate of 0.5 ml/min, with solvent A = hexane/

acetic acid (1000:1, by vol), solvent B = isopropanol, and

solvent C = aqueous 50 mM ammonium formate. Gradi-

ent timetable: at 0 min, 90:10:0, by vol (%A/%B/%C);

at 30 min, 58:38:2, by vol; at 40 min, 12:80:8, by vol; at

50 min, 12:80:8, by vol; at 51 min, 50:50:0, by vol; at

52 min, 90:10:0, by vol; and at 60 min, 90:10:0, by vol.

Using this method, the retention times of the polar lipid

standards were: MGDG, 10.5 min and DGDG, 20.5 min.

For HPLC-APCI-MS, the column effluent was routed into

an Agilent 1100 MSD mass spectrometer operated with

APCI in the positive mode in the range of m/z 200–2,000,

with drying gas at 6.0 l/min, nebulizer pressure at 60 psi,
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drying gas temperature at 350 �C, vaporizer gas tempera-

ture at 325 �C, capillary voltage of 4,000 V, corona current

of 4.0 lA, and fragmentor at 80 V. For HPLC-ESI-MS, the

column effluent was routed into an Agilent 1100 MSD

mass spectrometer operated with ESI in the positive mode

in the range of m/z 200–2,000, with the fragmentor at 5 V,

drying gas at 6 l/min, nebulizing pressure at 50 psi, drying

gas temperature at 300 �C, and a capillary voltage of

5,500 V.

Reverse-Phase HPLC and HPLC-ESI-MS Method

for Lipid Class Analysis

For the reverse-phase (RP) analyses the HPLC, ELSD, and

MS parameters were as described above. The column was a

Prevail C18, 3 micron particle size (2.1 9 150 mm), from

Alltech Associates, Northfield, IL. The binary gradient had

a flow rate of 0.2 ml/min, with solvent A = methanol/

water/ammonium formate (95:5:0.126, vol/vol/w), and

solvent B = isopropanol. Gradient timetable: at 0 min,

100:0, by vol (%A/%B); at 5 min, 100:0, by vol; at 40 min,

60:40, by vol; at 45 min, 60:40, by vol; at 46 min, 100:0,

by vol; and at 60 min, 100:0, by vol.

Lipid Nomenclature and Mass Description

Lipid molecular species are described as ‘‘X y:z’’, where X

indicates the class of galactolipid, y indicates the total

number of carbon atoms in the fatty acyl moieties, and z

indicates the total number of carbon-carbon double bonds

in the fatty acyl groups. For example, the DGDG mono-

estolide previously reported [10] is abbreviated DGDG

54:6 because it is a DGDG with three 18–carbon fatty acids

and a total of 6 double bonds. For clarification, nominal

masses are provided in parentheses.

Results and Discussion

Normal-Phase HPLC-ELSD Separation of the Oat

Kernel Glycolipids Indicated the Presence of Multiple

Lipid Classes

In our previous report on oat kernel lipids, the levels of

DGDG and phospholipids were quantified using normal-

phase HPLC with evaporative light scattering detection [2].

For the current study this HPLC method was modified by

increasing the proportions of both isopropanol and water

in the hexane/acetic acid/isopropanol/water system to

Fig. 2 NP-HPLC-ELSD chromatogram of the classes of lipids in: a
the oat total glycolipid fraction, b oat glycolipid subfraction 2, and c
oat glycolipid subfraction 3

Fig. 3 NP-HPLC-APCI-MS to identify classes of glycolipids in the

oat total glycolipid fraction. a Total ion chromatogram (TIC) of the

oat glycolipid fraction when separated in NP-HPLC-APCI-MS in the

positive ion mode, b spectrum of the peak at 24.7 to 26.9 min in a,

which has the same retention time as commercial DGDG, c spectrum

of the peak at 23.3 to 24.7 min in a, which is tentatively identified as

DGDG mono-estolide (Fig. 1), and d spectrum of the peak at 21.8 to

23.3 min in a, which is tentatively identified as DGDG di-estolide
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potentially permit the separation of very polar glycolipids

(Fig. 2). As expected, DGDG (identified by co-chroma-

tography with commercial DGDG standard) eluted at

20 min and was the major class of lipid detected in the total

glycolipid fraction obtained by SPE (Fig. 2a). A smaller

peak eluting at 19 min was proposed to be the DGDG

mono-estolide previously reported [10]. A very small peak

eluted at 18 min; its retention time suggested that it may be

a DGDG di-estolide. Two other groups of peaks also

appeared in the regions of 26–30 min and 35–39 min, and

based on their retention times as compared with those

determined in previous analyses of more polar glycolipids

in other plants [3–8], their structures were postulated to be

TriGDG and TetraGDG, respectively. NP-HPLC-ELSD

analyses of two glycolipid subfractions, also prepared by

SPE, indicated that subfraction 2 contained higher levels of

the 26–30 min series of peaks (Fig. 2b), and in subfraction

3, these unknown peaks in the region of 26–30 min

were the major components (Fig. 2c). The small putative

TetraGDG peaks in the region of 35–39 min in the total

glycolipid fraction (Fig. 2a) were also present in glycolipid

subfraction 2 (Fig. 2b) and subfraction 3 (Fig. 2c).

Fig. 4 Fragmentation of

DGDG and neutral loss scans

identifying digalactosyl

acylglycerol species in the oat

glycolipid SPE fraction.

a Product ion spectrum of

DGDG 36:4 [M + NH4]+ ion at

m/z 958 (nominal mass). b–f
Scans of neutral loss of 341,

showing b DGMG species,

c DGDG species, d DGDG

mono-estolide species, e DGDG

di-estolide species, and

f DGDG tri-estolide species
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Identification of DGDG, DGDG Mono-Estolide

and DGDG Di-Estolide Using Normal-Phase

HPLC-APCI-MS

APCI-MS was employed previously for the structural

characterization of DGDG and other glycolipids in red bell

pepper [21]. In that study, the major ions observed were

fragments attributed to loss of digalactose (i.e., protonated

diacylglycerol (DAG)) and loss of digalactose and one

fatty acid (i.e., protonated monoacylglycerol); the precur-

sor DGDG ions were observed to be of low intensity. Using

an NP-HPLC system similar to the one in the previous

experiment, APCI-MS in the positive mode was used to

obtain structural information about the three DGDG peaks

identified in Fig. 2a. In this experiment (Fig. 3a), the

HPLC conditions described in our previous report were

used [2], and DGDG eluted at about 26 min, whereas it

eluted at about 20 min under the conditions used in the

analyses depicted in Fig. 2. The major peaks in the APCI-

MS spectrum of the putative DGDG peak (Fig. 3b) were in

the mass range consistent with DAG ions. The APCI-MS

spectra of the putative mono-estolide (Fig. 3c) and di-es-

tolide DGDG (Fig. 3d) species contained ions consistent

with loss of digalactose from each species, leaving frag-

ments consistent with protonated DAG mono- and di-

estolides, respectively. Thus, the APCI data (Fig. 3) sup-

port the tentative identifications of the three peaks

(Fig. 2a), but stronger evidence was sought to confirm the

identifications.

ESI-MS/MS Neutral Loss Scanning Reveals

Digalactosyl Acylglycerol Molecular Species

Precursor or neutral loss scanning by ESI-MS/MS can be

utilized to identify the lipid species within a lipid class

[22]. ESI-MS/MS is the main tool employed in the new

field of ‘‘lipidomics’’ and has been employed to charac-

terize the ‘‘lipidome’’ of humans, other animals, and plants

[20, 23–26]. Figure 4a shows that, in the positive mode, in

solvent containing ammonium acetate, DGDG species

underwent neutral loss of ammoniated digalactose minus

H2O (NL 341; the neutral fragment is C12H23O10N) or

ammoniated digalactose (NL 359; the neutral fragment is

C12H25O11N). Specifically, the ammoniated precursor ion

of DGDG 36:4 at m/z 958.6 (958) underwent neutral loss of

341 or 359 to produce the fragments observed at m/z 617.7

(617) and m/z 599.7 (599). (Loss of an ‘‘ammoniated di-

galactose minus H2O’’ is equivalent to the loss of the

ammoniated digalactose with the bridging oxygen left

behind as a glycerol hydroxyl group.) In this product ion

spectrum, the peak at m/z 337.4 (337) was a protonated

18:2 esterified to glycerol minus H2O (C21H37O3), indi-

cating that the major molecular species of DGDG 36:4 was

DGDG 18:2/18:2. Small peaks at m/z 335 (nominal) and

m/z 339 (nominal) correspond to analogous acylglycerol

fragments, indicating that DGDG 36:4 contained a smaller

amount of DGDG 18:3/18:1.

To elucidate the varied digalactosyl acylglycerol species

in the glycolipid SPE extract, NL 341 scans were utilized

Table 1 The fatty acyl

combinations that make up the

DGDG species were identified

by multiple acyl precursor

scanning in negative ion mode,

in combination with neutral loss

head group scanning in positive

ion mode

DGDG species % of total DGDG Acyl species

DGDG 32:0 0.7 16:0/16:0

DGDG 34:3 3.2 16:0/18:3 (79%) [ 16:1/18:2

DGDG 34:2 26.3 16:0/18:2 (99+%) [ 16:1/18:1

DGDG 34:1 10.3 16:0/18:1 (99+%) [ 16:1/18:0

DGDG 36:6 0.6 18:3/18:3

DGDG 36:5 4.8 18:3/18:2

DGDG 36:4 31.7 18:2/18:2 (94%) [ 18:3/18:1 [ 16:1/20:3

DGDG 36:3 9.6 18:2/18:1 (97%) [ 16:0/20:3 [ 18:3/18:0 [ 16:1/20:2

DGDG 36:2 8.8 18:1/18:1 (79%) [ 18:2/18:0 (21%) [ 16:0/20:2

DGDG 36:1 0.8 18:1/18:0 (96%) [ 16:0/20:1

DGDG 36:5-OH 0.1 18:3/18:2-OH (51%)

DGDG 36:4-OH 1.0 18:2/18:2-OH (97%)

DGDG 36:3-OH 0.2 18:1/18:2-OH (91%)

Fig. 5 Product ion spectrum of DGDG 52:4, m/z 1212 (nominal

mass), a DGDG mono-estolide species containing the fatty acids 18:2,

16:0 and 18:2-OH
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(Fig. 4b–f). These spectra depict the molecular species of

DGDG and provide the total number of acyl carbons: total

number of carbon-carbon double bonds. Figure 4b shows

the NL 341 scan in the mass range corresponding to

DGMG species; these peaks represent species with only

one acyl moiety per molecule. To identify the individual

acyl chains associated with the non-estolide DGDG class,

as depicted in Fig. 4c, multiple acyl precursor scanning in

the negative ion mode [20], in combination with quanti-

tative analysis of the DGDG class via the NL 341 scan in

the positive mode, was carried out (Table 1). Hydroge-

nated DGDG species were used as internal standards. The

data indicate that two DGDG species, 16:0/18:2 and 18:2/

18:2 accounted for over half of the DGDG. A little over 1%

of the DGDG (non-estolide) species contained 18:2–OH,

consistent with the presence of 15(R)-hydroxylinoleic acid

(avenoleic acid) [9, 10].

Figure 4d–f shows that NL 341 scanning of the glyco-

lipid SPE extract produced mass spectral peaks consistent

with the identification of mono-, di-, and tri-estolides,

respectively. Product ion spectra of specific mono-, di-, and

tri-estolides of DGDG also were consistent with these

identifications. The spectra suggest that some estolides are

made up of multiple isomeric species. Figure 5 shows the

product ion spectrum of the compound tentatively identi-

fied as DGDG 52:4, a DGDG mono-estolide species

containing the fatty acids 18:2, 16:0 and 18:2-OH. The

ammoniated DGDG 52:4 [M + NH4]+ ion at m/z 1212

(nominal, not visible in figure) underwent neutral loss to

Fig. 6 Proposed structures of ammoniated DGDG 52:4 mono-

estolide, m/z 1212 (nominal mass), and CID fragments at m/z 615,

573, 591, and 597 (nominal mass), based on structures demonstrated

for triacylglycerol and phosphatidylethanolamine [27, 28]. Please

note that, although we have indicated the glycerol carbons by C1, C2,

and C3, we have no information to indicate esterification to specific

glycerol positions. We also do not know the position of carbon-carbon

double bonds. a DGDG 52:4, with 16:0 and 18:2-OH/18:2 esterified

to glycerol. b DGDG 52:4, with 18:2 and 18:2-OH/16:0 esterified to

glycerol. c Fragment resulting from loss of ammoniated digalactose

and 16:0 from structure in a. d Fragment resulting from loss of

ammoniated digalactose and 18:2 from structure in a. e Fragment

resulting from loss of ammoniated digalactose and 18:2 from

structure in b. f Fragment resulting from loss of ammoniated

digalactose and 16:0 from structure in b

Fig. 7 Product ion spectrum of DGDG 70:6, m/z 1,490 (nominal

mass), a DGDG di-estolide species containing the fatty acids 18:2,

16:0 and 2 18:2-OH species
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m/z 871.9 (871) or 853.8 (853). These species are likely to

be due to loss of an ammoniated digalactose minus H2O

(C12H23O10N; 341 Da) or an ammoniated digalactose

(C12H25O11N; 359 Da). The low abundance peak observed

at m/z 871.9 (871) is likely to represent a protonated

diacylglycerol mono-estolide containing the fatty acids

18:2, 16:0, and 18:2-OH. The more abundant fragment at

m/z 853.8 (853) is likely to depict a conventional diacyl-

glycerol-like fragment that lost the bridging oxygen during

collision-induced dissociation (CID) [27, 28]. The peaks

observed at m/z 615.7 (615) and 597.7 (597) contain

Fig. 8 Product ion spectrum of DGDG 88:8, m/z 1,768 (nominal

mass), a DGDG tri-estolide species containing the fatty acids 18:2,

16:0 and 3 18:2-OH species

Fig. 9 Fragmentation of

TriGDG and neutral loss scans

identifying trigalactosyl

acylglycerol species. a Product

ion spectrum of TriGDG 36:4

[M + NH4]+ ion at m/z 1,120

(nominal mass). b–e Scans of

neutral loss of 503, showing

b TriGMG species, c TriGDG

species, d TriGDG mono-

estolide species, and e TriGDG

di-estolide species
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glycerol, one 18:2-OH, and one 18:2 fatty acid; the 16:0

fatty acid has been lost. These two peaks differ only in the

amount of dehydration (1 dehydration for 615; 2 for 597).

The peaks at m/z 591.7 (591) and 573.8 (573) likely rep-

resent fragments with glycerol, one 18:2-OH, and one 16:0

fatty acid; the 18:2 fatty acid has been lost. Again, these

two peaks differ only in the amount of dehydration (1

dehydration for 591; 2 for 573). These four peaks may

depict fragments originating from two different isomers of

the DGDG 52:4 mono-estolide species. Figure 6 shows two

possible structures for DGDG 52:4, one with 16:0 and an

18:2-OH/18:2 linked moiety each esterified to the glycerol

(Fig. 6a). Another possible structure has 18:2 and an 18:2-

OH/16:0 linked moiety each esterified to the glycerol

(Fig. 6b). When the ammoniated digalactose head group

and one fatty acid are lost during CID, the resulting

structures can be stabilized by cyclization, by analogy to

the structures produced during CID of triacylglycerols and

phosphatidylethanolamines [27, 28], resulting in different

apparent amounts of dehydration (Fig. 6c–f). Loss of the

16:0 esterified to glycerol, along with the head group, from

the structure in Fig. 6a, can produce the ion seen at m/z

615.7 (615; Figs. 5, 6c). Loss of the 18:2 esterified to 18:2-

OH, along with the head group, from the same structure

(Fig. 6a) can produce the ion seen at m/z 573.8 (573;

Figs. 5, 6d). The DGDG 52:4 isomer shown in Fig. 6b can

fragment during CID in the same manner. Loss of the

glycerol-esterified fatty acid, 18:2, along with the head

group, can produce the ion seen at m/z 591.7 (591; Figs. 5,

6e). Loss of the 18:2-OH-esterified fatty acid, 16:0, along

with the head group, can produce the ion seen at m/z 597.7

(597; Figs. 5, 6f). In comparing Fig. 6c with 6f or 6e with

6d, loss of ammoniated digalactose + loss of a fatty acid

from the glycerol backbone results in one apparent dehy-

dration, whereas loss of ammoniated digalactose + loss of

the same fatty acid from the 18:2-OH-esterified position

results in two apparent dehydrations. The peak observed in

Fig. 5 at m/z 337.4 (337) is tentatively identified as

protonated 18:2 esterified to glycerol minus H2O

(C21H37O3). The peak observed at m/z 335.4 (335) appears

to correspond to protonated 18:2-OH esterified to glycerol

minus 2 H2O (C21H35O3), while the peak at m/z 313.4

(313) most likely represents protonated 16:0 esterified to

glycerol minus H2O (C19H37O3). Again, these products are

likely to have been cyclized, by analogy to structures

formed in phosphatidylethanolamine fragmentation [28].

The presence in the spectrum of peaks representing each of

the three fatty acids esterified to the glycerol is also con-

sistent with DGDG 52:4 being a mixture of DGDG 16:0/

18:2-O-18:2 (Fig. 6a) and DGDG 18:2/18:2-O-16:0

(Fig. 6b). The larger size of the peak at m/z 313.4 (313;

acylglycerol 16:0 minus H2O) as compared to the peak at

m/z 337.4 (337; acylglycerol 18:2 minus H2O) suggests that

DGDG 16:0/18:2-O-18:2 was likely the more abundant

species.

Figure 7 shows the product ion spectrum of putative

DGDG 70:6, a DGDG di-estolide species containing the

fatty acids 18:2, 16:0 and two 18:2-OH species. The

ammoniated 70:6 DGDG [M + NH4]+ ion observed at m/z

1,491.1 (1,490) underwent neutral loss of 341 or 359 Da,

like the mono-estolide, to yield the small peak at m/z 1,149

(nominal) and the larger peak observed at m/z 1,132.1

(1,131). The m/z 1,149 (nominal) peak represents loss of an

ammoniated digalactose minus H2O (C12H23O10N; 341

Da), leaving a protonated diacylglycerol di-estolide. Loss

of the intact digalactosyl moiety (NL 359) formed a con-

ventional diacylglycerol-like fragment ion at m/z 1,132.1

(1,131) [27, 28]. The peak observed at m/z 893.8 (893), by

analogy to the proposed structures for DGDG 52:4 detailed

above in Fig. 6, most likely represents a protonated mon-

oacylglycerol di-estolide, with two 18:2-OH groups and

one 18:2 minus 1 H2O; 16:0, along with the head group,

was lost from the glycerol backbone. The peak at m/z 875.9

(875) probably represents its isomer, a protonated diacyl-

glycerol mono-estolide. The 16:0 fatty acid was most likely

lost from an 18:2-OH linkage, resulting in an additional

Fig. 10 Neutral loss scans

identifying

tetragalactosyldiacylglycerol

species. TetraGDGs are

identified in scans for neutral

loss of an ammoniated

tetragalactose minus H2O

(C24H43O20N; 665 Da). Scans of

neutral loss of 665, showing a
TetraGDG species and b
TetraGDG mono-estolide

species
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dehydration. Likewise, the peaks at m/z 869.9 (869) and

851.9 (851) are likely to represent separate isomers of

protonated glycerol esterified with two 18:2-OH and one

16:0, with one or two dehydrations, respectively. The peaks

in the range m/z 573 to 615 represent additional acyl losses.

The peaks at m/z 615.6 (615) and 597 (nominal) are con-

sistent with protonated 18:2 and 18:2-OH esterified to

glycerol, with the higher mass ion representing a proton-

ated monoacylglycerol mono-estolide minus 1 H2O and the

lower mass ion representing a protonated diacylglycerol

minus 2 H2O. The peaks at m/z 613.6 (613) and 595

(nominal) are likely to represent protonated fragments with

two 18:2-OH fatty acids esterified to glycerol with 2 or 3

dehydrations. The peaks at m/z 591.7 (591) and 573.7 (573)

are tentatively identified as protonated 16:0 and 18:2-OH

esterified to glycerol minus 1 and 2 H2O, respectively. On

the other hand, the peak at m/z 559.7 (559) may represent a

free fatty acid protonated mono-estolide made up of 18:2-

OH and 18:2. The peak at m/z 337 is likely to correspond to

protonated 18:2 esterified to glycerol minus H2O

(C21H37O3). The peak at m/z 335 may represent protonated

18:2-OH esterified to glycerol minus 2 H2O (C21H35O3),

while the peak at m/z 313 is probably protonated 16:0

esterified to glycerol minus H2O (C19H37O3). These data

indicate that DGDG 70:6 most likely was a mixture of

Fig. 11 NP-HPLC chromatograms of the oat total glycolipid SPE

fraction. a NP-HPLC-ELSD chromatogram, b positive ESI TIC, m/z
200–2,000, c EIC of m/z 958.6, a major DGDG non-estolide, DGDG

36:4, d EIC of m/z 1,236.9, a major DGDG mono-estolide, DGDG

54:6, e EIC of m/z 1515.1, a major DGDG di-estolide, DGDG 72:8, f
EIC of m/z 1,793.4, a major DGDG tri-estolide, DGDG 90:10 (The

arrow indicates the possible location of this very small peak), g EIC

of m/z 1,120.8, a major TriGDG non-estolide, TriGDG 36:4, and h
EIC of m/z 1,399.1, a major TriGDG mono-estolide, TriGDG 54:6

Table 2 Identification of the major galactolipids and estolides in oats

and their abbreviations and ammoniated ion masses

Galactolipid molecular species Abbreviation m/z of

[M + NH4]+

DGDG DGDG 34:2 934.6

DGDG 36:4 958.6

DGDG-with 1 hydroxy FA DGDG 36:4-OH 974.6

DGDG mono-estolide DGDG 52:4 1,212.9

DGDG 54:6 1,236.9

DGDG 54:7 1,234.9

DGDG mono-estolide with free OH DGDG 54:6-OH 1,252.9

DGDG di-estolide DGDG 70:6 1,491.1

DGDG 72:8 1,515.1

DGDG tri-estolide DGDG 88:8 1,769.4

DGDG 90:10 1,793.4

TriGDG TriGDG 34:2 1,096.7

TriGDG 36:4 1,120.8

TriGDG-with 1 hydroxy FA TriGDG 36:4-

OH

1,136.7

TriGDG mono-estolide TriGDG 54:6 1,399.1

TriGDG di-estolide TriGDG 72:8 1,677.4

TetraGDG TetraGDG 34:2 1,258.9

TetraGDG 36:4 1,282.9

TetraGDG mono-estolide TetraGDG 54:6 1,561.2
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isomers, including DGDG 16:0/18:2-O-18:2-O-18:2 and

DGDG 18:2/18:2-O-18:2-O-16:0. The presence of addi-

tional arrangements of the fatty acids, such as 18:2-O-18:2/

18:2-O-16:0, cannot be ruled out by these data.

Similarly, Fig. 8 shows the product ion spectrum of the

peak tentatively assigned as DGDG 88:8, a DGDG tri-

estolide species containing the fatty acids 18:2, 16:0 and

three 18:2-OH species. The ammoniated DGDG 88:8

[M + NH4]+ ion at m/z 1,769.4 (1,768) underwent neutral

loss to the peaks observed at m/z 1,410. 3 (1,409) and 1,427

(nominal). These probably represent loss of an ammoniated

digalactose (NL 359) and an ammoniated digalactose

minus H2O (NL 341). Thus, the peak at 1,410.3 (1,409) lost

the bridging glycerol-galactose oxygen and is probably a

conventional diacylglycerol-like fragment [27, 28]. The

peaks at m/z 1,171.6 (1,171) and 1,153.8 (1,153) are likely

to represent a protonated monoacylglycerol tri-estolide

with one dehydration and a protonated diacylglycerol di-

estolide with two dehydrations, respectively, with three

18:2-OH groups and one 18:2 each, by analogy to the

proposed structures for DGDG 52:4 in Fig. 6. The peaks

observed at m/z 1,147 (nominal) and 1,130.2 (1,129)

probably reflect protonated glycerol esterified with three

18:2-OH and one 16:0 minus 1 or 2 H2O. The peaks in the

range m/z 851.7 (851) to 893 (nominal) represent additional

acyl losses. The small peak at m/z 893 (nominal) represents

a protonated fragment with two 18:2-OH and one 18:2

esterified to glycerol minus H2O. The peaks at m/z 891.8

(891) and 873 (nominal) are likely to represent a proton-

ated fragment with three 18:2-OH esterified to glycerol

with either 2 or 3 dehydrations. The peaks observed at m/z

869.9 (869) and 851.7 (851) probably are protonated 16:0

and two 18:2-OH esterified to glycerol minus 1 or 2 H2O.

On the other hand, the peak at m/z 837.9 (837) may rep-

resent a free fatty acid protonated di-estolide species made

up of two 18:2-OH and 18:2. The peaks in the range m/z

573.5 (573) to 615.7 (615) represent further acyl losses

leading to species with two acyl chains. The peaks at m/z

615.7 (615) and 597 (nominal) probably represent proton-

ated 18:2 and 18:2-OH esterified to glycerol, either a

protonated monoacylglycerol mono-estolide with one

dehydration or a protonated diacylglycerol with two

dehydrations, respectively. The peaks at m/z 613.6 (613)

and 595 (nominal) are consistent with a protonated frag-

ment with two 18:2-OH esterified to glycerol with 2 or 3

Fig. 12 RP-HPLC chromatograms of the oat total glycolipid SPE

fraction. a RP-HPLC-ELSD chromatogram, b positive ESI TIC, m/z
200–2,000, c EIC of m/z 958.6, a major DGDG non-estolide, DGDG

36:4, d EIC of m/z 934.6, a major DGDG non-estolide, DGDG 34:2, e
EIC of m/z 936.6, a major DGDG non-estolide, DGDG 34:1, f EIC of

m/z 974.6, a major DGDG non-estolide with a free hydroxyl group,

DGDG 36:4-OH (The peaks marked by the arrows are both

candidates for authentic DGDG 36:4-OH; the identity of the lipids

in the large broad peak at 40–55 min is unknown.), g EIC of m/z
1,236.9, a major DGDG mono-estolide, DGDG 54:6, h EIC of m/z
1,515.1, a major DGDG di-estolide, DGDG 72:8, and i EIC of m/z
1,793.4, a major DGDG tri-estolide, DGDG 90:10

c
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dehydrations. The peak at m/z 591.7 (591) and that

observed at m/z 573.5 (573) are likely to show protonated

16:0 and 18:2-OH esterified to glycerol minus 1 or 2 H2O.

The peak at m/z 557.5 (557) may represent a free fatty acid

protonated mono-estolide species made up of two 18:2-OH

minus H2O. The peak at m/z 337 is likely to be protonated

18:2 esterified to glycerol minus H2O (C21H37O3). The

peak at m/z 335 is protonated 18:2-OH esterified to glyc-

erol minus 2 H2O (C21H35O3), while the peak at m/z 313 is

probably protonated 16:0 esterified to glycerol minus H2O

(C19H37O3). These data imply that the tentatively assigned

DGDG 88:8 was a mixture of isomers, including DGDG

16:0/18:2-O-18:2-O-18:2-O-18:2 and DGDG 18:2/18:2-O-

18:2-O-18:2-O-16:0. Again, the presence of additional

arrangements of the fatty acids, such as 18:2-O-18:2/18:2-

O-18:2-O-16:0, cannot be ruled out by these data.

ESI-MS/MS of Trigalactosyldiacylglycerol

and Tetragalactosyldiacylglycerol Species

The product ion spectrum shown in Fig. 9a indicates that,

in the positive mode, in solvent containing ammonium

acetate, putative TriGDG species underwent a neutral loss

of ammoniated trigalactose minus H2O (NL 503). Specif-

ically, the ammoniated precursor ion of TriGDG 36:4 at

m/z 1,120.6 (1,120) underwent neutral loss to m/z 617.7

(617). The observed fragment is consistent with loss of an

ammoniated trigalactose minus H2O (C18H33O15N; 503

Da). The peak observed at m/z 337.4 (337) is a protonated

18:2 esterified to glycerol minus H2O (C21H37O3), indi-

cating that the major molecular species of TriGDG 36:4

was TriGDG 18:2/18:2. Peaks at m/z 335 (nominal) and

339 (nominal) correspond to analogous acylglycerol frag-

ments indicating that TriGDG 36:4 contains a smaller

amount of TriGDG 18:3/18:1. Scanning for NL 503

(Fig. 9b–e) can be used to identify TriGMGs, TriGDGs,

TriGDG mono-estolides, and TriGDG di-estolides,

respectively. Similarly, in the positive mode, in solvent

containing ammonium acetate, TetraGDGs underwent a

neutral loss of ammoniated tetragalactose minus H2O (NL

665), and scanning for NL 665 displays species of

TetraGDG and TetraGDG mono-estolide (Fig. 10a, b).

Normal-phase HPLC-ESI-MS Evidence for the

Structural Identification of Glycolipids and their

Estolides in the Oat Total Glycolipid Fraction

Based on the numerous glycolipids and estolides that were

identified by ESI-MS/MS (Figs. 4, 5, 7, 8, 9, 10), we used

Fig. 13 RP-HPLC chromatograms of the oat total glycolipid SPE

subfraction 2, enriched in DGDG and TriGDG. a RP-HPLC-ELSD

chromatogram, b positive ESI TIC, m/z 200–2,000 (The retention

times of the three major non-estolide DGDG peaks previously

identified in Fig. 12c–e were labeled with arrows), c EIC of m/z
1,120.8, a major TriGDG non-estolide, TriGDG 36:4, d EIC of m/z
1,096.7, a major TriGDG non-estolide, TriGDG 34:2, e EIC of m/z
1,136.7, a major TriGDG non-estolide with a free hydroxyl group,

TriGDG 36:4-OH, f EIC of m/z 1,399.1, a major TriGDG mono-

estolide, TriGDG 54:6, g EIC of m/z 1,677.4, a major TriGDG di-

estolide, TriGDG 72:8, and h EIC of m/z 1,282.9, a major TetraGDG

non-estolide, TetraGDG 36:4

b
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NP-HPLC-ESI-MS to try to identify some of the same

lipids. The HPLC-ELSD chromatogram is shown in

Fig. 11a. To assist in this evaluation, the major [M + NH4]
+ ions identified in Figs. 4, 9, and 10 are listed in Table 2,

and we searched for these ‘‘extracted ions’’ in the

NP-HPLC-ESI-MS total ion chromatogram (TIC)

(Fig. 11b); the results are plotted as ‘‘extracted ion chro-

matograms’’ (EIC) (Fig. 11c–h). Early attempts to employ

ESI produced very few ions, and it was only after we added

ammonium formate to the mobile phase that we started to

obtain good ESI spectra. After we began routinely

including ammonium formate in our mobile phase, the

[M + NH4]+ ions were present in the greatest abundance

(we saw very little of the [M + H]+ and [M + Na]+ ions),

so we focused our attention on [M + NH4]+. Even with

ammonium formate, the TIC for the normal-phase sepa-

ration contained a very high background (Fig. 11b).

However, by examining the EICs, we were able to identify

peaks that corresponded to the major [M + NH4]+ ions of:

non-estolide DGDG (DGDG 36:4) (Fig. 11c), DGDG

mono-estolide (DGDG 54:6) (Fig. 11d), DGDG di-estolide

(DGDG 72:8) (Fig. 11e), DGDG tri-estolide (DGDG

90:10) (Figure 11f, with an arrow indicating the possible

location of this very small peak, which is consistent with

the expected retention time for this hydrophobic DGDG

estolide), non-estolide TriGDG (TriGDG 36:4) (Fig. 11g),

and TriGDG mono-estolide (TriGDG 54:6) (Fig. 11h).

Reverse-Phase HPLC-ESI-MS Evidence for the

Structural Identification of Glycolipids and their

Estolides in the Oat Total Glycolipid Fraction

RP-HPLC-ESI-MS was also employed to identify the

glycolipids and their estolides determined above by ESI-

MS/MS. The HPLC-ELSD chromatogram is shown in

Fig. 12a. The major difference that was observed when

switching to the reverse phase HPLC method was that the

reverse phase TIC (Fig. 12b) contained much less back-

ground noise than the comparable normal phase TIC

(Fig. 11b). Examination of the EICs revealed several large

sharp peaks that corresponded to the major [M + NH4]+

ions of: four non-estolide DGDGs (DGDG 36:4, 34:2, 34:1,

and 36:4-OH) (Fig. 12c–f), DGDG mono-estolide (DGDG

54:6) (Fig. 12g), DGDG di-estolide (DGDG 72:8)

(Fig. 12h), and DGDG tri-estolide (DGDG 90:10)

(Fig. 12i). The putative DGDG 34:1 EIC (Fig. 12e) likely

shows both an A + 2 isotope peak of the more abundant

DGDG 34:2 (coeluting with DGDG 34:2, Fig. 12d) and

Fig. 14 RP-HPLC chromatograms of the oat total glycolipid SPE

subfraction 3, enriched in TriGDG and TetraGDG. a RP-HPLC-

ELSD chromatogram, b positive ESI TIC, m/z 200–2,000, c EIC of

m/z 1,282.9, a major TetraGDG non-estolide, TetraGDG 36:4 (The

probable retention time of authentic TetraGDG 36:4 was identified

with an arrow; the identity of the lipids in the multiple peaks at

35–45 min is unknown.), d EIC of m/z 1,120.8, a major TriGDG

non-estolide, TriGDG 36:4, e EIC of m/z 1,096.7, a major TriGDG

non-estolide, TriGDG 34:2, f EIC of m/z 1,136.7, a major TriGDG

non-estolide with a free hydroxyl group, TriGDG 36:4-OH, g EIC of

m/z 1,399.1, a major TriGDG mono-estolide, TriGDG 54:6, and

h EIC of m/z 1,677.4, a major TriGDG di-estolide, TriGDG 72:8

b
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DGDG 34:1, eluting slightly later. The EIC for DGDG

36:4-OH shows two sharp peaks (Fig. 12f). The location of

the peaks is consistent with the notion that the presence of

an extra OH would cause DGDG 36:4-OH to elute early in

RP-HPLC, but it is not clear which peak is DGDG 36:4-

OH, nor is the identity of the lipids in the large broad peak

at 40–55 min in Fig. 12f known.

Reverse-Phase HPLC-ESI-MS Evidence for the

Structural Identification of Glycolipids and their

Estolides in the Oat Glycolipid Subfraction 2

As noted previously, oat glycolipid subfraction 2 contained

high levels of DGDG and moderate levels of the putative

TriGDG peaks (eluting at 26–30 min in Fig. 2). The RP-

HPLC-ELSD chromatogram (Fig. 13a) and RP-HPLC-

ESI-MS-TIC (Fig. 13b) revealed peaks at 10–20 min that

appeared to correspond to non-estolides and peaks at about

20–40 min that corresponded to estolides. The retention

times of the three major non-estolide DGDG peaks previ-

ously identified in Fig. 12c–e were labeled with arrows in

Fig. 13b. The EICs revealed peaks that were tentatively

identified as the major [M + NH4]+ ions of: non-estolide

TriGDGs 36:4, 34:2, and 36:4-OH (Fig. 13c–e), TriGDG

mono-estolide (TriGDG 54:6) (Fig. 13f), and TriGDG di-

estolide (TriGDG 72:8) (Fig. 13g). It is unknown which

early-eluting peak corresponds to TriGDG 36:4-OH in

Fig. 13e. The EIC for m/z 1,282.9, corresponding to

TetraGDG 36:4 (Fig. 13h), revealed weak peaks at about 9

(marked) and 40–42 min; the peak at 9 min exhibits a

slightly shorter elution time than TriGDG 36:4 (Fig. 13c),

consistent with expected behavior for TetraGDG 36:4 on a

reverse-phase column.

Reverse Phase HPLC-ESI-MS Evidence for the

Structural Identification of Glycolipids and their

Estolides in the Oat Glycolipid Subfraction 3

As noted previously, oat glycolipid subfraction 3 was

enriched in the putative TriGDG peaks (eluting at

26–30 min in Fig. 2) and contained a small putative

TetraGDG peak (eluting at about 36 min). When analyzed

Fig. 15 Proposed structures of:
a a DGDG di-estolide (DGDG

72:8) identified in this study by

HPLC-MS and MS/MS. Exact

mass (C87H148O19), 1,497.0615

Da; m/z of [M + NH4]+

(C87H152O19N), 1,515.0953.

b A DGDG tri-estolide (DGDG

90:10) identified in this study by

HPLC-MS and MS/MS. Exact

mass (C105H178O21), 1,775.2861

Da; m/z of [M + NH4]+

(C105H182O21N), 1,793.3199. In

these figures the estolide is shown

esterified to the sn-2 position of

glycerol, as suggested by Hamberg

[10], but our data do not preclude

the possibility that some or all of

the estolides may be esterified at

sn-1
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via reverse-phase HPLC-ESI-MS (Fig. 14), the EICs

revealed peaks that corresponded to the major [M + NH4]+

ions of TriGDG non-estolide and estolide peaks as identi-

fied in Fig. 13. The EIC of TetraGDG 36:4 revealed weak

peaks at about 9 and 35–45 min (Fig. 14c) that were

slightly stronger than those observed above (Fig. 13h).

Based on its early elution time and the polar structure of

TetraGDG, we speculate that the peak at 9 min is probably

authentic TetraGDG and the peaks of less polar compounds

at 35–45 min probably correspond to estolides with the

same mass.

Estimation of the Total Amount of Estolides

in Oat Lipids

The main objective of the current study was to provide

structural evidence for the occurrence of several galactol-

ipids and their estolides in oat kernels. In a future study we

plan to report a comprehensive quantitative analysis of the

levels of galactolipids and their estolides in several culti-

vars of oat kernels. However, we believe that it is important

to estimate their approximate levels in this report to dem-

onstrate that they are present in more than trace amounts.

Using direct infusion electrospray ionization mass spec-

trometry we estimate that the oat glycolipid fraction

contains: 58 mol% DGDG non-estolides, 25 mol% DGDG

estolides, 8 mol% TriGDG non-estolides, 4 mol% TriGDG

estolides, 0.3 mol% TetraGDG non-estolides, and 0.1

mol% TetraGDG estolides. Estolides therefore comprise

about 29% of the total glycolipid fraction and 10% of the

total methanol-extractable lipid fraction (based on the SPE

fractionation yields).

Conclusion

We have confirmed the presence of DGDG mono-estolide

(Fig. 1) in oat kernels, as previously reported by Hamberg

et al. [10], and we have demonstrated that it is the most

abundant estolide in oat kernels, but it is not the only es-

tolide. Two larger DGDG estolides (di- and tri-estolides)

(Fig. 15), two TriGDG estolides (mono- and di-estolides),

and one TetraGDG estolide (mono-estolide) were also

tentatively identified. The amounts of various estolide

species did not vary, regardless of whether the oats were

steamed to inactivate lipases before extraction, as in this

study, or whether the oats were extracted directly (data not

shown). To our knowledge, this report is the first evidence

of natural di- and tri-estolides of polar lipids.
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Abstract Phytosterols occur in high concentration in

canola (Brassica napus L.) and other vegetable oils such as

from the borage plant Echium (Echium plantagineum L.).

We investigated if Atlantic salmon (Salmo salar) digest

and accumulate dietary phytosterols in significant amounts

in muscle and liver. Phytosterols are lipid soluble, lower

cholesterol and reduce the risk of coronary heart disease in

humans. We aimed to determine if fatty fish, such as sal-

mon, can be used as a delivery source of this functional

food component. Three diets containing canola oil (CO),

Echium oil (EO) and fish oil (FO) were fed to Atlantic

salmon smolt over 9 weeks. The digestibility of natural

abundances of phytosterols by Atlantic salmon was poor

compared to cholesterol. However, phytosterols accumu-

lated in liver and muscle of fish. Significantly increased

concentrations of 24-methylenecholesterol, campesterol, b-

sitosterol and total phytosterol occurred in livers of EO fed

fish compared to FO fed fish. Campesterol concentrations

increased in CO fed fish compared to the FO fed fish. We

demonstrated that natural abundances of dietary phytos-

terols are digested by and accumulated in liver and white

muscle of Atlantic salmon smolt. However, phytosterol

levels in salmon muscle will not be a major source of

phytosterols in human diets and would not be expected to

significantly effect human cardiovascular health.

Keywords Replacement oil � Fatty acids � Phytosterols �
Canola oil � Echium oil � Sitosterol � Vegetable oil �
Fish oil

Abbreviations

ADC Apparent digestibility coefficients

ALA a-Linolenic acid

ANOVA One-way analysis of variance

BSFTA N,O-Bis(trimethylsilyl)-trifluoroacetamide

CHD Coronary heart disease

CMC Carboxymethyl cellulose

DM Dry matter

FA Fatty acid(s)

GC Gas chromatography

GC–MS Gas chromatography–mass spectroscopy

LC Long chain (CC20)

LDL Low-density lipoprotein

PCB Polychlorinated biphenyls

PUFA Polyunsaturated fatty acid(s)

SDA Stearidonic acid

SE Standard error

ST Sterol(s)

TLC–FID Thin layer chromatography–flame ionised

detection

TLE Total lipid extract

tr Trace amounts

x3 Omega 3

x3

LC-PUFA

Omega 3 long chain (CC20)-polyunsaturated

fatty acid(s)
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x6 Omega 6

WW Wet weight

Introduction

Phytosterols, a general term applied to a large number of

plant-derived sterols, are found in all tissues of higher

plants and are often enriched in seeds and seed oils [1, 2].

Phytosterols are natural, organic compounds with a

molecular nucleus of 17 carbon atoms and a characteristic

three-dimensional arrangement of four rings. Phytosterols

can act as a structural component in the plant cell mem-

brane, a role played in mammalian cells by cholesterol [2].

Unlike cholesterol, which has an alkyl side chain of 8

carbon atoms, the side chain of phytosterols generally

contains 9 or 10 carbon atoms with alkyl substitution at

C24. Phytosterols have wide bioactivity in humans, and in

particular are considered an efficacious cholesterol-lower-

ing agent and consequently may have a preventive role

against cardiovascular disease [2, 3]. Phytosterols may also

have a role in cancer prevention [2, 4]. Consequently, some

margarines, butters, spreads and breakfast cereals are

enriched with phytosterols and promoted as ‘‘functional

foods’’ [5, 6].

Due to increasing demand and prices, reduced avail-

ability, the possibility of organic contaminants (such as

dioxins and polychlorinated biphenyls (PCB)), and

increased knowledge about fishing impacts, fish oil is being

replaced in part with plant oils such as canola and soy in

formulated/commercial feeds for aquaculture species [7].

Replacement oil diets have become an industry priority and

over the last 20 years there has been increased scientific

activity focused on the effects of substituting fish oil with

plant oils, including effects on fish growth and health and on

flesh quality. Limited research has been performed exam-

ining phytosterols in farmed Atlantic salmon (Salmo salar).

The replacement of fish oil with plant oils in aquafeeds will

increase dietary amounts of phytosterols. However, it has

yet to be evaluated to what extent Atlantic salmon digest

and accumulate phytosterols from dietary plant oils.

Pulp and paper mill effluent has been shown to affect

reproductive and endocrine function in fish and this is

thought to be due to the large amount of phytosterols, in

particular b-sitosterol. In vivo and in vitro studies suggest

that large amounts of b-sitosterol can affect fish endocrine

activity and reproduction via many mechanisms/actions on

numerous pathways [8].

The digestibility of phytosterols is poor in humans, and

to our knowledge has yet to be evaluated in Atlantic sal-

mon or in any other fish species. With the increased use of

plant oils and meal in aquafeeds, minor components such

as phytosterols will be increasingly introduced into aqua-

culture diets and it is necessary to examine how they are

digested by salmon. Phytosterols have been shown to have

potential health benefits to the human consumer, in par-

ticular as a cholesterol-lowering agent. Therefore farmed

Atlantic salmon fed a replacement plant oil diet may be a

novel and further delivery source of phytosterols to

humans. Assessment of how they are accumulated and

concentrated in tissues such as liver and muscle of Atlantic

salmon fed on replacement oil diets is needed to gauge any

possible advantageous affect to the consumer. This study

aims to assess digestibility and accumulation in white

muscle and liver of phytosterols from two experimental

plant oil diets (canola and Echium) compared with a tra-

ditional fish oil diet fed to Atlantic salmon smolt.

Material and Methods

Experimental Diets

Three diets were formulated to compare canola oil (CO),

Echium oil (EO) and fish oil (FO) (Table 1). Fish meal was

defatted three times using a 2:1 mixture of hexane and

ethanol (400 ml/100g fish meal). Full fat soybean meal

(Hamlet Protein A/S, Horsens, Denmark), casein (MP

Biomedicals Australasia Pty Ltd, Seven Hills, NSW,

Australia), wheat gluten (Starch Australasia, Lane Cove,

Table 1 Ingredient, lipid and sterol composition (g/kg dry matter) of

experimental diets

Diet

CO EO FO

Ingredient composition (g/kg)

Fish meal (defatted) 150 150 150

Casein 150 150 150

Wheat gluten 100 100 100

Soybean meal 180 180 180

Fish oil 0 0 200

Canola oil 200 0 0

Echium oil 0 200 0

Pre gel starch 127 127 127

Vitamin mixa 3 3 3

Mineral mixb 5 5 5

Stay Cc 3 3 3

Chlorine chloride 2 2 2

Supernat 40 40 40

CMC 10 10 10

Sodium mono phosphate 20 20 20

Yttrium oxide 10 10 10

Chemical composition (g/kg WW)
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NSW, Australia) and BOIIC pre-gelatinised maize starch

(Penford Australia Limited, Lane Cove, NSW, Australia)

were used as ingredients. Echium oil was supplied as

Crossential SA14 (Croda Chemicals, East Yorkshire, UK).

Fish oil was from jack mackerel, Trachurus symmetricus

L., (Skretting Australia, Cambridge, TAS, Australia) and a

domestic refined source of pure canola oil was used (Steric

Trading Pty Ltd, Villawood, NSW, Australia). Stay-C and

Rovimix E50 were purchased from Roche Vitamins Aus-

tralia (Frenchs Forest, NSW, Australia), and the remaining

ingredients were purchased from Sigma-Aldrich (Castle

Hill, NSW, Australia). Yttrium oxide was used as a

digestibility marker. The diets were manufactured into

3 mm diameter pellets using a California Pellet Mill (CL-

2), dried and stored at 5 �C [9].

Growth Experiment

The experiment was conducted at the School of Aquacul-

ture, University of Tasmania (Launceston, TAS, Australia).

Atlantic salmon (S. salar L.) parr (&87.9 g) were obtained

from Springfield Fisheries hatchery (Scottsdale, TAS,

Australia), acclimated for 14 days in 300 l tanks and fed a

commercial feed (Skretting). Prior to the experiment the

fish were slowly adapted to seawater over a 21 day period.

The tanks were held at a constant temperature of 12.0 �C

under a natural photoperiod. Water was treated through

physical, UV and biofilters. Dissolved oxygen, pH,

ammonia, nitrate, nitrite, and salinity were monitored daily

to ensure water quality remained within parameters rec-

ommended for Atlantic salmon [10]. The fish were held in

an average of 27.4 ± 0.2 ppm saltwater. The experiment

was conducted in accordance with the University of Tas-

mania Animal Ethics guidelines (Investigation A0008392).

At the start of the experiment fish (average weight

106.9 g) were anaesthetized (50 mg/1, benzocaine), their

weight and length measured, and three fish were killed to

measure initial lipid content and composition. Twenty-five

fish were randomly re-allocated into each of twelve 300 l

tanks, and 4 tanks were randomly allocated to each dietary

treatment. The four diets were fed in triplicate at a ration of

1.8% body weight per day (% BW/d) in two equal feeds at

0900 and 1700 hours by automatic belt feeders. Every

7 days the total feed consumption (kg DM) was estimated

from the amount of uneaten feed in Guelph-type sediment

collectors [11, 12]. Every 3 weeks all fish were anaesthe-

tized (50 mg/1, benzocaine) and batch-weighed. Fish were

starved the day prior to weighing.

At the end of the experiment (day 84), fish were starved

for 1 day prior to being anaesthetized (50 mg/1, benzo-

caine) and their weight and length measured. Three fish,

which had doubled their initial weight, per tank were killed

by a blow to the head after immersion in anaesthetic.

Table 1 continued

Diet

CO EO FO

Dry matter 919.4 925.2 904.3

Crude protein 344.0 333.5 331.7

Crude fat 242.4 250.4 241.8

Energy (MJ/kg WW) 18.9 18.6 18.4

FAME (g/kg WW)

Total SFA 20.4 23.9 62.9

Total MUFA 105.7 38.5 49.5

Total x3 12.4 67.6 46.0

Total x6 45.2 56.2 18.7

Total PUFA 58.3 123.9 71.0

Sterols and stanols (g/kg WW)

Cholesterold 1.6 2.6 6.7

Cholestanole ND ND 0.1

24-Methylenecholesterolf 0.3 0.6 0.3

Phytosterols (g/kg WW)

Brassicasterolg 0.6 ND 0.0

Campesterolh 2.1 1.8 0.4

Stigmasteroli 0.1 ND ND

b-sitosterolj 3.4 2.4 1.2

Isofucosterolk 0.4 1.3 0.2

Other minor sterolsl 0.3 0.2 0.2

Total phystosterols 6.8 5.6 1.9

EO Echium oil Crossential SA14 from Croda chemicals, CO canola

oil, FO fish oil, SFA saturated fatty acids, MUFA monounsaturated

fatty acids, PUFA polyunsaturated fatty acids, CMC carboxymethyl

cellulose, ND not determined
a Vitamin mix (ASV4) supplied per kilogram of feed: 2.81 mg thi-

amine HCL, 1.0 mg riboflavin, 9.15 mg pyridoxine HCL, 25 mg

nicotinic acid, 54.35 mg calcium D-pantothenate, 750 mg myo-ino-

sitol, 0.38 mg D-biotin, 2.5 mg folic acid, 0.03 mg cyanocobalamin,

6,350 IU retinol acetate, 2,800 IU cholecalciferol, 100 IU DL a-

tocopherol acetate, 5 g menadione sodium bisulphate, 100 mg Roche

rovimix E50
b Mineral mix (TMV4) supplied per kilogram of feed: 117 mg

CuSO4�5H2O, 7.19 mg KI, 1,815 mg FeSO4�7H2O, 307 mg

MnSO4�H2O, 659 mg ZnSO4�7H2O, 3.29 mg Na2SeO3, 47.7 mg

CoSO4�7H2O
c

L-Ascorbyl-2-polyphosphate (Stay-C, Roche Vitamins Australia,

Frenchs Forest, NSW, Australia)
d Cholest-5-en-3b-ol
e 5a-Cholestan-3b-ol
f 24-Methylcholesta-5,24(28)-dien-3b-ol
g 24-Methylcholesta-5,22E-dien-3b-ol
h 24-Methylcholest-5-en-3b-ol
i 24-Ethylcholesta-5,22E-dien-3b-ol
j 24-Ethylcholest-5-en-3b-ol
k 24-Ethylcholesta-5,24(28)Z-dien-3b-ol
l Other minor sterols included 24-ethyl-5a-cholest-7-en-3b-ol,

4,4,14-trimethyl-5a-cholesta-8,24-dien-3b-ol (lanosterol), and other

undetermined sterols

Lipids (2008) 43:549–557 551
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Samples of white muscle (approx 0.7 g), dissected from

below the dorsal fin, and liver (average 2.7 g) were taken

and frozen at -80 �C until analysis [7].

On days 86–90, faecal samples were collected from sed-

iment collectors between 1100–1700 and 1900–0900 hours,

freeze–dried and used in the analysis of digestibility [12].

The apparent digestibility coefficients (ADC) were calcu-

lated using the standard formula ADC (% ) = 100�
[100((Ydiet/Yfaeces)� ((STfaeces/STdiet))], where Y is per-

centage of yttrium oxide and ST is the % of particular sterols

[13]. This calculation does not take into account possible

dealkylation of phytosterols to cholesterol.

Sterol Extraction and Isolation

All samples (tissue, faeces and diets) were freeze–dried and

extracted overnight using a modified Bligh and Dyer pro-

tocol [14]. This involved a single phase extraction, CHCl3/

MeOH/H2O (1:1:0.9, by vol), followed by phase separation

to yield a total lipid extract (TLE).

Lipid classes were analysed using an Iatroscan MK V

thin-layer chromatography-flame ionization detector (TLC-

FID) analyser (Iatron Laboratories, Japan). Samples of the

TLE were spotted onto silica gel SIII Chromarods (5 lm

particle size) and developed in a glass tank lined with pre-

extracted filter paper. The solvent system used for the lipid

separation was hexane:diethyl ether:acetic acid (60:17:0.1

v/v/v) [15]. After development for 25 min, the chromarods

were oven-dried and analysed immediately to minimise

adsorption of atmospheric contaminants. Lipid classes

were quantified by DAPA software (Kalamunda, WA,

Australia). The FID was calibrated for each compound

class: phosphatidylcholine (retention factor 0.00), choles-

terol (0.30), oleic acid (0.46); wax ester (derived from fish

oil, 0.89) and triacylglycerol (derived from fish oil, 0.74).

An aliquot of the TLE was treated with 2 ml of 5% w/v

KOH in 80:20 MeOH:H2O (60 �C, 3h, milli-Q water).

Following the addition of water, sterols were extracted into

hexane/chloroform (4:1 v/v, 3 9 1.5 ml), transferred to

vials, reduced under a stream of nitrogen and stored in

chloroform. Samples were treated with N,O-bis(trimethyl-

silyl)-trifluoroacetamide (BSTFA) to form trimethylsilyl

(TMS) ether derivatives (of free sterols) prior to instrument

analysis.

Concentrations of plant sterols were determined by gas

chromatography. Samples were made up to a known vol-

ume with a internal injection standard containing methyl

nonadecanate and analysed by gas chromatography (GC)

using an Agilent Technologies 6890N GC (Palo Alto, CA,

USA) equipped with an EquityTM-1 fused silica capillary

column (15 m 9 0.1 mm i.d., 0.1 lm film thickness), an

FID, a split/splitless injector and an Agilent Technologies

7683 Series autosampler. Helium was the carrier gas.

Samples were injected in splitless mode at an oven tem-

perature of 120 �C. After 3 min, the oven temperature was

raised to 270 �C at 10 �C per min and finally to 290 �C at

5 �C/min-1 holding at 290 �C for 5 min. Peaks were

quantified with Agilent Technologies GC ChemStation

software (Palo Alto, CA, USA).

Individual components were identified from mass

spectral data and by comparing retention time data with

those obtained for authentic and laboratory standards. GC–

mass spectrometric (GC–MS) analyses were performed on

a Finnigan Thermoquest GCQ GC–mass spectrometer fit-

ted with an on-column injector and using Thermoquest

Xcalibur software (Austin, TX, USA). The GC was

equipped with an HP-5 cross-linked methyl silicone fused

silica capillary column (50 m 9 0.32 mm i.d.). Helium

was used as the carrier gas, with operating conditions

previously described [16]. Sterols were identified from

comparison to known spectra and major ion fragments

[17]. The stereochemistry was not determined for the C24

position. The retention times for the major sterols were

cholesterol 20.33 min, cholestanol 20.73 min, 24-methy-

lenecholesterol 21.51 min, brassicasterol 20.85 min,

campesterol 21.63 min, stigmasterol 22.17 min, b-sitos-

terol 22.77 min and isofucosterol 22.92 min.

Statistical Analysis

Mean values are reported as plus or minus the standard

error of the mean. Normality and homogeneity of variance

were confirmed and percentage data were arcsin trans-

formed prior to analysis. Comparison between means was

by one-way analysis of variance (ANOVA) followed by

multiple comparisons using Tukey–Kramer HSD. Signifi-

cance was accepted at probabilities of 0.05 or less.

Statistical analysis was performed using SPSS for Win-

dows version 11.

Results

Growth Results

There was no significant difference in the final weight, final

length or growth between fish fed the three experimental

diets. Fish of an average weight (106.8 g) were grown on

the three experimental diets for 12 weeks to an average

sampled weight of 236.5 g.

Sterol (ST) Composition

There was no significant difference in the sterol content in

the white muscle between dietary treatments as determined

by TLC–FID analysis (Table 2). There was significantly
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higher total sterol content in the liver (263.8 mg/100 g) of

the fish fed the CO diet. Cholesterol was the major sterol in

all tissues, irrespective of diet, but the amounts of minor

sterols varied. There were significantly (P \ 0.01) higher

concentrations of total phytosterols in the liver and white

muscle in both the CO and EO fed fish compared to the FO

or initial fish (Tables 3, 4). This equated to a fourfold

increase in the white muscle and a twofold increase in the

liver in total phytosterol concentrations in EO and CO fish

compared to the FO fish. There were significant differences

in the sterol composition of the liver (Table 4). There was a

sevenfold significant (P \ 0.01) increase in concentrations

of campesterol (full chemical names for all sterols are

contained in the footnote for Table 1) in the liver of both

the CO and EO fish compared to the FO or initial fish.

There were significant (P \ 0.01) increases in concentra-

tions of b-sitosterol and 24-methylenecholesterol in the

liver of EO fish compared to that of the FO or initial fish.

This equated to a sevenfold increase in b-sitosterol in the

EO fish compared with the FO fish. There was a

significantly (P \ 0.01) higher concentration of cholesta-

nol in the initial fish compared to the CO and EO fish.

There was a significant (P \ 0.01) five to ninefold increase

in the concentrations of other minor sterols including 24-

ethyl-5a-cholest-7-en-3b-ol, lanosterol, and other undeter-

mined sterols in the liver of CO and EO fish.

There was no significant difference in the sterol com-

position (%) between the white muscle for fish fed the three

diet treatments (Table 3). However, although not signifi-

cant, the same trends in increased concentration of

individual phytosterols that occurred in the liver were

observed in the white muscle. There was a three to fivefold

increase in the amount of b-sitosterol and a twofold

increase in campesterol in the white muscle of fish fed EO

and CO diets compared with the FO fish.

Digestibility of Phytosterols

There was no significant difference between the ADC of

cholesterol between the three diet treatments (Table 5).

Table 2 Sterol and lipid content (wet weight) of white muscle and livers of Atlantic salmon smolt fed canola oil (CO), Echium oil (EO) and fish

oil (FO) diets

Sterol content (mg/100g) Initial (±SE) CO (±SE) EO (±SE) FO (±SE) f

White muscle 21.6 ± 4.8 15.0 ± 6.0 12.4 ± 6.5 13.9 ± 3.1

Liver 139.9 ± 18.4a 263.8 ± 34.3b 144.7 ± 18.0a 139.7 ± 11.8a 7.9

Lipid content (mg/g)

White muscle 17.9 ± 2.9 28.0 ± 3.4 30.1 ± 6.2 26.8 ± 4.9

Liver 29.0 ± 2.2a 49.1 ± 3.5b 38.3 ± 2.4a,b 35.8 ± 2.7a 7.3

a, b Mean values across the row not sharing a common superscript were significantly different as determined by Tukey–Kramer HSD; df = 3,40,

P \ 0.01

Table 3 Sterol composition (mg/100g wet weight) of white muscle of Atlantic salmon smolt fed canola oil (CO), Echium oil (EO) and fish oil

(FO) diets

Sterol Initial (±SE) CO (±SE) EO (±SE) FO (±SE) f

Cholesterol 25.7 ± 2.2 15.4 ± 2.0 15.2 ± 2.0 13.6 ± 2.8

Cholestanol 0.2 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Brassicasterol 0.0 ± 0.0 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.0

24-Methylenecholesterol 0.2 ± 0.1 0.1 ± 0.1 0.4 ± 0.1 0.1 ± 0.0

Campesterol 0.1 ± 0.1 0.2 ± 0.0 0.2 ± 0.1 0.0 ± 0.0

Stigmasterol 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

b-sitosterol 0.0 ± 0.0 0.3 ± 0.2 0.5 ± 0.3 0.0 ± 0.0

Isofucosterol 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Other minor sterolsc 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Total phytosterolsd 0.2 ± 0.1a 0.9 ± 0.2b 0.8 ± 0.3b 0.2 ± 0.1a 8.5

Systematic names for all sterols are contained in the footnote for Table 1
a, b Mean values across the row not sharing a common superscript were significantly different as determined by Tukey–Kramer HSD; df = 3,36,

P \ 0.01
c Other minor sterols including 24-ethyl-5a-cholest-7-en-3b-ol, lanosterol, and other undetermined sterols
d Includes all C28 and C29 sterols excluding 24-methylenecholesterol
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There were no significant differences between the ADC of

any phytosterol between the three diet treatments. Cho-

lesterol has an ADC of 46.7–65.8% across the three diets.

In general phytosterols had a lower ADC than cholesterol.

Specifically, C28 phytosterols such as brassicasterol and

campesterol had a relative absorption of 9.2–18.1%, three

to sixfold lower than that of cholesterol. 24-Methylen-

echolesterol was excluded from the calculation as it is a

metabolite of cholesterol and is usually not associated with

plant phytosterols. C29 phytosterols including b-sitosterol,

stigmasterol, and isofucosterol have a relative absorption of

1.1–7.1%, 7–60-fold lower than that of cholesterol.

Discussion

Due to the decreasing availability and increasing price of

fish oil, renewable land plant based oils have been

increasingly incorporated into aquafeeds, and the replace-

ment of fish oil has become an industry priority. Plant

based oils contain phytosterols which are not part of the

natural diet of Atlantic salmon. Therefore it is important to

investigate how natural abundances of phytosterols in

replacement oils are digested and incorporated in different

tissues of salmon. We demonstrated that both the liver and

the white muscle accumulated significantly increased

amounts of total phytosterols with both plant oil diets (CO

and EO) compared to FO fed fish. Differences in the

absolute abundances and relative levels of individual

phytosterols were demonstrated in the liver and white

muscle of fish fed plant oil diets compared to the FO and

initial fish. This study indicates that small amounts of

phytosterols can be digested and accumulated in both the

white muscle and liver of fish when fed replacement plant

oil over a 12 week period.

Digestibility of Phytosterols in Atlantic Salmon

Although cholesterol and phytosterols have similar struc-

tures, phytosterols have significantly reduced absorption

compared to cholesterol and it has been shown that negli-

gible amounts of phytosterol are absorbed by humans [18,

19]. There have been numerous studies looking at choles-

terol and phytosterol adsorption in humans [20–23]. From

these studies cholesterol has an absorption range of 33–

60%, with phytosterols having reduced absorption, 2–10%

for campesterol and 0.5–5% for b-sitosterol [20–23]. The

Table 4 Sterol composition (mg/100g wet weight) of liver of Atlantic salmon smolt fed canola oil (CO), Echium oil (EO) and fish oil (FO) diets

Sterol Initial (±SE) CO (±SE) EO (±SE) FO (± SE) f

Cholesterol 99.2 ± 7.0 222.5 ± 21.8 180.1 ± 16.8 151.4 ± 12.5

Cholestanol 0.7 ± 0.2c 0.1 ± 0.0a 0.2 ± 0.1a, b 0.4 ± 0.1b, c 9.2

Brassicasterol 0.0 ± 0.0 0.5 ± 0.1 0.3 ± 0.1 0.4 ± 0.0

24-Methylenecholesterol 0.3 ± 0.1a 1.7 ± 0.1a, b 3.2 ± 0.8b 0.9 ± 0.1a 5.8

Campesterol 0.2 ± 0.1a 4.6 ± 0.7b 4.9 ± 0.9b 0.7 ± 0.1a 6.5

Stigmasterol 0.0 ± 0.0 0.1 ± 0.0 0.8 ± 0.3 0.3 ± 0.1

b-sitosterol 0.0 ± 0.0a 0.1 ± 0.1a, b 0.7 ± 0.2b 0.0 ± 0.0a 6.5

Isofucosterol 0.0 ± 0.0 0.2 ± 0.2 0.0 ± 0.0 0.0 ± 0.0

Other minor sterolsd 0.3 ± 0.0a, b 0.5 ± 0.0b 0.9 ± 0.0c 0.1 ± 0.0a 6.4

Total phytosterolse 0.5 ± 0.2a 6.1 ± 1.1b,c 7.5 ± 1.0c 3.3 ± 0.4a, b 6.8

Systematic names for all sterols are contained in the footnote for Table 1
a, b, c Mean values across the row not sharing a common superscript were significantly different as determined by Tukey–Kramer HSD;

df = 3,36, P \ 0.01
d Other minor sterols including 24-ethyl-5a-cholest-7-en-3b-ol, lanosterol, and other undetermined sterols
e Includes all C28 and C29 sterols excluding 24-methylenecholesterol

Table 5 Apparent digestibility coefficients (ADC) (%) for the dif-

ferent sterols in canola oil (CO), Echium oil (EO) and fish oil (FO)

diets fed to Atlantic salmon

ADC (%) CO (±SE) EO (±SE) FO (±SE)

Cholesterol 57.5 ± 4.4 46.7 ± 5.4 65.8 ± 7.2

Cholestanol ND ND 52.7 ± 4.1

Brassicasterol 9.2 ± 8.0 ND ND

24-Methylenecholesterol 12.4 ± 3.5 27.3 ± 5.2 17.0 ± 4.1

Campesterol 14.4 ± 2.2 15.2 ± 2.1 18.1 ± 1.6

Stigmasterol 4.7 ± 3.2 ND ND

b-sitosterol 7.1 ± 2.1 4.1 ± 4.3 1.1 ± 2.0

Isofucosterol 7.6 ± 1.1 2.4 ± 2.7 8.5 ± 2.6

Other minor sterolsa 3.4 ± 3.1 7.5 ± 3.3 5.2 ± 3.1

Systematic names for all sterols are contained in the footnote for

Table 1

ND Not determined
a Other minor sterols including 24-ethyl-5a-cholest-7-en-3b-ol,

lanosterol, and other undetermined sterols
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digestibility of sterols and phytosterols in Atlantic salmon

show similar patterns to those in humans. Our study

demonstrates that cholesterol has an ADC of 46.7–65.8%.

A reduced digestibility was demonstrated with phytoster-

ols. An ADC of 14–18.1% for campesterol and 1.1–7.1%

for b-sitosterol was observed across the diets. C29 phytos-

terols, such as b-sitosterol and isofucosterol, had reduced

digestibility compared with that of C28 phytosterols such as

24-methylcholesterol. Phytosterols may be dealkylated to

cholesterol which will reduce their ADC. Phytosterols and

cholesterol are also likely to be metabolized by either

internal and/or external microorganisms, or possibly by the

smolt themselves. Both dealkylation and metabolism will

also reduce the ADC, but the extent of these processes is

yet to be assessed in Atlantic salmon. Phytosterols can be

esterified with a mixture of fatty acids which are naturally

occurring in small quantities in plants. The concentration

of phytosterol esters can change rapidly in response to

various types of stimuli. In this study, phytosterol esters

were not detected in fish tissues by TLC–FID, however,

small quantities occur in plant based replacement diets. It

has been shown that in canola oil, 65% of the total phy-

tosterols are present as free sterols and 35% as phytosterol

esters [24]. Total phytosterols were measured in this trial

and used in the calculation of digestibility. We have not

defined the proportions of free phytosterols and phytosterol

esters in the diets. However, the digestibility of total phy-

tosterols was measured from saponified total solvent

extract (TSE), which include both esters and free phytos-

terols. As no phytosterol esters were detected by TLC–FID

in the fish muscle or liver this indicates that dietary phy-

tosterol esters are hydrolyzed in the intestine or not

digested [25]. Our study showed no difference in the

digestibility of individual phytosterols across diets, which

suggests that dietary concentration does not affect their

digestibility by Atlantic salmon.

Accumulation of Phytosterols in Atlantic Salmon

We determined that 0.8–0.9 mg of total phytosterols per

100 g of tissue were accumulated in the white muscle and

6.1–7.5 mg/100 g in the liver of fish fed plant oil

replacement diets over a 12 week period. Our experimental

diets contained 100% replacement vegetable oil. This level

of replacement would not be the case in commercial

aquafeeds. Phytosterol accumulation is dependant on die-

tary concentration as they are unable to be in vivo

biosynthesized. As phytosterols are lipid soluble, the higher

the fat content of the fish or tissue will increase the amount

of phytosterols it contains. The major phytosterols accu-

mulated in the liver and white muscle were campesterol

and b-sitosterol. Generally the relative concentrations of

individual phytosterols in the liver and white muscle

reflected that of their diet. However, C29 phytosterols had a

reduced digestibility compared with C28 phytosterols and

therefore lower amounts accumulated in the liver or white

muscle in both the CO and EO fish.

Phytosterols are very expensive ingredients and there-

fore it would not be economically feasible for these

ingredients to be added to aquafeeds. However, replace-

ment plant oils, such a canola, contain phytosterols as

minor components. Canola is a prime candidate for fish oil

replacement as it contains high levels of x3 PUFA, largely

as a-linolenic acid (ALA, 18:3x3) and is grown in suffi-

cient quantities to meet future aquaculture demands. A

recent study suggested that Echium oil also may be a

candidate as it contains an unusual x3 PUFA profile con-

taining stearidonic acid (SDA, 18:4x3), which was shown

to maintain concentrations of important omega 3 long

chain PUFA (x3 LC-PUFA) in Atlantic salmon parr [7].

Both these plant oils have phytosterol compositions which

are dependent on genotype, planting location and temper-

ature [26–28].

In our study all the experimental diets had minor con-

centrations of phytosterols from the meal and oil sources.

In the CO and EO diets the major source of phytosterols

was the plant oil. All the diets contained plant based pro-

teins, which consisted of soybean meal, casein and wheat

gluten. As phytosterols occur in membranes and perhaps

other parts of plant cells, the plant meals also will have

residual concentrations of phytosterols. The FO diet con-

tained 1.9 g/kg WW phytosterols, while the CO (6.8 g/kg

WW) and the EO (5.6 g/kg WW) had 3.5 and 2.9 times the

amount of total phytosterols (Table 1).

In the present study sterols represented only about 1% of

the total lipid of salmon, and 92–99% of that 1% is present

as cholesterol. Salmon smolt in this study had an average

total white muscle lipid content of 28.3 and 39.6 mg/g in

the liver. Therefore the amount of phytosterols in Atlantic

salmon smolt compared to other lipids including choles-

terol is relatively low. Phytosterols cannot be synthesized

by humans or fish, therefore they are supplied in the diet.

Phytosterols, due to their lipophilic nature, have been

added to margarines and spreads which are known as

‘‘functional foods’’. Oily fish, such as Atlantic salmon, may

provide another possible delivery source. Phytosterols in

combination with the high levels of omega 3 long chain

(CC20) polyunsaturated fatty acids (x3-LC PUFA) found

in salmon may act in unison to deliver an enhanced benefit

against coronary heart disease (CHD). Additionally and

unlike x3-LC PUFA, phytosterols are more stable com-

pounds and are not as readily oxidised under severe

conditions, such as deep frying.

Most human nutrition studies with phytosterols assessed

an intake of 0.8–4.0 g of phytosterol as a daily dose which

reduced the lower density lipoprotein (LDL) cholesterol
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between 6 and 15% which reduces the risk of CHD [2, 29].

Dietary intake of phytosterols ranges from 150 to 400 mg/

day, with a typical composition of 65% b-sitosterol, 30%

campesterol and 5% stigmasterol [2, 19]. The content of

phytosterol from this experiment in white muscle of

Atlantic salmon smolt is 0.8–0.9 mg/100 g which is well

below the concentration range of dietary phytosterol gen-

erally being supplied in functional foods for CHD

prevention. This result will be elevated in larger commer-

cial cultured fish, where oil content (7–20%) of white

muscle is markedly higher than observed in the smolt (2–

3%) examined here. Due to use of extrusion technologies

commercial salmon aquafeeds have an oil content of 30–

40%. Our study used an inclusion of 20% oil which will

underestimate the phytosterol content compared to com-

mercial diet. It was not possible for this experiment to

obtain the high lipid content of commercial aquafeeds.

However, even at this lower inclusion, it was possible to

demonstrate that phytosterols significantly accumulated in

the tissues of Atlantic salmon. Our experiment was for a

12 week period. It is plausible to suggest that over a life

time of replacement oil diets that Atlantic salmon will

accumulate considerably more phytosterols. However, at

this point it is yet to be determined to what concentrations

Atlantic salmon will accumulate phytosterols. The phy-

tosterol concentrations in the white muscle (0.8–0.9 mg/

100 g) of plant oil fed fish is several orders of magnitude

less than the recommended daily serving size of functional

foods such as spreads and margarines (phytosterols

total & 200 mg/day) [30]. However, in a balanced diet,

this additional amount of phytosterols (we estimated to be

&20–50 mg/serve in a large commercial size fish) is a 10–

25% increase in the average adult human dietary intake of

phytosterols.

Environmental Effects of Phytosterols

Several studies have shown that phytosterols in effluent, in

particular b-sitosterol, produced estrogenic effects in

maturing fish as well as a reduced cholesterol level [8, 31,

32]. Cholesterol is a precursor of steroid hormones and

therefore the presence of structurally similar molecules or

the reduction of cholesterol may effect maturation in fish.

Phytosterols, in particular b-sitosterol, are present in pulp

and paper mill effluents and have been associated with

different reproductive responses in fish including reduction

in gonad size, delayed sexual maturation, and reduced

expression of secondary sexual characteristics [31, 33, 34].

A recent study strongly suggested that cholesterol in

Atlantic cod (Gadus morhua) liver is lowered by phytos-

terol rich soy based diet and is possibly involved in

changes observed in gonad development [32]. It has also

been suggested that increased sterol-like compounds may

have contributed in the postponed spawning of Baltic cod

in the Baltic Sea [32]. However, most farmed fish are

harvested prior to maturation and a postponing of matu-

ration may be advantageous to the aquaculture industry.

Research has focused on the effect of phytosterols as a

waterborne contaminant on fish health, reproduction and

endocrine function [31, 33, 34]. The effects of dietary

sources of phytosterols on fish have yet to be assessed,

however, dietary concentrations are significantly lower

than that of the effluent experiments.

There have been many well designed and executed

experimental aquaculture trials with replacement oil, which

have all shown no difference in growth, performance or

health of fish [7, 35–40]. Further research looking at die-

tary phytosterol accumulation over a longer period and in

particular reproductive and endocrine function such as the

production of vitellogenin will provide insight on the

accumulation and function of these ingredients. The use of

vegetable oils in aquafeeds is now commonplace

throughout the aquaculture industry and the small accu-

mulation of phytosterols in Atlantic salmon that we have

demonstrated will be advantageous to their continued use.

However, Atlantic salmon require a dietary source of x3

LC-PUFA which can presently only be provided by fish oil.

Therefore, oil bends of plant and fish oils are commonly

used throughout the aquaculture industry. While it has been

shown that phytosterols in pulp mill effluent can be detri-

mental to fish health, low concentrations that occur in plant

oils most likely will not affect health and performance of

fish, and ultimately may provide health benefits to the

consumer. Although the digestibility of phytosterols is low

and their accumulation in fish of commercial size is likely

to be at a level lower than used in functional food such as

spreads and margarines, a small enhancement of dietary

phytosterols along with the high content of x3 LC-PUFA

may give increased CHD protection to consumers.
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Abstract To investigate the occurrence of positional

isomers of unsaturated fatty acids (FA) in triacylglycerols

(TAG) and polar lipids (PL) in the female gonads of a

dominant limpet, Cellana grata, fatty acid methyl esters

(FAME) were fractionated according to the degree of their

unsaturation by argentation thin-layer chromatography.

Their structures were elucidated by gas chromatography–

mass spectrometry of a combination of their FAME and

picolinyl esters. A total of 125 different FA ranging from

12 to 24 carbon atoms were identified, and 105 unsaturated

FA, including 34 nonmethylene-interrupted FA as minor

components, were recognized. Although the major FA 16:0

and 18:1n-7, which accounted for more than 20 and 10%,

respectively, of total FA, were present in TAG and PL,

higher amounts of 20:4n-6 and 20:5n-3 were present in PL.

Unsaturated FA consisting of more than five different

positional isomers were 17:1, 19:1, 18:2, 19:2, 20:2, 21:2,

22:2, 20:3, and 22:3, most of which were present in TAG.

Furthermore, a larger variety of nonmethylene-interrupted

FA was found in TAG than in PL. This limpet gonad had a

diverse assortment of unsaturated FA that comprised a

wide range of unusual positional isomers with one to five

double bonds.

Keywords Cellana grata � Limpet gonad �
Nonmethylene-interrupted fatty acid � Positional isomer

Abbreviations

ECL Equivalent chain length

FA Fatty acid(s)

FAME Fatty acid methyl ester(s)

GC-MS Gas chromatography–mass spectrometry

GLC Gas–liquid chromatography

NMI FA Nonmethylene-interrupted fatty acid(s)

PL Polar lipids

TAG Triacylglycerols

TLC Thin-layer chromatography

Introduction

Limpets, as intertidal gastropods, are abundant and familiar

inhabitants of rocky shores and play an important role in

littoral marine food webs [1–3]. Comparative biochemical

research on the occurrence and distribution of FA in limpet

gonads has been very limited, except for several studies

examining the effects of environmental factors on FA

composition of the gonads of limpet Patella species [4–6].

From the viewpoint of comparative biochemical interest,

previous studies revealed that the significant differences

between male and female gonads of two dominant limpet

species, Cellana grata and Collisella dorsuosa, which are

distributed in northern Japan, were characterized by their
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proportions of 16:0, 20:4n-6, and 20:5n-3 [7, 8], and their

composition and proportions of unusual nonmethylene-

interrupted (NMI) FA, whose physiological role and func-

tion are not fully understood. Furthermore, the positional

isomers of unusual minor polyenoic FA with 24 carbon

atoms have been also found in triacylglycerols (TAG) of the

female gonads of C. grata, one of the commonest species,

from the Sanriku coast, northern Japan [9]. Although

mainly major FA and their characterization in limpet

gonads have been investigated, the occurrence and unique

structures of the unknown minor FA including NMI FA

have yet not been well clarified. Therefore, as part of our

continuing intensive investigation of gonad lipids from

dominant species of Japanese limpets, positional isomers of

FA with one to five double bonds in the female gonads of

C. grata have been more completely clarified by detailed

analysis of the FA mass spectra. This paper describes the

occurrence and characterization of unusual positional iso-

mers of unsaturated FA between TAG, the most abundant

lipid class, and polar lipids (PL) in the gonads. The present

results may provide new insights for a comparative bio-

chemical study of marine gastropods of their gonads and the

effects of ecological factors on their FA composition.

Materials and Methods

Reagents

Reagents and most standards were purchased from Sigma-

Aldrich Co. (St Louis, MO, USA).

Sampling

The mean shell length of the limpet C. grata used for lipid

and FA analysis was 34.1 ± 1.7 mm (n = 25). Limpets

were collected from the coast waters of Miyako Bay, Iwate

Prefecture, northern Japan, in July and August 2002. All

individuals of C. grata were sexually mature. After sam-

pling, all limpets were immediately frozen at -20 �C. The

sex was determined by microscopic examination, and the

gonads were distinguished as female or male.

Extraction and Fractionation of Lipids

Pooled female gonads (8.10 g wet weight, n = 25) of

C. grata were suspended in a chloroform–methanol mix-

ture (2:1, v/v) and homogenized for 1 min at 8919g using

an IKA ULTRA-TURRAX T25 Basic (IKA Japan KK,

Nara, Japan). Lipids were extracted using the method of

Bligh and Dyer [10]. The extracted total lipids (488 mg)

were fractionated into TAG (351 mg) and PL (103 mg) by

preparative thin-layer chromatography (TLC) on Silica gel

60 (Merck KGaA., Darmstadt, Germany). The plates were

developed with n-hexane/diethyl ether/acetic acid (80:30:1,

v/v/v). The bands corresponding to TAG and PL were

scraped off the plates and then extracted twice with a

chloroform–methanol mixture (1:1, v/v). The solvent

extracts were combined and dried under a gentle stream of

nitrogen at room temperature. Each residue was dissolved

in chloroform and stored at -20 �C until derivation prior to

gas–liquid chromatography (GLC) and gas chromatogra-

phy–mass spectrometry (GC–MS) analyses.

Preparation of FAME and Argentation TLC

Fatty acid methyl esters (FAME) were prepared with

transesterification of TAG and PL with 14% BF3 in

methanol (GL Science, Tokyo, Japan) [11]. Five milliliters

of the reagent was added to the fractionated lipids (40–

60 mg) and refluxed at 90 �C for 60 min. The reaction was

terminated by the addition of 2 mL of saturated NaCl

solution. The FAME were extracted twice with 5 mL of

n-hexane. The organic layer was dried over anhydrous

sodium sulfate, filtered, and analyzed by TLC. The FAME

were purified by preparative TLC and developed with the

same solvent system that was used for the fractionation

of TAG and PL. These samples were used for GLC and

GC–MS analyses.

Fractionation of FAME by their double bond numbers

and configuration of double bonds was performed using

TLC plates on 5% (w/w) silver-impregnated layers of

Kieselgel 60. The plates were developed twice with n-

hexane/diethyl ether (80:20, v/v) and visualized at 366 nm

after spraying with a solution of 20,70-dichlorofluorescein in

ethanol (0.2%, w/v). The individual FAME bands corre-

sponding to monoenoic, dienoic, trienoic, tetraenoic, and

pentaenoic FA were separately scraped off and transferred

to screw-capped tubes, and methanol (2 mL), n-hexane

(2 mL), and an aqueous solution of NaCl (10% w/v, 1 mL)

were successively added with thorough mixing after each

addition. After standing for 1–2 min, the organic layer was

withdrawn, and an aliquot of the solvent was evaporated to

dryness under a gentle stream of nitrogen at room tem-

perature. Then, the residues that were dissolved in dry

dichloromethane were converted into picolinyl ester

derivatives by the reaction with 3-potassiooxamethylpyri-

dine, as a catalyst, as described below.

Catalytic Hydrogenation of Unsaturated FAME

and Picolinyl Ester Derivatives

As previously described [12], an aliquot of unsaturated

FAME was hydrogenated by stirring at room pressure and

temperature for 40 min in methanol (5 mL) with catalytic

amounts of palladium black (Wako Pure Chemical
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Industries, Ltd, Osaka, Japan). The resulting mixture was

analyzed by GLC and GC–MS as described below.

To further determine the double bond positions and

methyl branching positions in FA detected in this study,

FAME samples were converted into their picolinyl ester

derivatives as previously described [13]. Briefly, a solu-

tion of potassium tert-butoxide (0.15 mL, 1.0 M in

tetrahydrofuran) was added to 3-hydroxymethylpyridine

(0.2 mL). After homogenization, the FAME (20–30 mg),

fractionated by preparative argentation TLC, in dry

dichloromethane (1 mL) was mixed with the reagent, and

the mixture was held at 40 �C for 50 min in screw-capped

tubes. After cooling to room temperature, distilled water

(2 mL) and n-hexane (3 mL) were added to the reaction

mixture, and the organic layer was collected, dried over

anhydrous sodium sulfate, filtered, and evaporated to

dryness under a gentle stream of nitrogen at room tem-

perature. The residues were dissolved in n-hexane prior to

structural determination of FA by GC–MS analysis.

GLC and GC–MS Analyses

Fatty acid methyl esters were analyzed by GLC with a

Shimadzu GC-8A chromatograph (Shimadzu Seisakusho

Co., Kyoto, Japan) equipped with a flame ionization

detector (FID) and a SupelcowaxTM-10 capillary column

(30 m 9 0.25 mm i.d., 0.25 lm film thickness; Supelco

Inc., Bellefonte, PA, USA). The column temperature was

either isothermal at 200 �C for 30 min or programmed to

increase from 180 to 250 �C at a rate of 3 �C/min and then

hold at 250 �C for 10 min. The injector and detector

temperatures were 260 and 270 �C, respectively. The car-

rier gas was helium, at a flow rate of 1.0 mL/min, and the

injection split ratio was 1:50.

We identified the mass spectra of FAME and picolinyl

ester derivatives by a Hewlett-Packard 6890 GC-5973N

MSD. The GLC was equipped with an OmegawaxTM-320

capillary column (30 m 9 0.32 mm i.d., 0.25 lm film

thickness; Supelco Inc.) and used helium as the carrier gas

with a constant flow of 1.5 mL/min. The oven temperature

was held at 200 �C for 2 min, programmed to rise from 200

to 250 �C at a rate of 2 �C/min and then held for 90 min.

The GC–MS analysis of FAME and picolinyl ester deriv-

atives was recorded at an ionization energy of 70 eV by the

electron impact mode. The split injection was performed

with a split ratio of either 1:15 or 1:25. A scan range of 50–

500 m/z was used. Most FA were identified by comparison

of their mass spectra with those of authentic standards and

published data [8, 9, 14]. In the absence of suitable stan-

dards, assignments were based on mass spectral fragments

and on equivalent chain length (ECL) values for structur-

ally analogous FA. The ECL values were determined by

the same GLC apparatus with an FID, used for GLC

analysis of FAME, using an OmegawaxTM-320 and a

SACTM-5 (30 m 9 0.25 mm i.d., 0.25 lm film thickness;

Supelco Inc.) capillary columns. The column temperatures

for an OmegawaxTM-320 and a SACTM-5 columns were

isothermal at 200 and 250 �C, respectively. Except for the

column temperatures, the GLC operating conditions were

the same as described in GLC analysis of FAME. Gas–

liquid chromatography analyses were performed in dupli-

cate, and then mean values are reported here.

Results and Discussion

FA Composition of TAG and PL

The pooled female gonads of the limpet C. grata yielded

6.0% total lipids. The proportions of TAG, the most

abundant lipid class, and PL were 72 and 21%, respec-

tively. Among 53 different FA, accounting for more than

0.1% of total FA, including nine branched-chain FA and

2-hydroxyhexadecanoic acid, as shown in Table 1, the

major FA 16:0 and 18:1n-7 each accounted for more than

20 and 10%, respectively, of total FA present in the TAG

and PL of female gonads from C. grata. Both these frac-

tions showed significantly higher amounts of 16:0 and

18:1n-7. Similar results of major FA have already been

reported for those of the total lipids from female gonads of

C. grata and C. dorsuosa [7]. More than 20 NMI FA were

present as minor components in TAG rather than in PL.

The present results were also shown to contain significantly

higher amounts of 20:4n-6 and 20:5n-3 in PL, as compared

with those in TAG. However, 22:6n-3, characteristic for

marine lipids, was not detected in TAG and PL from the

gonads.

To further clarify the characterization of the occurrence

and detailed distribution of FA positional isomers with one

to five double bonds between TAG and PL fractions in

female gonads of C. grata, FAME were fractionated

according to the degree of their unsaturation by preparative

argentation TLC. Gas–liquid chromatography analyses of

mono-, di-, tri-, tetra-, and pentanenoic FAME fractions

generally showed a range of unknown minor peaks, some

of which did overlap with those of other FA shown in

Table 1. The structures of these minor FA newly found

were identified by capillary GC–MS of their FAME and

picolinyl esters. The results of FA positional isomers

including minor ones (accounting for less than 0.1% of

total FA) are shown in Tables 2, 3, 4, and 5.

Positional Isomers of Monoenoic FA

Table 2 lists the distribution of positional isomers of

monoenoic FA. Among the 29 monoenoic FA identified, a
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number of unusual odd-numbered FA 17:1 and 19:1, which

consisted of seven and six different positional isomers,

respectively, were found in TAG, although 18:1n-7 and

18:1n-9 were present as the major monoenoic isomers. The

isomer 15-methyl 16:1D9, together with other branched-

chain FA, is present in mollusks, such as the marine

sponges, Aplysina fistularis [15] Hymeniacidon sanguinea

[16, 17], and Plakortis halichondroides [18], and the

freshwater mussel, Unio tumidus [19], and also in the

anaerobic sulfate bacterium of Desulfovibrio species [20].

However, the presence of 15-methyl 16:1D9 has not been

reported in limpets and their gonads.

Positional Isomers of Dienoic FA

As shown in Table 3, a total of 42 dienoic FA with 16 and

18–24 carbon atoms were identified in this study, and the

highly diverse NMI dienoic FA significantly differed

between TAG and PL. The dienoic FA were 18:2, 19:2,

20:2, 21:2, and 22:2, which each consisted of more than

five different positional isomers, and were mainly found in

the TAG. Among these dienoic FA, the presence of both

the odd-numbered FA 19:2 and 21:2 positional isomers

including unusual NMI FA is very rare in living organisms.

As an interesting result of NMI dienoic FA, six different

all-cis-D5,9-dienoic FA with 18 and 20–24 carbon atoms

were identified by capillary GC–MS of their methyl ester

(characteristic peaks at m/z 81 [parent ion], 109, 141, and

[M-49]+ for 5,9-double bonds) [14] and picolinyl ester (a

characteristic abundant peak at m/z 219 for 5,9-double

bonds) [14, 21] derivatives, whose mass spectral data were

in agreement with literature data [14, 21–23]. (The mass

spectra of picolinyl esters were also informative in identi-

fying minor NMI polyenoic FA with a 5,9-double bond

Table 1 FA composition (%) of triacylglycerols (TAG) and polar

lipids (PL) in female gonads of the limpet Cellana grata

FA TAGa PLb

13:0 0.1 0.1

iso 14:0 0.1 0.1

anteiso 14:0 0.1 –

14:0 6.1 1.8

TMTDc 1.7 1.1

14:1n-7 0.1 –

14:1n-5 0.1 –

iso 15:0 0.2 0.2

anteiso 15:0 0.1 –

15:0 0.6 0.7

iso 16:0 0.3 –

16:0 23.4 20.0

16:1n-9 0.1 0.1

16:1n-7 0.6 0.5

iso 17:0 0.2 1.4

anteiso 17:0 1.4 0.6

17:0 1.6 1.2

17:1n-8 0.2 0.3

iso 18:0 0.3 0.5

18:0 4.1 5.2

18:1n-9 10.3 5.2

18:1n-7 10.9 12.1

18:2n-6 1.5 1.3

18:2n-4 0.9 0.5

18:3n-3 2.1 1.4

19:0 \0.1 0.2

19:1n-12 0.5 0.3

2-hydroxy 16:0 – 1.5

20:0 0.1 –

20:1n-13 4.0 1.9

20:1n-9 1.3 1.6

20:1n-7 0.9 0.4

20:2D5,11 \0.1 0.1

20:2D7,13 0.9 \0.1

20:2n-6 2.9 2.0

20:3D5,11,14 0.2 0.5

20:3n-6 1.5 0.8

20:3n-3 2.3 1.2

20:4n-6 5.1 17.1

20:5n-3 3.9 9.5

22:1n-15 0.6 0.3

22:2D5,9 \0.1 2.8

22:2D7,13 2.5 \0.1

22:2D7,15 0.8 0.3

22:3D7,13,16 1.4 0.5

22:3n-6 0.4 0.2

22:4n-6 2.2 1.6

Table 1 continued

FA TAGa PLb

22:4D7,13,16,19 0.3 0.1

22:5n-3 1.0 0.6

24:0 \0.1 0.1

24:2D5,9 \0.1 0.9

24:3D5,9,15 0.1 0.9

24:3D5,9,17 \0.1 0.3

a Minor FA (\0.1%), identified, such as 12:0, 16:1n-5, 18:1n-13,

18:2D5,9, 20:2D5,9, 20:2D5,13, 20:2n-3, 20:4D5,11,14,17, 22:1n-9,

22:2D9,15, 22:3D5,9,15, 22:4n-3, 24:2D9,15, 24:2D9,17,

24:3D9,15,18, 24:4D5,9,15,18, 24:4n-6, 24:5D5,9,15,18,21, and

24:5n-3 were excluded from Table 1
b Minor FA (\0.1%), identified, such as 16:1n-5, 18:1n-13, 18:2D5,9,

20:2D5,13, 20:2n-3, 20:4D5,11,14,17, 22:3D5,9,15, and 22:4n-3 were

excluded from Table 1
c 4,8,12-Trimethyltridecanoic acid
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system, such as 22:3D5,9,15, 24:3D5,9,15, 24:3D5,9,17,

24:4D5,9,15,18, and 24:5D5,9,15,18,21, as described pre-

viously [8,9].) These D5,9-dienoic FA, some of which are

frequently present in marine sponges [12, 17, 22, 24], were

mainly detected in the TAG in small amounts. Although

all-cis-D5,9-dienoic FA with 18 and 20 to 23 carbon atoms

have been found in whole bodies of the sea anemone

Stoichactis helianthus [23], the detailed distribution of both

even- and odd-numbered all-cis-D5,9-dienoic FA occurring

in marine gastropods and their gonads is reported here for

first time. The identified dienoic FA, together with other

unusual NMI FA, may be incorporated from the limpet’s

diet or may be biosynthesized by some of the limpet’s

symbiotic organisms including microorganisms, but the

reason remains unclear. Some D5,9-dienoic FA are known

to arise from a symbiotic relationship of associated bacteria

with host cells of marine invertebrates [25].

Based on the results noted above, the large variety of

positional isomer structures was of very special interest

because it is first unique dienoic FA isomer composition

Table 3 Distribution of positional isomers (%) of dienoic FA in

female gonads of the limpet Cellana grata

FA TAG PL

16:2n-6 47.9 –

16:2n-4 52.1 –

18:2D5,9 3.1 2.3

18:2D5,11 2.1 –

18:2n-7 1.4 5.7

18:2n-6 55.8 92.0

18:2n-4 37.6 –

19:2D5,11 0.5 –

19:2D5,13 0.2 –

19:2n-9 2.5 –

19:2n-7 51.6 100

19:2n-6 16.9 –

19:2n-4 24.8 –

19:2n-3 3.5 –

20:2D5,9 \0.1 –

20:2D5,11 10.6 1.0

20:2D5,13 4.5 \0.1

20:2D7,13 17.3 0.5

20:2D9,13 \0.1 –

20:2n-7 1.7 –

20:2n-6 63.6 96.5

20:2n-5 0.3 –

20:2n-3 2.0 2.0

21:2D5,9 \0.1 –

21:2D7,13 38.1 25.3

21:2D7,15 3.8 10.1

21:2D7,16 37.4 64.6

21:2n-7 3.9 –

21:2n-6 13.5 –

21:2n-5 3.3 –

22:2D5,9 \0.1 89.8

22:2D7,13 68.4 1.0

22:2D7,15 29.6 9.2

22:2D7,17 \0.1 –

22:2D9,15 \0.1 –

22:2n-11 1.2 –

22:2n-9 0.8 –

22:2n-7 \0.1 –

23:2D5,9 100 –

24:2D5,9 1.0 –

24:2D9,15 55.8 –

24:2D9,17 43.2 100

The proportion of each isomer was calculated from the total isomers

Table 2 Distribution of positional isomers (%) of monoenoic FA in

female gonads of the limpet Cellana grata

FA TAG PL

14:1n-7 57.1 –

14:1n-5 42.9 –

16:1n-9 19.1 15.5

16:1n-7 80.9 84.5

16:1n-5 \0.1 \0.1

15-Me-16:1D9 \0.1 –

17:1n-10 2.1 –

17:1n-8 25.5 23.0

17:1n-7 19.2 16.4

17:1n-6 15.4 13.6

17:1n-5 37.8 47.0

17:1n-3 – \0.1

18:1n-13 \0.1 3.2

18:1n-9 46.1 28.3

18:1n-7 52.1 65.9

18:1n-5 1.8 2.6

19:1n-12 35.2 25.9

19:1n-10 32.6 5.8

19:1n-8 12.2 58.2

19:1n-6 5.2 2.9

19:1n-5 14.8 5.6

19:1n-4 \0.1 1.6

20:1n-13 55.6 49.1

20:1n-9 25.4 40.6

20:1n-7 19.0 10.3

20:1n-5 \0.1 –

22:1n-15 92.0 100

22:1n-9 8.0 \0.1

22:1n-7 \0.1 –

The proportion of each isomer was calculated from the total isomers
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found in gonads of marine gastropods. Although basic

knowledge of the physiological activities of all-cis-D5,9-

dienoic FA and their derivatives is very limited [26, 27],

very long chain D5,9-dienoic FA possessing a cyclopro-

pylidene group and 30:3D5,9,21 isolated from an

Australian sponge, Amphimedon sp., and the known

27:2D5,9 and 28:2D5,9 isolated from marine sponges

inhibit human DNA topoisomerase I. These findings sug-

gest that an essential factor of the inhibition is the location

of the 5,9-double bonds rather than the presence of a cy-

clopropylidene moiety [26]. Furthermore, a 1:2 mixture of

23:2D5,9 and 24:2D5,9 isolated from the Turkish sponge

Agelas oroides inhibits the activity of an enoyl-acyl carrier

protein reductase, which catalyzes the last step in each

cycle of FA elongation, a key enzyme of FA biosynthesis,

in Plasmodium falciparum, which causes malaria in

humans, and in Escherichia coli [27]. Therefore, among the

six different D5,9-dienoic FA identified in this study, some

of them may play roles in a physiological activity in limpet

gonads. This will be studied in the future in the physiology

of limpet gonads.

Positional Isomers of Trienoic FA

Table 4 lists the distribution of positional isomers of trie-

noic FA, some of which were unusual NMI polyenoic FA

with 23 and 24 carbon atoms. In this study, 16:3n-4, 16:3n-

3, 16:4n-3, and 16:4n-1 were not detected, although these

FA were found in the limpet gonads and soft bodies of

P. depressa [5]. This difference may be linked to the

limpet’s diet and environmental conditions.

Among NMI trienoic FA, small amounts of 20:3D5,11,14,

together with 20:4D5,11,14,17, are frequently present in

gastropods and plants, such as the bivalves Meretrix lusoria,

Tapes philippinarum, Corbicula japonica, Crassostrea

gigas, and Mytilus coruscus [28], the algae of Phaeophyta

[29], and seeds of Gymnospermae [30]. The most abundant

isomer 22:3D7,13,16 of positional isomers of 22:3 together

with 22:3D8,14,18, which was tentatively identified by

capillary GC-MS of its picolinyl ester derivative (Table 4),

and 22:3D5,9,15, were present in TAG. A very small amount

of 22:3D7,13,16, together other NMI FA, has been reported

for some marine invertebrates, such as the bivalves Unio

tumidus [19], Crassostrea gigas [31], Megangulus zyono-

ensis [32], and Ruditapes philippinarum [33] and the sponge

Petrosia ficiformis [34].

In this study, an unknown trienoic acid was detected in

very small amounts in TAG. The methyl ester had an ECL

of 23.71 on an Omegawax-320 column at 200 �C. The

mass spectrum (MS) of this methyl ester showed a

molecular ion peak at m/z 362 (relative intensity, 5%) and a

characteristic ion peak at m/z 331 (relative intensity, 6%)

due to a loss of OCH3, suggesting a tricosatrienoic acid.

The structure was confirmed by the disappearance of the

Table 4 Distribution of positional isomers (%) of trienoic FA in

female gonads of the limpet Cellana grata

FA TAG PL

18:3n-6 \0.1 \0.1

18:3n-4 17.2 9.8

18:3n-3 82.8 90.2

20:3n-9 1.8 5.7

20:3D5,11,14 2.8 11.0

20:3n-6 35.1 26.9

20:3n-4 5.0 9.2

20:3n-3 55.3 47.2

21:3n-7 100 –

22:3D5,9,15 \0.1 6.0

22:3n-9 0.9 4.8

22:3D7,13,16 81.1 58.5

22:3n-6 12.5 30.7

22:3D8,14,18a \0.1 –

22:3n-4 1.1 –

22:3n-3 4.4 –

23:3D7,13,16b 100 –

24:3D5,9,15 61.7 76.6

24:3D5,9,17 37.3 23.4

24:3D9,15,18 1.0 –

The proportion of each isomer was calculated from the total isomers
a Picolinyl ester, m/z (%); 92 (100), 164 (49), 220 (6), 246 (9), 302

(10), 328 (5), 356 (7), 382 (7), 425 (M+, 41)
b Picolinyl ester, m/z (%); 92 (100), 164 (66), 206 (10), 232 (4), 288

(4), 314 (34), 328 (9), 354 (10), 439 (M+, 37)

Table 5 Distribution of positional isomers (%) of tetraenoic and

pentaenoic FA in female gonads of the limpet Cellana grata

FA TAG PL

18:4n-6 15.4 –

18:4n-3 84.6 –

20:4n-6 99.0 99.2

20:4D5,11,14,17 1.0 0.8

20:4n-3 \0.1 \0.1

22:4n-6 80.1 98.7

22:4D7,13,16,19 14.4 1.3

22:4n-3 5.5 –

24:4D5,9,15,18 16.3 –

24:4n-6 83.7 –

20:5n-3 100 100

22:5n-3 100 100

24:5D5,9,15,18,21 4.0 –

24:5n-3 96.0 –

The proportion of each isomer was calculated from the total isomers
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corresponding GLC peak upon catalytic hydrogenation and

by a molecular ion peak at m/z 368 for the corresponding

methyl ester of n-tricosanoic acid. For further analysis of

the double bond positions of this triene, the methyl tri-

cosatrienoate was directly converted into its picolinyl ester

derivative. The MS of the picolinyl ester gave a molecular

ion at m/z 439, and the characteristic ions of the double

bond positions, shown in Table 4, were in good agreement

with those of the picolinyl ester 22:3D7,13,16 [14]. On the

basis of the results described above, the triene detected in

this study was determined to be 23:3D7,13,16, which was

presumed to have all cis double bonds by comparison of its

ECL values with those of all-cis-D7,13,16–22:3 using two

different GLC columns, an Omegawax-320 and a SAC-5,

and the same behavior of all-cis-D7,13,16–22:3 using

argentation TLC. To the best of our knowledge, this is the

first report of tentative identification of all-cis-D7,13,16–

23:3 from living organisms. An interesting finding was the

presence of a very unusual triene 23:3D7,13,16, together

with 22:3D7,13,16, in the TAG of this species. However,

compared with the even-numbered polyenoic FA occurring

marine gastropods, which include bivalves, limpets, and

their gonads, odd-numbered polyenoic FA with more than

21 carbon atoms, other than 21:5n-3, were not detected due

to their very miniscule or small amounts. The biosynthesis

of 23:3D7,13,16, like that of 22:3D7,13,16 as previously

reported for marine bivalves [31, 35], may proceed by D5-

desaturation followed by elongation (Fig. 1), but corrobo-

rating this hypothesis requires additional studies.

Positional Isomers of Tetraenoic and Pentaenoic FA

Table 5 lists the distribution of positional isomers of tet-

raenoic and pentaenoic FA. In this study, a total of 34

different NMI FA with 2–5 double bonds were identified,

although the physiological role and function of these FA

are unknown. Nonmethylene-interrupted fatty acids are

present not only in invertebrates [36, 37] including marine

gastropods and sponges, and also in plant seeds [30, 38],

cellular slime mold [39], and fungus species [40].

As reported previously, positional isomers of unusual

tri-, tetra-, and pentaenoic FA with 24 carbon atoms,

24:3D5,9,15, 24:3D5,9,17, 24:3D,9,15,18, 24:4D5,9,15,18,

24:5D5,9,15,18,21, 24:4n-6, and 24:5n-3, were present

only in TAG in small amounts [9], but the reason is still

unclear. Among these FA with 24 carbon atoms, both

24:4n-6 and 24:5n-3, which each accounted for less than

0.1% of total FA, together with minor n-6 and n-3 poly-

unsaturated FA with 24, 26, 28, and 30 carbon atoms,

have been identified in three crustacean species of the

order of Bathynellacea [41]. Small amounts of 24:4n-6,

together with five minor NMI FA, 20:2D5,11, 22:2D7,13,

22:2D7,15, 20:3D5,11,14, and 20:4D5,11,14,17, were

found in marine and freshwater gastropod species from the

littoral zone of the Red Sea, Mediterranean Sea, and Sea of

Galilee, mostly comprising less than 1% of total FA [42].

In contrast, 24:5n-3, 21:5n-3, and 22:5n-3, less than 1% of

total FA, together with considerable amounts of 20:5n-3,

were found in gonads of the oyster Ostrea edulis [43]. The

differences in the polyenoic FA compositions among

marine gastropod species may be due to different envi-

ronmental conditions and dietary habits.

This study, together with previous studies [8, 9], showed

that a large diversity of unsaturated FA and their positional

isomers was present in the female gonad lipids of C. grata,

especially in TAG, the most abundant lipid class, which

consisted of 29 monoenoic FA, 42 dienoic FA, and 20

trienoic FA with both odd- and even-numbered chain

lengths. Furthermore, a wide range of NMI dienoic FA

with double bonds at D5,9, together with D5,11, D5,13,

D7,13, D7,15, D7,16, D7,17, D9,13, D9,15, and D9,17, and

NMI polyenoic FA (22:3D5,9,15, 24:3D5,9,15,

24:3D5,9,17, 24:4D5,9,15,18, and 24:5D5,9,15,18,21) with

a 5,9-double bond system, were characterized by capillary

GC–MS of their FA derivatives, although most of these FA

were minor components. Expansion of our knowledge of

the occurrence and structure of unusual minor FA as well

as major FA in the marine environment and organisms may

be linked to the clarification of their physiological roles in

marine organisms and their tissues. The present results may

provide valuable information for comparative biochemical

studies of the occurrence and distribution of unsaturated

FA of positional isomers in marine invertebrate gonads.

Further studies are needed to investigate whether the FA

compositions of limpet gonads are the effects of environ-

mental factors or are related to the reproductive cycle.
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* Not found in this sample 

Fig. 1 Possible biosynthetic

pathways for NMI trienoic FA
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Abstract To understand the bilayer interaction with

paclitaxel, fluorescence polarization, Fourier transform

infrared spectroscopy (FT-IR) and 31-phosphorus nuclear

magnetic resonance (31P-NMR) studies were performed on

paclitaxel bearing liposomes. Fluorescence anisotropy of

three probes namely, 1,6-diphenyl-1,3,5-hexatriene (DPH),

12-(9-anthroyloxy) stearic acid (12AS) and 8-anilino-1-

naphthalene sulfonate (ANS) were monitored as a function

of paclitaxel concentration in the unsaturated bilayers. The

incorporation of paclitaxel decreased anisotropy of 12AS

and ANS probes, while slightly increased anisotropy of

DPH. Paclitaxel has a fluidizing effect in the upper region

of the bilayer whereas the hydrophobic core is slightly

rigidized. FT-IR spectroscopy showed an increase in the

asymmetric and symmetric methylene stretching frequen-

cies, splitting of methylene scissoring band and broadening

of carbonyl stretching mode. These studies collectively

ascertained that paclitaxel mainly occupies the coopera-

tivity region and interact with the interfacial region of

unsaturated bilayers and induces fluidity in the headgroup

region of bilayer. At higher loadings ([3 mol%), paclitaxel

might gradually tend to accumulate at the interface and

eventually partition out of bilayer as a result of solute

exclusion phenomenon, resulting in crystallization; seed

non-bilayer phases, as revealed by 31P-NMR, thereby

destabilizing liposomal formulations. In general, any

membrane component which has a rigidization effect will

decrease, while that with a fluidizing effect will increase,

with a bearing on headgroup interactions, partitioning of

paclitaxel into bilayers and stability of the liposomes.

Keywords Paclitaxel � Bilayer � 31P-NMR �
Fluorescence polarization � FT-IR � Interaction �
Stability

Abbreviations

12AS 12-(9-Anthroyloxy) stearic acid

ANS 8-Anilino-1-naphthalene sulfonate

DPH 1,6-Diphenyl-1,3,5-hexatriene

FT-IR Fourier transform infrared spectroscopy

31P-NMR 31-Phosphorus nuclear magnetic resonance

PC Phosphatidylcholine

PG Phosphatidylglycerol

Introduction

Paclitaxel has shown impressive performance in the clinic

after its discovery due to its unique mechanism of action on

microtubules and multiple pharmacological effects on

rapidly dividing cells of tumor and its vasculature [1, 2]. In

the clinic, paclitaxel is used for treatment of refractory

breast and metastatic ovarian cancers, AIDS-related

Kaposi’s sarcoma, small and non-small cell lung, neck and

colon cancers. This natural diterpenoid, a high molecular

weight compound (854 Da) (Fig. 1), is extremely hydro-

phobic and has low aqueous solubility. After extensive

formulation efforts, the final formulation selected for

clinical use to deliver paclitaxel consisted of cremophor EL
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and ethanol. However, the former excipient has been

responsible for causing hypersensitivity reactions in

patients which necessitates concomitant administration of

anti-histamines and steroidal anti-inflammatory drugs. In

order to overcome the current drawbacks and improve the

delivery of this promising antineoplastic agent, huge

number of efforts are being made to develop alternative

formulations of paclitaxel such as, emulsions, liposomes,

micelles, nanoparticles, prodrugs, conjugates, etc. [1].

Among various approaches listed above, there are several

advantages associated with the use of liposomal formula-

tions for which reason liposomes have been extensively

studied as carriers for anticancer drugs. For instance,

encapsulation of antineoplastic drugs in liposomes has

proved promising to increase therapeutic ratio of chemo-

therapeutic agents as well as to combat multidrug

resistance in cancer chemotherapy [3, 4]. In this regard,

liposomal formulations of paclitaxel have been prepared to

reduce toxicity of free drugs and tested in animals and

humans [5, 6].

Keeping in view the significant developments in lipo-

somal paclitaxel delivery, it is pertinent to understand the

nature of the interaction of paclitaxel with the liposomal

bilayer. A comprehension of the location and depth of

penetration into the bilayer of the molecule would be of

immense value for successful formulation and in vivo

delivery. Since paclitaxel possess no charge, it is antici-

pated that the hydrophobic nature promotes partitioning

and location within the bilayer. The interaction of paclit-

axel with bilayers has been previously investigated with the

help of fluorescence polarization, circular dichroism, DSC,

and FT-IR techniques [7–9] which indicate both fluidizing

and rigidization effects of paclitaxel. In order to better

anchor the molecule in bilayers, different 20-acyl prodrugs

of pacliatxel were synthesized which varied with respect to

the acyl chain length (C-6, 12, 16) [10]. Based on DSC

studies, they showed that taxane prodrugs were solvated to

a greater degree in dimyristoyl PC bilayers than dipalmi-

toyl PC, distearoyl PC bilayers and, the association of these

prodrugs was better than paclitaxel itself which further

increased with the 20-acyl chain length. In this work, it was

also reported that the enthalpy of transition decreased with

increasing amounts of paclitaxel within liposomes from

which they related paclitaxel induced perturbation of

bilayers to disruption of hydrogen bonding at lipid–water

interface. Although a considerable number of reports point

to the localization of paclitaxel at the membrane–water

interface, to the best of our knowledge, so far, experimental

evidence on the type of interaction and paclitaxel induced

perturbation of interfacial region has not been substantial.

In the present work, we make an attempt to further

understand the interaction of paclitaxel with unsaturated

lipid bilayers, and provide evidence for the interaction of

paclitaxel with phospholipid headgroup region. Data

acquired from spectroscopic studies comprising fluores-

cence anisotropy and FT-IR was useful in understanding

the paclitaxel–bilayer interactions in terms of membrane

dynamics and lipid acyl chain conformational changes. At

the same time, 31P-NMR was employed as a more direct

indicator of the effects induced in headgroup region as well

as to detect type of perturbations imposed on the bilayer by

paclitaxel.

Experimental Procedures

Materials

Paclitaxel was a sample donated by Dabur India Ltd.

Soya phosphatidylcholine (PC) and phosphatidylglycerol

(PG) trans-esterified from soya PC were kindly provided

by Natterman Phospholipids (Germany). 1,6-Diphenyl-

1,3,5-hexatriene (DPH), 12-(9-anthroyloxy) stearic acid

(12AS) and 8-anilino-1-naphthalene sulfonate ammonium

salt (ANS) were procured from Sigma-Aldrich (USA) and

Fluka (Switzerland), respectively. Membrane filters were

purchased from Millipore (USA). All other reagents were

analytical or reagent grade. Water obtained from an

ELGA purification unit (UK) was used throughout the

study.

Preparation of Paclitaxel Liposomes

Liposomal dispersions of paclitaxel were prepared by the

film-hydration method [11]. Appropriate quantities of

paclitaxel, PC and PG stock solutions in chloroform were

place in a round-bottomed flask and chloroform was

removed under vacuum. In all cases the PC:PG mole ratio

was 9:1. The drug–lipid mixture was re-dissolved in a

cyclohexane-tert-butanol solvent system (0.5:1 v/v) and the

organic phase was removed by rotary evaporation to obtain

a drug–lipid film. The film was subjected to vacuum for an

additional period of time in order to remove traces of

Fig. 1 Structure of paclitaxel
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solvent before hydration using a 0.9% (w/v) sodium chlo-

ride medium. After hydration of the film, the multilamellar

vesicles obtained were extruded through polycarbonate

filters of 0.4 lm pore size for further studies.

Analysis of Liposomal Components

The purity of the phospholipids used in the study was

assessed by thin layer chromatography with two different

mobile phases of different polarities and all samples

exhibited a single spot. In addition, total lipid, PG in

liposomal formulations were analyzed by the colorimetric

methods described earlier [12, 13].

Steady-State Fluorescence Anisotropy Measurements

Both drug-containing and drug-devoid liposomes were

prepared as mentioned in earlier section and labeled with

fluorescent probes. The preparations contained lipids at

2 mg ml-1 concentration while the concentration of the

drug was varied from 0.5 to 10 mol% with respect to the

lipid. All liposomal preparations had a PC:PG mole ratio

of 9:1 and were extruded through 0.4 lm membrane fil-

ters. The lipid to probe ratios of DPH, 12AS and ANS

were 300:1, 200:1 and 100:1, respectively. Since the

membrane probe concentrations are infinitesimally small,

the lateral distributions of probes in liposomes primarily

measure the dynamic component of membrane fluidity.

DPH and 12AS stock solutions were prepared in tetra-

hydrofuran and added to extruded preparations while

ANS was included in the medium for film hydration.

After allowing a 2-h equilibration period in the dark,

75 ll of each formulation containing DPH or 12AS probe

and 200 ll of formulation containing ANS were further

diluted to 3 ml with saline for fluorescence anisotropy

measurements. Fluorescence measurements were carried

out on a Perkin Elmer LSB 50 spectrofluorimeter (UK)

equipped with a circulating water bath and fluorescence

anisotropy (r) was calculated according to the following

equation:

r ¼ Ip � Iv

� �
= Ip þ 2Iv

� �
ð1Þ

where Ip and Iv are the fluorescence intensities of the

emitted light polarized parallel and perpendicular to the

excited light, respectively. ‘‘G’’ factor = 1. The excitation

and emission slit widths were 5 and 10 nm while the

excitation and emission wavelengths in nanometers of

DPH, 12AS and ANS were as follows: (1) 380 and 430, (2)

370 and 450, (3) 380 and 480. During measurements, the

temperature of the sample was controlled with an accuracy

of ±0.2 �C of set temperature and, the phospholipid

concentration was kept to \1 mg ml-1 to minimize inter-

ference from light scattering.

Attenuated Total Reflectance FT-IR Studies

Infrared spectra were measured at room temperature on a

Bruker Vector 22 attenuated total reflectance FT-IR spec-

trometer (Bruker Optik GmbH, Ettlingen, Germany). To

obtain the FT-IR spectra, 100 ll of liposome dispersions

were placed on a germanium crystal and scanned in the

range 600–3,000 cm-1. A total of 100 scans were collected

and coadded with a spectral resolution of 2 cm-1. Back-

ground spectrum was always collected under identical

conditions. The same liposomal preparations as described

for NMR studies were used here.

31P-NMR Analysis

Liposomal formulations were prepared in a saline medium

to obtain a final lipid concentration of 40 mg ml-1. 31P-

NMR spectra were recorded (phosphoric acid standard) on a

Bruker 300 spectrometer operating at 121.45 MHz in a

5-mm broad band probe at 25 �C as previously reported

[14]. Each sample was suspended in 10% D2O and

5,000–5,200 transients were accumulated with a pulse

length of 14 ls and 1 s relaxation delay. The free induction

decays were processed using an exponential line broadening

of 100 Hz prior to Fourier transformation.

Results

Liposomes containing paclitaxel were prepared at varying

drug:lipid ratios at a fixed lipid composition (PC/PG:9/1)

and the mean recoveries of total phospholipids and PG

colorimetry were 95(±7.1) and 96(±5.5), respectively. In

view of crystallization problems, formulations were also

analyzed for paclitaxel content by a radiochemical

method of analysis after centrifugation at 5,000 rpm for

5 min to sediment precipitated drug/lipids. The encapsu-

lation of paclitaxel was always greater than 90% which

shows the presence of pre-determined drug:lipid ratios in

formulations during the time-frame of characterization.

Subsequently, the sort of perturbations caused in bilayer

physical properties were investigated by spectroscopic

techniques to elucidate the interaction of paclitaxel with

these unsaturated phospholipid membranes. By using

fluorescent probes, it was possible to determine fluidity/

rigidity of the lipid membrane due to paclitaxel as a

function of depth within the bilayer. Further, the non-

perturbing FT-IR spectroscopy technique allowed us to

consolidate the findings of fluorescence polarization and

to clarify the dynamics both in hydrocarbon and head-

group regions. Finally, 31P-NMR shed light on the taxane

induced generation of a non-bilayer phase that co-exists

with the regular bilayer phase.
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Steady-State Fluorescence Anisotropy Studies

For a given probe, the degree of fluorescence polarization

depends on the rotation of the fluorophore relative to the

direction of its emission transition moment [15]. The

steady-state fluorescence anisotropy technique adopted

here for examination of paclitaxel in the bilayer employed

three probes, namely, DPH, 12AS and ANS which locate at

different regions in the bilayer. Anisotropy measurements

were done at 30 and 40 �C for liposomes at different

paclitaxel loadings (Fig. 2). In general, anisotropy at 40 �C

was observed to be lower when compared to 30 �C for all

the probes at all drug loadings (as temperature is raised,

more gauche rotamers are excited in the bilayer hydro-

carbon) except for ANS where, the trend was reversed at

greater than 3 mol% loadings (Fig. 2c). Barring this

exception, anisotropy curves followed nearly identical

trends for all probes at both temperatures.

At a given temperature, when the affect of paclitaxel on

fluorescence anisotropy of DPH in soya PC:PG (9:1)

bilayers was studied, the incorporation of paclitaxel caused

a slight increase in anisotropy (Fig. 2a). It was also evident

from Fig. 2 that at fixed temperature, the changes brought

about in fluorescence anisotropy of DPH due to varying

concentrations of paclitaxel were of considerably smaller

magnitude than for the other two probes. Anisotropy values

for DPH located in the hydrophobic core of bilayer

increased slightly up to 1 mol% of paclitaxel after which a

first plateau was observed till 3 mol%. Further increase in

anisotropy was also seen with increase in drug loading

from 3 to 5 mol% following which a second plateau was

attained. In order to draw further information on the

location of paclitaxel, 12AS was selected to understand the

effects in the acyl chain region just above center of bilayer.

The AS probes (2AS, 7AS and 12AS) have a stearic acid

backbone that is intercalated parallel to fatty acid chains of

the phospholipids with its charged carboxylic group

anchored at interfacial region of the bilayer and 12AS

probes region from the 8–9th to the 15–16th carbon [16]. In

case of 12AS, the presence of paclitaxel even at lowest

concentrations studied (0.5 mol%) decreased anisotropy

values (Fig. 2b) and this was followed by a moderate

increase thereafter with increasing paclitaxel concentra-

tions (beyond 3 mol%).

Following anisotropy studies in the bilayer using DPH

and 12AS probes, an attempt was also made to understand

the interfacial phenomena exploring ANS probe. Since

ANS is an interface probe, its anisotropic behavior physi-

cally reflects changes more on the bilayer surface

morphology than in the lipid bilayer core. With increasing

paclitaxel concentration, trends similar to that of 12AS

were also observed in the case of ANS at both temperatures

(Fig. 2c); the only points of difference being that the initial

fall in anisotropy was less steep and a sudden increase was

observed after 3 mol% loading. At 3 mol% of paclitaxel,

anisotropy values were 0.183, 0.15 and 0.11 for DPH, ANS

and 12AS, respectively, at 30 �C. The highest anisotropy

values attained for the three probes at 30 �C were in the

following order: DPH [ 12AS [ ANS (0.204 [ 0.177 [
0.175). Clearly, the anisotropy curves for all probes

showed no change at paclitaxel loadings greater than

5 mol% suggesting that at higher than optimal paclitaxel–

lipid concentrations, the excess amounts may no longer be

associated with the membrane interiors [17].

Attenuated Total Reflectance FT-IR Studies

FT-IR spectroscopy was employed to examine the effects of

paclitaxel on the conformation of lipid acyl chains as well

as headgroup and interfacial regions. Spectra of control

and paclitaxel-loaded liposomes over the 3,000–800 cm-1

Fig. 2 The effect of paclitaxel on microviscosity of PC:PG = 9:1

(mol/mol) bilayers studied by steady-state fluorescence anisotropy (r)

using membrane probes a DPH, b 12AS and c ANS. The lipid to

probe ratios used were 300:1, 200:1 and 100:1 for DPH, 12AS and

ANS. Filled diamonds 30 �C, filled squares 40 �C
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range are shown in Fig. 3, and frequencies of selected

absorption bands are listed in Table 1. Absorption bands

considered to yield the most useful information on the

analysis of FT-IR spectra are: methylene asymmetric

and symmetric stretching, carbonyl stretching, phosphate

asymmetric and symmetric stretching modes. In the

hydrocarbon region, C–H stretching frequencies increase

with increase in the number of gauche conformers while

the bands broaden as a result of increasing motional free-

dom of methylene groups. In the spectral region of

3,000–2,800 cm-1 for control liposomes, the acyl chain

methylene C–H bond asymmetric stretching mas (CH2) and

symmetric stretching ms (CH2) were observed at 2,925 and

2,852 cm-1, respectively. Due to paclitaxel, mas (CH2)

stretch frequencies were unaltered while ms (CH2) frequency

was *2,854 cm-1. Though mas (CH2) was not affected due

to paclitaxel, that of ms (CH2) stretch was substantially

increased (2 cm-1). Further, the methyl C–H bond asym-

metric stretch mas (CH3) mode which was observed at

2,966 cm-1 for control liposomes, was less apparent in

paclitaxel liposomes due to broadening. These changes

were also accompanied by significant increases in

band widths of mas (CH2) and ms (CH2) stretch frequencies

(Fig. 3, inset) indicating to alteration of lipid acyl chain

dynamics [18].

The other most useful information regarding acyl chain

packing and inter-chain interactions is derived from CH2

scissoring and wagging modes. For control liposomes a

single sharp peak representing acyl CH2 scissoring mode

was observed at 1,456 cm-1 while for paclitaxel lipo-

somes, it was observed with reduced intensity between

1,458 and 1,460 cm-1. On the other hand, the acyl CH2

wagging mode comprised multiple peaks in the spectra of

control liposomes at 1,317, 1,289 and 1,261 cm-1 were not

only shifted but also broadened by the incorporation of

paclitaxel. The peak at 1,370 cm-1 observed in control

liposomes which is considered to originate from the ter-

minal ds (CH3) symmetric bending mode, was found at

1,369–1,371 cm-1 for paclitaxel liposomes whose intensity

lowered as a function of loading. The other weak bands

corresponding to that of CH2 scissoring adjacent to C=O

group and terminal das (CH3) asymmetric bending modes

were found at 1,422 and 1,432 cm-1, respectively, in

absence of paclitaxel. Upon incorporation of drug, these

peaks merged into a single broad band and lacked sufficient

resolution which did not allow assignment of frequencies

to individual bands. Such characteristic changes in IR

behavior of CH2 adjacent to C=O are possibly reflective of

conformational changes in the interface of bilayer which is

in line with the changes observed for the carbonyl

stretching band, as discussed below.

In the spectral region of 1,700–1,800 cm-1, the phos-

pholipid ester carbonyl stretching mode m (C=O) was

observed as a sharp and symmetric peak at 1,741 cm-1 in

the absence of paclitaxel in bilayers. However, there was a

gradual broadening of the m (C=O) band with an increasing

concentration of paclitaxel and the intensity of the peak

was lost to the developing shoulder on the low frequency

side leading to peak asymmetry. The other important fea-

ture in spectra at the interfacial region of lipid membranes

is that representative of C–O stretching, namely m (OC–O)

of esters of fatty acyl chains. This peak observed at

1,170 cm-1 (0 mol%) was broadened with paclitaxel

concentration (1–2 mol%) but reappeared at 3 mol% as a

weak signal. These observations are not only suggestive of

unique interactions of the C=O group at the interface but

Fig. 3 FT-IR spectra of soya

PC:PG=9:1 (mol/mol)

liposomes in hydrated state

containing 0 (a) 1 (b) 2 (c) and

3 (d) mol% pacliatxel. Spectra

are plotted in absorbance mode.

The inset on left-top shows acyl

C–H stretch frequency bands.

Also see Table 1 for designation

and assignment of peaks. Note

that C=O peak of a was

truncated for clarity reasons
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the reappearance of the C–O peak also indicates paclitaxel

concentration being dependent on organizational differ-

ences of phospholipid molecules [19].

Besides the carbonyl group, the phosphate group is also

sensitive to polarity changes in the headgroup region.

When the effects of paclitaxel on the headgroup region

were monitored via the asymmetric mas (P=O) and sym-

metric ms (P=O) stretch of phosphate, there were significant

shifts in frequency of the former peak. In contrast to the

usually observed single mas (P=O) peak for a given species

of phospholipid, IR spectra here showed two well resolved

peaks at 1,226 and 1,212 cm-1; the former peak arising

due to free phosphate and the latter from hydrogen bonded

phosphate. This is considered as being possibly due to the

presence of PG in the liposomes whose –OHs of glycerol

moiety are known to form hydrogen bonds with phosphate

thereby reducing the IR frequency [19, 20]. On this basis,

mas (P=O) at 1,226 cm-1 for blank liposomes was assigned

to free P=O, which was found to shift to 1,228, 1,232 and

1,234 cm-1, respectively, at 1, 2 and 3 mol% paclitaxel

loadings. On the other hand, mas (P=O) of hydrogen bonded

phosphate moved in the opposite direction, i.e., from

1,212 cm-1 (0 mol% drug) to 1,209 cm-1 (1 mol%) and

1,204 cm-1 (3 mol%) as a result of which the 2 peaks were

clearly resolved. Though paclitaxel shifted both nas (P=O)

stretch of free and hydrogen bonded wavenumbers in lip-

osomes, ns (P=O) stretch wavenumber was only slightly

altered (1,089–1,887 cm-1).

Other important changes include, a prominent shift in m
(R-O–P-O-R’) stretch band from 1,067 cm-1 (control

liposomes) to 1,061, 1,055 and 1,049 cm-1 for 1, 2 and

3 mol% paclitaxel loaded liposomes. Another peak dis-

tinctly observed in control liposomes but absent from

paclitaxel liposomes was located at 1,019 cm-1, and this

peak was a result of C–OP stretch in phosphate ester

region. Further, in the headgroup region, N(CH3)3 bending

mode located at 1,489 cm-1 and n (P–O) phosphate ester

stretch at 810 cm-1 were all considerably broadened upon

incorporation of paclitaxel in liposomes. In addition to

effect on nas (P=O) vibration, concomitant changes recor-

ded for the n (P–O) and n (C–OP) frequencies are also in

support of paclitaxel mediated changes in the phosphate

group. The broadening of ns (P=O) and n (R-O–P-O-R’)

vibration bands indicating to greater mobility also is in

agreement with increased fluidity due to paclitaxel in the

headgroup region [20]. Further, in the headgroup region,

broadening of the N(CH3)3 bending mode and n (P–O)

phosphate ester stretch might confirm findings with the

ANS probe, namely, increased fluidity. A further exami-

nation of headgroup conformational changes was based on

31P-NMR spectroscopy.

31P-NMR Studies

31P-NMR measurements were carried out with paclit-

axel-loaded and paclitaxel-free liposomes to find out

whether the drug was interacting with the headgroups. In

the concentration range studied (1–3 mol%), all formu-

lations showed an intermediate-type powder spectrum

with a high-field peak at approx. -7 ppm and a low-field

Table 1 Infrared absorption

frequencies of acyl chain,

interface and headgroup regions

of soya PC/PG:9/1 liposomes at

various loadings of paclitaxel

Spectra are shown in Fig. 3

b Broad, n not prominent
a Peak assignments were done

according to references [25–28,

32]

Assignmenta Wavenumber (cm-1)

Paclitaxel concentration (mol%) 0 1 2 3

mas (CH3) stretch 2,966 b b b

mas (CH2) stretch 2,925 2,925 2,925 2,925

ms (CH2) stretch 2,852 2,854 2,854 2,854

m (12C=O) stretch 1,741 1,740 1,742 1,742

m (13C=O) stretch 1,682 n n n

mas (N(CH3)3) bend 1,489 n n n

ds (CH2) acyl scissoring 1,456 1,460 1,458 1,459

ds (CH2) scissoring adjacent to C=O 1,422 b b b

ds (CH3) bend 1,370 1,369 1,371 1,370

ds (CH2) acyl wagging 1,317, 1,289, 1,267 1,315 1,315, 1,285 1,313, 1,283

mas (P=O) stretch (free) 1,226 1,228 1,232 1,234

mas (P=O) stretch (hydrogen bonded) 1,212 1,209 1,204 1,204

ms (OC–O) stretch 1,170 b b b

ms (P=O) stretch 1,089 1,087 1,087 1,088

m (R–O–P–O–R0) stretch 1,067 1,061 1,055 1,049

m (C–OP) stretch 1,019 n n n

mas (C–N+–C) stretch 972 970 972 971

mas (O–P–O) stretch 810 b b b
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shoulder typical of bilayer arrangement of phospholipids

within membrane (Fig. 4). The spectrum suggests that

400 nm sized vesicles undergo motional averaging due to

a tumbling motion and the low intensity peak at 0 ppm

superimposed on the main peak for control liposomes

might be due to the presence of small vesicles [20, 21].

An important feature in the spectra following incorpo-

ration of paclitaxel is the emergence of a sharp isotropic

signal at *0 ppm which increased in intensity with

increasing drug concentration (Fig. 4). Also, 31P-peak

positions were observed to slightly shift towards

isotropic signal indicating to fluidization of bilayers [22]

and shapes were altered due to paclitaxel at the peak

crest (Fig. 5). A closer inspection of NMR spectra

discloses that liposomes containing paclitaxel present a

small but distinct increase in the low field shoulder at

the base (Fig. 5). The relation of paclitaxel concentration

in liposomes to the overall peak shape and isotropic

signal intensity at 0 ppm implies concentration-dependent

effects of the molecule on PC:PG lipid bilayers.

Discussion

A number of reports exist in the literature dealing with the

formulation of paclitaxel liposomes, which were shown to

increase the biological half-life of drug [23] and retain anti-

tumor properties of the molecule in cancer models [7]. In

the clinical trials, liposomal paclitaxel was better tolerated

than the cremophor formulation in the absence of standard

premedication drugs even at higher doses [6]. Although

paclitaxel is known to be located at the interface of the

lipid bilayer, specific information about the nature of the

interaction and the part of the phospholipid molecule

involved is lacking. This information may help to better

elucidate formulation aspects and the therapeutic efficacy

of these delivery systems. Hence, in the current investi-

gation an attempt was made to examine paclitaxel-bilayer

interactions and results derived from fluorescence anisot-

ropy, FT-IR and 31P-NMR techniques are presented.

Fig. 4 31P-NMR spectra of

liposomes of composition soya

PC:PG = 9:1 (mol/mol)

prepared by film hydration and

extrusion (400 nm). 0 (a), 1 (b),

2 (c) and 3 (d) mol% paclitaxel

Fig. 5 An overlaid view of 31P-NMR spectra of soya PC:PG (9:1)

liposomes with and without paclitaxel showing narrowing of peak

width as a function of the taxane concentration. Liposomes at 3 mol%

paclitaxel loading not shown here because of large isotropic signal.

Note the gradually developing shoulder on low field with increasing

paclitaxel concentration as indicated with broken-line arrow
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In fluorescence anisotropy studies, a decrease in

anisotropy is explained by the increased fluidity of the

bilayers [17]. If it is assumed that anisotropy of DPH

reflects the average extent of acyl chain motion within the

bilayer core by virtue of its location, the incorporation of

paclitaxel has a weak rigidizing effect in the core of bilayer

(towards the terminal methyl end of the lipid acyl chain,

Fig. 1a). In contrast, the effect of paclitaxel in liposomes

was quite different on 12AS and ANS probes where

anisotropy of 12AS and ANS decreased at 0.5–3 mol%

loading. The decrease in anisotropy of the 12AS probe was

more dramatic (Fig. 2b) and the trend reflects the fluidizing

effect of paclitaxel in the vicinity of this probe below

3 mol% incorporation. Moreover, the anisotropy of ANS

was also found to decrease with the incorporation of pac-

litaxel in the concentration range of 0.5–3 mol% (Fig. 2c)

and this decrease in anisotropy may also be related to

increased fluidity at the interface. The variation in mem-

brane fluidity, that is the occurrence of fluidity gradient

across the bilayer, was also previously demonstrated for

local anesthetics [24]. At [ 3 mol% drug loading, an

increase in ANS anisotropy was observed which might be

attributed to onset of typical aggregation behavior of the

taxane, as pointed out elsewhere [8]. At higher loadings,

the aggregation of paclitaxel monomers into micro-clusters

might occur at the interface resulting in partitioning of the

ANS probe into these structures where the molecules

experience higher anisotropy. Since the magnitude of

anisotropy changes were maximally recorded for 12AS and

ANS probes, it is anticipated that paclitaxel is located

within the vicinity of these probes. In accordance with this

assumption, paclitaxel is mainly located in the coopera-

tivity region (towards the interface) with some part of the

molecule extending into the headgroup region of the

bilayer, as shown previously [10].

Further detailed understanding of intra- and inter-

molecular interactions occurring within lipid membranes

was gained by FT-IR as a non-perturbing physical tech-

nique and these interpretations are classified into spectral

features originating from the nonpolar hydrocarbon acyl

chains, interfacial and headgroup regions (Table 1). Con-

sidering the acyl chain spectral features, the increase in

frequency of the vibration of the ms (CH2) band caused by

paclitaxel (Fig. 3) is a reflection of the change in confor-

mation of the lipid acyl chain from the ordered trans C–C

structure to the disordered gauche C–C structures [25].

Also the conformational disorder caused by paclitaxel was

accompanied by bandwidth increases leading to augmen-

tation of rotational mobility of acyl chains [18]. This fact

was also reinforced by the broadened and decreased

intensity of CH2 scissoring/wagging bands attributed to

increased mobility and higher proportion of gauche con-

formers of methylene groups in acyl chains caused by

paclitaxel [20]. This effect, when put together with

decreased fluorescence anisotropy of 12AS, it may be

regarded that paclitaxel induces an increased degree of

disorderliness in bilayers and leads to increased fluidity of

bilayers [26].

An idea about molecular organization in the interfacial

regions can be drawn by monitoring the spectral properties

of carbonyl (C=O). The C=O band stretching is sensitive to

changes in the polarity of the local environment and is

influenced by hydrogen bonding or other interactions

occurring in the presence of interfacially placed molecules.

Also, any change in the contours of the m (C=O) band has

often been understood in terms of structural and/or

hydration changes at the bilayer interface [20]. In the

present study, the typical alteration in the contour of the m
(C=O) stretch peak (low field shoulder; Fig. 3) by paclit-

axel may be interpreted as conformational changes along

with an increased rate of motion. This is coincident with

the distinct changes generated each in the m (OC–O) stretch

mode and scissoring of CH2 (adjacent to C=O) mode. In

addition to the above-mentioned conformational changes,

the broadening might also indicate to the possibility of

involvement in hydrogen bonding for the population of

carbonyl along the shoulder, since m (C=O) stretch peak

shoulder extended by about 10–20 cm-1 from the principal

peak in the presence of paclitaxel [20]. Hydrogen bonding

of water molecules to m (C=O) group of phospholipid

molecule was shown to shift the carbonyl stretch wave-

number to lower values resulting from a decrease in the

double bond character [26–28]. In this regard, hydrogen

bonding between the carbonyl of the phospholipids and the

OH of water/paclitaxel is an immediate explanation in light

of the decreased (C=O) bond strength. In order to arrive at

a more plausible explanation in search of hitherto proposed

hydrogen bonding, the incumbent evidence gathered from

events occurring in headgroup region namely, mas (P=O),

will be considered.

In the headgroup region of lipid vesicles, the most

widely studied spectral feature is the IR absorption band

of the phosphate because wavenumber of P=O mode is

particularly sensitive to hydration/dehydration state of

phosphate. Generally, mas (P=O) stretch mode is consid-

ered more sensitive and diagnostic of dehydration where,

values around 1,220 cm-1 are reported for hydrated state

and 1,235–1,250 cm-1 are observed for the dehydrated

phosphate group [25]. In this context, an upward shift in

the frequency of mas (P=O) indicates distinct effects of

paclitaxel in the interfacial region arising from dehydra-

tion of phosphate due to the removal of water, because

hydrogen bonding to the oxygen atom would have an

opposite effect, i.e., a decrease in frequency due to

weakening of the vibrational force constant [19]. Since

this comprehension is strongly supported by relevant
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findings in literature and devoid of any ambiguity, it could

be inferred that paclitaxel causes expulsion of water

thereby decreasing the polarity in headgroup region, a

condition favorable for association of hydrophobic taxane

with bilayers at interface. A further extrapolation of this

inference to C=O at interfacial region is that water is

unavailable for hydrogen bonding with carbonyl of

phospholipids thus indicating to the alternative possibility,

i.e., the likely involvement of paclitaxel itself. In fact,

previous studies claimed the location of paclitaxel in

interfacial region of bilayer while the potential of 20/7-OH

groups of the molecule (Fig. 1) to engage in hydrogen

bonding interactions was reported elsewhere [29]. From a

consideration of structure of paclitaxel (Fig. 1), the

involvement of 20-OH in hydrogen bonding with phos-

pholipid may be speculated based on geometrical and

polarity constraints as this would obviate the need for

placing the bulky taxane ring at the bilayer interface.

There are other studies which indicate the existence of

intermolecular interactions via C=O groups by means of

hydrogen bonds in lipid membranes. Based on FTIR

observations, it has been shown that melatonin interacts

with dipalmitoyl PC through strong hydrogen bonding

with (C=O) group [30]. Another publication reported on

the extensive hydrogen bonding phenomenon between

carbonyl ester of egg PC liposomes and OH of galactose

moieties of digalactosyldiacylglycerol [31].

A special feature of PG-containing PC bilayers is the

inter-molecular hydrogen bonding between headgroups

[32] and the increased hydrophobicity of PC bilayers.

Apart from interaction with the carbonyl, paclitaxel also

seems to promote stronger hydrogen bonds between the

hydroxyl of glycerol of PG and the phosphate of PC, i.e.,

following removal of water, the glycerol moiety of PG

more closely interacts with P=O probably due to confor-

mational changes in the headgroup region and steric

factors. On extrapolating these properties of PG in lipid

bilayers to paclitaxel liposomes, the simultaneous increase

in hydrophobicity along with modification of bilayer

headgroup with hydrogen bonding capacities could be held

responsible for the observed favorable effects of PG,

namely, promotion of formulation stability [3, 5].

31P-NMR spectroscopy provides valuable information

on the organization of lipid bilayer vesicles due to

sensitivity of the conformation and dynamics of the

phosphate nucleus in the phospholipid headgroup to the

surrounding environment. Differences in 31P-NMR line

shapes/widths have been understood in terms of orienta-

tion of phospholipid headgroups and the motions that

cause the related residual chemical shift anisotropy.

Boulanger et al. [33] reported 8% change in the 31P-NMR

basal line width in egg PC vesicles in the presence of

charged tetracaine which preferably interacts with bilayers

towards the interfacial region while such changes were

absent with the uncharged form due to localization in the

core of lipid membrane. Similarly, the interfacially

interacting taxane altered 31P-NMR peak crest shapes

(Fig. 5) because fluidity changes in bilayers could affect

the motion of headgroups [20, 34]. To this end, the pos-

sibility of hydrogen bonding of paclitaxel with P=O of

phosphate is ruled out since there is no distinct phos-

phorus peak associated with this event in 31P-NMR

spectra (Fig. 4). Importantly, in the NMR spectra of lip-

osomes there have been two major events associated with

the incorporation of paclitaxel which were concentration

dependent: the appearance of (1) a low field weak

shoulder (increased basal line width) and (2)an isotropic

peak. The shoulder albeit small due to low drug loadings

and liquid crystalline nature of bilayers (Fig. 5), indicate

to perturbations introduced in bilayer by paclitaxel. These

perturbations might result from increased hydrogen

bonding of phosphate with glycerol and the presence of

paclitaxel-rich domains. While the former of the two

possibilities has already been speculated on from FT-IR

data and can be explained by reduced mobility of the

phosphate thereby increasing 31P-NMR basal line widths,

the latter event is based on non-homogeneous distribution

of paclitaxel with lipids as a consequence of which

such domains are formed and phase segregated from the

rest of the membrane [8, 35]. These paclitaxel-rich

domains, in contrast to the rest of the bilayer, would be

featured with higher drug:lipid ratios with unique packing

parameters.

An explanation for the isotropic peak is directed towards

phospholipid molecules being present in non-bilayer pha-

ses (Fig. 5) within the lipid membrane and/or due to the

formation of paclitaxel–phospholipid mixed micelles [36].

Owing to paclitaxel, a small fraction of lipid molecules

participating in the bilayer phase are increasingly brought

into the non-bilayer phase, for example, the hexagonal

phase fostered by PG, whose phosphate headgroups are

featured with rapid motion on the 31P-NMR time scale,

thus exhibiting an isotropic signal [22, 36]. As reported

earlier, the propensity of phospholipids to form non-bilayer

phases followed by accumulation of paclitaxel aggregates

into them is also thermodynamically favorable in view of

reduced perturbation caused on bilayers in the aggregated

state at higher concentrations [8]. Elsewhere, the ability of

amitriptyline to transform egg PC bilayers into mixed

micelles has been described [37–39]. It is highly probable

that with increased loading, paclitaxel is gradually expelled

out of the bilayer into a new non-bilayer transient phase

and; the non-bilayer structures are involved in a fusion

process that would promote coalescence of smaller vesicles

to produce larger liposomes and increase the dispersion

size on the shelf [39, 40].
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Conclusion

The nature of the interaction of a guest molecule with the

lipid bilayer depends not only on its hydrophobicity and

conformation but also on the location of the molecule within

the lipid membrane and the steric compatibility. Paclitaxel

was predominantly observed to have a fluidizing effect on

unsaturated phospholipid liposomal bilayers thereby influ-

encing the acyl chain dynamics. However, the nature of

paclitaxel interaction with the bilayer seems to be rather

complex in that conformational changes are caused almost

ovwe the whole stretch of the membrane as a consequence of

which, its influences are felt from the headgroup to the acyl

chain terminal regions within the the bilayer. Thus, it is

considered that paclitaxel caused a significant alteration in

the conformation of lipid acyl chains and the physical state

of the bilayer. A further examination of these events by

FT-IR spectroscopy revealed dehydrating effects of paclit-

axel on phosphate groups as well its direct or mediated

interaction with the carbonyl of the phospholipid. In addi-

tion, at higher concentrations of paclitaxel, phospholipid

molecules tend to form non-bilayer structures and probably

taxane-rich domains. Given these findings, the examination

of molecular orientation of paclitaxel in bilayer and

non-bilayer phases would be a subject of further interest.
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Abstract 2-Chlorohexadecanal (2-ClHDA), a 16-carbon

chain chlorinated fatty aldehyde that is produced by reac-

tive chlorinating species attack of plasmalogens, is

elevated in atherosclerotic plaques, infarcted myocardium,

and activated leukocytes. We tested the hypothesis that

2-ClHDA and its metabolites, 2-chlorohexadecanoic acid

(2-ClHA) and 2-chlorohexadecanol (2-ClHOH), induce

COX-2 expression in human coronary artery endothelial

cells (HCAEC). COX-2 protein expression increased in

response to 2-ClHDA treatments at 8 and 20 h. 2-ClHA

also increased COX-2 expression following an 8 h treat-

ment. Quantitative PCR showed that 2-ClHDA treatment

increased COX-2 mRNA over 8 h, while 2-ClHA treatment

led to a modest increase by 1 h and those levels remained

constant over 8 h. 2-ClHDA led to a significant increase in

6-keto-PGF1a release (a measure of PGI2 release) by

HCAEC. These data suggest that 2-ClHDA and its

metabolite 2-ClHA, which are produced during leukocyte

activation, may alter vascular endothelial cell function by

upregulation of COX-2 expression.

Keywords Myeloperoxidase �
Reactive chlorinating species (RCS) � Fatty acid �
Fatty alcohol � Plasmalogen � Prostacyclin

Abbreviations

RCS Reactive chlorinating species

2-ClHDA 2-Chlorohexadecanal

2-ClHA 2-Chlorohexadecanoic acid

2-ClHOH 2-Chlorohexadecanol

HDA Hexadecanal

COX-2 Cyclooxygenase-2

NF-jb Nuclear factor kappa B

TNF-a Tumor necrosis factor-alpha

HCAEC Human coronary artery endothelial cells

MPO Myeloperoxidase

Introduction

The inducible form of cyclooxygenase (COX-2) is highly

expressed in atherosclerotic lesions and nearly absent in

normal arterial tissue [1]. Both COX-1, which is constitu-

tively active, and COX-2 catalyze the production of

prostaglandin H2 (PGH2) from phospholipid-derived ara-

chidonic acid [2, 3]. PGH2 is subsequently converted by

cell-specific isomerases into several structurally different

eicosanoids. Activation of the coronary endothelium, leads

to the production and release of PGI2 [4, 5], which has

vasodilatory and anti-atherogenic properties [6–8] that is

partially mediated by upregulation of COX-2 [9].

Myeloperoxidase (MPO), highly expressed in athero-

sclerotic lesions [10], catalyzes the production of potent

oxidants collectively termed reactive chlorinating species

(RCS) [11]. The collateral damage caused by MPO-derived

RCS to host tissue includes the formation of chlorinated

tyrosine [12], cholesterol [12], and lipids [13–15]. Plas-

malogens, a subclass of choline glycerophospholipids that

contains a vinyl ether linkage between the sn-1 aliphatic

chain and the glycerol backbone, are particularly abundant
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in the heart vasculature [16–18]. We have shown that RCS

attack the vinyl ether bond of plasmenylcholine, resulting

in the release of 2-ClHDA (2-chlorohexadecanal) [19],

which accumulates in activated neutrophils [14], mono-

cytes [20, 21], ischemic/reperfused myocardium [22] and

atherosclerotic aorta [21]. Thus far, 2-ClHDA has been

shown to reduce eNOS (endothelial nitric oxide synthase)

expression in endothelial cells [23] and elicit neutrophil

chemoattraction [14].

2-ClHDA is oxidized and reduced to 2-chlorohexadeca-

noic acid (2-ClHA) and 2-chlorohexadecanol (2-ClHOH),

respectively [24]. Little is known about the signaling prop-

erties of this unique class of chlorinated lipids resulting from

MPO-mediated RCS attack of plasmalogens. In this study,

we examined the effect of 2-ClHDA, 2-ClHA, and 2-ClHOH

to induce COX-2 expression in HCAEC. The results suggest

that 2-ClHDA and 2-ClHA, but not 2-ClHOH, induce COX-

2 protein expression and PGI2 release by increasing COX-2

gene expression.

Experimental Procedures

Lipid Preparation

2-ClHDA was prepared by treating 1-O-hexadec-10-enyl-

glycero-3-phosphocholine (100 mg) with freshly prepared

hypochlorous acid (final concentration 1.5 mM) in phos-

phate buffer (pH 4) for 5 min at 37�C [24]. Reactions were

terminated by lipid extraction and the chloroform layer was

collected [25]. 2-ClHDA was purified by HPLC utilizing a

Dynamax Si column (21.4 mm 9 250 mm; 8 lm), and

gradient elution over 3 h with hexane as the initial mobile

phase and chloroform as the final mobile phase at a flow

rate of 8 ml/min. Purity of synthetic 2-ClHDA was con-

firmed by GC-MS, and quantified by acid methanolysis and

GC-FID (HP 5890A) using arachidic acid as an internal

standard. 2-ClHA was synthesized and purified as previ-

ously described [24]. To synthesize 2-ClHOH, 2-ClHDA

was resuspended in 2 ml radical free ethyl ether and 0.5 ml

benzene and treated with Red AlTM reagent for 30 min at

37�C [24]. 2-ClHOH was purified by TLC (petroleum

ether/ethyl ether/acetic acid (70/30/1 v/v/v) (RF = 0.41).

Cell Culture

HCAEC (Cell Applications, San Diego, CA) were seeded

onto 60-mm2 or 35-mm2 6-well polystyrene dishes and

cultured in EGM-2-MV growth medium (Lonza, Walkers-

ville, MD) at 37�C in a 5% CO2 and 95% air atmosphere.

Experiments were performed on confluent monolayers

(*19106 cells/60-mm2 dish) between passages 5 and 9.

HCAEC growth medium was replaced with growth medium

containing 2% FBS for 4–6 h prior to experiments. Lipids

were dried under a stream of nitrogen and reconstituted in

ethanol to inject into culture medium at a final ethanol con-

centration of 0.1%. Lipids were mixed with basal medium

and added to each dish by pipette for a final concentration of

50 lM. TNF-a was mixed with basal medium containing

0.1% ethanol and added to dishes for a final concentration of

50 ng/ml. Control conditions included incubations with basal

medium containing a final ethanol concentration of 0.1%.

Western Blotting

Following each experimental condition, the medium was

aspirated from the dishes and HCAEC monolayers were

rinsed with PBS. Cells were scraped in SDS sample buffer,

boiled, and protein was subjected to SDS-PAGE utilizing

10–12.5% polyacrylamide gels followed by transfer of pro-

teins to polyvinylidene difluoride (PVDF)-plus membranes

(GE Osmonics Inc., Trevose, PA) for Western blot analysis.

Blots were probed with a monoclonal anti-COX-2 (1:1,000)

(Zymed, San Francisco, CA) and an HRP-conjugated sec-

ondary antibody (1:7,000) (BioRad, Hercules, CA). Blots

were stripped using 0.1 M glycine (pH 2.5) and, reprobed

with a monoclonal anti-IjB (1:2,500) (BD Transduction

Laboratories, San Jose, CA). Blots were stripped again and

probed with a polyclonal b-Actin (1:5,000) (Abcam, Cam-

bridge, MA) and probed with an HRP-conjugated goat-anti-

rabbit (1:7,000) (Sigma, St. Louis, MO). Immunoreactive

bands were visualized by exposure to autoradiographic film

following incubation with enhanced chemiluminescence

reagent (GE Healthcare, Piscataway, NJ). Densitometric

analyses of immunoreactive bands were performed using

ImageQuant software.

RNA Extraction, Reverse Transcription,

and Quantitative PCR

RNA was extracted and purified using an RNeasy Mini Kit

(Qiagen, Valencia, CA) by following the manufacturer’s

instructions. Less than half of the mRNA elute was incubated

with 0.5 lg Oligo (dT)12–18 primer (Invitrogen, Carlsbad,

CA) at 70�C for 10 min to yield cDNA. RNA and reaction

mixture (200 units M-MLV H- reverse transcriptase (Pro-

mega, Madison, WI), buffer, dNTPs (Invitrogen, Carlsbad,

CA), and 0.1 M DTT) were incubated at 42�C for 50 min and

terminated at 70�C for 15 min. Reaction mix was incubated

with 1U RNase H (Invitrogen, Carlsbad, CA) at 37�C for 20

min. Real-time PCR of the cDNA library was performed by

mixing 1 ll cDNA, primers for COX-2 or GAPDH-1,

dNTPs, TAQ polymerase, buffer, and SYBR Green fluo-

rescence probe followed by quantitative RT-PCR (BioRad

OpticonII) using the following parameters: 40 cycles of 95�C

for 1 min, 56�C for 0.5 min, 72�C for 0.5 min, 87�C for 3 s. A
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melt curve from 80–96�C was performed. The COX-2 pri-

mer pairs (SuperArray, Frederick, MD) and the primer

sequences (50–30) for GAPDH-1 are GCATCTTC-TTT

TGCGTCGCC (forward), and GTCATTGATGGCAA-

CAATATCC (reverse) were used. Data were analyzed using

BioRad Opticon II software and COX-2 levels were nor-

malized to GAPDH-1 levels for each sample. Fidelity of the

PCR reaction was determined by melting temperature anal-

ysis and visualization of products on a 2% agarose gel.

6-keto-PGF1a Quantification

Following experimental conditions, the medium from each

60-mm2 HCAEC monolayer dish was removed and cen-

trifuged. The internal standard d4-6-keto-PGF1a at 10 pg

was added to each sample followed by acidification with

HCl to 2.5 pH for 30 min. C-18 SPE columns (Supelco,

Bellefonte, PA) were washed with acetonitrile and equili-

brated with water prior to addition of samples. Following

sample loading, columns were sequentially washed with

acidic water (2.5 pH) and water/ethanol (85:15 v/v) prior to

elution of prostaglandins with ethyl acetate. Samples were

dried under a stream of nitrogen and derivatized by treat-

ment with O-methoxamine and PFB-Br followed by

BSTFA as described previously [26]. Samples were

reconstituted in ethyl acetate for GC-MS analysis. PGI2

was measured as its stable hydrolytic product 6-keto-

PGF1a. Samples were analyzed by selected ion monitoring

on a Hewlett Packard 6890 GC coupled to a Hewlett

Packard 5973 MS as described previously [27].

Cell Death

Following experimental conditions, cell medium was

removed from 60-mm2 dishes, centrifuged, and assayed for

general cell death using a lactate dehydrogenase release

assay (Sigma, St. Louis, MO) following the manufacturer’s

instructions.

Data Analysis

Statistical analyses of data were performed by one-way

ANOVA followed by a Dunnett post hoc test, as appro-

priate. P B 0.05 was considered statistically significant.

Results

Effects of TNF-a, 2-ClHDA and 2-ClHA on COX-2

Protein Expression

COX-2 expression in vascular endothelial cells is induced

in response to several cytokines such as TNF-a and IL-1b

[9, 28, 29] suggesting that COX-2 may be involved in the

pathophysiology of inflammation [30]. Induction of COX-2

in the endothelium leads to the production and release of

PGI2 [31], which has vasodilatory and anti-atherogenic

properties. A time course analysis of TNF-a-treated

HCAEC monolayers shows an increase in COX-2 protein

expression by 8 h, reaching maximal expression at 20 h

(Figs. 1, 2a). In comparison to TNF-a at 20 h, 50 lM 2-

ClHDA induced COX-2 expression to a lesser degree

(Figs. 1, 2a). 2-ClHA increased COX-2 expression within 8

h, and returned to baseline by 20 h. 2-ClHDA, however,

induced COX-2 expression above control at both 8 and 20

h (Figs. 1, 2a). Neither 2-ClHOH nor hexadecanal (HDA),

the non-chlorinated aldehyde, induced COX-2 protein

expression. Parallel experiments were performed showing

that these chlorinated lipids did not cause significant cell

death as determined by a lack of LDH release (Fig. 2b).

Normal LDH concentrations fall between 100–350 U/ml,

while elevated LDH concentrations occur above 500 U/ml.

Treatment of 100 lM 4-hydroxy-2-nonenal (HNE), known

to induce cell death, was used as a positive control.

Effects of TNF-a, 2-ClHDA and 2-ClHA on COX-2

Gene Expression

Quantitative PCR was performed to explore the effects of

HCAEC monolayers treated with TNF-a, 2-ClHDA, 2-

ClHA, or vehicle on COX-2 gene expression. Treatment

with TNF-a led to a rapid 2.5-fold increase in mRNA

expression by 1 h and levels returned to control levels by 2

h (Fig. 3). COX-2 mRNA expression following 2-ClHDA

treatment increased by *3 fold by 8 h. HCAEC treatment

with 2-ClHA induced a 2-fold increase in COX-2 mRNA

by 2 h and remained elevated by 8 h. In all treatment

conditions, COX-2 mRNA levels returned to near control

levels by 18 h (Fig. 3).

Fig. 1 2-Chlorohexadecanal and 2-chlorohexadecanoic acid induce

COX-2 protein expression in HCAEC. Cell lysates were prepared

from HCAEC treated with ethanol vehicle, 50 ng/ml TNF-a, or 50lM

of hexadecanal (HDA), 2-chlorohexadecanal (2-ClHDA), 2-chloro-

hexadecanoic acid (2-ClHA), or 2-chlorohexadecanol (2-ClHOH) for

8 or 20 h as indicated. Samples were subjected to SDS-PAGE and

western blotting for COX-2 expression
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2-ClHDA and 2-ClHA Elicit PGI2 Release

The predominant COX-derived arachidonic acid product in

coronary endothelial cells is PGI2 [4, 5, 7]. 6-keto-PGF1a,

the stable hydrolytic product of PGI2, was measured in

cultured medium following solid phase extraction, deriva-

tization, and GC-MS analysis [26, 27]. TNF-a treatment

led to nearly a 2-fold increase in 6-keto-PGF1a, while 2-

ClHDA, but not 2-ClHA at 20 h, led to lower but signifi-

cant increases in 6-keto-PGF1a, (Fig. 4), analogous to the

pattern seen in protein expression (Fig. 2a).

NF-jB Signaling Pathways by TNF-a, 2-ClHDA

NF-jB is normally sequestered in the cytosol by IjB under

non-inflammatory conditions. Upon stimulation of the NF-

jB pathway, IjB is targeted for degradation and NF-jB is

free to translocate to the nucleus where it binds to NF-jB

DNA sites in the promoter of various genes. It has been

shown in several cell types that treatment with TNF-a leads

to NF-jB binding to the COX-2 promoter and reporter

gene expression [31–33]. In HCAEC, TNF-a and 2-ClHDA

led to significant IjB protein disappearance at 20 h, while

2-ClHA or other tested lipids did not to lead to a significant

decrease in IjB protein levels (Fig. 5a, b).

Discussion

Oxidative attack of plasmalogens by RCS leads to the pro-

duction of reactive lipid aldehydes, such as 2-ClHDA [19].

Little is known about the possible signaling roles these nat-

urally occurring halogenated lipids play. Marsche et al. [23]

discovered that HDL treated with hypochlorous acid, a

component of RCS, led to a reduction in eNOS expression in

endothelial cells and, upon further investigation, found that

2-ClHDA was responsible for the reduction in eNOS. An

abundant non-chlorinated lipid aldehyde, HNE, has been

shown to induce COX-2 expression in RAW264.7 macro-

phages [34, 35] and in human osteoarthritic chondrocytes

[35]. In the present study, we show that TNF-a, 2-ClHDA,

and 2-ClHA, but not 2-ClHOH, induce an increase in COX-2

Fig. 2 Time course of 2-

chlorohexadecanal and 2-

chlorohexadecanoic acid

elicited COX-2 protein

expression in HCAEC. Cell

lysates were prepared from

HCAEC treated with ethanol

vehicle, 50 ng/ml TNF-a, or

50lM of hexadecanal (HDA),

2-chlorohexadecanal (2-

ClHDA), 2-chlorohexadecanoic

acid (2-ClHA), or 2-

chlorohexadecanol (2-ClHOH)

for 2 h (light grey bars), 8 h

(black bars), and 20 h (striped
bars). Samples were subjected

to SDS-PAGE and western

blotting for COX-2 expression

and analyzed by densitometry of

immunoreactive bands (a).

Following COX-2 analysis,

blots were subsequently

stripped and then subjected to

western blotting for b-actin,

which was used to normalize

each experimental analysis of

COX-2 expression. Cell

medium was assayed for general

cell death using a lactate

dehydrogenase release assay

(b). Values (mean ± SEM) are

expressed as fold increase over

control-treated cells for three

independent determinations,

** represents P \ 0.01
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protein expression in human coronary artery endothelial

cells. 2-ClHDA is produced by the production of RCS from

phagocyte-derived myeloperoxidase [19]. 2-ClHDA con-

centrations range from 25–100 lM in human neutrophils

[14]. The concentration of 2-ClHDA used in these studies is

within the range that is physiologically produced from acti-

vated leukocytes. Although 2-ClHDA has been shown to

have pro-atherogenic properties by decreasing eNOS [23]

and increasing neutrophil chemotaxis [14], we show that 2-

ClHDA increases COX-2 and PGI2 levels (as determined by

increases in 6-keto-PGF1a levels). Interestingly comparisons

of the time course of 2-ClHDA and 2-ClHA elicited COX-2

expression show that 2-ClHDA has a sustained impact on

COX-2 expression. This may reflect disparate half-lives of

these chlorinated lipids. In fact, 2-ClHDA is the precursor of

2-ClHA [24]. Thus, over time while 2-ClHDA levels

decrease, the sustained COX-2 expression may be elicited by

the product of 2-ClHDA metabolism, 2-ClHA.

The increase in COX-2 protein expression from TNF-a,

2-ClHDA, and 2-ClHA appears to occur by increased

transcription of the COX-2 gene demonstrated by the

results from quantitative PCR. The COX-2 gene contains

17 copies of the AUUUA motif in its 30-UTR and can be

regulated post-transcriptionally by elements that bind the

AU-rich regions in its messenger RNA [36, 37]. Previous

studies have indicated that shear stress stabilizes COX-2

mRNA levels in HUVECs [37]. In this study, although we

have shown that 2-ClHDA and 2-ClHA induce gene

expression, we cannot rule out that 2-ClHDA and/or 2-

ClHA also lead to a stabilization of COX-2 mRNA.

The human COX-2 promoter includes the NF-jB, cyclic

AMP response element (CRE), activator protein-2 (AP2),

Fig. 3 2-Chlorohexadecanal and 2-chlorohexadecanoic acid induce

COX-2 mRNA expression. HCAEC were treated with either ethanol

vehicle, 50 ng/ml TNF-a (light gray bars), or 50 lM 2-chlorohex-

adecanal (2-ClHDA) (striped bars) or 50 lM 2-chlorohexadecanoic

acid (2-ClHA) (black bars) for the times indicated. Cells were scraped

in lysis buffer, cDNA was prepared from purified mRNA, and

samples were analyzed by quantitative PCR using primers for COX-2.

Values (mean ± SEM) were normalized to GAPDH and expressed as

fold increase over control-treated cells at each time point for three

independent determinations. SEM of control values was less than 5%

of the mean at all time points and there was no significant increase in

control values over time, * and ** represent P \ 0.05 and P \ 0.01,

respectively

Fig. 4 2-Chlorohexadecanal and 2-chlorohexadecanoic acid lead to

PGI2 release at 20 h. HCAEC were treated with ethanol vehicle, 50

ng/ml TNFa, 50 lM 2-chlorohexadecanal (2-ClHDA), or 50 lM 2-

chlorohexadecanoic acid (2-ClHA) for 20 h (n = 4 for each condition).

Culture medium was removed and eicosanoids were purified by

reverse SPE columns, converted to PFB esters, silylated using

BSTFA, and analyzed by GC-MS, ** represents P \ 0.01
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signal transducers and activators of transcription (STAT3),

SP1 and CCAAT/enhancer-binding protein (C/EBPb) [38–

44]. The NF-jB pathway is considered to be a general

inflammatory response pathway that can lead to gene

transcription of various chemokines, adhesion molecules,

and other pro-inflammatory molecules. In the present study

we have shown that 2-chlorohexadecanal decreases IjB

protein levels in HCAEC, suggesting that 2-ClHDA is

signaling in part through the NF-jB pathway. Additionally

it should be appreciated that COX-2 mRNA is elevated

prior to IjB degradation in response to 2-chlorohexade-

canal suggesting that additional pathways may play an

important role in COX-2 expression in response to 2-

chlorohexadecanal.

The release of 2-chloro fatty aldehydes from plasmalo-

gens followed by its metabolism to 2-chloro fatty acids and

2-chloro fatty alcohols collectively suggest that a chlori-

nated lipidome is produced as a result of RCS attack of

plasmalogens. It is now essential to determine the physi-

ological role of these novel chlorinated lipids and their

potential role in inflammation. The results herein demon-

strate that 2-ClHA induces COX-2 expression and

prostacyclin production in human coronary artery endo-

thelial cells. Furthermore, the precursor of 2-ClHA, 2-

ClHDA, also elicits COX-2 expression and prostacyclin

production. It can be envisioned that the effect of these

same chlorinated lipids on cells such as monocytes and

neutrophils, which contain COX-2 associated isomerases

that lead to pro-inflammatory eicosanoids, may have

important roles in inflammation.
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Abstract The formation of hydroxy radicals, hexanal,

and 2,4-decadienal was demonstrated from the autocata-

lytic dimer peroxide which had been reported by us in

autoxidizing linoleate (Morita and Tokita in Lipids 41:91–

95, 2006). Then, autoxidizing linoleate containing eleos-

tearate was investigated for new autocatalytic substances.

The substances obtained were identified as peroxide-linked

polymers consisting of both linoleate- and eleostearate-

origin units with one hydroperoxy group, and also revealed

activity of hydroxy-radical generation. The background of

this study is as follows: the above paper reported this

autocatalytic dimer peroxide as one of the real radical

generators in linoleate autoxidation; this is a peroxide-

linked dimer consisting of two linoleate moieties with two

hydroperoxy groups, and was much more important than

the main-product hydroperoxide in autocatalytic radical

supply; its proposed decomposition mechanism has sug-

gested the generation of hydroxy radicals, hexanal, and 2,4-

decadienal; on the other hand, analogy to the formation

mechanism of this dimer peroxide has predicted the for-

mation of similar polymeric products from conjugated

polyene components in lipids. In this study, these two

predictions were successfully verified and a discussion is

presented in connection with them.

Keywords Autocatalyst � Conjugated fatty acid �
2,4-Decadienal � Dimer � Eleostearate � Hexanal �

Hydroxy radicals � Lipid autoxidation � Linoleate �
Peroxide

Abbreviations

AutCat Autocatalytic dimer peroxide

MLOOH Main-product hydroperoxide of methyl

linoleate

oxML Autoxidizing methyl linoleate

MLOH Hydroxy derivative from the main-product

hydroperoxide of methyl linoleate

DNPH 2,4-Dinitrophenylhydrazone

Azo

equiv

2,20-Azobis(4-methoxy-2,4-

dimethylvaleronitrile) equivalent

Introduction

The main product of lipid autoxidation is a type of

hydroperoxide, and it has long been believed that the main-

product hydroperoxide plays the main role both in auto-

catalytic supply of radicals and in forming aldehydes.

However, we have entertained a minority opinion [1–3]

that this hypothesis is not necessarily valid, and as con-

cerns aldehydes, we formerly obtained a clear result that

they are not produced from the main-product hydroper-

oxide under usual mild conditions in linoleate

autoxidation [4–5]. In our previous paper [6], the lack of

autocatalytic activity was also clearly showed by using a

highly rigorous and sensitive detecting method when the

purified main-product hydroperoxide of methyl linoleate

was examined under the usual storage conditions and at

body temperature; in addition, a type of substance

revealing potent autocatalytic activity was found in

autoxidizing methyl linoleate.
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The autocatalytic substances were isomeric mixtures

possessing the structure of a peroxide-linked dimer with

two hydroperoxy groups as shown in Scheme 1, which had

been reported by Miyashita et al. [7–8] as oxidation

products of both methyl linoleate and its main-product

hydroperoxide.

Scheme 1

We assumed [6] that the mechanism of their homolytic

decomposition and radical supply is an energetically

favorable concerted one as depicted also in Scheme 1. The

mechanism predicted the formation of hydroxy radicals

and hexanal as direct products of the homolysis, and the

formation of 2,4-decadienal via the b-scission route from

linoleate-skeleton alkoxy radicals. In the present paper, the

prediction was successfully verified.

On the other hand, it was inferred that the formation

mechanism of the autocatalytic substances is an addition of

linoleate peroxy radicals to the conjugated diene of the

main-product hydroperoxide followed by the usual addition

of oxygen to the resultant dimer radicals and hydrogen

abstraction from an unoxidized linoleate molecule. We

predicted [6] that an analogous mechanism may result in

the formation of addition products with peroxy radicals

from minor components containing conjugated double

bonds in lipids such as conjugated fatty acids and carote-

noids. The present paper also verifies the formation of such

products in autoxidizing methyl linoleate containing ele-

ostearate, and their activity of autocatalyst and hydroxy

radical generation.

Experimental Procedures

Preparation of Tung Oil Methyl Ester

Tung oil of industrial use was converted to the methyl ester

by the usual transesterification with 1 M methanolic

sodium methoxide at room temperature. A polar-impurity-

free material was prepared by passing it through a silicic

acid column with hexane. The a-eleostearate content was

83–85%.

Preparation of Autocatalytic Dimer Peroxide (AutCat)

Methyl linoleate (Tokyo Kasei Kogyo Ltd., Tokyo, Japan)

containing 10-2 M 2,20-azobis(4-methoxy-2,4-dimethyl-

valeronitrile) was allowed to stand at 20�C until the level

of MLOOH reached 500–600 lmol/ml. The autoxidizing

material (1 ml) was diluted to 4–5 ml with methanol and

applied to a 1.35 9 120 cm Sephadex LH 20 column

(Amersham Biosciences, Uppsala, Sweden) with methanol.

Eluates were checked in TLC (Silicagel 60F254, Merck,

Darmstadt, Germany) with hexane/diethyl ether 2:1 by vol

by detection under UV light. The elution range corre-

sponding to the dimer was 105–115 ml. The dimer-

containing eluates from three to five runs were combined

and rechromatographed. The resultant sample was further

chromatographed on a 1.35 9 120 cm Sephadex LH 20

column with chloroform. The eluates containing the main

component group ranged from 108 to 135 ml. All the

concentrated sample was then applied to a preparative

HPLC on a 7.6 9 250 mm Nucleosil� 100-5 column

(Agilent, Palo Alto, CA, USA) with hexane/diethyl ether,

80:20 by vol, at a flow rate of 3 ml/min, monitored at

234 nm absorbance. Although AutCat was eluted as a

widely spread zone, owing to large excess loading, at

retention time from 14 to 35 min, the AutCat material thus

prepared was not inferior to the material reported in the

previous paper [6] in purity on HPLC. The present proce-

dure was more efficient and facile than before.

Preparation of oxML

One milliliter of methyl linoleate was spread on the bottom

surface of a 300-ml beaker and was allowed to stand at 20�C

until the level of MLOOH reached 500–600 lmol/ml.

Autoxidation of Linoleate Containing Tung Oil Methyl

Ester and Separation of the Products

To methyl linoleate was added the methyl ester of tung oil

and subjected to autoxidation at 20�C in the presence of

10-2 M 2,20-azobis-(4-methoxy-2,4-dimethylvaleronitrile).

Sephadex LH 20 chromatography with methanol was car-

ried out as above. A reversed phase HPLC was carried out

on a 7.6 9 250 mm Inertsil column (GL Science Inc.,To-

kyo, Japan) with methanol at a flow rate of 3 ml/min,

monitored at 234 nm absorbance.

Purification of MLOOH

Five microliters of oxML (600 lmol/ml) was applied to a

7.6 9 250 mm Nucleosil� 100-5 column with hexane/

diethyl ether 92:8 by vol at a flow rate of 3 ml/min. The

hydroperoxide was monitored at 234 nm absorbance and
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eluted from 9.4 to 12.5 min as a group of incompletely

separated isomer peaks. The eluates were concentrated

under reduced pressure below 30�C.

Analysis for Methyl a-Eleostearate

The concentration of a-eleostearate was determined by

HPLC on a 4.6 9 150 mm Nucleosil� 100-5 column with

hexane/diethyl ether 99.5:0.5 by vol at a flow rate of

1.5 ml/min, monitored at 270 nm absorbance.

Analysis for MLOOH

Main-product hydroperoxide of methyl linoleate was

measured by HPLC on a 4.6 9 150 mm Nucleosil� 100-5

column with hexane/diethyl ether 88:12 by vol at a flow

rate of 1.5 ml/min, monitored at 234 nm absorbance. It was

eluted as four isomer peaks at retention time from 5.3 to

6.6 min and its concentration was calculated using an e
value of 2.7 9 10-4 as described [4].

Analysis for AutCat

AutCat was measured by HPLC on a 4.6 9 150 mm

Nucleosil� 100-5 column with hexane/diethyl ether 70:30

by vol at a flow rate of 1.5 ml/min. AutCat was monitored

at 234 nm absorbance, was eluted from 4.3 to 7.5 min as

shown in Fig. 1, and the concentration was expressed as

MLOOH equivalent using an e value of 2.7 9 10-4.

Analysis for Conjugated Diene

Molar quantity of conjugated diene in a product or a

fraction was calculated tentatively on the assumption that

the molar extinction at 234 nm was the same as that of

main-product hydroperoxide of linoleate.

Autocatalytic Activity

Autocatalytic activity of samples was measured, and an

expression for the activity, Azo equiv, was used according

to the previous paper [6].

Analysis for Methyl Salicylate in the Presence of a

Large Amount of Methyl Benzoate

Before analysis, the concentration of methyl benzoate was

lowered below 0.5% by diluting samples with hexane. One

hundred microliters of the hexane solution was applied to

HPLC on a 4.6 9 150 mm Nucleosil� 100-5 column with

hexane/2-methanol 99.95:0.05 by vol at a flow rate of 1.5 ml/

min. The retention time of methyl salicylate was 2.8 min and

its concentration was calculated from 305 nm absorbance.

Analysis for Hexanal and 2,4-Decadienal

A column (1.35 cm inner diameter) was packed with silica

gel 3 cm thick (Wakogel� C-100, Wako Pure Chemical

Industries, Ltd., Osaka, Japan). On top of this, a 2-cm layer

of silica gel impregnated with aqueous 10% sulfuric acid

solution containing 0.3% 2,4-dinitrophenylhydrazine was

placed. The column was washed with hexane/diethyl ether

4:1 by vol. A hexane solution containing aldehydes was

poured into the column. The column was flushed with

20 ml hexane/diethyl ether 4:1 by vol. The eluate was

concentrated under reduced pressure. All the concentrate

was applied to a 4.6 9 150 mm Nucleosil� 100-5 column

with hexane/diethyl ether 70:30 by vol at a flow rate of

1.5 ml/min, monitored at 370 nm absorbance. A fraction

(1.5–2.1 min) which could cover the elution region of both

hexanal–DNPH and decadienal–DNPH was taken. The

fraction was concentrated under reduced pressure and an

aliquot of the concentrate was analyzed by HPLC on a

7.6 9 250 mm Inertsil column with methanol/water 90:10

by vol at a flow rate of 3 ml/min. The retention times of

hexanal–DNPH and decadienal–DNPH were 6.8–7.8 and

13.0–14.5 min, respectively. The amounts of hexanal–

DNPH and decadienal–DNPH were calculated from 358 to

389 nm absorbance, respectively.

Activity Forming Hydroxy Radicals and Aldehydes

AutCat, pure MLOOH, and oxML each were mixed with

methyl benzoate in ratio of 0.6 lmol MLOOH (or

MLOOH equivalent) to 1 ll methyl benzoate. The samples

containing 2–5 ll methyl benzoate were treated at 50�C in

Pyrex ampules sealed under a nitrogen atmosphere. After

treatment, the contents of the ampules were diluted with

hexane with a ratio of 1 ll of methyl benzoate to 0.2 ml

hexane, and subjected to analysis for methyl salicylate and

aldehydes.

Identification Procedures of Separated Products

Separated products from autoxidizing linoleate containing

eleostearate were converted with triphenylphosphine and

Fig. 1 Elution pattern of AutCat in HPLC. On a 4.6 9 150 mm

Nucleosil�100-5 column using hexane/diethyl ether 70:30 by vol at a

flow rate of 1.5 ml/min, monitored at 234 nm absorbance.
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sodium borohydride, and by catalytic hydrogenation in a

similar way to that for the autocatalytic substances reported

[6].

GC–MS

The methyl salicylate formed from AutCat was identified

after HPLC isolation by GC–MS (JEOL JMS600) with a

DB-1MS capillary column (length, 60 m; ID, 0.25 mm;

film thickness, 0.25 lm, J&W Scientific) at a flow rate of

1 ml/min from 50 to 300�C at a ramping rate of 16�C/min.

GC–MS analysis of substances converted from the prod-

ucts of autoxidizing linoleate containing eleostearate was

carried out as described [6].

Results

The autocatalytic dimer peroxide (AutCat) previously

reported by us [6] was examined for the activity of hydroxy

radical and aldehyde formation. Methyl benzoate can

scavenge hydroxy radicals to form methyl salicylate and

we examined the formation of methyl salicylate. The

AutCat sample after treatment at 50�C under a nitrogen

atmosphere gave a peak at the position of methyl salicylate

in HPLC, and GC–MS confirmed that the eluate corre-

sponding to the peak actually contained methyl salicylate.

Table 1 describes the yield of methyl salicylate from the

AutCat sample after 6 or 19 h treatment at 50�C, and no

detectable formation of methyl salicylate in the MLOOH

and oxML samples after 6 h.

Table 1 also shows that hexanal and decadienal in the

AutCat samples markedly increased after 6 and 19 h

treatment at 50�C. In the MLOOH and oxML samples,

each amount of hexanal at 0 h was low, and no increase

after 6 h treatment was observed. Decadienal could not be

detected both in the MLOOH and oxML samples.

The concentration of AutCat in the AutCat sample was

decreased as treatment time advanced. In the MLOOH

sample, the concentration of MLOOH decreased to some

extent after 6 h treatment.

Then, autoxidizing linoleate containing eleostearate was

searched for autocatalytic substances. In an autoxidizing

linoleate containing 10% tung oil methyl ester, consider-

able amounts of products were observed by monitoring

at 234 nm absorbance besides the main-product hydro-

peroxide of linoleate. Table 2 shows distribution of

Table 1 Formation of hydroxy radicals and aldehydes from autoxi-

dation products of linoleate

Analysis item Material tested

AutCat MLOOH oxML

0 h 6 h 19 h 0 h 6 h 0 h 6 h

Methyl salicylate ND 0.58 0.32 ND ND ND ND

Hexanal 0.2 5.7 9.0 0.4 0.2 0.4 0.4

Decadienal ND 0.24 0.80 ND ND ND ND

AutCat 100 52.0 9.8 – – – –

MLOOH – – – 100 71.1 100 102.2

Figures in Table are mol% based on the starting amount contained in

each material tested

ND Not detected, – not analyzed

Table 2 Autocatalytic activity of fractions from autoxidizing linoleate containing eleostearate

Oxidation ratea (lmol/ml h) Contentb (%) Retention time (min) Componentc

None 0.3

fr.1 4.5 0.2 2.8–4.2 Azod

fr.2 0.9 2.1 4.2–9.5

fr.3 2.4 0.1 9.5–12.5

fr.4 1.4 54.4 12.5–18.0 MLOOH

fr.5 2.8 21.7 18.0–23.0 MLe + MESf

fr.6 1.3 25.0 23.0–28.0

The autoxidizing sample was fractionated by reversed phase HPLC on a 7.6 9 250 mm Inertsil column at a flow rate of 3 ml/min, monitored at

234 nm absorbance. After 14 min elution, the first solvent, methanol/water 85:15 by vol, was changed to methanol
a Autocatalytic activity was expressed as the formation rate of pentyl linoleate main-product hydroperoxide (oxidation rate) in autoxidation of

pentyl linoleate in the presence of a sample to be tested for the activity [4]. Two microliters of pentyl linoleate with a sample of 0.13 lmol as

conjugated diene was oxidized at 20�C for 20 h
b The amounts of fractions were expressed as conjugated diene, and their contents were described as % of the sum of all fractions
c Known components contained in fractions were shown here
d 2,20-Azobis-(4-methoxy-2,4-dimethylvaleronitrile)
e Methyl linoleate
f Methyl eleostearate
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autoxidation–accelerating activity among fractions sepa-

rated by a reversed phase HPLC from the sample

autoxidizing at a 5–600 lmol/ml level of main-product

hydroperoxide. It was seen that the activity was widely

spread over the fractions, although the intrinsic activity in

fr.1 could not be evaluated owing to the residual Azo

reagent.

A Sephadex LH20 gel filtration chromatography of the

oxidized sample with methanol gave fractions eluted more

rapidly than the main-product hydroperoxide of linoleate

(Fig. 2). Frs.1, 2, and 3 in Fig. 2 each were further separated

by reversed phase HPLC. Three main groups of components

were obtained, P3 from fr.1, P2 from fr.2, and P1 from fr.3.

HPLC elution patterns of P1, P2, and P3 are shown in Fig. 3

and the designation of P1, P2, and P3 was based on the order

of elution in the HPLC. P1 was found in fr.5 in Table 2 and

in fr.6 was contained P2 and P3. Table 3 summarizes the

chromatographic behavior of P1, P2, and P3, involving

additionally that of related substances described in the later

part. The elution position of P1 in the Sephadex chroma-

tography was similar to the previously reported dimer

autocatalyst [6], which suggested that P1 had a molecular

size of a dimer. The sizes of P2 and P3 were, consequently,

considered to be larger than a dimer size.

A 1 ml autoxidizing sample at a 500 lmol/ml level of

main-product hydroperoxide gave 46 lmol of P1, 21 lmol

of P2, and 9 lmol of P3 as conjugated diene. The autoxi-

dation–accelerating activities of P1, P2, and P3 were

measured and expressed as Azo equiv of 3.7, 2.9, and

2.9 9 10-3, respectively. On treatment of P1 with methyl

benzoate at 50�C for 19 h, hydroxy radicals from P1 were

detected as 0.58 mol% formation of methyl salicylate

based on the starting amount of P1, where the decrease in

P1 was 23%. Treatment of P1 at 50�C gave no observable

amounts of hexanal and 2,4-decadienal.

Fig. 2 Elution patterns of autoxidizing methyl linoleate containing

tung oil methyl esters in Sephadex LH20 gel filtration chromatog-

raphy with methanol. The autoxidizing material (0.3 ml) was diluted

to 2 ml with methanol and applied to a 1.35 9 120 cm Sephadex LH

20 column. Eluates were separately collected in each 5 ml tube after

70 ml elution, and checked in TLC (Silicagel 60F254) with hexane/

diethyl ether 2:1 by vol by detecting under UV light. See text about

P1, P2, and P3

Fig. 3 Elution patterns of polymeric substances, P1, P2, and P3

monitored at 234 nm absorbance. Left side chromatograms, a are on a

7.6 9 250 mm Inertsil column with methanol at a flow rate of

3 ml/min. Right side chromatograms, b are on a 4.6 9 150 mm

Nucleosil�100-5 column with hexane/diethyl ether 75:25 by vol at a

flow rate of 1.5 ml/min

Table 3 Chromatographic behavior of substances related with

autoxidizing linoleate containing eleostearate

Materialsc Sephadexa HPLCb

Reversed Normal

M100 MW80:20 HE75:25 HE60:40

P1 0.59 6.4 3.0–3.3 1.9

P2 0.54 12.8 4.6 2.2

P3 0.49 29.4 6.6 2.4

P1 + U3P 0.59 6.4 6.5–8.3 2.7–3.1

P2 + U3P 0.54 12.7 12.0 3.5

P3 + U3P 0.49 26.4 15.5 4.2

MLd 0.67 6.5 1.5 1.4

MESe 0.67 6.0 1.5 1.4

MLOOH 0.70 3.5 2.2 1.7

MLOH 0.70 3.5 26.3–29.5 3.0–4.1 2.3–2.7

M1 0.70 2.7 7.1 13.5

M2 0.70 2.7 8.4 24.2

Azof 0.70 2.6 5.4

a A 13.5 mm 9 120 cm Sephadex LH20 column with methanol was

used, and figures in the Table are relative values of retention volumes

when the bed volume of the column is taken as 1.0
b Reversed phase HPLC was carried out on a 7.6 9 250 mm Inertsil

column with methanol only (M100) and methanol/water 80:20 by vol

(MW75:25) at a flow rate of 3 ml/min. Normal phase HPLC was

carried out on a 4.6 9 150 mm Nucleosil� 100-5 column with hex-

ane/diethyl ether 75:25 by vol (HE75:25) and 60:40 by vol (HE60:40)

at a flow rate of 1.5 ml/min. Elution was monitored at 234 nm

absorbance, and figures in Table represent retention time (min)
c See text about P1, P2, P3, M1, and M2. Samples obtained by treat-

ment with triphenylphosphine are represented by addition of +U3P
d Methyl linoleate
e Methyl eleostearate
f 2,20-Azobis-(4-methoxy-2,4-dimethylvaleronitrile)
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The reduction with triphenylphosphine brought about no

change in molecular sizes of P1, P2, and P3 as shown from

their behavior in Sephadex LH20 chromatography

(Table 3). In every case of P1, P2, and P3, successive

reduction with NaBH4 gave, besides MLOH, two major

products of a monomer size, M1 and M2 (Fig. 4). Both of

them seemed to be di-OH compounds because of their

lower mobilities in normal-phase HPLC as shown in

Table 3. The substances M1 and M2 showed an absorption

at 229 and 231 nm (in methanol) respectively, which

suggested that they contained conjugated diene. Each of P1,

P2, and P3 was considered to consist of MLOH and the di-

OH compounds. Absorbance ratios, (M1 + M2)/MLOH, at

234 nm in the NaBH4 reduction products were increased in

the order of 1.5 for P1, 2.2 for P2, and 3.3 for P3. These

ratios suggested that P1 was a dimer consisting of one

MLOH unit and one di-OH unit, P2 was a trimer consisting

of one MLOH unit and two di-OH units, and P3 was a

tetramer consisting of one MLOH unit and three di-OH

units. After hydrogenation with platinum black under an

atmospheric hydrogen, the converted substances from M1

and M2 showed no UV absorption, and their Rf values

(0.08) on TLC (silica gel with hexane/diethyl ether 1:3 by

detecting on charring) roughly resembled those of intact

M1 (0.14) and M2 (0.10), suggesting that they were also di-

OH compounds.

After trimethylsilylation, M1, M2, and their hydroge-

nated derivatives were subjected to GC–MS. The mass

spectra of M1 and M2 were not distinguishable at all from

each other, and the hydrogenated derivatives of M1 and M2

also gave indistinguishable spectra from each other. The

lower spectrum in Fig. 5 was obtained from the hydroge-

nated derivatives, and its fragmentation was assigned

undoubtedly to a structure of 9,14-dihydroxyoctadecanoic

acid methyl ester, and in consideration of this result, the

fragmentation of the upper spectrum indicated that M1 and

M2 were 9,14-dihydroxy-10,12-octadecadienoic acid

methyl ester, which had formerly reported by Hamberg [9]

in a study on autoxidizing linoleic acid. M1 and M2 were

probably two racemic pairs of diastereomeric isomers with

9- and 14-chiral centers.

In the elution region of di-OH compounds, several

minor peaks other than M1 and M2 were present as shown

in Fig. 4, but the existence of 9,10- or 13,14-di-OH

component was not recognized because the GC–MS of the

hydrogenated products gave no component showing

fragmentation characteristic of 9,10- or 13,14-di(trim-

ethylsiloxy)octadecanoate.

Discussion

As expected, AutCat proved to be the source of hydroxy

radicals. On the other hand, hydroxy radicals were not

formed in the case of the purified MLOOH sample, which

supported the hitherto accepted view that hydroxy-radical

formation from homolytic cleavage of simple hydroper-

oxide is energetically unfavorable [10]. It is well known

that hydroxy radicals are generated by the reaction of

hydrogen peroxide with transition metals, e.g., the Fenton’s

reaction, but such a reaction seems unlikely in the lipid

autoxidation products. From this point of view, it is a very

important findings that AutCat, one of the products of lipid

autoxidation, showed a clear activity of generating hydroxy

radicals in the absence of transition metals.

The concentration of AutCat in the present oxML

sample was too low to reveal observable hydroxy-radical

generating activity. In this situation, the lack of observable

activity in this sample indicated that there were not other

potent sources of hydroxy radicals largely excelling

AutCat.

The AutCat sample showed clear increases in hexanal

and decadienal after 6 and 19 h treatment, while the oxML

and MLOOH samples did not. Our former paper [4] has

shown that MLOOH did not generate hexanal and deca-

dienal under mild conditions. The present experiments

were carried out in methyl benzoate, and the increases in

hexanal and decadienal were also not observed, although

the conditions were so different from the former ones that a

large amount of parent unoxidized linoleate was present.

The lack of the precursor activity of the oxML sample

indicated that other potent precursors of hexanal and de-

cadienal largely excelling AutCat were not present as well

as hydroxy-radical generating sources.

In the AutCat sample, the formation of hydroxy radicals,

hexanal, and decadienal demonstrated the presence of

homolytic decomposition. The yield of hexanal was about

9 mol% when about 90% AutCat in the AutCat sample was

decomposed after 19 h treatment. Theoretical yield of

hexanal (R1CHO) in Scheme 1 is expected to be 50 mol%

of the amount of decomposed AutCat. So, a large part of

AutCat seemed to disappear through other decomposition

routes, probably being heterolytic ones, without giving

radicals and aldehydes. The decrease in MLOOH observed

Fig. 4 Elution patterns of dihydroxy compounds, M1 and M2, from a

7.6 9 250 mm Inertsil column with methanol/water 80:20 by vol at a

flow rate of 3 ml/min, monitored at 234 nm absorbance. MLOH also

appears there
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in the present MLOOH sample is presumably caused also

by heterolytic routes. A smaller formation of decadienal

than that of hexanal in the AutCat sample suggests that b-

scission plays a relatively minor role in the fate of linole-

ate-skeleton alkoxy radicals shown in Scheme 1. The yield

of methyl salicylate was much smaller than that of hexanal

in the AutCat sample, which may suggest low efficiency of

methyl benzoate as a scavenger of hydroxy radicals under

the present conditions.

Formerly, we reported [2] that a potent autocatalyst and

potent precursors of hexanal and decadienal were present

in a polar fraction of autoxidizing methyl linoleate and,

thereafter, we demonstrated more strictly [5] that hexanal

and decadienal were formed through cumulative interme-

diates other than main-product hydroperoxide. The present

AutCat is undoubtedly an important one of the substances

suggested in these past papers.

To prove another prediction in our previous paper [6],

attempts were made to search autoxidizing linoleate-con-

taining conjugated polyene substances for other types of

autocatalysts and hydroxy radical generators. In the present

model experiments, we used an easily available material,

tung oil, whose main constituent fatty acid is a-eleostearic

acid, cis-9, trans-11, trans-13-octadecatrienoic acid. We

planned experiments of autoxidation accelerated with 2,20-
azobis-(4-methoxy-2,4-dimethylvaleronitrile) in order to

Fig. 5 Mass spectra of M1 and

M2 (upper) and of their

hydrogenated derivatives

(lower). They were analyzed

after trimethylsilylation.

Identified structures and

assignment for fragment ions

are described
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avoid the degradation of autocatalytic products during the

long autoxidation time made necessary by the low oxida-

tion rate.

In the case of 10% addition of tung oil methyl ester, the

products of molecular sizes not less than dimer were found

in considerably larger amounts than in the case of methyl

linoleate alone. We could separate three groups of such

products, P1, P2, and P3, which each behaved as a single

peak in reversed phase HPLC (Fig. 3). The derivatization

and the following analyses of P1, P2, and P3 suggested the

structures shown in Structure 1. The structure implies that

each of P1, P2, and P3 consists of many isomers. Each of

them was actually eluted as a set of incompletely separated

peaks in normal phase HPLC (Fig. 3).

Structure 1

The structures of P1, P2, and P3 suggest the following

mechanism of formation: linoleate peroxy radicals are

added to the conjugated triene of eleostearate followed by

further addition of molecular oxygen as shown in

Scheme 2; the fate of the resultant dimer peroxy radicals

branches into two courses; one is the abstraction of

hydrogen from linoleate giving P1, and the other is further

addition to eleostearate giving trimer radicals; the trimer

radicals have similarly two sorts of fate; one gives P2 and

the other gives tetramer radicals; the tetramer radicals can

give P3 and enter a further polymer-generating sequence.

Scheme 2

As shown in this mechanism, there are many sorts of

peroxy radicals, linoleate, dimer, trimer, and so on, and

each of them enters two reactions, hydrogen abstraction

from linoleate and addition to eleostearate, in a certain

distribution ratio. If all the sorts of peroxy radicals have the

same distribution ratio, the ratios of the formation rates for

P2 to P1 and for P3 to P2 are expected to be equal. We can

regard the yield ratio of P1, P2, and P3 as a rough estimate

for the ratio of their formation rates. Then, we will see the

yield ratios. The molar ratio of the observed yields of P1,

P2, and P3 was 23:7.7:2.3, which was given from the ratio

of 46:23:9 at 234 nm absorbance and the number of con-

jugated diene chromophores a molecule, two for P1, three

for P2, and four for P3. The yield ratio for P2 to P1 (7.7:23)

approximated that for P3 to P2 (2.3:7.7). This agreement

satisfactorily supports validity of the above argument.

In naturally occurring lipids, only such dimer products

as P1 are presumably important because low concentration

of conjugated polyene compounds in general may lower

the distribution of peroxy radicals to addition to such

compounds, which is unfavorable to the formation of

higher polymers than dimer.

Autocatalytic activity of autoxidizing linoleate contain-

ing eleostearate was not necessarily distributed only in

higher-molecular-size fractions as shown in Table 2, but

we focused the present survey on such higher-molecular-

size products as P1, P2, and P3. The autoxidation–acceler-

ating activities as Azo equiv, 3.7 9 10-3 for P1, 2.9 9 10-

3 for P2, and 2.9 9 10-3 for P3 were comparable to

1.8 9 10-3 for the previously reported autocatalyst [6].

The hydroxy-radical-generating activity of P1 (0.38 mol%

yield of methyl salicylate) was also comparable to 0.3–

0.6 mol% of this autocatalyst as shown in Table 1. These

findings strongly suggested that conjugated polyene fatty

acids which occur in lipid materials both as natural minor

components and artificial products by heating, etc. can

generate potent autocatalysts involving hydroxy radical

generators such as the present substances. Activity gener-

ating hexanal and 2,4-decadienal was, however, not

observed in P1 unlike the previous autocatalyst. In the

present investigation, we did not examine other aldehydes

expected as products of eleostearate.

The previously reported autocatalytic substances have

an a, b-diperoxy structure which is considered to undergo

an energetically favorable concerted homolysis [6]. How-

ever, in the present system, polymeric products containing

an a, b-diperoxy structure were not observed. The present

substances, P1, P2, and P3 possessed a 1,6-diperoxy-2,4-

diene structure in which two peroxy groups are separated

with conjugated diene, indicating that, after the addition of

peroxy radicals to conjugated triene, the following addition

of oxygen occurs only the remote position. It must be noted

that, in autocatalytic activity and activity forming hydroxy

radicals, the present substances are comparable to the

previously reported autocatalysts in spite of different

structural feature. On the other hand, the present substances
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clearly contrast with the main-product hydroperoxide of

linoleate. The hydroperoxide shows no activity of auto-

catalysts [6] and forming hydroxy radicals as shown in

Table 1, although its 1-peroxy-2,4-diene structure partly

resembles the structure of the present substances. In con-

sideration of these facts, it is suggested that the present

substances are degraded through an unknown homolysis-

assisting mechanism which may involve some interaction

between two remote peroxy groups and may result in the

cleavage to form radicals involving hydroxy radicals.
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Abstract Autoxidation of conjugated linoleic acid (CLA)

methyl ester follows at least partly Farmer’s hydroperoxide

theory. A mechanism for this hydroperoxide pathway has

been proposed based on autoxidation of 9-cis,11-trans-

CLA methyl ester. This investigation aims at confirming

and further clarifying the mechanism by analyzing the

hydroperoxides produced from 10-trans,12-cis-CLA

methyl ester and by theoretical calculations. Five methyl

hydroxyoctadecadienoates were isolated by HPLC and

characterized by UV, GC-MS, and 1D- and 2D-NMR

techniques. In addition, an HPLC method for the separation

of the intact hydroperoxides was developed. The autoxi-

dation of 10-trans,12-cis-CLA methyl ester in the presence

of high amount of a-tocopherol (20%) was diastereose-

lective in favor of one geometric isomer, namely Me

9-OOH-10t,12c, and produced new positional isomers 10-

and 14-hydroperoxides (Me 10-OOH-11t,13t; Me 14-

OOH-10t,12c; and Me 14-OOH-10t,12t). Importantly, one

of these new isomers, which was characterized as an intact

hydroperoxide, had an unusual cis,trans geometry where

the cis double bond is adjacent to the hydroperoxyl-bearing

methine carbon. Further insight to the mechanism was

provided by calculating the relative energies for different

conformations of the precursor lipid, the allylic carbon–

hydrogen bond dissociation enthalpies, and the spin dis-

tributions on the intermediate pentadienyl radicals. As a

result, a better understanding of the isomeric distribution of

the product hydroperoxides was achieved and a modified

mechanism that accounts for these calculations is

presented.

Key words Autoxidation � CLA �
Bond dissociation enthalpy � Density functional theory �
Free radical chain reaction � Hydroperoxide � NMR �
Unpaired spin density
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methyl

linoleate

Methyl 9-cis,12-cis-octadecadienoate

TMCS Trimethylchlorosilane

TOCSY Total correlation spectroscopy

Introduction

Conjugated linoleic acid (CLA) is a generic name referring

to a group of positional and geometric isomers of octade-

cadienoic acid with a 1,3-diene structure. Thus far, two

CLA isomers, namely 9-cis,11-trans-CLA and 10-trans,12-

cis-CLA, have been discovered to possess beneficial

physiological properties [1]. The biochemical mechanisms

of CLA action are unknown. These mechanisms, however,

seem to include induction of fatty acid oxidation [2, 3].

Most oxidation studies on CLA are, despite the structure-

specificity, performed with mixtures of isomers. Moreover,

surprisingly little is known about the initial stages of CLA

autoxidation. The early literature reported that CLA

autoxidation differs from the autoxidation of linoleic acid

(LA) and produces in the absence of antioxidants mainly

relatively low molecular weight polymeric peroxides [4–7].

More recently, CLA has been proposed to autoxidize

through two distinct pathways with unknown primary

products [8] or speculated to yield products identical to

those formed during singlet oxygen oxidation of CLA

based on the analysis of secondary oxidation products [9,

10]. First in 2001, we discovered that hydroperoxides are

one type of primary autoxidation product of CLA methyl

ester formed in the presence and in the absence of a-

tocopherol [11]. The hydroperoxides produced during

autoxidation of 9-cis,11-trans-CLA methyl ester (Me

9c,11t-CLA) in the presence of 20% of a-tocopherol were

isolated, reduced to the corresponding hydroxy derivatives,

separated, and characterized [12]. This enabled us to pro-

pose a mechanism for the hydroperoxide pathway of CLA

autoxidation, which occurs in agreement with kinetic data

[5, 13] through an autocatalytic free radical chain reaction.

In continuation of our previous work [11, 12] we have

now tested whether the mechanism proposed for the

hydroperoxide pathway based on the autoxidation of Me

9c,11t-CLA correctly predicts the hydroperoxides and their

isomeric distribution formed in the autoxidation of 10-

trans,12-cis-CLA methyl ester (Me 10t,12c-CLA). To this

end, Me 10t,12c-CLA was autoxidized under the same

conditions as previously Me 9c,11t-CLA [12] in order to

produce enough hydroperoxides for the characterization

and to allow the comparison between the two studies. The

hydroperoxides were isolated, reduced chemoselectively to

hydroxy derivatives, and the separated hydroxy derivatives

were characterized by UV, GC–MS, and 1D- and 2D-NMR

techniques. Due to unsatisfactory separation of certain

methyl hydroxyoctadecadienoates, an HPLC method for

the separation of the intact hydroperoxides was developed.

In addition, theoretical calculations were carried out to

provide further insight to the initial stages of CLA autox-

idation and to the distribution of the product

hydroperoxides. A scheme for the hydroperoxide pathway

of CLA autoxidation consistent with these calculations is

presented.

Experimental Procedures

Materials

Me 10t,12c-CLA was purchased from Matreya Inc.

(Pleasant Gap, PA, USA) and the presence of only one

isomer was confirmed by 13C NMR [14]. DL-a-Tocopherol

was obtained from Calbiochem (Darmstadt, Germany).

Isopropanol, heptane, and tert-butyl methyl ether (TBME)

were from Rathburn Chemicals (Walkerburn, Scotland),

bis(trimethylsilyl)-trifluoroacetamide and trimethylchloro-

silane from Merck (Darmstadt, Germany), and calcium

hydride, sodium borohydride, and platinum (IV) oxide

from Fluka (Buchs, Switzerland). Isopropanol was dried by

distillation over calcium hydride.

Autoxidation

Me 10t,12c-CLA (0.4 g, 1.4 mmol) was autoxidized in a

glass vial (20 mL, d = 2.0 cm) for 16 days in the presence

of a-tocopherol (20% per weight) under atmospheric oxy-

gen at 40 �C in the dark. The yield of hydroperoxides

based on TLC analysis and on peroxide value (PV = 193

mequiv O2/kg) measured by the ferric thiocyanate method

[15] was 6.3%. The hydroperoxides were isolated from the

reaction mixture by SPE (2 g; Varian, Harbor City, CA,

USA) using MTBE/heptane gradient (from 2.5 to 20%, v/v)

as an eluent, and reduced to corresponding hydroxy

derivatives using NaBH4 in dry isopropanol at 0 �C

according to the procedure reported previously [11]. The

hydroperoxides and the hydroxy derivatives were stored as

dilute heptane solutions at -20 �C under nitrogen.

Isocratic Normal-phase HPLC

The separation of five hydroxy-CLA methyl esters and six

hydroperoxy-CLA methyl esters was achieved using a

semi-preparative Merck silica column (Supelcosil LC-SI

Semi-Prep, 25.0 9 1.0 cm I.D., particle size 5 lm) and

isopropanol/TBME/heptane (0.05/5/95, v/v/v) and isopro-

panol/heptane (0.65/100, v/v) as an eluent, respectively, at

2.0 mL/min flow rate. Approximately 1 mg of the mixture
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of isomers was repeatedly injected. The fractions collected

from non-baseline separated peaks were further purified

using the semi-preparative column. The mixture and the

separated isomers were analyzed by HPLC using a Supelco

silica column (Supelcosil LC-SI, 25.0 cm 9 2.1 mm I.D.,

particle size 5 lm) and isopropanol/TBME/heptane (0.05/

4/95, v/v/v) or isopropanol/heptane (0.3/100, v/v) as an

eluent at 0.4 mL/min flow rate. The columns were equip-

ped with Waters 501 HPLC pump, Waters pump control

module, Waters 717 plus autosampler, and Waters 996

photodiode array detector set at 234 nm.

UV Spectroscopy

The separated isomers were quantified by UV spectroscopy

at k = 233 nm for the trans,trans isomers and at k = 236 nm

cis,trans isomers. UV spectra were recorded in ethanol

solution on a Perkin Elmer UV/vis spectrometer Lambda

Bio (Ueberlingen, Germany). Molar absorbance (e) values

used in calculations are from [16]. The concentration of the

isomers for which no e value is available was approximated

with the e value of the nearest positional isomer with the

appropriate diene geometry.

GC–MS

The hydroxy-CLA methyl esters were hydrogenated to

hydroxystearates and derivatized to trimethylsilyl ethers

according to the procedure described earlier [12]. The tri-

methylsilyl ethers were analyzed on an Agilent 5973 mass

spectrometer (Palo Alto, CA, USA) connected to a Hewlett

Packard gas chromatograph (HP 6890 Series GC System,

Wilmington, DE, USA). GC was equipped with a Rtx-5MS

(crossbond 5% diphenyl polysiloxane, 95% dimethyl

polysiloxane) capillary column (60 m 9 0.25 mm I.D., film

thickness 0.1 lm, carrier gas: helium, 1.2 mL/min; Restek

corporation, Bellefonte, PA, USA). Samples (0.1–1 lL)

were injected using on-column injection. The column

temperature program and other run parameters were as

reported previously [12].

NMR Spectroscopy

1H-, 13C-, and 2D-NMR spectra, including correlated

spectroscopy (COSY), long-range COSY (LR-COSY),

gradient heteronuclear multiple bond correlation

(gHMBC), gradient heteronuclear single quantum coher-

ence (gHSQC) and total correlation spectroscopy

(TOCSY), were recorded in deuterochloroform (contains

0.1% (v/v) tetramethylsilane, 99.8% 2H; Aldrich, Mil-

waukee, WI, USA) on a Bruker DRX 500 spectrometer

equipped with 5 mm broadband inverse probe with z-gra-

dient (Fällanden, Switzerland) at 27 �C. Chemical shifts d

are given in parts per million (ppm) relative to tetrameth-

ylsilane (d 0.00).

The 1D- and 2D-NMR data of methyl 9-(R,S)-hydroxy-

10-trans,12-cis-octadecadienoate (Me 9-OH-10t,12c1;

97.4%, 31 mM) and that of methyl 13-(R,S)-hydroxy-9-

cis,11-trans-octadecadienoate (Me 13-OH-9c,11t; 98.5%,

17 mM) agreed with published data [12].

Methyl 10-(R,S)-hydroxy-11-trans,13-trans-octadecadi-

enoate (Me 10-OH-11t,13t; 94.3%, 16 mM) 1H NMR d
6.17 (dd, 1 H, H-12, 3J12,11 = 15.2 Hz, 3J12,13 = 10.4 Hz),

6.02 (ddtd, 1 H, H-13, 3J13,14 = 15.1 Hz, |4J13,15| & 1.4 Hz,

|4J13,11| & 0.9 Hz), 5.70 (dt, 1 H, H-14, 3J14,15 = 7.0 Hz),

5.57 (dd, 1 H, H-11, 3J11,10 = 7.0 Hz), 4.10 (dt, 1 H, H-10,
3J10,9 & 6.5 Hz), 3.66 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2,
3J2,3 = 7.6 Hz), 2.08 (tdd, 2 H, H-15, 3J15,16 & 7.3 Hz),

1.61 (quintet, 2 H, H-3, 3J3,4 = 7.3 Hz), 1.59-1.52 (m, 1 H,

H-9), 1.52-1.45 (m, 1 H, H-90), 1.45-1.26 (m, 15 H, H-4 to

H-8, H-16, H-17, OH), 0.90 (t, 3 H, H-18, 3J18,17 = 7.2 Hz).

Methyl 13-(R,S)-hydroxy-9-trans,11-trans-octadecadie-

noate (Me 13-OH-9t,11t; 99.6%, 31 mM) 1H NMR d 6.17

(dd, 1 H, H-11, 3J11,12 = 15.2 Hz, 3J11,10 = 10.4 Hz), 6.02

(ddtd, 1 H, H-10, 3J10,9 = 15.1 Hz, |4J10,8| & 1.3 Hz,

|4J10,12| & 0.6 Hz), 5.68 (dt, 1 H, H-9, 3J9,8 = 7.0 Hz), 5.57

(dd, 1 H, H-12, 3J12,13 = 7.0 Hz), 4.11 (dt, 1 H, H-13, 3J13,14

& 6.6 Hz), 3.67 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2, 3J2,3 =

7.6 Hz), 2.07 (dtd, 2 H, H-8, 3J8,7 & 6.9 Hz), 1.62 (quintet,

2 H, H-3, 3J3,4 = 7.4 Hz), 1.60-1.53 (m, 1 H, H-14), 1.53-

1.47 (m, 1 H, H-140), 1.48-1.42 (br s, 1 H, OH), 1.42-1.25

(m, 14 H, H-4 to H-7, H-15, H-16, H-17), 0.89 (t, 3 H, H-

18, 3J18,17 = 6.9 Hz).

Methyl 14-(R,S)-hydroxy-10-trans,12-trans-octadecadi-

enoate (Me 14-OH-10t,12t; 98.0%, 17 mM) 1H NMR d
6.17 (dd, 1 H, H-12, 3J12,13 = 15.2 Hz, 3J12,11 = 10.4 Hz),

6.02 (ddtd, 1 H, H-11, 3J11,10 = 15.1 Hz, |4J11,9| & 1.4 Hz,

|4J11,13| & 0.6 Hz), 5.69 (dt, 1 H, H-10, 3J10,9 = 7.0 Hz),

5.57 (dd, 1 H, H-13, 3J13,14 = 7.0 Hz), 4.11 (dt, 1 H, H-14,
3J14,15 & 6.6 Hz), 3.67 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2,
3J2,3 = 7.6 Hz), 2.07 (dtd, 2 H, H-9, 3J9,8 & 6.9 Hz), 1.61

(quintet, 2 H, H-3, 3J3,4 = 7.3 Hz), 1.62-1.54 (m, 1 H, H-

15), 1.54-1.48 (m, 1 H, H-150), 1.47-1.40 (br s, 1 H, OH),

1.42-1.25 (m, 14 H, H-4 to H-8, H-16, H-17), 0.90 (t, 3 H,

H-18, 3J18,17 = 7.0 Hz).

Methyl 14-(R,S)-hydroperoxy-10-trans,12-cis-octadeca-

dienoate (Me 14-OOH-10t,12c; 93.8%, 1 mM) 1H NMR d
7.76 (s, 1 H, OOH), 6.37 (ddtd, 1 H, H-11, 3J11,10 = 14.9

Hz, 3J11,12 = 11.1 Hz, |4J11,9| & 1.3 Hz, |4J11,13| & 1.0 Hz),

6.24 (dd, 1 H, H-12, 3J12,13 & 11.0 Hz), 5.78 (dt, 1 H,

1 The CLA methyl ester hydroperoxides and their hydroxy deriva-

tives are abbreviated in the following manner: Me 9-(O)OH-10t,12c
stands for racemic methyl (hydroperoxy)hydroxyoctadecadienoate

where the (hydroperoxyl) hydroxyl group is located at C-9 and the

double bonds at C-10 and C-12. The geometry of the double bonds is

denoted by c or t that refer to cis and to trans geometry.
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H-10, 3J10,9 = 7.1 Hz), 5.22 (dd, 1 H, H-13, 3J13,14 & 9.0

Hz), 4.85 (dt, 1 H, H-14, 3J14,15 & 6.7 Hz), 3.67 (s, 3 H,

OCH3), 2.30 (t, 2 H, H-2, 3J2,3 = 7.5 Hz), 2.11 (dtd, 2 H,

H-9, 3J9,8 & 7.0 Hz), 1.71-1.65 (m, 1 H, H-15), 1.61

(quintet, 2 H, H-3, 3J3,4 & 7.3 Hz), 1.48-1.42 (m, 1 H,

H-150), 1.42-1.25 (m, 14 H, H-4 to H-8, H-16, H-17), 0.90

(t, 3 H, H-18, 3J18,17 & 7.0 Hz); 13C NMR d 138.33,

134.19, 126.93, 125.15 (C-10, C-11, C-12, C-13), 81.44

(C-14), 51.47 (OCH3), 34.11 (C-2), 32.79, 32.42, 29.20,

29.16, 29.09, 29.07, 29.04, 27.36 (C-16), 24.92 (C-3),

22.66 (C-17), 13.95 (C-18).

Theoretical Calculations

All calculations have been performed at the density func-

tional theory (DFT) level employing the hybrid B3LYP

functional [17, 18] as implemented in the TURBOMOLE

program package [19] version 5.91. The structures were

optimized using the polarized split-valence def2-SVP basis

set [20]. The conformations of Me 10t,12c-CLA were

confirmed to be local minima on the potential energy sur-

face by ensuring that the lowest vibrational mode was non-

imaginary. Furthermore, it was made sure that the geom-

etries were comparable. In particular, in the peroxyl

radicals the O2-group was always oriented in a similar

manner facing the methine hydrogen, since the other local

minimum with the O2-group rotated to the opposite side of

the chain lied ca. 0.8 kcal//mol higher in energy. Energies

were evaluated using the larger, doubly polarized triple-

zeta def-TZVPP basis set [20]. The environment was

modeled using the COSMO continuum solvation model

[21, 22] with a dielectric constant of methyl linoleate (3.4)

which was considered as a typical value for this class of

molecules [23]. Thermal enthalpy corrections at the

autoxidation reaction temperature were calculated using

the harmonic approximation via the (unscaled) vibrational

frequencies calculated in gas-phase. An enthalpy correction

of 5/2 RT was used for the hydrogen atom. The gross spin

densities of the radicals were calculated as outlined in

Reference [24]. This level of theoretical treatment has

been found to be suitable in previous work [25–28].

Although bond dissociation energies are known to be

slightly underestimated at B3LYP level, the error is sys-

tematic and thus relative energies are comparable [29].

This was further confirmed by using the described level of

theory for calculating the dissociation energies and

enthalpies at 298 K for the monoallylic C–H bond in

methyl oleate and for the bisallylic C–H bond in methyl

linoleate. The difference between the calculated dissocia-

tion energy (enthalpy at 298 K) values of 86.2 (79.1) and

74.2 (67.5) kcal/mol for mono- and bisallylic C–H bonds,

respectively, compare well with the literature values of 88

and 75 kcal/mol [30].

Results and Discussion

The mechanism proposal developed for the hydroperoxide

pathway of CLA autoxidation based on the autoxidation of

Me 9c,11t-CLA [12] predicts that the autoxidation of Me

10t,12c-CLA is diastereoselective in favor of one geo-

metric isomer, namely Me 9-OOH-10t,12c. In addition, the

autoxidation should yield three types of geometric isomers

and two new positional isomers i.e. 10- and 14-hydroper-

oxides. Importantly, one of these new positional isomers

should have an unusual cis,trans geometry where the cis

double bond is adjacent to the hydroperoxyl-bearing

methine carbon. This type of geometric isomer is absent

from the autoxidation of nonconjugated polyunsaturated

fatty acids [31]. Analysis of the hydroperoxide mixture

from autoxidation of Me 10t,12c-CLA confirmed that the

mechanism predicts the formed isomers and the isomeric

distribution correctly (see Scheme 1). The details of the

mechanism, however, were altered based on the theoretical

calculations.

Autoxidation, HPLC Separation, and Characterization

of the Products

The autoxidation of CLA methyl ester differs from that of

its nonconjugated counterpart, methyl linoleate, and pro-

duces mainly polymeric products [4–7, 32]. Moreover,

only small amounts of peroxides accumulate during the

autoxidation of CLA methyl ester compared to the autox-

idation of methyl linoleate [4]. Therefore, in order to direct

the autoxidation of CLA methyl ester from autoxidative

polymerization toward hydroperoxide formation the

Scheme 1 Prediction of the hydroperoxide isomers and their iso-

meric distribution that will be formed during autoxidation of 10-
trans,12-cis-CLA methyl ester based on autoxidation of 9-cis,11-

trans-CLA methyl ester [12]
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autoxidation must be performed in the presence of a good

hydrogen atom donor [12]. Hence, Me 10t,12c-CLA was

treated with 20% of a-tocopherol under atmospheric oxy-

gen at 40 �C in the dark. Under these conditions, a-

tocopherol does not exert its recognized antioxidant effect

but allows the autoxidation to proceed quite rapidly to

produce relatively good yield of monohydroperoxides. The

separation and characterization of the Me 10t,12c-CLA

hydroperoxides was attempted as their hydroxy derivatives.

The separation of the hydroxy derivatives, however, proved

to be more challenging than the separation of those from

the autoxidation of Me 9c,11t-CLA. Indeed, only partial

separation of the hydroxy derivatives was achieved when

tested with mixtures of isopropanol/heptane, MTBE/hep-

tane, and isopropanol/MTBE/heptane as an eluent. The

best separation was obtained using isopropanol/MTBE/

heptane (0.05/5/95, v/v/v) as an eluent and the elution order

of five hydroxy derivatives was: Me 13-OH-9c,11t; Me 14-

OH-10t,12t; Me 13-OH-9t,11t; Me 10-OH-11t,13t; and Me

9-OH-10t,12c (Fig. 1a). The separation of the intact Me

10t,12c-CLA hydroperoxides was, however, more suc-

cessful and it was achieved using isopropanol/heptane

(0.35/100, v/v) as an eluent as depicted in Fig. 1b. HPLC

analysis of the mixture at k = 234 nm gave the following

elution order and area percentage composition for the

hydroperoxides: Me 13-OOH-9c,11t (13%), Me 14-OOH-

10t,12c (3%), Me 14-OOH-10t,12t (8%), Me 13-OOH-

9t,11t (16%), Me 10-OOH-11t,13t (11%), and Me 9-OOH-

10t,12c (49%). The 10- and 14-positional isomers were

identified in the same manner as the hydroxy derivatives

(vide infra) and the 9- and 13-hydroperoxides were iden-

tified by spiking the HPLC runs with pure hydroperoxides

isolated from methyl linoleate autoxidation (i.e. Me 9-

OOH-10t,12c; Me 9-OOH-10t,12t; Me 13-OOH-9c,11t;

and Me 13-OOH-9t,11t). In particular, spiking with Me 9-

OOH-10t,12t revealed that this isomer, which is the pre-

dicted seventh isomer that was not separated from the

autoxidation mixture, was partly overlapping with the

major product. This overlapping together with the expected

small amount (\1%) explains why the separation of Me 9-

OOH-10t,12t was not possible. Moreover, studies with

methyl linoleate have established that this hydroperoxide

isomer is formed through the b-scission pathway from Me

13-OOH-9c,11t and from Me 13-OOH-9t,11t [33–36] both

of which were formed during the autoxidation of Me

10t,12c-CLA.

The separated isomers were analyzed by HPLC and UV

spectra were recorded. In agreement with the findings of

the autoxidation of Me 9c,11t-CLA, three different

absorption maxima (kmax) values for the three types of

geometric isomers were obtained: 230.9 nm for the

trans,trans isomers, 232.1 nm for the new type of cis,trans

isomer where the allylic methine is adjacent to the cis

double bond, and 234.4 nm for the cis,trans isomers where

the allylic methine is adjacent to the trans double bond.

The position of the hydroperoxyl or the hydroxyl group

in the individual isomers was determined by GC-MS using

trimethylsilyl ethers of the corresponding hydroxystearates,

which gave two characteristic fragment ions in mass

spectra: m/z 229, 259; m/z 215, 273; m/z 173, 315; and m/z

159, 329 for 9-, 10-, 13- and 14-hydroxystearate,

respectively.

The position of the 1,3-diene system within the alkyl

chain, i.e., whether the double bonds lie between the

hydroxyl and the ester group or between the hydroxyl and

the methyl group, was determined by a TOCSY experiment

by establishing which one of the allylic resonances is

closest to the methyl group. The 13C-NMR spectra of the

methyl hydroxyoctadecadienoates were assigned with the

aid of the 2D-NMR spectra in a similar manner as

described in detail previously [12, 37]. Because Me

10t,12c-CLA produces partly identical hydroperoxides

with those from Me 9c,11t-CLA, only the unpublished

Fig. 1 Semi-preparative HPLC separation of a hydroxy-CLA methyl

esters and b hydroperoxy-CLA methyl esters using Supelco silica

column (Supelcosil LC-SI, 25.0 cm 9 2.1 mm i.d., particle size 5 lm)

and isopropanol/TBME/heptane (0.05/5/95, v/v/v) or isopropanol/

heptane (0.35/100, v/v) as an eluent, respectively, at 2 mL/min flow

rate with ultraviolet detection at 234 nm. For complete nomenclature

of the compounds see Abbreviations. *Unknown compound without a

conjugated diene structure
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13C-NMR data are listed in Table 1. Characteristic and

easily recognizable signals, in addition to the carbonyl, C-

2, C-3, methoxy carbon, C-17, and terminal methyl carbon,

are the allylic methine at dC 72.89–72.91, allylic methylene

at dC 32.32–32.61, and the olefinic carbons at dC 129.43–

135.57. The existence of the unusual cis,trans geometry

was evident both from the 1H- and 13C-NMR spectra of Me

14-OOH-10t,12c. In the 1H-NMR spectrum, which was

assigned with the aid of 1H–1H COSY and TOCSY

experiments, the methine proton allylic to a cis double

bond resonated at dH 4.85 and is thus *0.5 ppm less

shielded than those allylic to a trans double bond [11, 12].

In the 13C-NMR spectrum of Me 14-OOH-10t,12c, the

methine carbon resonated at dC 81.44. Thus, this allylic

methine carbon adjacent to a cis double bond is *5.3 ppm

more shielded than those adjacent to a trans double bond.

These findings agree with the 1H- and 13C-NMR data on cis

and trans monoene allylic hydroperoxides from methyl

oleate autoxidation [38–40]. A more detailed investigation

on the NMR properties of the conjugated diene allylic

monohydroperoxides produced from Me 10t,12c-CLA and

also from Me 9c,11t-CLA including full assignments of the
13C-NMR spectra is reported elsewhere [41].

Mechanism, Isomeric Distribution, and Theoretical

Calculations

ESR studies have established that the first-formed penta-

dienyl radical in methyl linoleate autoxidation exists in

the W-conformation [42] which is the most stable of the

possible pentadienyl radical conformations. The W-con-

formation is also the only conformation detected at

ambient temperature in the ESR studies with the penta-

dienyl radical itself [43, 44]. In our previous study [12],

the most stable pentadienyl radicals were expected to be

formed from the most extended conformation of Me

9c,11t-CLA and the proposed mechanism for the hydro-

peroxide pathway was drawn accordingly. In this study,

the importance of the different conformations of the pre-

cursor lipid was estimated by calculating the energies for

conformations A to D of Me 10t,12c-CLA (see Table 2).

In these conformations, the allylic C–H bond that will

undergo fragmentation in the hydrogen atom abstraction

step is perpendicular or nearly so to the diene p system.

This was considered important, because it enables the

resonance stabilization to develop already in the transition

state. The energy differences of the conformations with

respect to conformation A together with the estimation of

the distribution of these conformations using the Boltz-

mann equation are depicted in Table 2. The calculations

agreed with our previous assumption that the extended

conformation A is the most important contributor to the

isomeric distribution of the product hydroperoxides. They

also revealed that while the contribution of B is

Table 1 13C-NMR chemical shift values (in ppm) of methyl

hydroxyoctadecadienoates in CDCl3

Carbon

Nucleus

Me

10-OH-11t,13t
Me

13-OH-9t,11t
Me

14-OH-10t,12t

C-1 174.33 174.32 174.34

C-2 34.12 34.10 34.12

C-3 24.94 24.93 24.94

C-4 a a a

C-5 a a a

C-6 a a a

C-7 a a a

C-8 25.40 32.59 a

C-9 37.32 135.39 32.61

C-10 72.89 129.53 135.49

C-11 133.60 130.91 129.48

C-12 130.99 133.72 130.95

C-13 129.43 72.91 133.68

C-14 135.57 37.32 72.91

C-15 32.32 25.14 37.05

C-16 31.39 31.80 27.63

C-17 22.24 22.61 22.65

C-18 13.92 14.05 14.04

OCH3 51.45 51.46 51.45

The complete nomenclature is as follows: Methyl 10-(R,S)-hydroxy-

11-trans,13-trans-octadecadienoate (Me 10-OH-11t,13t); Methyl 13-

(R,S)-hydroxy-9-trans,11-trans-octadecadienoate (Me 13-OH-9t,11t);
Methyl 14-(R,S)-hydroxy-10-trans,12-trans-octadecadienoate (Me

14-OH-10t,12t)
a Unassigned: Me 10-OH-11t,13t dC 29.12, 29.17, 29.35, 29.48; Me

13-OH-9t,11t dC 28.96, 29.08 (2 C), 29.13; Me 14-OH-10t,12t dC

29.10, 29.12, 29.18 (2 C), 29.26

Table 2 Calculated relative electronic energies (DE) at 0 K and

enthalpies (DH) at 313 K (kcal/mol) of several conformations of 10-
trans,12-cis-CLA methyl ester with respect to the most stable con-

formation A

R2
R1

R2

R1

R1 R2
R1

R2

A B C D

Conformation DE (0 K) DH (313 K)

A 0 (78.9%) 0 (79.3%)

B +0.8 (20.8%) +0.8 (20.4%)

C +3.6 (0.23%) +3.7 (0.19%)

D +4.5 (0.06%) +4.6 (0.05%)

Boltzmann distributions of the conformations based on the calculated

energies are given in parenthesis. R1 = (CH2)7CO2Me, R2 =

(CH2)3CH3
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significant, that of C and D may be disregarded. Because

the hydroperoxides formed from conformation B could

theoretically arise from A (one directly and the other by

the b-fragmentation pathway) these calculations proved

crucial to our understanding of the autoxidation mecha-

nism; it is now apparent that the six products isolated

from the autoxidation of Me 10t,12c-CLA are kinetic

hydroperoxides. This is supported by the obtained product

distribution and the absence of conjugated diene hydro-

peroxides that may be formed by the b-fragmentation

pathway. In addition, this agrees with our previous

observation that the hydroperoxide mixture was slightly

more complex in the absence than in the presence of high

amount of a-tocopherol [11]. The experimental evidence

also supported the result that conformations C and D are

unimportant. For example, Me 10-OOH-11t,13c, a kinetic

hydroperoxide that would theoretically arise from con-

formations C and D, was absent from the reaction

mixture.

A modified mechanism for the hydroperoxide pathway

of CLA methyl ester autoxidation in the presence of a-

tocopherol (TocOH) that accounts for the theoretical cal-

culations performed in this study is presented in Scheme 2.

It is noteworthy, that all hydroperoxides are formed as

racemic mixtures of enantiomers, i.e. the chiral center is

formed without stereoselection. In the first step, the

abstraction of one of the four allylic hydrogen atoms from

CLA methyl ester leads to a formation of three distinct

pentadienyl radicals 2A, 2B, and 3 (=3A + 3B; Note:

Radicals 3A and 3B, formed from conformations A and B

by hydrogen atom abstraction from the allylic position

adjacent to a cis double bond, are interconvertible con-

formations and thus, the subsequent steps are drawn only

for 3A). Peroxidation of the pentadienyl radicals followed

by a fast hydrogen atom transfer from TocOH (ca. 106 M-1

s-1; [45, 46]) explains the formation of five (7, 9, 13, 18,

and 21) of the six conjugated diene allylic hydroperoxides

isolated in this study. The most plausible pathway for the

formation of the sixth hydroperoxide (20) is through rear-

rangement of the bisallylic peroxyl radical 15 into the

conjugated diene peroxyl radical 17 followed by hydrogen

atom abstraction.

In addition to conjugated diene hydroperoxides, the

mechanism suggests the formation of three nonconjugated

diene bisallylic hydroperoxides 8, 12, and 19. These

hydroperoxides are anticipated to be more unstable than the

conjugated diene hydroperoxides based on the literature on

products formed during singlet oxygen oxidation of con-

jugated dienes [47–49] and on kinetic studies with methyl

linoleate [50, 51]. No attempts were made to isolate these

hydroperoxides. HPLC analysis of the hydroperoxide

mixture at k = 205 nm revealed, however, three additional

minor peaks that may correspond to these hydroperoxides.

The formation of nonconjugated hydroperoxides during

autoxidation of CLA has been suggested previously by

Eulitz et al. [9] based on the analysis of secondary oxida-

tion products. They speculate, however, that autoxidation

and singlet oxygen oxidation of CLA would yield identical

products and that the bisallylic hydroperoxides would form

by way of a 1,3-addition reaction.

Scheme 2 illustrates that the key reactions governing the

product distribution in the autoxidation of CLA in the

presence of a good hydrogen atom donor are (1) the

abstraction of one of the four allylic hydrogen atoms, (2)

partitioning of oxygen on the resulted pentadienyl radicals,

(3) hydrogen atom transfer from TocOH, and (4) b-frag-

mentation of the intermediate bisallylic peroxyl radicals.

Since experimental and theoretical data on the latter two

have been published [26, 45, 46, 50, 51], the first two key

reactions were addressed by theoretical calculations.

It is generally accepted that the rate constant for

hydrogen atom abstraction depends primarily on the

strength of the C–H bond being broken [26, 52, 53].

Therefore, the bond dissociation enthalpies (BDEs) for the

allylic C–H bonds of the precursor lipid in conformations

A and B were calculated and the results are listed in

Table 3. The calculated C–H BDEs values range between

73.7 and 75.0 kcal/mol and thus fall in between the

monoallylic C–H BDE (79.2 kcal/mol) and the bisallylic

C–H BDE (67.5 kcal/mol) values that were calculated at

the same temperature and level of theory. It is of interest to

note that hydrogen atom abstraction from an allylic posi-

tion seems to be easier when adjacent to a trans double

bond than when adjacent to a cis double bond. Of the two

pentadienyl radicals derived from conformation A, 2A (W-

conformation) was 1.3 kcal/mol lower in energy than 3A

(Z-conformation). This is in relatively good agreement

with the experimental values on W- and Z-pentadienyl

radicals derived from 1,4-pentadiene [54]. Moreover, based

on the results, the direct interconversion of 2A and 2B may

be discounted on energetic grounds and by analogy with

the pentadienyl radical itself [42, 55].

It is reasonable to expect that the addition of oxygen to

the intermediate pentadienyl radicals occurs preferentially

at centers having the highest spin density [26, 51]. There-

fore, the unpaired spin density distribution was calculated

for the pentadienyl radicals formed from conformations A

and B and the results are illustrated in Fig. 2. The spin

density occupies p-type orbitals with the lobes perpendic-

ular to the plane of the conjugated system. The degree of

spin polarization of the radicals is high and the two carbon

atoms (C-10 and C-12 in 2A and 2B; C-11 and C-13 in 3A

and 3B) between the three main spin centers possess a

notable spin density of opposite sign. The gross spin den-

sity i.e. the sum of unpaired a and b spin amounts to ca. 1.6

electrons in the radicals studied. The spin contamination
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was evaluated and found to be within acceptable limits; the

\S2[expectation value, which serves as a useful diag-

nostic also within DFT [56], was 0.79 for all radicals

compared to the ideal non-spin polarized value of 0.75.

By coincidence, radicals 2A and 2B are identical to

those formed by abstraction of a bisallylic hydrogen atom

from Me 9t,12c-linoleate and from Me 9c,12c-linoleate,

respectively. The calculated spin density values for 2A and

2B were slightly smaller than the experimental values

obtained by ESR spectroscopy [42, 57] but comparable to

those calculated by Pratt et al. for 1,5-dimethylpentadienyl

radicals [26]. The calculations suggest that the central

Scheme 2 A proposed mechanism for the hydroperoxide pathway of CLA autoxidation in the presence of a-tocopherol (TocOH)
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carbon atom of 2A and 2B, C-11, bears the highest spin

density. Recent studies support this result; the bisallylic 11-

hydroperoxides are the major oxidation products in the

autoxidation of Me 9t,12c-linoleate and of Me 9c,12c-

linoleate under kinetic conditions and at low conversion

[50, 51].

According to the calculations there is a slightly higher

spin density in 2A at the cisoid end of the pentadienyl

radical compared to the transoid end whereas in 2B there is

equal spin distribution at the two termini. The ESR mea-

surements are consistent with this result [42, 57]. The

calculations and the ESR both suggest that while the

reaction of 2B should lead to equal formation of 40 and 11,

the cisoid end of 2A should react faster with oxygen than

the transoid end, leading to the preferential formation of

peroxyl radical 6 over 4. Subsequent hydrogen atom

transfer from TocOH to 6 and 4 should produce more

hydroperoxide 9 than 7. This contradicts with our experi-

mental results. Since the observed isomeric distribution of

hydroperoxides in the autoxidation of Me 9t,12c-linoleate

[36, 51] also contradicts with the calculations and ESR

data, it seems apparent that the unpaired spin density alone

does not control the partitioning of oxygen in geometrically

unsymmetrical pentadienyl radicals such as 2A. Tallman

et al. [51] have proposed that the biased product distribu-

tion in the autoxidation of Me 9t,12c-linoleate results from

rearrangement of the bisallylic peroxyl radicals into con-

jugated diene peroxyl radicals via intermediate radical-

dioxygen complexes similar to allylic radical-dioxygen

Table 3 Calculated allylic C-H BDEs of 10-trans,12-cis-CLA

methyl ester in conformations A and B as electronic energies (DE)

at 0 K and as enthalpies (DH) at 313 K (kcal/mol), and the relative

enthalpies DH (kcal/mol) of the conformations (reactants) and the

pentadienyl radicals (products) with respect to the most stable

conformation and pentadienyl radical (A and 2A, respectively)

Entry BDE DE BDE DH DH (reactant) DH (product)

1.
R'

R
R'

R
A 2A

80.6 73.7 0 0

2.
R'

R

R'

R B 2B

81.0 74.2 +0.8 +1.3

3.
R2

R1

R'
R A 3A

81.9 74.9 0 +1.3

4.

R2

R1

R'

R B 3B

82.0 75.0 +0.8 +2.2

R1 = (CH2)7CO2Me, R2 = (CH2)3CH3

Fig. 2 Calculated relative Mulliken unpaired spin distribution in the

pentadienyl radicals formed from conformations A and B of 10-
trans,12-cis-CLA methyl ester (total Mulliken spin densities in

parenthesis). Dark gray denotes excess a spin density, light gray

excess b spin density. The numbering of the radicals corresponds to

Scheme 2
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complexes in the isomerization of allylic hydroperoxides.

This is a plausible explanation also in the case of CLA

autoxidation. Hence, the rearrangement of the bisallylic

peroxyl radical 5 to conjugated diene peroxyl radicals 4

and 6 would occur through two distinct isomeric radical-

dioxygen complexes, I and II. The formation of I derives

from the rearrangement across the trans double bond and

that of II across the cis double bond. The low-energy

conformation of I would be a five-membered ring envelope

structure where the substituents are both at equatorial

positions and thus, is expected to be favored over the for-

mation of II where one of the substituents is at equatorial

and the other at axial position. As a consequence, the

formation of the peroxyl radical 4 would be preferred over

the peroxyl radical 6, and thereafter the formation of the

hydroperoxide 7 in accordance with our observations.

For radicals 3A and 3B, the calculations predict an even

higher spin density at the central carbon atom of the pen-

tadienyl radical than in 2A and 2B. In addition, the spin

distribution at the two termini of 3A and of 3B is unequal.

No ESR data on fatty acid pentadienyl radicals with this

geometry have been reported. However, the ESR data for

the Z-conformation of the pentadienyl radical itself [43,

55] reveals that the central carbon atom bears the highest

spin density and it is comparable to our calculated values.

Consequently, the major product in the peroxidation of 3A

should be the bisallylic peroxyl radical 15 that may rear-

range through two distinct isomeric radical-dioxygen

complexes, V and VI, to the conjugated diene peroxyl

radicals 14 and 17, and thereafter to equal amounts of the

hydroperoxides 18 and 20. Moreover, oxygen should not

partition equally at the two termini of 3A (or of 3B). More

peroxyl radical 16 than 14, and thereafter more hydroper-

oxide 21 than 18 should be formed. Accordingly, slightly

less hydroperoxide 21 was observed than what was

expected. This might, however, result from the peroxyl

radical 16 being more prone to isomerization and/or

decomposition than the other peroxyl radicals because of

its unusual cis,trans diene geometry.

As summarized in Scheme 2, the theoretical calcula-

tions provided an improved framework for understanding

the formation of the isomeric distribution. The diastere-

oselectivity in favor of Me 9-OOH-10t,12c (7) may now be

easily explained. Not only is this isomer formed in excess

from 2A, based on the analogy to the autoxidation of

9t,12c-methyl linoleate [51], but it is also formed from 2B.

Because the symmetrical radical 2B is identical to that

produced from 9c,12c-methyl linoleate [50], the reaction of

2B leads to equal amounts of hydroperoxides 7 and 13 and

thus, roughly one fourth of the main isomer 7 is formed

through radical 2B. Moreover, because the isolated prod-

ucts are kinetic products, it seems now apparent that b-

fragmentations other than those of the bisallylic

hydroperoxides are not important contributors to the iso-

meric distribution under these reaction conditions. The

formation of a small amount of Me 13-OOH-9t,11t in the

autoxidation of Me 9c,11t-CLA (corresponds to 9-OOH-

10t,12t, which was not isolated in this study) through the b-

fragmentation of a conjugated diene peroxyl radical is,

however, highly plausible. In addition, as the isomerization

of conjugated diene peroxyl radicals is so well established

[33–36], it is safe to assume that three additional conju-

gated diene hydroperoxides, i.e. altogether nine conjugated

diene hydroperoxides, are formed during autoxidation of

Me 10t,12c-CLA in the absence of a-tocopherol. More

research is needed to confirm the formation of the ther-

modynamic products.

The isomeric distribution of product hydroperoxides

was expected to reflect the stability of the intermediate

pentadienyl radicals. Calculations showed that 2A was, as

anticipated, the most stable (Table 3). Interestingly, the

radicals 2B and 3A were of similar energy. Thus, more

radicals 2A + 2B should be formed than radicals 3A + 3B.

When only conformations A and B of the precursor lipid

are considered significant, the ratio between radicals may

be estimated based on the enthalpy differences (DHs) via

the Boltzmann distribution. The calculated enthalpy dif-

ference between conformations A and B, 0.84 kcal/mol,

gives an initial ratio A/B of 3.9/1. Considering the BDEs

for the formation of the pentadienyl radicals the estimated

ratio (2A + 2B)/(3A + 3B) becomes 6.6/1. Experimentally

this ratio was roughly 3.5/1 based on the ratio (9- and 13-

hydroperoxides)/(10- and 14-hydroperoxides) determined

by HPLC. The difference between the theoretical and

experimental ratio may be partly explained by noting that

radicals 2A and 2B with their lower BDEs are more stable

and thus less prone to undergo reaction [58]. To explore

this, the reaction energies were calculated for the peroxi-

dation and they are, indeed, ca. 1 kcal/mol less negative for

2A and 2B than for 3A and 3B, which would shift the

distribution towards products formed from the latter two

radicals. It must be emphasized, however, that the theo-

retical ratio is based merely on the DH values and it ignores

all other factors such as reaction barriers and stereoelec-

tronics that influence the course of the reactions.

Conclusions

The hydroperoxide pathway is one of the reaction path-

ways of CLA autoxidation in the presence of a good

hydrogen atom donor. The mechanistic proposal developed

for this pathway based on our previous work [11, 12] and

this study serves as means for predicting the hydroperox-

ides and their isomeric distribution formed during

autoxidation of yet another CLA isomer and it facilitates
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further investigations directed to a complete elucidation of

the presented reaction mechanism. More research is

required for example to establish the formation of the

nonconjugated hydroperoxides as well as the details of the

suggested isomerizations of the bisallylic peroxyl radicals.

Knowledge of these initial steps is crucial for understand-

ing the subsequent steps in the CLA autoxidation. In

particular, it allows us to predict the structures of the

oligomeric products that can be envisioned to be formed by

addition of the peroxyl radicals to the double bond system

of the oxidizing conjugated fatty acid ester. We anticipate

that this addition reaction is the major pathway in the CLA

autoxidation performed in the absence of a good hydrogen

atom donor. However, in biological systems CLA is pres-

ent only in small amounts and the likelihood of the

autoxidative polymerization can be expected to be low.

Therefore, the clarification of the reaction mechanism of

the hydroperoxide formation can be considered to be of

high importance when studying the biological significance

of CLA isomers. This study offers now for the first time

means of producing and separating intact CLA methyl ester

hydroperoxides that may be used for evaluating their bio-

logical activity or for studying their secondary oxidation

reactions.
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12. Hämäläinen TI, Sundberg S, Hase T, Hopia A (2002) Stereo-

chemistry of the hydroperoxides formed during autoxidation of

CLA methyl ester in the presence of a-tocopherol. Lipids 37:533–

540

13. Minemoto Y, Adachi S, Shimada Y, Nagao T, Iwata T, Yama-

uchi-Sato Y, Yamamoto T, Kometani T, Matsuno R (2003)

Oxidation kinetics for cis-9, trans-11 and trans-10, cis-12 isomers

of CLA. J Am Oil Chem Soc 80:675–678

14. Davis AL, McNeill GP, Caswell DC (1999) Analysis of conju-

gated linoleic acid isomers by 13C NMR spectroscopy. Chem

Phys Lipids 97:155–165

15. Ueda S, Hayashi T, Namiki M (1986) Effect of ascorbic acid on

lipid autoxidation in a model food system. Agric Biol Chem

50:1–7

16. Chan HW-S, Levett G (1977) Autoxidation of methyl linoleate,

separation and analysis of isomeric mixtures of methyl linoleate

hydroperoxides and methyl hydroxylinoleates. Lipids 12:99–104

17. Becke AD (1993) Density-functional thermochemistry. III. The

role of exact exchange. J Chem Phys 98:5648–5652

18. Lee C, Yang W, Parr RG (1988) Development of the Colle–

Salvetti correlation-energy formula into a functional of the

electron density. Phys Rev B 37:785–789
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21. Klamt A, Schüürmann G (1993) COSMO: a new approach to

dielectric screening in solvents with explicit expressions for the

screening energy and its gradient. J Chem Soc Perkin Trans

2:799–805
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Abstract Peroxisome proliferator-activated receptor a
(PPARa) belongs to the nuclear receptor superfamily that

regulates multiple target genes involved in lipid metabo-

lism. Cholesterol ester transfer protein (CETP) is a secreted

glycoprotein that modifies high-density lipoprotein (HDL)

particles. In humans, plasma CETP activity is inversely

correlated with HDL cholesterol levels. We report here

that PPARa agonists increase CETP mRNA, protein and

accordingly its activity. In a human CETP transgenic

animal model harboring the natural flanking regions (Jiang

et al. in J Clin Investigat 90:1290–1295, 1992), both

fenofibrate and a specific synthetic PPARa agonist LY970

elevated human CETP mRNA in liver, serum protein

and CETP activity. In hamsters, the endogenous liver

CETP mRNA level and the serum CETP activity were

dose-dependently upregulated by fenofibrate. In addition

Wy14643, a PPARa agonist, also significantly elevated

CETP mRNA and activity. In a carcinoma cell line of

hepatic origin, HepG2 cells, overexpression of PPARa
resulted in increased CETP mRNA and agonist treatment

further elevated CETP mRNA levels. We conclude that

PPARa agonists upregulate CETP expression and activity

and may play an important role in PPARa (agonist

mediated HDL cholesterol homeostasis in humans.

Introduction

Peroxisome proliferator-activated receptor a (PPARa)

together with PPARc and PPARd form a subfamily of

nuclear receptors that play a critical role in mediating lipid

homeostasis, inflammation and metabolism. PPARc plays a

key role in adipocyte differentiation and is the molecular

target of anti-diabetic thiazolidinediones (TZD) [1].

PPARd modulates lipid metabolism and inflammation in

multiple tissues [2]. PPARa primarily regulates fatty acid

oxidation and also regulates many target genes such as

apolipoprotein AI (ApoAI) [3], apolipoprotein CIII

(ApoCIII) [4], apolipoprotein AV (ApoAV) [5], phospho-

lipid transfer protein (PLTP) [6] and scavenger receptor

class B, type I (SR-BI) in liver [7] that are intimately

involved in lipoprotein metabolism.

Cholesterol ester transfer protein (CETP) is a 74 KDa

glycoprotein that is primarily synthesized in liver [8]. The

secreted protein is mainly associated with high-density

lipoprotein (HDL) and catalyzes the neutral lipid exchange

(cholesterol ester from HDL to triglyceride-rich lipoprotein

particles and TG vice versa) among lipoprotein particles.

Increased plasma CETP activity is inversely associated with

HDL cholesterol levels [9]. While convincing epidemio-

logical data strongly suggest the protective role of HDL

cholesterol in cardiovascular diseases, the exact role of

CETP in coronary artery diseases, however, remains con-

troversial. In recent years, CETP has emerged as a major

therapeutic target to modulate HDL cholesterol levels and

cardiovascular diseases. CETP inhibitor CP-529,414 (tor-

cetrapib) dose-dependently inhibited plasma CETP activity,

elevated HDL cholesterol and reduced low-density lipo-

protein (LDL) cholesterol levels in recent clinical studies

[10–12]. However, the phase III study of torcetrapib was

halted because of significantly increased cardiovascular and
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total mortality [12]. While the exact reasons are being

explored for the adverse mortality rate resulting from CETP

inhibition using torcetrapib, torcetrapib was found to induce

aldosterone levels and increase blood pressure in humans

[12]. In addition, plasma electrolytes were also changed in

patients treated with torcetrapib [12]. These observations on

torcetrapib are believed to be off-target activity of torcetra-

pib, as other structurally divergent CETP inhibitors do not

exhibit similar off-target activities [13, 14]. In addition, there

have been no reports on blood pressure changes in human

subjects with homozygous CETP deficiency.

To study the in vivo function of CETP, human CETP

transgenic mice were generated using either metallothio-

nein promoter [15] or its own genomic fragments (CETP

minigene transgenic mice) [16]. The metallothionein pro-

moter directed CETP transgenic mice did not have

significant changes in HDL cholesterol although there was

significant expression of human CETP under the basal

condition. This was primarily due to the fact that CETP

favors large HDL particles and in mice such HDL particles

are relatively minor components of HDL [15]. The CETP

minigene transgenic mice with its own natural flanking

regions are responsive to diet-cholesterol, i.e. the increases

in CETP transgene expression and its activity under

hypercholesterolemic conditions [16]. A liver X receptor

(LXR) basis was established recently for the observed

cholesterol regulation of human CETP gene [17]. Synthetic

LXR agonists thus regulate CETP expression in liver and

possibly in adipose tissue as well [17].

Fatty acids are believed to be the natural ligands of

PPARa. Fenofibrate as a hypolipidemic drug is also

believed to act as a weak PPARa agonist [18]. In recent

years, many potent synthetic pharmacological agonists

have been made including LY970 that have demonstrated

potent efficacy in reducing plasma triglyceride levels and

elevating HDL cholesterol in an ApoAI transgenic animal

model [19]. In humans, the fibrate class of drugs is known

to effectively reduce plasma triglyceride levels but has only

minimum to moderate effects in increasing HDL choles-

terol levels [20, 21]. The modest change of HDL

cholesterol mediated by PPARa agonists is thus intriguing

in light of the combined regulations of ApoAI, PLTP and

SR-BI that are expected to dramatically elevate HDL

cholesterol levels. Human ApoAI transgenic mice have

significantly elevated plasma HDL cholesterol [22]. PLTP

is an HDL remodeling protein that contributes to PPARa
agonist mediated HDL particle size increase [6] and SR-BI

is an HDL receptor, reduced level of which leads to

significantly elevated HDL cholesterol in mice [23].

We present evidence here in this report that PPARa
agonists upregulate CETP. Because of the pleiotropic

effects of PPARa agonists in regulating lipid homeostasis

and also the limitation of the human CETP transgenic mice

in studying the CETP activity link to its HDL cholesterol

effect, it is difficult to assess the exact impact on HDL

cholesterol homeostasis in our studies directly. However,

based on the well established link of plasma CETP activity

and HDL cholesterol levels in humans, our results suggest

that this regulation may result in the attenuation of HDL

cholesterol elevation mediated by PPARa agonists and thus

may play a critical role in PPARa agonist mediated HDL

cholesterol homeostasis in CETP species.

Methods

Materials

Fenofibrate, Wy14643, triolein and salts were obtained from

Sigma-Aldrich (St Louis, MO). Cholesterol Oleate and POPC

were obtained from Avanti Polar Lipids (Alabaster, AL).

BODIPY-CE analogue was obtained from Molecular Probes

(Eugene, OR). Purified human VLDL was obtained from

Intracel (Frederick, MD). LY970, 2-(4-{3-[1-(3,4-Dimethyl-

benzyl)-4-methyl-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid, was made at

Lilly Research Laboratories as described [19].

Animals

All experiments involving animals were approved by the

Institutional Animal Care and Use Committee of Eli Lilly

and Company, Indianapolis, Indiana. The human CETP

minigene transgenic mice were described previously [16].

Seven-week old male CETP human transgenic mice under

the control of the natural human promoter were obtained

from The Jackson Laboratory (Bar Harbor, ME, Stock No.

003904) and acclimated for 2 weeks prior to the start of the

studies. Each study used 4–6 mice per group and the mice

were individually caged. Light was controlled on a 12 h on

12 h off light/dark cycle. The mice were provided Purina

5001 chow ad libitum and had free access to water

throughout the experiments. Compounds were dosed daily

by oral gavage in CMC/Tween80 (1.0%/0.25%) vehicle for

7 days. The animals were sacrificed by CO2 asphyxiation 3 h

after the last dose. Blood samples for serum preparation were

collected by cardiac puncture and livers were collected and

frozen in liquid nitrogen. Eight-week old male Syrian

Golden Hamsters (six per group) were obtained from Harlan

Sprague Dawley (Indianapolis, IN) and acclimated 2 weeks

prior to the start of the study. The hamsters were housed 5 per

cage. Light was controlled on a 12 h on 12 h off light/dark

cycle. The hamsters were provided Purina 36315 chow ad

libitum and had free access to water throughout the experi-

ments. Compounds were dosed daily by oral gavage in CMC/

Tween80 (1.0%/0.25%) vehicle for 14 days. The animals
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were sacrificed by CO2 asphyxiation 3 h after the last dose.

Blood samples for serum preparation were collected by

cardiac puncture and livers were collected and frozen in

liquid nitrogen.

CETP Activity

A donor particle containing a fluorescent cholesterol ester

analogue that self quenches its fluorescent signal was pre-

pared similarly to what was described by Bisgaier et al. [24].

The particle contained 15 mol% BODIPY-CE analogue,

33 mol% cholesteryl oleate, 8 mol% triolein, and 44 mol%

POPC. The donor particle was added to a Tris/NaCl buffer

with an acceptor particle (purified human VLDL at final

concentration of 25 lg/ml). Serum from the animals was

added to the mixture and incubated 30 min at 37oC. Fluo-

rescent signal at wavelengths 544 nm excitation, 595 nm

emission with a 590 nm cutoff filter in a Gemini fluorescent

plate reader (Molecular Devices, Sunnyvale, CA) represents

CETP activity.

Plasma CETP Levels

An ELISA (Wako Diagnostics, Richmond, VA) was used

to measure CETP protein concentration in mouse serum.

The serum samples were serially diluted with PBS and the

assay was performed as described according to the manu-

facturer’s instructions.

Plasma Lipid Analysis

Serum triglyceride was measured in an automated clinical

analyzer (Roche, Indianapolis, IN). Lipoproteins were

analyzed by FPLC as described in Cao et al. [25].

mRNA Measurement

RNA was prepared with RNeasy Mini Kit (QIAGEN,

Valencia, CA) or Total RNA Chemistry products for the ABI

Prism 6100 Nucleic Acid PrepStation (PE Applied BioSys-

tems, Foster City, CA, USA). Taqman real-time quantitative

PCR (Q-PCR) was performed using an ABI Prism 7900

sequence detector (PE Applied BioSystems, Foster City, CA)

with GAPDH as an internal control for HeG2 cells and 18S as

an internal control for animal liver samples. Gene-specific

primer probes were obtained from Applied BioSystems.

Relative expression of the genes was determined by Ct method

and calculated to fold induction against the controls.

Cell Culture Studies

Full length human PPARa cDNA was cloned from human

liver and the sequence was confirmed by DNA sequencing.

It was then subcloned into the mammalian expression

vector pcDNA3.1(+) with KpnI and NotI sites. The PPARa
expression vector was used to establish a HepG2 Stable

cell line in which PPARa was expressed at 80 fold

(mRNA) over the basal expression level through standard

Geneticin (G418, Invitrogen, Carlsbad, CA) selection

procedure (800 lg/ml). HepG2 and HepG2 PPARa stable

cells were grown in 3/1 DME/F12 + 10% FBS and seeded

in 24-well plates at the density of 8 9 104 cells/well.

Twenty-four hours later, the cells were treated with either

DMSO or PPARa agonists for 48 h. RNAs were then

prepared and analyzed as described above.

Statistics

Values are given as mean ± standard error of mean

(SEM). Statistical differences, as defined as P \ 0.05, from

the vehicle control group were determined using Dunnett’s

test or t tests (JMP 5.1.1, SAS, Cary, NC).

Results

To explore whether PPARa agonists regulate CETP, we

initially used a human CETP mini-gene transgenic mice.

This mouse model utilized a DNA fragment containing the

human CETP gene including coding regions, introns and

flanking regulatory sequences to express the transgene

product primarily in liver [16]. It has been shown previ-

ously that cholesterol rich diet induced hepatic CETP

mRNA and activity in this model and the molecular basis

for the observed regulation was traced to an LXR basis [16,

17]. We treated the animals (n = 4) using fenofibrate for

7 days and 3 h after the last dose, we sacrificed the animals

and analyzed the data. Serum triglyceride level was

reduced by 38% (Fig. 1a), suggesting the activation of

PPARa in vivo. Serum CETP activity was assessed and

demonstrated a significant increase (61%) (Fig. 1b). Mea-

suring serum CETP protein levels using an ELISA

indicated a 130% increase in serum CETP protein mass

(Fig. 1c). A 2.7 fold increase in hepatic CETP mRNA was

observed when liver samples were analyzed by the quan-

titative polymerase chain reaction (Fig. 1d). Next, we

investigated specific PPARa mechanism by using a potent

specific synthetic PPARa agonist LY970 that is structurally

divergent from fenofibrate in the same model [19]. CETP

mini-gene mice (n = 4–5) were treated with 1 mg/kg dose

of LY970 for seven days and the serum lipid, protein and

hepatic mRNA levels were analyzed similarly. As expec-

ted, LY970 reduced serum triglyceride level dramatically

(75%, Fig. 2a), suggesting a very potent PPARa activation

in this mouse model. Serum CETP activity was elevated

154% and the protein level increased 228% (Fig. 2b, c).
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Hepatic mRNA was upregulated three fold as well

(Fig. 2d). Significant reduction of total cholesterol (23%)

that was attributable primarily to reductions of VLDL and

LDL was observed. HDL cholesterol was not changed

(data not shown).

To explore whether endogenous CETP could be

regulated by PPARa agonists, we treated hamsters with

increasing doses of fenofibrate or 10 mg/kg of Wy14634, a

prototypic PPARa agonist for fourteen days and analyzed

lipids, CETP mRNA and its activity. As were shown in

Fig. 3, fenofibrate at the highest dose trended towards a

reduction of serum triglyceride levels (nonsignificant,

Fig. 3a). Fenofibrate elicited a dose-dependent increase in

plasma CETP activity that was 221% at the highest dose

compared to the vehicle group (Fig. 3b). Hepatic CETP

mRNA was also dose-dependently elevated with the

highest elevation around 60% with the highest fenofibrate

dose and close to 90% increase with Wy14643 treatment

(Fig. 3c). There was no significant change in HDL cho-

lesterol levels as assessed by FPLC analysis (data not

shown). Taken together, these data indicated that PPARa
agonists upregulated CETP in vivo.

To explore the potential mechanisms of PPARa agonist

regulation of CETP, we used a human liver carcinoma cell

line HepG2 cells as a model. HepG2 cells have low PPARa
expression [26] and not surprisingly, agonist treatment did

not result in any significant change in CETP mRNA levels

(Fig. 4b). We thus generated a stable cell line in which

PPARa was overexpressed. PPARa overexpression led to

an increase of more than 100% in CETP mRNA and a more

than 5 fold elevation in carnitine palmitoyl transferase 1

(CPT1) mRNA as a control [27] (Fig. 4a). Treatment of the

cells with PPARa agonists resulted in a further but mod-

erate elevation in CETP mRNA compared to DMSO as the

vehicle (20–60%, Fig. 4b). As controls, liver X receptor

(LXR) agonist T0901317 robustly elevated CETP mRNA

in these cells [17]. Thus, PPARa agonist regulation of

CETP was direct on hepatocytes. In an attempt to map

potential PPARa responsive elements within the regulatory

regions of human CETP gene, we searched the promoter

and intron one of the human CETP gene for potential direct

Fig. 1 Regulation of CETP by fenofibrate in CETP minigene

transgenic mice. Four animals per group were dosed orally at

500 mg/kg for 7 days. Plasma and tissue samples were prepared 3 h

after the last dose and analyzed as described in ‘‘Methods’’.

a Fenofibrate reduced serum triglyceride levels. b Fenofibrate

elevated CETP activity. Ex vivo CETP activity of serum samples

was assessed with the assay described in ‘‘Methods’’. c Fenofibrate

increased serum CETP protein mass. Serum CETP protein levels were

measured by an ELISA kit for human CETP as described in

‘‘Methods’’. d Hepatic human CETP mRNA was increased upon

PPARa activation by fenofibrate. Liver RNA was prepared and CETP

mRNA level was assessed by the quantitative PCR as described in

‘‘Methods’’. *P \ 0.05 versus vehicle (t test)

c
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repeat of hormone responsive element AGGTCA separated

by one nucleotide (DR1) and did not find any obvious DR1

elements (data now shown). Accordingly a five kilobase

promoter fragment subcloned into a luciferase reporter did

not show any PPARa agonist dependent increase in its

reporter activity (data not shown). Thus, the molecular

basis of PPARa agonist regulation of CETP remains to be

defined.

Discussion

PPARa is a nuclear receptor that plays an important role in

lipid homeostasis. Besides its major role in regulating

ApoCIII [3], apoAV [5] and fatty acid oxidation [18], it has

been well recognized that PPARa agonists regulate key

molecular components involved in HDL cholesterol

metabolism. Specifically, PPARa agonists upregulate

human ApoAI [3] and PLTP [6] and reduce expression of

SR-BI [7]. ApoAI is the major structural component of

HDL particles and the amount of ApoAI is closely asso-

ciated with HDL cholesterol levels. PPARa agonist

treatment of human ApoAI transgenic mice resulted in

dramatically elevated HDL cholesterol levels [3]. Although

the role of PLTP in HDL metabolism is not entirely clear, it

has been convincingly shown in rodent models that PLTP

is essential for HDL biogenesis [28]. Further PPARa reg-

ulation of PLTP is necessary for PPARa agonist mediated

HDL particle size increase in mice [6]. SR-BI is an HDL

receptor, deficiency of which in mice leads to dramatically

elevated plasma HDL cholesterol levels [23]. Despite the

combined regulation of these important molecules involved

in HDL cholesterol metabolism by PPARa agonists that are

expected to raise HDL cholesterol level, the effect on HDL

cholesterol by PPARa agonists in humans is minimum to

modest [20, 21]. Although it has been suspected that potent

synthetic PPARa agonists may elevate HDL cholesterol

more dramatically, it has not been proven clinically and it

appears that induction of HDL cholesterol by PPARa
agonists may be bell-shaped [29]. A major missing link of

PPARa regulation of ApoAI, PLTP and SR-BI and the

associated impact on HDL cholesterol in humans versus

Fig. 2 Regulation of CETP by a specific synthetic PPARa agonist

LY970 in CETP minigene transgenic mice. Five animals in vehicle

group and four animals in compound group were treated with either

vehicle or LY970 at 1 mg/kg for 7 days. Serum and tissue samples

were prepared and analyzed similarly to ‘‘Methods’’ in Fig. 1.

a Significant reduction of serum triglyceride levels. b Significant

elevation of serum CETP activity. c Significant increase in serum

CETP mass. d Significant increase in hepatic CETP mRNA levels by

LY970. * P \ 0.05 versus vehicle (t-test)

b
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the studies in mice is the presence of CETP in humans.

CETP catalyzes the transfer of cholesterol ester from HDL

particles to ApoB-containing lipoproteins in exchange for

triglyceride. It has been well documented through

extensive genetic studies with CETP deficiency and poly-

morphisms in humans that plasma CETP levels are

inversely correlated with HDL cholesterol levels. Subjects

with either heterozygous or homozygous CETP deficiency

not only have significantly elevated HDL cholesterol levels

but also have a significant increase in HDL particle size

[30]. CETP has been shown to significantly attenuate or

abolish completely lecithin cholesterol acyl-CoA acyl-

transferase (LCAT), or LXRa agonist mediated HDL

Fig. 4 Regulation of cellular CETP by PPARa. a Increased CETP

expression by PPARa overexpression in HepG2 cells. A HepG2

stable cell line was established through stable overexpression of

human PPARa driven by a CMV promoter. Relative CETP mRNA

levels were assessed by quantitative PCR. b PPARa agonist

regulation of CETP in hepatic cells. HepG2 stable cells overexpress-

ing PPARa or the parental cell line were treated with different PPARa
agonists. 48 h later, cells were lysed and mRNA levels were analyzed

by the quantitative PCR. T0901317 was used as a control for LXR

agonist mediated CETP regulation

Fig. 3 Regulation of hamster CETP by PPARa agonists. Five

animals per group were treated with either various doses of

fenofibrate or Wy14643 at 10 mg/kg for 14 days. Serum lipid and

CETP activity was analyzed similarly to the studies with CETP

minigene transgenic mice. a Serum a triglyceride analysis. b Dose

dependent increase in ex vivo CETP activity by fenofibrate and

10 mg/kg Wy14643. c Hepatic mRNA analysis by quantitative PCR.

* P \ 0.05 versus vehicle (Dunnett’s)
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cholesterol and particle size increase [31, 32]. Significant

attenuation of PPARa agonist mediated HDL cholesterol

increase by CETP in humans is thus conceivable and may

at least partly explain the relative anemic elevation of HDL

cholesterol induced by PPARa agonists. Our data indicate

that PPARa agonists can increase CETP mRNA, serum

proteins and activity and thus may provide a plausible

explanation to the HDL cholesterol response clinically to

PPARa agonists. In our animal models, it has been

impossible to study the direct effect of the changes of

CETP level to the changes of HDL cholesterol because of

pleiotropic effects of PPARa agonists on HDL cholesterol

homeostasis and the limitation of the human CETP trans-

genic mice [15]. Our attempt to study the clinical effect of

PPARa agonists on CETP levels, unfortunately, was

inconclusive primarily because of the variations of the

baseline plasma CETP levels and the extremely limited

number of samples that were available for the study (data

not shown). Thus, the exact pharmacological impact of

PPARa agonists on plasma CETP protein levels and its

activity in humans awaits further investigation.

Our data are in stark contrast with van der Hoogt et al.

[33], which reported a decrease in plasma CETP activity in

CETP mini-gene transgenic mice with PPARa activation

by fenofibrate. At the moment, we do not know exactly the

basis for the apparent opposite findings. In our studies we

have used three different PPARa agonists, each structurally

divergent, to demonstrate the upregulation of CETP in

mRNA, plasma protein and its activity. The experiment

reported by van der Hoogt et al. was done with high fat

diet in a hypercholesterolemic apoE3 Leiden transgenic

background. Whether the presence of apoE3 Leiden

transgene or the diet influenced the results they reported is

not clear at the moment. Future studies will clarify the

nature of the PPARa regulation on CETP and its impact on

HDL cholesterol.
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Abstract Obesity is associated with impaired fatty acid

(FA) oxidation and increased de novo hepatic lipogenesis

that may contribute to the development of hypertriglycer-

idemia, an important risk factor for the development of

cardiovascular disease. Strategies to improve hepatocyte

FA metabolism, including dietary interventions, are there-

fore important for the prevention of obesity-associated co-

morbidities. Farnesol is consumed in the diet as a com-

ponent of plant products. In the present study, we

administered farnesol orally to rats for seven days and

found significantly reduced serum triglyceride concentra-

tions compared with controls. Potential mechanisms

underlying the hypotriglyceridemic effect of farnesol were

investigated using clone-9 cultured rat hepatocytes. Far-

nesol significantly upregulated expression of peroxisome

proliferator-activated receptor alpha (PPARa) and the

PPARa-regulated genes fatty acyl-CoA oxidase and car-

nitine palmitoyl transferase 1a, suggesting that increased

hepatic FA oxidation may contribute to serum triglyceride

lowering in rats. Farnesol did not change SREBP-1c

mRNA levels, but significantly down-regulated fatty acid

synthase (FAS) mRNA and protein levels and activity,

indicating that attenuated lipogenesis may also contribute

to hypotriglyceridemic effects of farnesol in vivo. Rescue

experiments revealed that down-regulation of FAS by

farnesol was not related to activation of PPARa, but rather

was caused by a 9-cis retinoic acid mediated mechanism

that involved down-regulation of retinoid X receptor b.

Diets rich in plant products are associated with a lower risk

of cardiovascular disease. Our findings suggest that farne-

sol may contribute to this protective effect by lowering

serum TG levels.
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Introduction

Dyslipidemia, including elevated circulating levels of ath-

erogenic triglyceride (TG)-rich lipoproteins, is increasing

in prevalence in Western populations where rates of

obesity have risen dramatically [1]. Hepatic production of

TG-rich lipoproteins is primarily regulated by availability

of fatty acids (FA) as substrates for TG synthesis [2].

Obesity is associated with reduced hepatic catabolism of

FA through down-regulation of peroxisome proliferator-

activated receptor alpha (PPARa) and genes of FA oxida-

tion [3], and increased hepatic lipogenesis resulting from

elevated blood insulin levels that stimulate expression of

sterol regulatory element binding protein-1c (SREBP-1c)

and fatty acid synthase (FAS) [4–6]. Dietary interventions

that increase FA oxidation and decrease FA synthesis in

hepatocytes may, therefore, provide a useful strategy to

limit hepatic production of atherogenic lipoproteins and

thereby decrease cardiovascular disease risk.

Farnesol is produced endogenously in cells from far-

nesyl pyrophosphate, the precursor of squalene in the

cholesterol biosynthetic pathway [7]. It is also consumed

in the diet as a component of plant products [8] including

fruits and berries such as apricots, peaches, plums, blue-

berries, cranberries, raspberries and strawberries,

vegetables such as tomatoes [9] and herbs such as cham-

omile [10]. A number of studies have shown that farnesol

affects lipid metabolism in hepatocytes and other cells, and

may be of benefit in regulating serum lipid levels. Dietary

farnesol lowers serum cholesterol in rats [11], and a role

for farnesol in the feedback control of cholesterol bio-

synthesis through down-regulation of HMG-CoA reductase

is well characterized [12]. Farnesol has also been shown to

inhibit phosphatidylcholine biosynthesis in human leuke-

mia cells [13] and fatty acid synthesis in CaCo-2 colonic

epithelial cells [14]. De novo synthesis of triglycerides

(TG) in primary rat hepatocytes has been shown to be

inhibited by farnesol [15], although mechanisms underly-

ing this effect have not previously been investigated.

Furthermore, the effect of farnesol on serum TG in rats had

not been tested.

In the present study we showed that Sprague–Dawley

rats administered farnesol had significantly lower levels of

serum TG. We hypothesized that changes in regulation of

hepatocyte FA metabolism may mediate this effect. Using

clone-9 cultured rat hepatocytes we showed that farnesol

up-regulated PPARa and genes of FA oxidation. Although

farnesol did not alter expression of the master lipogenic

transcriptional regulator SREBP-1c, we showed for the first

time that it significantly down-regulated FAS mRNA,

protein, and activity levels, and that this was mediated by a

9-cis retinoic acid-dependent mechanism involving reti-

noid X receptor (RXR) b.

Materials and Methods

Materials

Unless otherwise indicated, all chemicals including

trans,trans-farnesol were purchased from Sigma (Missis-

sauga, ON, Canada).

Animals

Rats were cared for in accordance with the recommenda-

tions of the Canadian Council on Animal Care and the

University of Toronto Animal Care Policies and Guidelines.

The experimental protocol utilized in the present study was

reviewed and received ethical approval by the University of

Toronto Animal Care Committee. Nine male Sprague–

Dawley rats 7 weeks of age were purchased from Charles

River Laboratories (Wilmington, MA, USA) and acclima-

tized for 1 week prior to study commencement on a

standard AIN-93G diet (Dyets, Bethlehem, PA, USA) that

was used throughout. Rats were randomized into two groups

and were gavaged once daily with cottonseed oil (vehicle

control) or farnesol (500 mg/kg body weight) dissolved in

cottonseed oil for 7 days. Body weights were monitored to

ensure that treatments were well tolerated, and did not

change over the course of the study. On day 7, following an

overnight fast, rats were euthanized by CO2 asphyxia fol-

lowed by cervical dislocation and samples of blood were

taken by cardiac puncture. Serum TG were analyzed

according to the manufacturer’s protocol using Infinity tri-

glyceride reagent (Thermo, Melbourne, Australia).

Cell Culture

Clone-9 rat hepatocytes purchased from the American

Type Cell Culture Collection (Manassas, VA, USA) were

routinely cultured in DMEM in 150 dl flasks at 37 �C and

5% CO2 in the presence of 1% penicillin/streptomycin with

10% fetal bovine serum (Hyclone, VWR, Mississauga,

Canada). Farnesol and 9-cis RA were dissolved in DMSO

immediately prior to use. Final concentrations of DMSO in

both control and treatment medium were identical in all

studies with a maximum level of 0.05%.

Immunoblotting

Cells were washed repeatedly with ice cold PBS, then

scraped into RIPA lysis buffer (19 PBS, pH 7.4, 1% Nonidet

P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 1%

protease inhibitor cocktail and incubated on ice for 30 min

with frequent vortexing then centrifuged for 20 min at

12,0009g. Five to 40 lg of protein in supernatants were

mixed with 29 Laemmli buffer, heated for 5 min at 95 �C,
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electrophoresed in 10% SDS-polyacrylamide gels and

transferred to polyvinylidene difluoride membranes. Blots

were blocked for 1 h then probed overnight at 4 �C, first

with antibodies to FAS (BD Biosciences, Mississauga, ON,

Canada) or RXRb (Upstate Biotechnology Inc., Char-

lottesville, VA, USA), then with horseradish peroxidase

conjugated anti-mouse or anti-rabbit secondary antibodies

(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).

Signals were detected by enhanced chemiluminescence.

Band densities were quantified in arbitrary units then

expressed as relative density compared with untreated con-

trols that were taken as 100%. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) (Abcam, Cambridge, MA, USA)

was used as a loading control.

RNA Isolation, cDNA Synthesis, and PCR

Total RNA was isolated using TRI-Reagent. cDNA was

synthesized from 5 lg of total RNA by oligo(dT) priming

using the SuperScriptTM First-Strand Synthesis System for

RT-PCR (Invitrogen, Burlington, ON, Canada). The cDNA

was amplified under the following conditions: denaturation

at 94�C for 5 min, followed by a pre-determined number of

cycles of denaturation at 94 �C for 1 min, annealing at

62 �C for 1 min, and extension at 72 �C for 1 min, with the

final extension at 72 �C for 10 min. The optimum cycle

number for each primer set was determined so that the

product was obtained during the exponential phase of the

amplification (data not shown). Based on these preliminary

studies cycle numbers, product size, and primer sets were

used as outlined in Table 1. PCR products were electro-

phoresed on 1% agarose gels and stained with ethidium

bromide. Band densities were measured and quantified by

densitometry in arbitrary units under UV light using an

Alpha Innotech Fluorochem with AlphaEase image quan-

tification software (San Leandro, CA, USA). Densities of

amplified cDNA were normalized to the density of the

corresponding 36B4 band, and relative densities were

expressed as a percentage of control values.

FAS Assay

Cells were assayed for FAS activity as previously described

[16]. Briefly, cells were washed with PBS, harvested by

scraping into 500 ll of PBS and pelleted by centrifugation

for 5 min at 1,0009g. Cell pellets were resuspended in

50 ll of hypotonic buffer (20 mM Tris–HCl, 1 mM DTT,

1 mM EDTA, pH 7.5) for 15 min at room temperature and

then centrifuged for 1 min at 12,0009g. Supernatants

containing 15 lg of protein in 20 ll of hypotonic buffer

were added to 125 ll of reaction buffer (100 mM potassium

phosphate, 100 mM KCl, 0.5 mM NADPH, pH 7.0) and

pre-warmed for 10 min at 37 �C. Reactions were started by

the addition of 14 ll of a substrate mixture containing

25 nmol of acetyl-CoA, 25 nmol of malonyl-CoA, and

0.05 lCi of [2-14C]malonyl-CoA (PerkinElmer Life Sci-

ences, Boston, MA, USA). After 10 min, reactions were

stopped by the addition of 1 ml of ice-cold 1 N HCl/

methanol (6:4, v/v). Fatty acids were extracted with 1 ml of

petroleum ether for 1 h and incorporation of radioactivity

was measured by scintillation counting.

Statistical Analysis

All values shown are means ± SEM. For Western immu-

noblots, values represent means from at least four

Table 1 Primer sets, product

size, and cycle number for PCR

amplification of cDNA

Gene For/Rev Primers Number of cycles Size (bp)

36B4 Forward 50-TGGGCTCCAAGCAGATGC-30 20 413

Reverse 50-GGCTTCGCTGGCTCCCAC-30

SREBP-1c Forward 50-GGAGCCATGGATTGCACATT-30 27 191

Reverse 50-AGGAAGGCTTCCAGAGAGGA-30

PPARa Forward 50-GGAGAGGAGAGTTCCGGAAG-30 33 338

Reverse 50-CTGGCATTTGTTCCGGTTCT-30

ACOX Forward 50-CTTCAATCCGGAGTTGATCA-30 28 304

Reverse 50-TCCTGCTGAGCAGTGGTGCC-30

CPT-1a Forward 50-CACTATGGAGTCCTGCAACT-30 24 311

Reverse 50-TCATCGGCAACCGGCCCAAA-30

FAS Forward 50-GGCCTGGACTCGCTCATGGG-30 20 514

Reverse 50-TGGGCCTGCAGCTGGGAGCA-30

RXRa Forward 50-CCGTGAGCAGCAGTGAGGAT-30 25 379

Reverse 50-GGCACTGCTGGTGGACTCCA-30

RXRb Forward 50-TGAGGGTCCCGGGGCCACCG-30 25 339

Reverse 50-CCTCATGTCACGCATTTTGG-30
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individual samples from two or more separate experiments

with different cell preparations. Means for gene expression

data were generated from five or more cell samples grown

in three or more separate experiments. Differences between

multiple treated groups and controls were analyzed by one-

way ANOVA followed by Dunnett’s post hoc test. Dif-

ferences between treated and control FAS activity values

were analyzed by Student’s t test.

Results and Discussion

We began the present study by treating 8-week-old male

Sprague–Dawley rats with farnesol (500 mg/kg) by gavage

for 7 days. This dose has previously been shown to elevate

hepatic farnesol levels in rats [17] and to be well tolerated,

resulting in no changes in body weights, food intakes, or

liver weights after 28 days [10]. In agreement with those

results, we found that farnesol did not change rat body

weights (Fig. 1a), indicating an absence of overt toxicity or

malabsorption in treated animals. We found that serum TG

concentration was reduced by *40% in rats treated with

farnesol compared with rats that received the vehicle

control (Fig. 1b). To identify potential mechanisms

underlying this effect, we next investigated the regulation

of hepatocyte FA metabolism by farnesol using a rat

hepatocyte cell line (clone-9 cells).

In rodents, diet-induced obesity causes reduced hepatic

expression of PPARa and genes of lipid oxidation [6].

Administration of PPARa agonists has been shown to

upregulate the expression of genes related to the oxidation

of fatty acids [18], to lower serum TG concentrations, and

to reverse hepatic lipotoxicity in diabetic mice [19]. A

preliminary concentration-response study showed a sig-

nificant effect of 30 lM farnesol on expression of PPARa
by 24 h (data not shown). A time-course analysis showed

that PPARa was significantly induced by treatment with

30 lM farnesol at both 24 and 48 h (Fig. 2a), indicating an

autoregulatory activation of PPARa transcription [20, 21]

that has also been reported in HepG2 cells [22] and epi-

dermal keratinocytes [23] treated with farnesol. PPARa
regulates the expression of genes involved in lipid

homeostasis, stimulating fatty acid oxidation and improv-

ing lipoprotein metabolism [24]. We found that farnesol

significantly induced expression of fatty acyl-CoA oxidase

(ACOX) (Fig. 2B), a PPARa-regulated gene involved in

the peroxisomal beta-oxidation of very long chain FAs.

Furthermore, farnesol stimulated expression of carnitine

palmitoyl transferase 1a (CPT-1a), the rate-limiting

enzyme in mitochondrial beta-oxidation of fatty acids

(Fig. 2c). These results indicate that an increase in hepatic

FA oxidation through activation of PPARa by farnesol may

have contributed to the reduction of serum TG concentra-

tion that was observed in rats.

Obesity and insulin resistance are also associated with

elevated hepatic FA synthesis, in addition to reduced levels

of lipid oxidation [4–6]. Increased circulating levels of

glucose can act as a substrate for de novo hepatic lipo-

genesis, while elevated insulin stimulates expression of

SREBP-1c [25] that transactivates the FAS promoter to

induce hepatic FA biosynthesis [26]. Previous work has

shown that farnesol decreases the de novo synthesis of FA

from acetate in CaCo-2 colonic epithelial cells, and that

inhibition of HMG-CoA reductase, causing depletion of

farnesol as well as other downstream metabolites in this

pathway, induces FAS mRNA expression [14]. A direct

effect of farnesol on FAS mRNA and protein levels and

activity, however, has not previously been reported. Here

we show in concentration-response experiments that FAS

protein levels were significantly down-regulated in clone-9

hepatocytes at 48 h in cells treated with 30 lM farnesol

(*40% reduction compared with controls) (Fig. 3a). A

time-course analysis indicated that down-regulation of FAS

Fig. 1 Farnesol has no effect on body weights and decreases serum

TG concentrations. Male Sprague Dawley rats were treated with

cottonseed oil (control) or farnesol (500 mg/kg) by oral gavage once

daily for 7 days. Rat body weights (a) and serum TG concentrations

(b).*P \ 0.05 versus control
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protein was not evident before 48 h (Fig. 3b). FAS mRNA

levels were also significantly decreased at 48 h in cells

treated with 30 lM farnesol (Fig. 3c). This decrease was

evident by as early as 24 h (Fig. 3d), preceding the

decrease in FAS protein and suggesting transcriptional

regulation. Down-regulation of FAS protein by 30 lM

farnesol resulted in a [50% decrease in activity of the

enzyme after 48 h of treatment (Fig. 3e). FAS protein

levels also tended to be lower in livers of rats given far-

nesol (Fig. 3f), although this effect did not reach

significance (P = 0.07). These findings indicate that

decreased hepatocyte FAS activity may contribute to

hypotriglyceridemic effects of farnesol.

Interestingly, these findings may also explain several

reports that the synthesis of fatty acids and triglycerides is

modulated in response to changes in levels of metabolites

derived from the cholesterol biosynthetic pathway [15, 27–

30]. For example, statin drugs that deplete farnesol and

other intermediates of the cholesterol biosynthetic pathway

have been shown to increase TG synthesis in HepG2

hepatocarcinoma cells [29]. Conversely, squalene synthase

inhibitors that increase cellular farnesol levels [31] have

been shown to decrease the de novo synthesis of fatty acids

and triglycerides in primary rat hepatocytes [15], and to

lower serum triglyceride levels in several animal models

[27, 28, 30]. Direct regulation of FAS by farnesol provides

a unifying mechanism to explain these effects.

Mechanisms underlying the regulation of FAS expres-

sion by farnesol have not previously been investigated.

Transcriptional regulation of the FAS promoter is complex.

Multiple nuclear hormone receptors have been identified

that can directly or indirectly modulate FAS transcription

[26]. In an effort to understand the down-regulation of FAS

by farnesol, we first tested whether farnesol caused any

changes in expression of SREBP-1c, the major transcrip-

tional regulator of lipogenesis [32]. SREBP-1c expression,

however, did not change significantly in rat hepatocytes

treated with farnesol (Fig. 4), in agreement with findings

by Murthy et al. [14] who showed that SREBP-1c

expression is not changed in CaCo-2 colonic epithelial

cells treated with the farnesol precursor farnesyl-pyro-

phosphate. SREBP-1c is also regulated at the protein level

by processing to an active form that translocates to the

nucleus where it can regulate gene transcription [33].

While we did not measure protein levels of the nuclear

form of SREBP-1c, we found no down-regulation of a

number of genes that are controlled by this transcription

factor (e.g., small heterodimer partner or ATP-binding

cassette 1a (data not shown), or PPARa), indicating that a

decrease in levels of the active form likely did not mediate

down-regulation of FAS in the present study.

We next tested whether activation of PPARa could have

mediated the down-regulation of FAS that we observed in

Fig. 2 Farnesol induces PPARa and genes of FA oxidation. Clone-9 rat

hepatocytes were cultured with 30 lM farnesol or DMSO (control) for

the time periods indicated prior to harvest and analysis for gene

expression by RT-PCR. Expression of PPARa was significantly

induced by farnesol (a), as was expression of the PPARa-regulated

genes ACOX (b) and CPT1a (c). *P \ 0.05; **P \ 0.01 versus control
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clone-9 cells. However, when we treated cells with the

potent PPARa agonist fenofibrate, there was a trend

towards increased FAS mRNA expression (data not

shown), indicating that decreased FAS in the present study

is not explained by PPARa activation. We also treated cells

with 9-cis retinoic acid (9-cis RA), a ligand activator of

retinoid X receptors (RXRs) that heterodimerize with

PPARs and other nuclear hormone receptors to form active

complexes. Surprisingly, this compound alone completely

restored FAS mRNA expression in the presence of farnesol

(Fig. 5a). Ligand activation of RXRs by retinoids has

previously been shown to induce FAS through a mecha-

nism that does not appear to involve direct activation of a

retinoic acid response element in the FAS promoter [34,

35]. Studies indicating induction of FAS by retinoids are

normally performed under conditions in which the growth

medium of cells has been treated to remove exogenous

hormones and lipids from supplemental serum, or under

Fig. 3 Farnesol down-regulates FAS protein and mRNA expression

and FAS activity in clone-9 cultured rat hepatocytes. a Representative

immunoblot showing concentration-dependent effects of farnesol on

FAS protein expression after 48 h. b Time-dependent effects of

30 lM farnesol on FAS protein levels. Numbers in parentheses are

means ± SEM for relative band density measured as a percentage of

the density of the control band. FAS mRNA expression was measured

by densitometry and normalized to expression of 36B4 as outlined in

‘‘Materials and Methods’’. c Farnesol down-regulated FAS mRNA

expression in a concentration-dependent manner in cells treated for

48 h. d Farnesol down-regulated FAS mRNA in a time-dependent

manner in cells treated with 30 lM farnesol. e Treatment of rat

hepatocytes for 48 h with 30 lM farnesol significantly decreased

FAS activity. f FAS protein levels tended to be lower in livers of rats

given farnesol by gavage. �P = 0.07; *P \ 0.05; **P \ 0.01 versus

control

Fig. 4 Farnesol does not alter SREBP-1c mRNA expression. Expres-

sion of SREBP-1c mRNA in rat hepatocytes treated with 30 lM

farnesol
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serum-free conditions [34, 35]. In the present study we

utilized complete medium containing 10% untreated FBS

and found no change in FAS mRNA levels in cells treated

with 9-cis RA in the absence of farnesol, precluding a non-

specific stimulation of gene transcription by this ligand.

Farnesol significantly down-regulated RXRb (Fig. 5c) but

not RXRa (Fig. 5b). Western blotting indicated that RXRb
protein levels were also down-regulated by farnesol

(Fig. 5d), suggesting that decreased expression and activity

of this transcription factor may play a role in mediating

effects of farnesol on FAS. The discovery that RXRb is

modulated by farnesol is novel and provides a new

molecular pathway through, which farnesol may signal to

regulate hepatocyte lipid metabolism.

In summary, we have shown that farnesol administered

to rats significantly reduced serum TG concentration.

Mechanisms that may mediate this effect include increased

hepatocyte FA oxidation resulting from PPARa activation

and subsequent upregulation of genes involved in peroxi-

somal and mitochondrial beta-oxidation as well as down-

regulation of hepatocyte FA synthesis resulting from

decreased mRNA and protein levels and activity of FAS.

Rescue experiments showed that down-regulation of FAS

by farnesol involved a 9-cis retinoic acid mediated mech-

anism that involves down-regulation of RXRb. Diets rich

in plant products, the principle source of farnesol, are

generally associated with a reduced risk for the develop-

ment of cardiovascular disease [36]. Our findings suggest

that farnesol may contribute to this reduction in risk by not

only helping to counter hypercholesterolemia, but also by

lowering serum TG concentrations.
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Abstract Fatty acid (FA) composition of fillet tissue can

be tailored by transitioning fish from alternative lipid-

based, low long-chain polyunsaturated fatty acid (LC-

PUFA) grow-out feeds to high LC-PUFA ‘‘finishing’’

feeds. To address whether grow-out feed composition

influences the responsiveness of fillet tissue to finishing,

sunshine bass (SB, Morone chrysops 9 M. saxatilis) were

reared to a submarketable size on grow-out feeds con-

taining fish oil (FO) or a 50:50 blend of FO and coconut

(CO), grapeseed (GO), linseed (LO), or poultry (PO) oil.

For the final 8 weeks of the trial, fish were either main-

tained on assigned grow-out feeds or finished with the

100% FO feed. Production performance was unaffected by

dietary lipid source, but fillet FA profile generally con-

formed to nutritional history. Regardless of grow-out

regimen, finishing had a significant restorative effect on

fillet FA composition; however, complete restoration of

control levels of 20:5n-3, 22:6n-3, total LC-PUFA and n-

3:n-6 FA ratio was achieved only among fish fed the CO-

based grow-out feed. Saturated fatty acids (SFA) appear to

be preferential catabolic substrates, whereas medium-chain

and long-chain PUFA are selectively deposited in tissues.

Provision of SFA in grow-out feeds appears to optimize

selective FA metabolism and restoration of beneficial fillet

FA profile during finishing.

Keywords Fish oil � Alternative lipid � Finishing feed �
Fatty acid turnover/dilution � LC-PUFA � Morone spp.

Abbreviations

ANOVA Analysis of variance

CO Coconut oil

DHA Docosahexaenoic acid, 22:6n-3

EPA Eicosapentaenoic acid, 20:5n-3

FA Fatty acid

FCR Feed conversion ratio

FO Fish oil

GO Grapeseed oil

HSI Hepatosomatic index

IPF Intraperitoneal fat

IPFR Intraperitoneal fat ratio

LC-PUFA Long-chain polyunsaturated fatty acid(s)

LO Linseed oil

MC-PUFA Medium-chain polyunsaturated fatty acid(s)

MUFA Monounsaturated fatty acid(s)

PO Poultry oil

PUFA Polyunsaturated fatty acid(s)

SB Sunshine bass

SFA Saturated fatty acid(s)

Introduction

Seafood represents an increasingly important food source

for the human population, particularly in developing

regions—seafood comprises 20% of animal protein intake

for more than half of the world population [1]. In addition,

seafood is the predominant dietary source of long-chain

polyunsaturated fatty acids (carbon atoms C 20, degree of

unsaturation C 3, LC-PUFA), such as eicosapentaenoic

(EPA, 20:5n-3) and docosahexaenoic acids (DHA, 22:6n-

3), that are critical to human health [2]. These fatty acids

(FA) impart benefits beyond basic nutritive value,
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positively influencing neural, cardiac, vascular, immuno-

logical, reproductive, and oncogenetic health [3–8]. As a

result, both nutritional and medical communities have rec-

ommended increasing human consumption of LC-PUFA to

improve and maintain health of the American public [9].

With most traditional capture fisheries at sustainable

harvest limits or in decline [10], seafood demand is

increasingly met by aquaculture products. Currently, 45%

of the fish consumed worldwide are cultured [1]. Assuming

per capita seafood consumption is maintained, aquaculture

production must double by 2030 to keep pace with human

population growth over this time period [11]. Attendant to

growth in the aquaculture sector is the further expansion of

aquafeed manufacturing, an industry which relies on

‘‘reduction’’ fisheries for the production of fish meal and

fish oil (FO) [12]. Recent peaks in the price of FO [13]

reflect increasing competition for this resource among end-

users and the inability of reduction fisheries to sustain

further growth. In addition to economic and sustainability

considerations, evidence linking FO in aquafeeds to ele-

vated levels of environmental contaminants in cultured

seafood [14–16] has motivated the aquaculture industry to

identify alternatives to FO.

Fish oil replacement has been evaluated using a variety

of plant- and animal-derived, alternative lipids in numerous

aquaculture species, often with great success [17–20].

Although growth performance is typically unaffected by

dietary lipid source, FA composition of fish tissues mirrors

dietary content and is responsive to dietary change. Fol-

lowing a switch in dietary lipid source, fillet composition

will change over time to more closely resemble the new

dietary FA profile [21–24]. Thus, replacing FO with

alternative lipid sources in aquafeeds results in the loss of

nutritionally beneficial LC-PUFA within the resultant fil-

lets and may, in turn, limit health benefits of cultured

seafood to human consumers [25].

Based on the known plasticity of fillet composition,

nutritionists have suggested the use of ‘‘finishing’’ feeds,

high in LC-PUFA, to increase and/or restore high levels of

these beneficial FA to the fillet prior to harvest. In this

strategy, fish are raised on alternative lipid-based ‘‘grow-

out’’ feeds for most of the production cycle and then

transitioned to the finishing feed prior to harvest. Finishing

feeds have been used to enhance fillet LC-PUFA content in

a number of aquaculture species [26–34], however, the

extent of LC-PUFA augmentation varies and complete

restoration of FO-associated profile is infrequently reported

[31, 34]. Fatty acid composition of the grow-out feed and

pre-finishing fillet profile may contribute to differences in

overall finishing success. Previous research suggested

medium-chain polyunsaturated fatty acids (18 carbon, MC-

PUFA) are resistant to ‘‘washout’’ or ‘‘dilution’’ during

finishing [35], whereas saturated FA (SFA) are perhaps

more labile in fish tissues [33]. Most finishing strategies

have employed MC-PUFA-rich plant oils during the grow-

out phase, but high levels of MC-PUFA may render fillets

comparatively unresponsive to finishing and LC-PUFA

augmentation. To address this hypothesis, we evaluated

alternative lipid sources with distinct FA profiles in sun-

shine bass (SB, Morone chrysops 9 M. saxatilis) grow-out

feeds and subsequently assessed the responsiveness of fillet

tissue to LC-PUFA augmentation during finishing.

Methods and Materials

Diet Preparation and Analyses

Five feeds were manufactured based on a practical, reduced

fish meal feed our group previously developed for SB

culture ([36], Table 1). As originally formulated, this feed

contained 9.8% FO (dry matter basis; menhaden-derived;

Virginia GoldTM, Omega Protein, Inc., Houston, TX,

USA). In the present work, the original, FO-based formu-

lation served as the control grow-out feed as well as the

finishing feed. Four experimental grow-out feeds were

derived from the basal formulation, with 50% of the FO

replaced with poultry (PO, Tyson Foods, Inc., Robards,

KY, USA), linseed (LO, Barlean’s Organic Oils, Ferndale,

WA, USA), grapeseed (GO, Kusha, Inc, Irvine, CA, USA),

or coconut oil (CO, Spectrum Organic Products, Petaluma,

CA, USA). These alternative lipids are predominantly

comprised of a single FA class (monounsaturates [MUFA],

n-3 MC-PUFA, n-6 MC-PUFA, and SFA, respectively) and

were strategically chosen to generate distinct feed FA

profiles for the purposes of hypothesis testing (Table 2).

All feedstuffs were incorporated using a cutter–mixer

(Model CM450, Hobart Corporation, Troy, OH, USA),

pelleted using a food grinder, dried at room temperature to

*870 g kg-1 dry matter, and stored frozen (-20�C)

throughout the duration of the study. Proximate analyses of

triplicate diet samples were conducted according to stan-

dard methods for analysis of animal feeds [37, 38] to

confirm diet composition (Table 1). Reserved crude lipid

samples were analyzed for FA composition (Table 2)

according to the procedures described by Lane et al. [33].

Experimental Design and Feeding Trial

Nine feeding regimens were developed to address influences

of dietary lipid source and FA composition on production

performance and subsequent finishing diet success in SB

culture (Fig. 1). Eight experimental regimens represented

feeding the grow-out feeds described above throughout the

feeding trial (CO, LO, GO, and PO regimens) or with an

8-week finishing period (CO + Finish, LO + Finish,

GO + Finish, and PO + Finish regimens). The control
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regimen represented feeding the FO control/finishing feed

throughout the duration of the feeding trial (FO Control

regimen). Juvenile SB [46 ± 1 g, mean ± SE; age 1

(*10 months); Keo Fish Farm, Keo AR] were group-reared

on the grow-out feeds described above, then stocked into a

recirculation system consisting of 30, 270-l fiberglass tanks

with associated mechanical and biological filtration units for

the final 12 weeks of the production cycle. Each experi-

mental regimen was randomly assigned to three replicate

tanks (n = 3), whereas the control regimen was assigned to

six replicate tanks (n = 6). For all regimens, each replicate

tank was stocked with six fish from the appropriate dietary

group. Eight weeks prior to harvest, a subsample of one fish

per tank was collected to determine baseline tissue FA profile

prior to finishing (tissues collected as described in ‘‘Harvest,

Sample Collection, and Production Performance’’). After

baseline sampling, remaining fish were finished with the

100% FO feed for the remaining 8 weeks of the feeding trial

(CO + Finish, LO + Finish, GO + Finish, and PO +

Finish regimens) or maintained on assigned grow-out feeds

(FO Control, CO, LO, GO, and PO regimens). Throughout

the 7-month culture period, fish were fed assigned feeds once

daily to apparent satiation.

Temperature (YSI Model 55 Oxygen Meter, Yellow

Springs, OH, USA) was measured daily, whereas dissolved

oxygen (YSI Model 55 Oxygen Meter, Yellow Springs, OH,

USA), ammonia-, nitrite-, and nitrate–nitrogen as well as

alkalinity were measured periodically throughout the study

period (Hach DR/2010 spectrophotometer, Hach Company,

Loveland, CO, USA). All water quality parameters were

maintained within ranges suitable for SB culture [39]. All

culture and husbandry methods, as well as euthanasia and

sample collection procedures described below, were con-

ducted under the direction and approval of the Southern

Table 1 Formulation and proximate composition of experimental diets adapted from Lewis and Kohler [36]

Ingredient Fish oil (FO) Coconut oil (CO) Grapeseed oil (GO) Linseed oil (LO) Poultry oil (PO)

Fish meala 200 200 200 200 200

Fish oila 98 49 49 49 49

Coconut oilb – 49 – – –

Grapeseed oilc – – 49 – –

Linseed oild – – – 49 –

Poultry oile – – – – 49

Corn gluten mealf 140 140 140 140 140

Wheat middlings 201 201 201 201 201

Soybean meal 300 300 300 300 300

Carboxymethyl cellulose 20 20 20 20 20

Sodium phosphate monobasic 15 15 15 15 15

Calcium phosphate dibasic 15 15 15 15 15

Choline chloride 6 6 6 6 6

Mineral Premixg 1.5 1.5 1.5 1.5 1.5

Vitamin Premixh 1.5 1.5 1.5 1.5 1.5

Proximate composition

Dry matter 88.0 87.8 88.3 84.7 85.7

Protein 41.1 41.5 41.0 40.5 39.4

Lipid 14.3 14.5 14.4 14.6 13.2

Ash 10.8 10.2 9.6 11.4 10.6

All proximate composition values are expressed as a mean in g/100g (%), dry matter basis. Formulation composition is expressed in g/kg
a Derived from menhaden Brevoortia spp., Omega Protein, Inc., Houston, TX, USA
b Spectrum Organic Products, Petaluma, CA, USA
c Kusha, Inc., Irvine, CA, USA
d Barlean’s Organic Oils, Ferndale, WA, USA
e Tyson Foods, Inc., Robards, KY, USA
f Tate and Lyle, Decatur, IL, USA
g Formulated to contain: 7,000 mg kg-1 copper, 70,000 mg kg-1 iron, 100,000 mg kg-1 manganese, 200,000 mg kg-1 zinc, 0.24% iodine
h Formulated to contain: 99.8 mg kg-1 selenium, 2,200 mg kg-1 folic acid, 88,000 mg kg-1 niacin, 35,200 mg kg-1 pantothenic acid,

11,000 mg kg-1 vitamin B6, 13,200 mg kg-1 riboflavin, 11,000 mg kg-1 thiamin, 11,000 mg kg-1 vitamin B12, 66,000 mg kg-1 vitamin E,

4,400 mg kg-1 vitamin K, 4,400,000 IU kg-1 vitamin A, 2,200,000 IU kg-1 vitamin D, 100,000 mg kg-1 vitamin C
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Illinois University Institutional Animal Care and Use

Committee, protocol #07-008.

Harvest, Sample Collection, and Production

Performance

After completion of the feeding trial, feed was withheld for

48 h prior to harvest. Fish within individual tanks were

harvested and immediately anesthetized in an ice-water

bath. Each anesthetized fish was individually weighed and

euthanized by single cranial pithing prior to tissue sample

collection. Boneless, skinless, J-cut (without belly flap)

fillets were harvested by experienced filleters to calculate

% dress-out [(weight of fillets/whole body weight) 9 100].

Fillet subsamples were collected from a standardized

dorso-anterior landmark (to isolate white muscle tissue),

packaged in sterile, polyethylene bags (Whirl-pak�, Nasco,

Fort Atkinson, WI, USA), and stored frozen (-80�C) prior

to proximate and FA analyses. Additional fillet subsamples

were packaged similarly and held refrigerated for analysis

of oxidative stability. Livers and intraperitoneal fat (IPF)

masses were dissected from the viscera to calculate he-

patosomatic index [HSI; (liver weight/whole body

weight) 9 100] and intraperitoneal fat ratio [IPFR; (IPF

weight/whole body weight) 9 100] indices. Subsamples of

hepatic and IPF tissue were packaged and stored in the

same manner as fillet tissue for FA analysis. Survival,

percent weight gain [((average individual weightfinal -

average individual weightinitial)/average individual

weightinitial) 9 100], and food conversion ratio (FCR;

average individual dry matter consumption/average indi-

vidual gain) were calculated for each tank.

Table 2 Dietary composition with respect to FA and FA classes

Fatty acid(s) Fish oil (FO) Coconut oil (CO) Grapeseed oil (GO) Linseed oil (LO) Poultry oil (PO)

8:0 0.00 ± 0.05 1.83 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05

10:0 0.00 ± 0.02 2.02 ± 0.02 0.00 ± 0.02 0.00 ± 0.02 0.00 ± 0.02

12:0 0.11 ± 0.02 17.59 ± 0.02 0.02 ± 0.02 0.04 ± 0.02 0.06 ± 0.02

14:0 7.65 ± 0.02 11.29 ± 0.02 4.41 ± 0.02 4.42 ± 0.02 4.68 ± 0.02

16:0 18.71 ± 0.02 15.12 ± 0.02 14.47 ± 0.02 13.45 ± 0.02 20.87 ± 0.02

18:0 3.50 ± 0.01 3.28 ± 0.01 3.58 ± 0.01 3.71 ± 0.01 4.48 ± 0.01

Total SFAa 31.90 ± 0.06 52.38 ± 0.06 23.90 ± 0.06 22.97 ± 0.06 31.40 ± 0.06

16:1n-7 9.84 ± 0.02 5.65 ± 0.02 5.62 ± 0.02 5.61 ± 0.02 7.85 ± 0.02

18:1n-7 2.90 ± 0.00 1.75 ± 0.00 1.98 ± 0.00 1.92 ± 0.00 2.45 ± 0.00

18:1n-9 7.74 ± 0.02 8.12 ± 0.02 13.62 ± 0.02 11.16 ± 0.02 19.67 ± 0.02

Total MUFAb 21.68 ± 0.03 16.20 ± 0.03 21.98 ± 0.03 19.40 ± 0.03 30.76 ± 0.03

18:2n-6 8.42 ± 0.08 8.85 ± 0.08 32.40 ± 0.08 14.68 ± 0.08 15.58 ± 0.08

20:4n-6 0.92 ± 0.01 0.58 ± 0.01 0.58 ± 0.01 0.58 ± 0.01 0.71 ± 0.01

n-6 10.12 ± 0.08 10.21 ± 0.08 33.45 ± 0.08 16.02 ± 0.08 16.92 ± 0.08

18:3n-3 2.14 ± 0.01 2.04 ± 0.01 1.59 ± 0.01 22.56 ± 0.01 1.82 ± 0.01

18:4n-3 3.49 ± 0.01 1.86 ± 0.01 1.86 ± 0.01 1.87 ± 0.01 1.82 ± 0.01

20:4n-3 1.49 ± 0.01 0.81 ± 0.01 0.84 ± 0.01 0.81 ± 0.01 0.81 ± 0.01

20:5n-3 11.46 ± 0.02 6.60 ± 0.02 6.53 ± 0.02 6.53 ± 0.02 6.52 ± 0.02

22:5n-3 2.11 ± 0.02 1.22 ± 0.02 1.28 ± 0.02 1.22 ± 0.02 1.21 ± 0.02

22:6n-3 12.73 ± 0.03 6.96 ± 0.03 6.86 ± 0.03 6.89 ± 0.03 7.04 ± 0.03

n-3 33.64 ± 0.05 19.60 ± 0.05 19.08 ± 0.05 40.02 ± 0.05 19.34 ± 0.05

Total PUFAc 46.42 ± 0.07 31.42 ± 0.07 54.12 ± 0.07 57.63 ± 0.07 37.84 ± 0.07

Total LC-PUFAd 29.13 ± 0.05 16.40 ± 0.05 16.33 ± 0.05 16.30 ± 0.05 16.59 ± 0.05

Total MC-PUFAe 14.72 ± 0.08 13.16 ± 0.08 36.26 ± 0.08 39.53 ± 0.08 19.69 ± 0.08

n-3:n-6 3.32 ± 0.02 1.92 ± 0.02 0.57 ± 0.02 2.50 ± 0.02 1.14 ± 0.02

Values represent least-square means ± SE of triplicate samples
a Saturated fatty acids—sum of all FA without double bonds
b Monounsaturated fatty acids—sum of all FA with a single double bond
c Polyunsaturated fatty acids—sum of all FA with C2 double bonds
d Long-chain PUFA—sum of all FA with chain length C 20 carbon atoms and double bonds C 3
e Medium-chain—sum of all PUFA with chain length of 18 carbon atoms; includes 18:3n-4 in addition to individually reported MC-PUFA
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Tissue Composition

Fillet samples were analyzed according to standard methods

[37, 38] for meat products to determine percent moisture,

crude protein, crude lipid, and ash. All tissue samples were

analyzed for FA composition in the same manner as diet

samples (see ‘‘Diet Preparation and Analyses’’).

Peroxidative Stability

Short-term fillet oxidative stability was assessed at 24 h

post-harvest by analyzing refrigerated fillet samples for the

presence of peroxides and aldehydes using the Peroxy-

safeTM and AldesafeTM colorimetric assay kits (Saftest

Incorporated, Tempe, AZ, USA).

Statistical Analyses

Although multiple individual fish were sampled from each

tank, replicate tanks served as the experimental units for all

statistical analyses (n = 3 for experimental regimens,

n = 6 for control regimen). All data were analyzed by one-

way analysis of variance (ANOVA) within the General

Linear Model framework of the Statistical Analysis Sys-

tem, version 9.1 (SAS Institute, Cary, NC, USA) to

determine significance of differences among feeding regi-

mens. Tissue FA data was further analyzed by two-way

ANOVA within the Mixed Model framework of the Sta-

tistical Analysis System to test for independent and

interactive effects of feeding regimen and tissue type. In all

cases, differences were considered significant at P \ 0.05.

Grow-out Feed

6 x6 x6 x
1 x1 x1 x

Grow-out Feed

Finishing Feed

Grow-out Feed

Finishing Feed

5 x5 x5 x

FO

LO

GO
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ts FO Control

PO

PO + Finish

GO

GO + Finish

LO

LO + Finish

CO

CO + Finish

Stocked into 30-tank 
recirculation system

Baseline samples 
collected

Harvest

Fig. 1 Schematic of experimental design and feeding trial. Groups of

sunshine bass were group-reared on one of five grow-out feeds and

then stocked into a recirculation system. Each grow-out group was

assigned to six replicate tanks, each originally housing six fish. After

20 weeks of culture, baseline tissue samples were collected (1 fish per

tank). Three replicate tanks within each grow-out group were

transitioned to the FO-based finishing feed for the last 8 weeks of

the trial, whereas the other tanks were maintained on assigned grow-

out feeds. At harvest, production performance was assessed and tissue

samples were collected from all remaining fish (5 fish per tank). FO,

100% fish oil feed; PO, 50:50 poultry/fish oil feed; GO, 50:50

grapeseed/fish oil feed; LO, 50:50 linseed/fish oil feed; CO, 50:50

coconut/fish oil feed
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Results

Lipid source and FA profile of the grow-out feeds strongly

influenced fillet FA profile and subsequent finishing suc-

cess in SB culture. Feeding diets with different dietary lipid

sources during the first 5 months of the feeding trial

resulted in dramatic alterations of fillet FA composition,

with baseline fillet profile (Table 3) generally mirroring

dietary FA composition (Table 2). Expectedly, baseline

fillet samples of fish fed the LO, GO, and PO feeds con-

tained high levels of 18:3n-3, 18:2n-6, and total MUFA,

respectively, whereas fillets of FO-fed fish were higher in

LC-PUFA, particularly 20:5n-3 and 22:6n-3. However,

baseline fillet samples of CO-fed fish did not reflect dietary

prevalence of SFA or reduced LC-PUFA content, and prior

to finishing, were largely equivalent to samples from the

FO Control regimen.

Continued use of the alternative lipid-based grow-out

feeds through harvest resulted in similar, though more

pronounced deviations from the FO Control profile

(Table 4). Nonetheless, in each of these unfinished regi-

mens, fillet levels of LC-PUFA were exaggerated in

comparison to dietary profile (Fig. 2). Finishing had a

significant restorative effect on fillet FA profile, augment-

ing fillet levels of FO-associated FA, regardless of grow-

out regimen (Table 4). However, complete restoration of

FO Control levels of 20:5n-3, 22:6n-3, and LC-PUFA and

n-3:n-6 FA ratio was achieved only in the CO + Finish

group.

Liver and IPF FA composition were also significantly

influenced by feeding regimen; however, comparison among

fillet, liver, and IPF profiles revealed significant differences

in how dietary FA were partitioned among the tissue types

(Fig. 3). Saturated FA and MUFA were most abundant

within the IPF, particularly when abundant in the feed.

Conversely, levels of LC-PUFA, but not MC-PUFA, were

consistently lower within the IPF compared to liver and fillet

tissue (Ptissue type effect \ 0.01). Liver FA profile largely

mirrored fillet composition, in that both tissue types typically

contained lower levels of MUFA and higher levels of

LC-PUFA compared to IPF tissue (Ptissue type effect \ 0.01).

When tissue composition of the unfinished groups was

standardized to dietary composition (Fig. 4), these distinc-

tions were particularly apparent, indicating concentration of

LC-PUFA within the liver and fillet tissues and concentra-

tion of MUFA within the IPF.

Fillet proximate composition did not vary, with the

exception of fillet moisture content (Table 5), which

showed slight, though significant, reductions for GO Con-

trol and PO + Finish treatments. Consumption, weight

gain, FCR, HSI, and dress-out were unaffected by feeding

regimen and acceptable in terms of production perfor-

mance typically observed for SB (Table 6). LSI values

were significantly lower among fish fed the CO- and GO

feeds (Table 6). LSI tended to be higher among finished

groups relative to their unfinished counterparts, though

significant differences were only observed within the GO-

fed groups. No mortalities occurred during the course of

the feeding trial. Peroxide and aldehyde concentrations

were below detection limits for all samples analyzed (data

not shown).

Discussion

Although production performance and fillet crude lipid

content were unaffected, feeding diets with different die-

tary lipid sources resulted in dramatic alterations of fillet

total lipid FA composition. These findings are in agreement

with previous investigations of CO [40], PO [41, 42], and

LO [43], as well as the well-established paradigm of

compositional plasticity of fish tissues with respect to FA

profile. Finishing augments fillet nutritional quality among

fishes raised on feeds containing FO alternatives [26–34];

however, complete restoration of FO-associated FA profile,

specifically LC-PUFA content, is rarely observed [31–34].

For example, in Atlantic salmon Salmo salar fed linseed,

palm, and/or rapeseed oil-based grow-out feeds, complete

profile restoration was not observed after 20–24 weeks of

finishing [27, 30, 32]. Similarly, 8–16 weeks of finishing

were insufficient to completely restore the profile of Mur-

ray cod Maccullochella peelii peelii previously fed diets

containing blends of linseed, olive, palm, sunflower, or

rapeseed oils [34, 35]. Prior attempts to restore fillet LC-

PUFA content of SB fed a corn-oil based, n-6 MC-PUFA-

rich grow-out feed were unsuccessful after 12 weeks of

finishing [33]. In the present work, restoration was

incomplete among fish fed diets high in MC-PUFA. Fillet

20:5n-3, 22:6n-3, and LC-PUFA levels were considerably

improved by finishing in the LO- and GO-fed fish, how-

ever, the magnitude of restoration was moderate compared

to the CO- and PO-fed groups. Arguably, fillet profile could

have been completely restored among the LO- and GO-fed

fish, however, a longer finishing period would have been

necessary to achieve complete FA profile restoration.

Conversely, fish fed the CO feed needed little alteration to

achieve the FO-associated composition, and fillet FA pro-

file was successfully restored to control levels of LC-PUFA

within 8 weeks of finishing.

Pre-finishing fillet FA profile influenced finishing suc-

cess, and the inclusion of oils high in 18-carbon FA in

grow-out feeds limited the effects of finishing feeds on SB

fillet FA composition. Others have noted MC-PUFA, such

as 18:2n-6 and 18:3n-3, deposited in the fillet are resistant

to dietary modification and may be problematic in the

context of LC-PUFA restoration during finishing. For

634 Lipids (2008) 43:629–641
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example, after finishing Murray cod raised on vegetable

oil-based grow-out feeds, the most rapid and extensive

restorative effects were observed in fish fed a low MC-

PUFA grow-out feed compared to those fed a high MC-

PUFA feed [35]. Menoyo et al. [43] indirectly evaluated

the unresponsiveness of 18-carbon FA in Atlantic salmon

tissues by using sunflower oil to spare either FO or LO, and

noted ability of dietary sunflower oil to alter fillet com-

position was attenuated in the LO-fed groups. These

authors attributed the differential response to reduced

digestibility of the FO-based diets relative to the LO feeds;

however, based on our findings, we suspect selective
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Fig. 3 Fatty acid composition of fillet, liver, and intraperitoneal fat

tissue total lipid by feeding regimen. Error bars represent ±SE. All

FA abbreviations are as reported in Table 3. Other abbreviations: FO,

100% fish oil feed; PO, 50:50 poultry/fish oil feed; GO, 50:50

grapeseed/fish oil feed; LO, 50:50 linseed/fish oil feed; CO, 50:50

coconut/fish oil feed
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Fig. 2 Fatty acid (FA)

composition of fillet total lipid

expressed as a fraction of

dietary FA composition for

unfinished feeding regimes.

Values were calculated from

relative fatty acid methyl ester

composition (%FAME) as

%FAMEfillet 9 FAMEfeed
-1.

Based on this calculation, a

value of 1 represents equality

between fillet and dietary

composition. All FA

abbreviations are as reported in

Table 3. Other abbreviations:

FO, 100% fish oil feed; PO,

50:50 poultry/fish oil feed; GO,

50:50 grapeseed/fish oil feed;

LO, 50:50 linseed/fish oil feed;

CO, 50:50 coconut/fish oil feed
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metabolism of certain FA may have been a contributing

factor.

The process of FA profile change in fish tissues fol-

lowing a change in dietary lipid composition, often

described as FA ‘‘dilution’’ or ‘‘washout’’, is relatively

well-described by an asymptotic, simple dilution curve

[21–23]. The simple dilution curve predicts temporal

changes in tissue FA profile based on the relative disparity

between dietary and tissue FA composition and the change

in overall body mass or adiposity over time. By its defi-

nition, the dilution model assumes no selective processes of

FA metabolism. Therefore, deviations from the dilution

model are often interpreted as indicative of selective par-

titioning of specific FA, or FA classes, or catabolism via b-

oxidation. Our group previously tested the dilution model

by comparing the model’s predictions to observed fillet FA

profile of SB reared on corn-oil based feed after finishing

[33]. This comparison revealed apparent selective retention

of total n-3 FA, MC-PUFA, LC-PUFA, and n-3 LC-PUFA

within fillet tissue. Conversely, total fillet SFA were sig-

nificantly lower than the model’s predictions, suggesting

selective catabolism or storage of these FA in other lipid

depots. The present work demonstrates dietary SFA are not

proportionally reflected within fillet, liver, or IPF lipid of

SB. Plausibly, consumed SFA may be elongated and/or

desaturated to MUFA, for example, which are strongly

partitioned into IPF lipid (Fig. 4). If this were the case, one

would expect increased consumption of dietary SFA to

result in increasing levels of MUFA within the tissues.

However, given the lack of increasing levels of MUFA

within any lipid depot of CO-fed fish (Fig. 3), and the

generally poor ability of SB to biotransform FA in appre-

ciable amounts [44], this scenario seems unlikely. Rather,

levels of SFA were routinely lower than expected in all

tissues analyzed, suggesting catabolism of these FA, not

selective partitioning into storage lipid.

Evidence of selective FA metabolism has also been

noted for Atlantic salmon [27, 45, 46], however, Bell and

colleagues observed the FA composition of the dietary

lipid seemed to influence the selective processes. Specifi-

cally, 22:6n-3 was selectively retained within fillet lipid in

all three studies, illustrating the necessity of this FA for

physiological function. Monounsaturated FA were selected

against, indicating these FA are comparatively expendable,

however, the strength of selective catabolism (magnitude

of deviation from line of equality in tissue vs. dietary
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Fig. 4 Fatty acid composition of tissue total lipid expressed as a

fraction of dietary FA composition for unfinished feeding regimes.

Values were calculated from relative fatty acid methyl ester

composition (%FAME) as %FAMEtissue 9 FAMEfeed
-1. Based on

this calculation, a value of 1 represents equality between fillet and

dietary composition. All FA abbreviations are as reported in Table 3.

Other abbreviations: FO, 100% fish oil feed; PO, 50:50 poultry/fish

oil feed; GO, 50:50 grapeseed/fish oil feed; LO, 50:50 linseed/fish oil

feed; CO, 50:50 coconut/fish oil feed
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regressions) decreased with increasing availability of SFA.

When SFA were abundant, these FA were more strongly

selected for catabolism, and MUFA, given a ‘‘catabolic

reprieve’’, were deposited to a greater extent in fillet tissue.

Observations of selective FA metabolism in fish tissues are

further supported by the preferential shunting of shorter

chain FA into b-oxidation [47–50]. Oxidation of longer-

chain and unsaturated FA appears to be a function of their

relative abundance [51], and in the case of LC-PUFA, only

substantial in vertebrates with a profusion of LC-PUFA

stored in tissue [52].

Based on the various estimates of selective metabolism

of FA in fishes, SFA appear to be the preferential catabolic

substrate, whereas MC-PUFA and LC-PUFA are selec-

tively deposited in tissues. Hence, attempts to spare LC-

PUFA and optimize profile restoration during finishing

may be enhanced by providing a largely saturated diet,

with few MC-PUFA to compete with LC-PUFA for fillet

deposition. Our work confirms this hypothesis in the con-

text of SB culture. We demonstrated SB fillets with

equivalent LC-PUFA content and associated nutritional

value can be produced using a reduced FO grow-out feed

followed by an 8-week finishing period. Using CO in the

grow-out feed, the negative effects of FO replacement on

SB fillet LC-PUFA content were rapidly reversed during

finishing. The comprehensive profile restoration we

observed among the CO-fed fish is unprecedented in SB

culture. Low MC-PUFA feeds could be implemented in SB

culture throughout a majority of grow-out, followed by

implementation of an 8-week FO finishing period prior to

harvest. Assuming the CO + Finish regimen and a con-

servative FCR (consumption/weight gain) of 2, fillets of

equivalent LC-PUFA content and nutritional value could

be produced with a 35% reduction in FO use over the

course of the production cycle. This strategy offers a sub-

stantial reduction in marine-derived inputs to SB feeds and,

potentially, a significant savings in feed cost. Furthermore,

by restricting use of FO-rich feeds to the weeks immedi-

ately preceding harvest, cumulative dietary exposure of the

livestock to FO-associated contaminants is reduced. We

hypothesize other saturated lipids could be used to similar

effect in SB and other cultured fishes. Compared to MC-

PUFA-rich lipids, improved finishing success has been

observed in Murray cod fed a blend of palm and olive oils,

but after 16 weeks, LC-PUFA restoration was still

incomplete [35]. Lack of comprehensive profile restoration

may reflect a difference between Murray cod and SB as

culture taxa (pure species vs. hybrid, marine vs. freshwater-

reared euryhaline, medium-fat fleshed vs. lean-fleshed,

etc.) or a difference between CO and palm and olive oils as

lipid sources (mostly short-chain vs. medium-chain SFA

and MUFA). Additional research will be necessary to

resolve discrepancies in finishing success, and to identify

appropriate strategies for all species. Regardless, use of a

saturated grow-out feed coupled with finishing is an

effective strategy to produce high quality cultured SB fil-

lets and represents a considerable step forward in judicious

use of limited marine resources in aquaculture.
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Abstract Fatty acid (FA) profile of fish tissue mirrors

dietary FA profile and changes in a time-dependent manner

following a change in dietary FA composition. To deter-

mine whether FA profile change varies among lipid classes,

we evaluated the FA composition of fillet cholesteryl esters

(CE), phospholipids (PL), and triacylglycerols (TAG) of

sunshine bass (SB, Morone chrysops 9 M. saxatilis) raised

on feeds containing fish oil or 50:50 blend of fish oil and

coconut, grapeseed, linseed, or poultry oil, with or without

implementation of a finishing period (100% FO feed) prior

to harvest. Each lipid class was associated with a gen-

eralized FA signature, irrespective of nutritional history:

fillet PL was comprised largely of saturated FA (SFA),

long-chain polyunsaturated FA (LC-PUFA), and total n-3

FA; fillet TAG was higher in MC-PUFA and total n-6 FA;

and fillet CE was highest in monounsaturated FA (MUFA).

Neutral lipids reflected dietary composition in a near-direct

fashion; conversely, PL showed evidence of selectivity for

MC- and LC-PUFA. Shorter-chain SFA were not strongly

reflected within any lipid fraction, even when dietary

availability was high, suggesting catabolism of these FA.

FA metabolism in SB is apparently characterized by a

division between saturated and unsaturated FA, whereby

LC-PUFA are preferentially incorporated into tissues and

SFA are preferentially oxidized for energy production. We

demonstrated provision of SFA in grow-out feeds for SB,

instead MC-PUFA which compete for tissue deposition,

meets energy demands and allows for maximum inclusion

of LC-PUFA within fillet lipids.

Keywords Fish oil � Alternative lipid � Finishing feed �
Fatty acid turnover/dilution � LC-PUFA � Morone spp.

Introduction

Fish oil (FO) replacement has been investigated for a large

number of aquaculture species, employing a variety of

alternative lipid sources, such as corn, canola, soybean,

linseed, and palm oils [1–4]. In general, these studies have

demonstrated FO can be partially or completely replaced in

aquafeeds without affecting growth performance of the

livestock. We previously demonstrated canola, coconut,

corn, grapeseed, linseed, and poultry oils are effective

substitutes for FO in feeds for sunshine bass (SB, Morone

chrysops 9 M. saxatilis) [3–5]. Unfortunately, FO

replacement significantly alters the fatty acid (FA) com-

position of the resultant product and results in a

corresponding decline in fillet long-chain polyunsaturated

fatty acids (carbon atoms C20, degree of unsaturation C3,

LC-PUFA), such as eicosapentaenoic (EPA, 20:5n-3) and

docosahexaenoic acids (DHA, 22:6n-3). Fish tissues are

plastic with respect to FA composition, and reflect recent

nutritional history, that is, tissue FA profile mirrors dietary

FA profile and changes in a time-dependent manner fol-

lowing modification of dietary composition [6–9].

Compared to FO, alternative oils are typically higher in

monounsaturates (MUFA) and medium-chain polyunsatu-

rated fatty acids (18 carbon, degree of unsaturation C2,

MC-PUFA), whereas LC-PUFA are low or lacking alto-

gether. Accordingly, fillets of fish fed alternative oil-based

feeds reflect these differences: replacing LC-PUFA-rich

FO with MC-PUFA-rich canola oil, for example, increases

fillet 18:2n-6 and 18:3n-3 content at the expense of 20:5n-3

and 22:6n-3 [3, 4]. Although cultured seafood produced
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using alternative lipids sources are attractive from sus-

tainability and production cost standpoints, they are also

substantially less valuable in terms of providing beneficial

LC-PUFA to human consumers.

The inherent conflict between production of fillets with

the greatest nutritional value (FO-based feeds) and the

lowest feed costs (alternative lipid-based feeds) may be

overcome through the use of ‘‘finishing’’ feeds to augment

fillet LC-PUFA content of fish raised on alternative feeds

prior to harvest. As mentioned above, fillet FA composition

changes following dietary modification to more closely

reflect the profile of the new feed. Finishing strategies

exploit this process by implementing high-LC-PUFA

content feeds at the end of the production cycle to restore

fillet LC-PUFA content immediately prior to harvest.

Employing FO-based finishing feeds, fillet LC-PUFA

content of fish raised on alternative lipid-based grow-out

feeds was augmented [10–18]; however, complete profile

restoration has been achieved in very few studies [17, 18].

The process of FA profile change appears to differ among

lipid classes [12, 17], leading some to attribute variation in

finishing success to differences in fillet lipid content and

class composition. We previously assessed production

performance and finishing success of SB raised on multiple

alternative lipid sources [5]. The purpose of the present

work was to determine whether FA profile change varied

among fillet lipid classes.

Methods and Materials

In the following sections, we describe our experimental

design and provide a brief summary of the pertinent

methods. Animal husbandry, sample collection, and anal-

ysis are described in detail in our previous paper [5]. All

procedures were conducted under the direction and

approval of the Southern Illinois University Institutional

Animal Care and Use Committee, protocol #07-008.

Experimental Feeds

Five feeds were manufactured based on a practical, reduced

fish meal feed our group had previously developed for SB

culture [5]. As originally formulated, this feed contained

9.8% FO (dry matter basis; menhaden-derived; Virginia

GoldTM, Omega Protein, Inc., Houston, TX, USA). In the

present work, the original, FO-based formulation served as

the control grow-out feed as well as the finishing feed. Four

experimental grow-out feeds were derived from the basal

formulation, with 50% of the FO replaced with poultry

(PO, Tyson Foods, Inc., Robards, KY, USA), linseed (LO,

Barlean’s Organic Oils, Ferndale, WA, USA), grapeseed

(GO, Kusha, Inc, Irvine, CA, USA), or coconut oil (CO,

Spectrum Organic Products, Petaluma, CA, USA). Dietary

formulations and FA composition data are provided in

Tables 1 and 2.

Experimental Design and Feeding Trial

Nine feeding regimens were developed to address influ-

ences of dietary lipid source and FA composition on

production performance and subsequent finishing diet

success in SB culture. Eight experimental regimens rep-

resented feeding the grow-out feeds described above

throughout the feeding trial (CO, LO, GO, and PO regi-

mens) or with an 8-week finishing period (CO + Finish,

LO + Finish, GO + Finish, and PO + Finish regimens).

The control regimen represented feeding the FO control/

finishing feed throughout the duration of the feeding trial

(FO Control regimen). Juvenile SB [46 ± 1 g, mean ± SE;

age 1 (*10 months); Keo, Fish Farm, Keo AR] were fed

the grow-out feeds for 20 weeks until they reached a

submarketable size (328 ± 16 g). After 20 weeks, subs-

amples of fish were harvested to determine baseline tissue

FA profile prior to finishing. After baseline sampling,

remaining fish were finished with the 100% FO feed for the

remaining 8 weeks of the feeding trial (CO + Finish, LO +

Finish, GO + Finish, and PO + Finish regimens) or

maintained on assigned grow-out feeds (FO Control, CO,

LO, GO, and PO regimens). After completion of the

feeding trial, all remaining fish were harvested. Survival

and production performance criteria were assessed, and

muscle samples were collected to determine fillet FA

composition.

Lipid Class Separations and Fatty Acid Analysis

Total lipid was extracted from lyophilized fillet tissue as

previously described [5]. Phospholipid (PL), cholesteryl

ester (CE), and triacylglycerol (TAG) fractions were sep-

arated via solid-phase extraction according to Burdge et al.

[19]. Briefly, *75–100 mg of total lipid was suspended in

chloroform and applied to amino-propyl silica columns

(SupelcleanTM LC-NH2 1 mL SPE columns, Supelco,

Bellefonte, PA, USA) under gravity. The columns were

washed with 2 mL of chloroform under a vacuum to elute a

mixed TAG and CE fraction. The column was subse-

quently washed with 1 mL each of chloroform:methanol

solution (3:2 v/v) and methanol to elute the phospholipid

fraction. The mixed TAG and CE fraction was dried under

nitrogen, resuspended in hexane, and applied to a fresh

column (preconditioned with hexane). The column was

washed with 2 mL of hexane followed by 2 mL of hex-

ane:chloroform;ethyl acetate solution (100:5:5 v/v) to elute

the CE and TAG fractions, respectively. Burdge et al. [19]

also allows for separation of free fatty acids; however,
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amounts recovered from fillet total lipid were extremely

small (0.1–0.2 mg) and insufficient for subsequent FA

analysis. Once separated, each lipid class was evaporated

to dryness under nitrogen and weighed to determine total

tissue PL, CE, and TAG content. All lipid samples were

then resuspended in toluene, subjected to acid-catalyzed

trans-methylation, and analyzed for FA composition as

described in our previous paper [5].

Statistical Analysis

Although multiple individual fish were sampled from each

tank, replicate tanks served as the experimental units for all

statistical analyses (n = 3 for experimental regimens, n = 6

for control regimen). Lipid class data were analyzed by

one-way analysis of variance (ANOVA) within the Mixed

Model framework of the Statistical Analysis System,

version 9.1 (SAS Institute, Cary, NC, USA) to determine

significance of differences among feeding regimens. In all

cases, differences were considered significant at P \ 0.05.

Results

Across all lipid classes, FA profiles of unfinished groups

generally reflected the FA composition of the grow-out

feed (Tables 3, 4, 5). Increased levels of 12:0, 18:1n-9,

18:3n-3, and 18:2n-6 were associated with all lipid classes

of the CO, PO, LO, and GO groups, respectively; however,

the extent to which the tissue reflected the diet varied

among individual lipid classes. Among unfinished groups,

the TAG and CE fractions showed a strong correlation with

dietary composition; whereas the PL fraction was less

representative of dietary composition (Fig. 1). Comparing

Table 1 Formulation and proximate composition of experimental feeds

Ingredient Fish oil (FO) Coconut oil (CO) Grapeseed oil (GO) Linseed oil (LO) Poultry oil (PO)

Fish meala 200 200 200 200 200

Fish oila 98 49 49 49 49

Coconut oilb – 49 – – –

Grapeseed oilc – – 49 – –

Linseed oild – – – 49 –

Poultry oile – – – – 49

Corn Gluten mealf 140 140 140 140 140

Wheat middlings 201 201 201 201 201

Soybean meal 300 300 300 300 300

Carboxymethyl cellulose 20 20 20 20 20

Sodium phosphate monobasic 15 15 15 15 15

Calcium phosphate Dibasic 15 15 15 15 15

Choline chloride 6 6 6 6 6

Mineral premixg 1.5 1.5 1.5 1.5 1.5

Vitamin premixh 1.5 1.5 1.5 1.5 1.5

Proximate composition

Dry matter 88.0 87.8 88.3 84.7 85.7

Protein 41.1 41.5 41.0 40.5 39.4

Lipid 14.3 14.5 14.4 14.6 13.2

Ash 10.8 10.2 9.6 11.4 10.6

All proximate composition values are expressed as a mean in g/100g(%), dry matter basis. Formulation composition is expressed in g/kg
a Derived from menhaden Brevoortia spp., Omega Protein, Inc., Houston, TX, USA
b Spectrum Organic Products, Petaluma, CA, USA
c Kusha, Inc., Irvine, CA, USA
d Barlean’s Organic Oils, Ferndale, WA, USA
e Tyson Foods, Inc., Robards, KY, USA
f Tate and Lyle, Decatur, IL, USA
g Formulated to contain: 7,000 mg kg-1 copper, 70,000 mg kg-1 iron, 100,000 mg kg-1 manganese, 200,000 mg kg-1 zinc, 0.24% iodine
h Formulated to contain: 99.8 mg kg-1 selenium, 2,200 mg kg-1 folic acid, 88,000 mg kg-1 niacin, 35,200 mg kg-1 pantothenic acid, 11,000 mg

kg-1 vitamin B6, 13,200 mg kg-1 riboflavin, 11,000 mg kg-1 thiamin, 11,000 mg kg-1 vitamin B12, 66,000 mg kg-1 vitamin E, 4,400 mg kg-1

vitamin K, 4,400,000 IU kg-1 vitamin A, 2,200,000 IU kg-1 vitamin D, 100,000 mg kg-1 vitamin C

Lipids (2008) 43:643–653 645
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the CO regimen with the FO Control regimen, the differ-

ence between 12:0 levels was greatest within the neutral

TAG and CE fractions (1.1 vs. 9.5% for TAG, 1.0 vs. 8.6%

for CE Tables 4 and 5) and minor, though statistically

significant within the polar PL fraction (0.0 vs. 0.5%;

Table 3). Differences in 18:1n-9 content between the FO

Control and PO regimens were similarly partitioned among

the neutral and polar lipid classes, with differences of the

greatest magnitude observed within the TAG and CE.

Although 18:3n-3 and 18:2n-6 enrichment within the LO

and GO regimens was also greatest within the neutral lipid,

substantial increases in these FA were also observed within

the PL fraction.

Implementation of the 8-week finishing period reversed

grow-out related changes in fillet FA composition to

varying degrees (Tables 3, 4, 5). Absolute levels of LC-

PUFA were increased in all lipid classes by finishing;

however, differences between finished and unfinished

groups were not statistically significant in all cases, par-

ticularly among the PL fraction (Tables 3, 4, 5). Among

finished groups, increased levels of LC-PUFA were

accompanied by decreased levels of MUFA and MC-

PUFA. Reduced levels of MUFA and MC-PUFA in fin-

ished groups compared to unfinished groups were most

noticeable among the PL fraction (Table 3).

Each lipid class was associated with a generalized FA

signature, irrespective of nutritional history, which indi-

cated differences in partitioning of dietary FA within the

lipid classes. The PL fraction represented *14% of the

total fillet lipid (Table 3) and was comprised largely of

SFA (specifically 16:0 and 18:0), LC-PUFA (specifically

20:4n-6, 20:5n-3, and 22:6n-3), and n-3 FA (Table 6).

Conversely, the TAG fraction (*10% of total lipid,

Table 5) contained greater amounts of MC-PUFA

Table 2 Dietary composition with respect to FA and FA classes

Fatty acid(s) Fish oil (FO) Coconut oil (CO) Grapeseed oil (GO) Linseed oil (LO) Poultry oil (PO) SEM

8:0 0.00 1.83 0.00 0.00 0.00 0.05

10:0 0.00 2.02 0.00 0.00 0.00 0.02

12:0 0.11 17.59 0.02 0.04 0.06 0.02

14:0 7.65 11.29 4.41 4.42 4.68 0.02

16:0 18.71 15.12 14.47 13.45 20.87 0.02

18:0 3.50 3.28 3.58 3.71 4.48 0.01

Total SFA1 31.90 52.38 23.90 22.97 31.40 0.06

16:1n-7 9.84 5.65 5.62 5.61 7.85 0.02

18:1n-7 2.90 1.75 1.98 1.92 2.45 0.00

18:1n-9 7.74 8.12 13.62 11.16 19.67 0.02

Total MUFA2 21.68 16.20 21.98 19.40 30.76 0.03

18:2n-6 8.42 8.85 32.40 14.68 15.58 0.08

20:4n-6 0.92 0.58 0.58 0.58 0.71 0.01

n-6 10.12 10.21 33.45 16.02 16.92 0.08

18:3n-3 2.14 2.04 1.59 22.56 1.82 0.01

18:4n-3 3.49 1.86 1.86 1.87 1.82 0.01

20:4n-3 1.49 0.81 0.84 0.81 0.81 0.01

20:5n-3 11.46 6.60 6.53 6.53 6.52 0.02

22:5n-3 2.11 1.22 1.28 1.22 1.21 0.02

22:6n-3 12.73 6.96 6.86 6.89 7.04 0.03

n-3 33.64 19.60 19.08 40.02 19.34 0.05

Total PUFA3 46.42 31.42 54.12 57.63 37.84 0.07

Total LC-PUFA4 29.13 16.40 16.33 16.30 16.59 0.05

Total MC-PUFA5 14.72 13.16 36.26 39.53 19.69 0.08

n-3:n-6 3.32 1.92 0.57 2.50 1.14 0.02

Values represent least-square means of triplicate samples
1 Saturated fatty acids–sum of all FA without double bonds
2 Monounsaturated fatty acids—sum of all FA with a single double bond
3 Polyunsaturated fatty acids—sum of all FA with C2 double bonds
4 Long-chain PUFA—sum of all FA with chain length C20 carbon atoms and double bonds C3
5 Medium-chain—sum of all PUFA with chain length of 18 carbon atoms; includes 18:3n-4 in addition to individually reported MC-PUFA
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(specifically 18:2n-6, 18:3n-3, and 18:4n-3) and n-6 FA

(Table 6). CE was the most predominant lipid class rep-

resented within the fillet total lipid (*70% of total lipid,

Table 4), and was highest in MUFA (specifically 18:1n-7

and 18:1n-9, Table 6).

Discussion

Fatty acid composition of fillet lipid classes was affected

by feeding regimen, however, the extent to which tissue

profile reflected dietary profile varied among lipid classes

and feeding regimens. Fillet TAG and CE profiles of

unfinished groups mirrored dietary FA composition in a

direct relationship approaching unity (Fig. 1), indicating

FA profile within these classes is plastic and suggests their

composition is established via nonspecific processes.

Accordingly, the neutral lipid classes were quite responsive

to finishing, and overall, demonstrated a high level of fin-

ishing success, that is, restoration of the FO-associated FA

profile. However, in terms of total LC-PUFA content

within the CE, only the CO + Finish and the PO + Finish

regimens were equivalent to the FO Control regimen. Of

the experimental regimens, CO + Finish and PO + Finish

were also the highest in LC-PUFA within the TAG

fraction; however, within this lipid class they remained

statistically different from the FO Control regimen.

Fillet PL composition was less responsive to dietary

manipulations than the neutral lipid fractions, that is, the

difference between finished and unfinished profiles was

generally less noticeable within the PL fraction compared to

the CE and TAG fractions. Although dietary FA composi-

tion was largely reflected within the PL, the relationship

was more or less direct depending on the individual FA. For

16:0, 20:4n-6, 20:5n-3, and 22:6n-3, the relationship

between dietary composition and tissue composition was

greater than 1:1, suggesting selective incorporation of these

FA within the PL fraction (Fig. 1). Conversely, for all other

FA, the relationship was less than 1:1, suggesting exclusion

of these FA from the PL fraction.

In comparing the finished and unfinished groups, it is

interesting to note the pattern of change which did occur

within the PL fraction. In the case of the GO-fed fish, the

GO group displays a high level of 18:2n-6 enrichment

F
ill

et
 F

A
M

E
 (

%
) 

PL2FAME = 1.49(FeedFAME) + 4.20

R2 = 0.84

PL1FAME = 0.46(FeedFAME) + 0.48

R2 = 0.65

CEFAME = 0.92(FeedFAME) + 0.70

 R2 = 0.93

TAGFAME = 0.93(FeedFAME) + 0.63

 R2 = 0.89

0

10
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Dietary FAME (%) 
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Fig. 1 Relationship between mean fatty acid composition (as relative

% of fatty acid methyl esters) of feeds and fillet lipid classes. All fatty

acids listed in Tables 1, 2, 3 are depicted. Abbreviations: CE
cholesteryl esters, TAG triacylglycerols, PL1 phospholipids, 16:0
20:4n-6, 20:5n-3, 22:6n-3, PL2 phospholipids, all other fatty acids.

Solid lines represent best-fit linear regressions; equations and R2

values are provided for each regression

Table 6 Fatty acid (FA) composition of fillet lipid classes, with

respect to predominant ([1% fatty acid methyl esters, FAME) fatty

acid (FA) and FA classes, pooled across feeding regimens

Fatty acid(s) Lipid class

Cholesteryl esters Phospholipids Triacylglycerols

12:0 1.5 ± 0.0b 0.1 ± 0.0c 1.6 ± 0.0a

14:0 5.5 ± 0.0b 1.7 ± 0.0c 5.8 ± 0.0a

16:0 18.7 ± 0.1b 29.0 ± 0.1a 14.7 ± 0.1c

18:0 3.5 ± 0.0b 4.0 ± 0.0a 1.9 ± 0.0c

SFA1 30.1 ± 0.2b 35.5 ± 0.2a 24.8 ± 0.2c

16:1n-7 8.4 ± 0.1b 2.1 ± 0.1c 9.3 ± 0.1a

18:1n-7 2.8 ± 0.0a 2.1 ± 0.0c 2.5 ± 0.0b

18:1n-9 14.8 ± 0.1a 8.8 ± 0.1c 12.8 ± 0.1b

MUFA2 26.9 ± 0.2a 13.3 ± 0.2c 25.2 ± 0.2b

18:2n-6 13.6 ± 0.1b 7.9 ± 0.1c 14.5 ± 0.1a

20:4n-6 1.1 ± 0.0b 2.8 ± 0.0a 0.8 ± 0.0c

n-63 15.7 ± 0.1b 11.5 ± 0.1c 16.1 ± 0.1a

18:3n-3 4.0 ± 0.1b 1.2 ± 0.1c 5.9 ± 0.1a

18:4n-3 1.1 ± 0.0b 0.2 ± 0.0c 2.3 ± 0.0a

20:5n-3 7.6 ± 0.1c 13.7 ± 0.1a 10.2 ± 0.1b

22:5n-3 1.8 ± 0.0b 1.6 ± 0.0c 2.5 ± 0.0a

22:6n-3 11.5 ± 0.2b 22.3 ± 0.2a 11.3 ± 0.2b

n-34 27.0 ± 0.3c 39.5 ± 0.3a 33.5 ± 0.3b

PUFA5 43.0 ± 0.3c 51.2 ± 0.3a 50.0 ± 0.3b

LC-PUFA6 23.1 ± 0.3c 41.0 ± 0.3a 26.3 ± 0.3b

MC-PUFA7 19.0 ± 0.2b 9.6 ± 0.2c 23.0 ± 0.2a

n-3:n-6 2.0 ± 0.0c 3.8 ± 0.0a 2.4 ± 0.0b

Values represent least-square means

Standard errors less than ±0.1 are represented as ±0.0
1-7 All superscripts denote information provided as footnotes in

Table 3
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within the PL, but the level of 18:2n-6 in the finished group

is less than half that observed in the unfinished fish. In

comparing the LO- and PO-fed regimens, we observe a

similar PL enrichment in 18:3n-3 and 18:1n-9 among the

LO and PO groups, respectively, and comparable reduc-

tions in these FA within the PL of the finished groups.

Within the CO-fed fish, there is virtually no enrichment of

12:0 within the PL, and only a minor distinction between

the final PL profiles of the CO and CO + Finish regimens.

This suggests some level of plasticity within the PL frac-

tion, but perhaps more importantly, a selectivity for certain

FA which may drive profile change within this lipid class.

Phospholipids have been described as being less

responsive to dietary manipulations than neutral lipids [6],

but also as exhibiting more active FA turnover than neutral

lipid [9, 20, 21]. The specificity of PL for FA of certain

chain lengths and degrees of unsaturation has been docu-

mented [22], and may be responsible for the discrepancy

between differing observations of unresponsiveness and

active profile change within the PL fraction. Specificity of

PL for certain FA moieties is thought to arise from FA

selectivity occurring during two processes related to PL

biosynthesis, specifically de novo phosphatidic acid syn-

thesis and phospholipid FA remodeling. In terms of de

novo phosphatidic acid synthesis, for example, mitochon-

drial glycerol-3-phosphate acyltransferase preferentially

utilizes saturated FA acyl-coAs (acylated to the sn-1

position), whereas lysophosphatidic acid acyltransferase

has a greater affinity for unsaturated FA acyl-coAs (acyl-

ated to the sn-2 position). Further, the FA binding proteins

(FABP), which apparently direct this process via inhibi-

tory/stimulatory effects on key enzymes and by regulating

FA absorption and cellular uptake, also demonstrate FA

selectivity. Fatty acid binding proteins, and their associated

FA specificities, are also involved in the process of PL

remodeling via deacylation-reacylation and transacylation

reactions [22].

The FA composition of PL fractions in fishes may also

be determined, in part, by the affinity of acyl transferases

and/or FABPs for particular FA moieties. In fishes, the PL

fraction is commonly associated with 16:0 and LC-PUFA,

in a variety of tissues, including gametes [23, 24], and

neural, optic, and immunocompetent cells [25], and our

data are in agreement with these observations. In Atlantic

salmon Salmo salar hepatocytes, 16:0, 20:4n-6, 20:5n-3,

22:6n-3 were preferentially incorporated into intra- and

extracellular polar fractions relative to 18:1n-9, 18:2n-6,

and 18:3n-3 [26]. Thus, the processes of FA incorporation

and/or remodeling within the PL fraction of fish appear

selective and similar to those observed in mammals.

However, the prevalence of certain molecular ‘‘species’’ of

PL is also influenced by FA availability, that is, dietary

intake. Hvattum et al. [25] quantified the molecular species

of PL within head kidney macrophages of Atlantic salmon

reared on diets containing FO, soybean oil, or a 50:50

blend of these two lipids. Among fish fed the soybean oil

diet, increasing dietary abundance of 18:2n FA (the ana-

lytical methods used in this study do not allow position of

double bonds to be assigned, but the presumption is that

18:2n represents 18:2n-6, 20:5n represents 20:5n-3, 22:6n

represents 22:6n-3, etc.) was reflected within the PL.

Although some C20 and C22-containing species decreased

with increasing dietary soybean oil (e.g., 14:0/22:6 and

16:0/20:5n PC, 16:0/22:6n and 16:0/20:5n-3 PE, 16:0/

20:5n and 16:0/22:6n PI, 16:0/20:5n and 16:0/22:6n PS,

etc.) others increased (18:2n/20:5n and 18:2n/22:6n PE,

18:2/22:6n PS, etc.). This suggests that, despite decreasing

dietary availability, 20:5n-3 and 22:6n-3 were being

actively retained in the polar lipid, but increasingly paired

with abundant 18:2n-6. Bell et al. [25] also noted conser-

vation of LC-PUFA within the PL of salmon head kidney

macrophages, but similar to Hvattum et al. [27], these

authors observed substantial enrichment of 18:3n-3 and

18:2n-6 when this FA was abundant in the feed. Interest-

ingly, the magnitude of 18:3n-3 enrichment was lower than

that of 18:2n-6 despite roughly equivalent dietary levels

[25]. We also observed 18:2n-6 enrichment within the PL

(18.3% in GO-fed fish vs. 32.40% in GO feed) to exceed

that of 18:3n-3 relative to dietary content (6.2% in LO-fed

fish vs. 22.56% in LO feed), suggesting selective pro-

cess(es) in PL metabolism have a greater affinity for 18:2n-

6 than 18:3n-3.

Generally, composition of the neutral lipid classes

demonstrates less specificity for certain FA moieties.

Although many of the same enzymes and proteins involved

in PL metabolism are also associated with TAG synthesis

and remodeling, apparently TAG fractions are not as

strongly affected by FA selectivity [24]. FA specificity may

occur within biosynthesis of CE; however, lecithin:cho-

lesterol acyltransferase, the enzyme responsible for

esterifying FA to cholesterol, shows a preference for C14

and C16 FA [28]. The data available for fishes supports

extension of these mammalian paradigms to piscine mod-

els. Although Stubhaug et al. [26] noted significant

differences in incorporation of certain FA within the

intracellular neutral lipid of Atlantic salmon hepatocytes,

in general, this fraction showed less specificity for indi-

vidual FA than the polar fraction [26]. Specificity was

noted within the extracellular neutral lipid, but in this case,

selection was for 16:0 and 18:0 within the sterol esters and

TAG, respectively. In general, we did not observe enrich-

ment of FA within the neutral lipid beyond dietary

composition, and thus our data do not support a hypothesis

of positive selection for certain FA within the CE or TAG

fractions. However, the shorter-chain SFA (8:0, 10:0, 12:0,

and 14:0) content of the CE and TAG fractions of fish fed
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the CO feed was lower than expected in all lipid classes,

suggesting selection against deposition of these FA in fillet

tissue.

High dietary levels of shorter-chain SFA in the CO feed

were not proportionally reflected in fillet PL, TAG, or CE,

or total lipid of other major lipid depots [5], which suggests

either (1) impaired digestion/absorption or (2) catabolism

of these FA. Lower digestibility of alternative lipids has

been reported for cold-water marine species [29–32], and

has been attributed to differences in melting points and

PUFA content between the alternative lipid and FO.

Reductions in growth are also observed in these cases, and

dietary FA composition of poorly digested lipid is not

reflected within the tissues [32]. Reduced digestibility of

the CO feed seems an unlikely explanation for our results

given the lack of growth differences and the limited, but

significant, enrichment of CO-associated FA within the

fillet and other tissues [5]. Sunshine bass can effectively

utilize a wide-range of alternative lipids [3–5], as can other

cool- and warm-water species, indicating lipid digestibility

is primarily temperature-dependent, and issues of poor

lipid digestion may be limited to cold-water species.

Catabolism of shorter-chain SFA for energy production

explains the low level of shorter-chain SFA enrichment

observed in the CO-fed fish. Rates of b-oxidation have

been determined for a variety of FA in several fish species,

and these studies indicate SFA are preferred substrates for

energy production [33–36].

The available data indicate selective processes govern

the metabolic fate of FA in fishes. Although neutral lipids

reflect dietary composition in a near-direct fashion, polar

lipids show evidence of preference for certain FA. Med-

ium-chain and LC-PUFA are preferred substrates for

inclusion in polar lipid, whereas shorter-chain SFA are

excluded. Although MC-PUFA appear to be somewhat

inferior to LC-PUFA in terms of affinity, increased

availability may overwhelm any enzymatic selectivity and

result in high levels of incorporation of MC-PUFA within

the PL fraction. Shorter-chain SFA are apparently poor

substrates for the enzymes involved in PL synthesis and

remodeling, and are not included within the PL fraction,

even when availability is high. Conversely, SFA are

preferentially used for energy production, whereas MC-

and LC-PUFA are catabolized only when preferred sub-

strates are absent. FA metabolism in fishes is characterized

by a functional division between SFA and LC-PUFA, with

MC-PUFA bridging the gap. Of the feeds we evaluated,

the CO feed represented an ideal balance between pro-

viding preferred FA substrates for energy production

(SFA) and tissue incorporation (LC-PUFA), and few MC-

PUFA to compete within either process. We demonstrated

provision of SFA in grow-out feeds for SB, instead of

competing MC-PUFA, meets energy demands and allows

for maximum inclusion of LC-PUFA within fillet lipid

classes.
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Abstract Despite several studies aimed at evaluating the

positional and fatty acid specificity of fish triacylglycerol

(TAG) digestive lipases, there is still much uncertainty

regarding these issues. The aim of the present study was

therefore to address these questions in Atlantic salmon

(Salmo salar L.). Crude luminal midgut extracts were

collected from fed salmon and the hydrolysis studied for

various substrates including triolein (Tri-18:1), trilinolein

(Tri-18:2), trilinolenin (Tri-18:3), trieicosapentaenoin

(Tri-20:5), tridocosahexaenoin (Tri-22:6) and natural fish

oil TAG. Using Tri-18:1, in a time-curve model showed an

initial high degree of sn-1 or sn-3 specificity where

sn-1,2(2,3)-diacylglycerol (1,2(2,3)-DAG) and free fatty

acid (FFA) were the main hydrolytic products up to

15 min. Lack of initial sn-2 specificity was confirmed by

negligible sn-1,3-diacylglycerol (1,3-DAG) being pro-

duced. During the further hydrolysis of DAG, all positions

appeared susceptible to attack causing a concomitantly

small increase in sn-1(3)-monoacylglycerol (1(3)-MAG)

and 2-MAG, but not at the level expected for an exclu-

sively sn-1,3-specific lipase. Oleic acid (18:1n-9) and

eicosapentaenoic acid (20:5n-3) were preferred substrates

for hydrolysis using both fish oil and acyl-homogeneous

TAGs with FFA as the main product of lipolysis. Hydro-

lysis of the natural fish oil TAG appeared slower yet

produced proportionally more MAG and DAG after 5 min,

and similar specificities, as for synthetic TAG substrates,

were exhibited with 18:1n-9 and 20:5n-3 accumulating in

the FFA fraction after 30 min. Notably, 16:0 was particu-

larly conserved in MAG. As TAG resynthesis of absorbed

lipid in salmon enterocytes proceeds preferably with

2-MAG as templates, the absorption of 2-MAG, produced

during initial stages of TAG hydrolysis, would need to

occur rapidly to be effectively utilised via the MAG

pathway.

Keywords Gastrointestinal tract � Lipid hydrolysis �
Triacylglycerol hydrolysis � Bile salt-dependent lipase �
Intestine

Abbreviations

DAG Diacylglycerol

FFA Free fatty acid

FO Fish oil

MAG Monoacylglycerol

MGAT Monoacylglycerol acyltransferase

Tri-18:1 Triolein

Tri-18:2 Trilinolein

Tri-18:3 Trilinolenin

Tri-20:5 Trieicosapentaenoin

Tri-22:6 Tridocosahexaenoin

PUFA Polyunsaturated fatty acid

TAG Triacylglycerol

TLC Thin-layer chromatography

Introduction

In the pancreatic juice of mammals there are two major

lipolytic enzymes responsible for neutral lipid digestion:

pancreatic lipase (PL; E.C. 3.1.1.3.) and bile salt-dependent
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lipase (BSDL; E.C. 3.1.1.1.). In the intestinal lumen, tri-

acylglycerol (TAG) is mainly hydrolysed by PL. This

enzyme has several distinctive characteristics. It possesses

good activity towards lipid emulsions, yet is inhibited by

the presence of bile salts and other amphipathic lipids.

Inhibition is only overcome by the addition of colipase,

which acts as an anchor for PL at the lipid droplet interface

[1]. Furthermore, PL has a characteristic sn-1,3-specificity

towards TAG producing free fatty acids (FFA) and sn-2-

monoacylglycerols (2-MAG) for subsequent absorption.

In comparison, BSDL is dependent on bile salts for its

hydrolytic activity towards TAG, cholesteryl esters, wax

esters, vitamin esters, and phospholipids [2, 3]. BSDL is

also less discriminatory, than PL, towards sn-fatty acyl

position yielding mainly glycerol and FFA as hydrolytic

products of TAG. Lower specificity is also apparent in that

it has good activity towards all fatty acids including long

chain polyunsaturated fatty acids (PUFA) that are not

effectively hydrolysed by PL. Hence, intestinal BSDL is

non-specific towards fatty acyl moiety and sn-position of

TAG, displays a preference for micellar substrates, yet

possesses 10–60 times less activity than PL in mammals.

Thus, PL and BSDL appear to act sequentially where

partial acylglycerols are released from lipid droplets by the

PL-colipase complex for incorporation into mixed micelles

and possible complete hydrolysis by BSDL [4, 5].

The advantage of producing 2-MAG during digestion, as

is the case for PL, is that when absorbed into the entero-

cytes, resynthesis of TAG can proceed rapidly via the

MAG pathway using 2-MAG as a template. This process is

catalyzed by monoacylglycerol acyltransferase (MGAT)

with relatively low expenditure of energy [6]. If TAG is

completely hydrolysed to FFA and glycerol, TAG resyn-

thesis in enterocytes must proceed through the slower and

energy-consuming de novo glycerol-3-phosphate (G3P)

pathway [7].

Dietary lipid for fish species in the marine environment

is characteristically high in wax esters and TAG containing

n-3 highly unsaturated fatty acids (HUFA) such as eico-

sapentaenoic (20:5n-3) and docosahexaenoic (22:6n-3)

acids [8]. As PL does not possess wax ester hydrolytic

activity and has low activity towards ester bonds contain-

ing pentaenoic and hexaenoic fatty acids, the predominant

lipid-digesting enzyme in fish may be BSDL [2, 9]. This is

furthermore evident in the failure to prove the existence of

a PL-colipase system in fish [9, 10] and the cessation of all

lipolytic activity upon removal of bile, that is subsequently

restored by addition of bile salts in rainbow trout

(Oncorhynchus mykiss), red sea bream (Pagrus major) and

Atlantic salmon, Salmo salar [10–12].

Recent reports have however, shown the existence of

MGAT in both Atlantic salmon [13, 14] and seabream,

Sparus aurata [15], which is most likely required for a fast

and efficient transfer of absorbed intestinal lipid to the

blood as lipoproteins. This again indicates that the hydro-

lysis of luminal TAG may proceed through sn-1,3-

specificity. This possibility is strengthened by the obser-

vation of some sn-1,3-specificity of digestive lipases in

cod, Gadus morhua [16, 17] and rainbow trout [10, 18].

Furthermore, Gjellesvik [16] showed evidence of BSDL

with sn-1,3-specificity using partially-purified caecal tissue

from cod. This opens for the possibility that BSDL in fish

may actually possess sn-1,3-specific lipase capability.

As previous studies in fish have shown both sn-1,3-

specificity and complete hydrolysis of different TAG sub-

strates, the present study was conducted to elucidate

possible discrepancies in luminal lipase specificity with

regard to sn-acyl position and fatty acid species. Complete

hydrolysis to FFA and glycerol has especially been noted in

fish if the fatty acid in sn-2 of TAG is PUFA [18–21]. Thus,

we hypothesised that the luminal formation of 2-MAG is

dependent on the species of fatty acid present at sn-2

position of TAG. The present study utilised a crude intes-

tinal lipase preparation from the midgut lumen of Atlantic

salmon as a model for studying TAG hydrolase activity [10,

12]. As BSDL activity is dependent on bile salt concen-

tration [10], intestinal extracts were desalted and known

concentrations added in the assay to avoid concentration

dependent errors. Utilising synthetic acyl-homogeneous

TAG substrates in the assay allowed for the relative deter-

mination of lipase sn-positional specificity, with respect to

fatty acid species, by quantifying the isomeric products

released. Furthermore, fish oil was also used to represent a

natural TAG substrate, with a more typical distribution of

fatty acids that salmon intestinal lipases would encounter.

Materials and Methods

Chemicals

Triolein (Tri-18:1), trilinolein (Tri-18:2), trilinolenin (Tri-

18:3), trieicosapentaenoin (Tri-20:5), tridocosahexaenoin

(Tri-22:6) and TLC standard ([99%) were all purchased

from Nu-Chek Prep Inc. (Minnesota, USA). Chloroform,

methanol, hexane, sulphuric acid, ethanol, acetone, sodium

taurocholate, boric acid, 2,7-dichlorofluorescein were pur-

chased from Sigma–Aldrich (St Louis, USA).

Substrate

The substrates of Tri-18:1, Tri-18:2, Tri-18:3, Tri-20:5 or

Tri-22:6 were made to a concentration of 100 mg/mL in

chloroform. Triacylglycerols from fish oil (Möllers Tran;

MöllerCollett AS, Lysaker, Norway) were purified on TLC

plates (20 9 20 cm 9 0.5 mm, Merck 1.13894, Darmstadt,
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Germany) using hexane: diethyl ether: acetic acid (80:20:2)

as developing solvent. Lipid classes were visualized using

0.1% (w/v) 2,7-dichlorofluorescein in 95% methanol. The

TAG band was extracted from the silica with hexane: die-

thyl ether (1:1), evaporated under a stream of nitrogen and

stored at -80 �C in chloroform. To prepare lipase sub-

strates, 10 mg of the respective substrate was evaporated

under a stream of nitrogen and the residue dissolved in

200 lL taurocholate (400 mM, 4 �C) and 1,800 lL of

100 mM potassium phosphate buffer (pH 8) containing

1 mM EDTA (ethylene diamine tetraacetic acid), 1 mM

DTT (1,4-dithiothreitol) and 1 mM benzamidine (4 �C).

The substrate mixture was stirred for 5 min, sonicated in

ice-cold water for 2 min and vortexed for 1 min before use.

Enzyme

Atlantic salmon of 1,000 g, fed commercial diets (Biomar,

Trondheim) 1 h twice a day, were anaesthetised in 4 g/kg

benzocaine (Braine-Lálleud, Belgium) 1 hour after the last

meal and killed by a sharp blow to the head. Four fish were

weighed, and the intestinal tract dissected. Luminal con-

tents were collected from the midgut, defined as the section

from the last pyloric caeca to the start of the distal intestine,

as recognised by its larger diameter [22]. The enzyme

preparation was made once from pooling the intestinal

contents from the four salmon. The pooled content were

further diluted twofold (w/v) in 100 mM potassium phos-

phate buffer (pH 8) containing 1 mM EDTA, 1 mM DTT

and 1mM benzamidine. The suspension was centrifuged at

3,2209g for 10 min at 4 �C. The lipid layer was aspirated

from the surface and the infranatant collected and desig-

nated ‘‘crude extract’’. To remove endogenous bile salts,

the extract was transferred to ZebaTM Desalt Spin Columns

(Pierce, Rockford, USA) and centrifuged at 2009g for

2 min at 4 �C. The protein contents of the desalted extract

was analysed by the method of Lowry et al. [23] using an

Ultrospec 4000 spectrophotometer (Pharmacia Biotech,

Cambridge, England) and adjusted to 1.0 mg/mL. The

enzyme preparation was then prepared in cryo tubes each

containing materials for 1 day work and stored at -80 �C

prior to use, as preliminary tests had shown no loss of

activity when stored under these conditions. By this pro-

cedure, all experiments were carried out on the same

enzyme preparation.

Incubation

The incubation assay was performed according to a mod-

ification of the method of Bogevik et al. [12]. In brief,

0.2 mL of the enzyme extract was added to 0.2 mL sub-

strate suspension and incubated for 5–30 min at the

ambient temperature of the fish (10 �C). The reaction was

terminated by the addition of 8 ml chloroform. The tubes

were vortexed for 15 s and centrifuged for 2 min at 3009g

after which the upper aqueous layer was aspirated off and

the lower chloroform layer evaporated under a stream

of nitrogen. The residue was resuspended in 30–50 lL

chloroform and applied to TLC plates (20 9 20 cm 9

0.25 mm, Merck 1.05721, Darmstadt, Germany) pre-

impregnated with 2.3% boric acid in ethanol:water (1:1)

and developed in 50 ml chloroform:acetone (96:4),

according to Thomas [24]. Lipid spots were detected by

spraying the plate with 0.1% 2,7-dichlorofluorescein in

95% methanol and visualized under UV light.

Lipid Extraction

Two-hundred microlitres either of the pooled desalted

midgut extract or the substrate suspension were added to

4 mL chloroform and extracted as above. The desalted

midgut extract was separated into neutral lipid classes as

described above.

Quantification of Lipid Classes

The lipid class bands representing 1(3)-MAG, 2-MAG,

FFA, 1,2(2,3)-DAG, 1,3-DAG, and TAG were scraped into

tubes, added internal standard (19:0) and subjected to acid-

catalyzed transesterification using 1% (v/v) H2SO4 in

methanol [25]. The resulting fatty acid methyl esters

(FAME) were extracted and quantified by gas liquid

chromatography using a HP 5890 gas chromatograph

equipped with a J&N Scientific Inc. DB-23 fused silica

column (30 m 9 0.25 mm id). Hydrogen was used as

carrier gas and temperature programming was from 50 to

150 �C at a rate of 40 �C/min, from 150 to 195 �C at

1.5 �C/min, and then to a final temperature of 205 �C at

0.5 �C/min. Individual components were identified by

comparison with known standards.

Calculation and Statistics

The amount of fatty acids in neutral lipid classes were

converted to the amount of lipid by a correction factor

which takes into account the amount of glycerol [25]. The

amount of lipid were converted into moles for the respec-

tive lipid classes. From this, individual lipid classes were

calculated as a percentage of total lipid classes recovered

from each substrate. Data is given as ±SD for replicate

incubations. All statistical analysis was performed using

STATISTICA 8.0 software for Windows (StatSoft. Inc.,

Tulsa, USA). The statistical significance of differences was

tested using one-way ANOVA followed by the Tukey post

hoc test for comparison of the different acyl-homogenous

substrate in each lipid class after hydrolysis. Significance

Lipids (2008) 43:655–662 657
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was accepted at P \ 0.05. The fish oil TAG substrate

contained different levels of each fatty acid, and the fatty

acid profile in each lipid class was therefore compared to

the original TAG substrate after hydrolysis.

Results

In order to test for possible interference from the lipid

contained in the digesta, neutral lipid content of the

desalted midgut extract was estimated. The distribution of

lipid classes was: FFA (10 lg) [ MAG (2 lg) [ DAG

(2 lg) [ TAG (0.5 lg). The main fatty acids of the lipid

classes were palmitic acid (16:0) in MAG (0.73 lg/

200 lL), 1,2/2,3-DAG (0.40 lg/200 lL) and TAG

(0.24 lg/200 lL), while 1,3-DAG had oleic acid, 18:1n-9

(0.79 lg/200 lL) and FFA had 20:5n-3 (2.84 lg/200 lL)

as the major fatty acid (Table 1). However, the total

amount of each of these fatty acids only accounted for a

small fraction compared to the amount of substrate (1 mg)

added in the incubation, and was subtracted from the fatty

acids calculated in the lipid classes after hydrolysis.

The time course digestion of Tri-18:1 is shown in Fig. 1.

The hydrolysis was very high over the first 5 min and then

stabilized at a relative constant rate throughout. FFA was

the major product reaching a 1:1 ratio of FFA and TAG

after 20 min hydrolysis, and increased to account for

almost 60% of the lipid classes at the termination of the

study, showing a 10-times higher concentration than MAG

and DAG. Sn-1,2(2,3)-DAG increased to a maximum of

14% of the lipid classes after 15 min followed by a

reduction towards the termination of the study. Both 1(3)-

MAG and 2-MAG increased slowly towards the end, but

neither contributed to more than 9% of the lipids.

The hydrolysis of various acyl-homogeneous TAGs was

assessed after 5 (Fig. 2) and 30 min of incubation (Fig. 3).

After 5 min, hydrolysis of Tri-18:1 and Tri-20:5 proceeded

at a higher rate than the other synthetic TAG substrates. The

main products were in both cases increased levels of FFA

compared to the other TAG substrates. The 1,2(2,3)-DAG

were the second largest hydrolysis products, while 1,3-

DAG and various MAG products were in minute amounts.

There was also a notable but non-significant tendency of

more 2-MAG to be produced using Tri-18:1 and Tri-20:5 as

substrates. The tendency of Tri-18:1 as the best substrate for

lipolysis was verified after 30 min incubation where more

than 80% was hydrolysed compared to less than 70% for the

other substrates. The lowest rate of hydrolysis was found

with Tri-22:6, where less than 50% was hydrolysed, which

was significantly lower than for the other synthetic sub-

strates (Fig. 3). In each case, FFA was the main product of

hydrolysis, but there was also an increase in 1,2(2,3)-DAG

and MAG isomers, particularly 2-MAG that reached around

10% of the lipid classes. Very low amounts of 1,3-DAG was

produced regardless of substrate.

The hydrolysis of fish oil TAG appeared to progress at a

different rate than for the structured substrates. After 5 min

of hydrolysis, only 40% of the TAG remained with the

main hydrolysis products being 1,2(2,3)-DAG (25%), 1(3)-

MAG (15%) and 2-MAG (15%). Only 3% was found in

FFA (Fig. 2). After 30 min of incubation, the FFA content

Table 1 Amount of fatty acids (lg/200 lL) in different lipid classes of the pooled desalted midgut extract

Lipid classes Amount of fatty acids (lg) in 200 lL desalted midgut extract

16:0 18:1n-9 18:2n-6 18:3n-3 20:1n-9 20:5n-3 22:6n-3

1(3)-MAG 0.73 0.19 0.02 0.08 0.09 0.01 0.06

2-MAG 0.39 0.17 0.01 0.07 0.02 NT 0.03

FFA 1.45 2.55 0.94 0.37 0.27 2.84 1.87

1,2(2,3)-DAG 0.40 0.19 0.03 0.08 0.01 NT 0.07

1,3-DAG 0.25 0.79 0.05 0.15 NT NT NT

TAG 0.24 0.13 0.04 0.09 0.01 NT 0.03

NT not traceable

Fig. 1 The mol% of total lipid class hydrolysis of 1 mg tri-18:1 with

desalted midgut extract (118 lg) from Atlantic salmon in 100 mM

sodium phosphate-buffer (pH 8.0) and 20 mM sodium taurocholate at

0, 5, 10, 15, 20 and 30 min. Mean n = 3

658 Lipids (2008) 43:655–662
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had increased to 49% while the content of the different

MAGs was notably decreased while the level of 1,2(2,3)-

DAG was at 13% (Fig. 3).

The fish oil TAG contained oleic acid (18:1n-9, 29.0%)

as the major fatty acid followed by palmitic acid (16:0,

21.5%), the fatty acids of the 20-carbon series (gadoleic

acid (20:1n-9), 14.6%), eicosapentaenoic acid (20:5n-3,

14.6%) and docosahexaenoic acid (22:6n-3, 11.9%).

Linoleic acid (18:2n-6, 4.8%) and linolenic acid (18:3n-3,

3.5%) were only found in small amounts (Fig. 4).

After 5 min of incubation, the pattern of fatty acids in

the remaining TAG was very similar to that of the substrate

with the exception that the level of 20:5n-3 appeared to be

somewhat reduced (Fig. 4). The fatty acid pattern in

1,2(2,3)-DAG had many similarities to that of TAG but

with some notable differences. Firstly, the content of

22:6n-3 was increased to 5% of the fatty acids. Secondly,

the content of 20:5n-3 was reduced further in relation to

TAG. All MAGs were significantly altered compared to the

substrate where 1(3)-MAG and 2-MAG were enriched in

16:0 by circa 6%. Furthermore, there was also a notable

retention of 18:3n-3 in all MAGs, while the levels of 18:2n-

6 and 20:5n-3 were very low. Comparing the different

MAGs showed that 22:6n-3 accumulated somewhat in 2-

MAG while 18:1n-9 and 18:3n-3 were higher in 1(3)-

MAG. Of the minor lipid classes, FFA appeared to be

enriched in 18:3n-3 and 20:1n-9 while 1,3-DAG was

enriched in 16:0, 18:3n-3 and 20:1n-9.

After 30 min, unreacted TAG still had many similarities

to the original substrate except for a lower content of

20:5n-3 and a tendency to increased levels of 22:6n-3 and

20:1n-9 (Fig. 5). In the FFA fraction, 18:1n-9 and 20:5n-3

was significantly increased in relation to the substrate while

22:6n-3 was reduced. As shown after 5 min, all MAGs

were enriched in 16:0. In 2-MAG, there was still a clear

accumulation of 22:6n-3. Docosahexaenoic acid (22:6n-3)

was significantly increased in 1,2(2,3)-DAG compared to

the substrate while the content of 18:1n-9 was reduced

(Fig. 5).
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Fig. 2 The mol% of total lipid class upon 5 min hydrolysis of either

1 mg triolein (Tri-18:1), trilinolein (Tri-18:2), trilinolenin (Tri-18:3),

trieicosapentaenoin (Tri-20:5), tridocosahexaenoin (Tri-22:6) with

desalted midgut extract (118 lg) from Atlantic salmon in 100 mM

sodium phosphate-buffer (pH 8.0) and 20 mM sodium taurocholate.

The column represents the mean of 6 replicate incubations ±SD,

values not having the same superscript letter are significantly

different (P \ 0.05) as determined by one-way-ANOVA
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Fig. 3 The mol% of total lipid class hydrolysis of either 1 mg triolein

(Tri-18:1), trilinolein (Tri-18:2), trilinolenin (Tri-18:3), trieicosapen-

taenoin (Tri-20:5), tridocosahexaenoin (Tri-22:6) with desalted

midgut extract (118 lg) from Atlantic salmon in 100 mM sodium

phosphate-buffer (pH 8.0) and 20 mM sodium taurocholate at 30 min.

The column represents the mean of 6 replicate incubations ±SD,

values not having the same superscript letter are significantly

different (P \ 0.05) as determined by one-way-ANOVA

Fig. 4 Total fatty acid composition of the substrate and fatty acid

specificity within each lipid class after hydrolysis of 1 mg of fish oil

TAG with desalted midgut extract (118 lg) from Atlantic salmon in

100 mM sodium phosphate-buffer (pH 8.0) and 20 mM sodium

taurocholate at 5 min (mol% fatty acid within each lipid class/1 mg

TAG/118 lg desalted midgut extract/5 min). Means, n = 6 ± SD,

values not having the same superscript letter are significantly

different (P \ 0.05) as determined by one-way-ANOVA
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Discussion

Dietary lipid is well utilized in most fish species [9]. In

order to accomplish this, fish require an efficient system for

the intestinal digestion of TAG for absorption across the

brush border membrane (BBM) and subsequent resynthesis

of hydrolytic products in enterocytes for transportation.

The MAG pathway has recently been established as the

predominant pathway for TAG resynthesis in the intestine

of Atlantic salmon [13, 14] and sea bream [15], which

challenges the presence of a non-specific bile salt-depen-

dent lipase (BSDL) as the major lipolytic enzyme of the

luminal content in fish. There is a general assumption that

BSDL does not discriminate towards sn-acyl position on

the glycerol ‘backbone’ of TAG thus yielding glycerol and

FFAs that must be resynthesized by the slower and more

energetically-consuming glycerol-3-phosphate (G3P)

pathway in enterocytes [6].

Therefore, there is some uncertainty as to which lipase

system predominates in fish. Although several studies have

attempted to verify the existence of a pancreatic sn-1,3-

specific lipase, no such enzyme has ever been proven [9].

In most fish species studied so far, desalting appears to halt

all lipolytic activity while it is regained by the addition of

bile salts [10–12]. This clearly points to the prevalence of a

bile salt dependent lipase (BSDL) in fish [9]. However,

some studies have reported this lipase to be sn-1,3-specific

[10, 16] which, concomitant with the presence of the MAG

pathway in enterocytes, opens up the possibility that BSDL

in fish may actually possess sn-1,3-specific hydrolytic

activity. Furthermore, this specificity has especially been

reported for Tri-18:1n-9 [16] and in the presence of shorter

chain fatty acyl esters or saturated fatty acids [26].

The present study showed that the lipase has a high

degree of sn-1 or sn-3 specificity initially where sn-

1,2(2,3)-DAG and FFA were the main hydrolytic products

of Tri-18:1n-9 up to 15 min, while sn-1,3-DAG was pro-

duced in minute amounts showing low activity towards the

sn-2 position in the intermediate hydrolysis. During further

hydrolysis of DAG, all sn-positions appeared to be sus-

ceptible to hydrolytic attack causing a concomitant small

increase in sn-1(3)-MAG and sn-2-MAG in roughly equi-

molar concentrations. However, the occurrence of 1(3)-

MAG could be an isomerisation product from 2-MAG due

to the instability of 2-MAG in biological systems having a

reported half-life of 2–10 min dependent on protein con-

tent and pH [27]. This does suggest the possibility for the

existence of a 1,3-specific lipase. However, the total level

of MAG (including 2-MAG) never reached the concen-

trations that would be expected with a 1,3-specific lipase

(see Mattson and Volpenhein [4] and Gjellesvik et al. [16])

indicating that a step-wise hydrolysis from TAG through

DAG and MAG will eventually proceed to glycerol and

FFA as final products. In this respect, our data appear to

comply with in vivo feeding studies of Atlantic salmon that

has suggested that FFA and glycerol are the main hydro-

lysis products [28].

There was also an interesting difference in the rate of

hydrolysis of synthetic substrates and fish oil. While the

digestion of the synthetic substrates was faster producing

mainly FFA, the natural substrate had a slower rate pro-

ducing more intermediate products of MAG and DAG after

5 min. The reason for this could be the fatty acid com-

plexity of the natural oil, where the enzyme will most

likely prefer certain fatty acids in a certain position over

another, as seen previously where complete hydrolysis to

FFA and glycerol has especially been noted if the fatty acid

in sn-2 position is a monounsaturated fatty acid [2, 18] or

PUFA [18–21].

If the high activity of the MAG pathway is to be effective

in the resynthesis of TAG, it is essential that the 2-MAG

being produced at an early stage of hydrolysis is absorbed

rapidly. In this respect it is interesting to note that the

hydrolysis of fish oil over the first 5 min actually did pro-

duce substantial amounts of MAG. So even if salmon lipase

does not have the traditional sn-1,3-specificity, the MAG

pathway would still have sufficient material providing that

the absorption is rapid. This would not be the case for the

synthetic substrates where the hydrolysis seems to proceed

to FFA and glycerol. Fish fed on these diets would conse-

quently rely on the G3P pathway for TAG synthesis, and

would probably have lower growth rates. Glycerol-

3-phosphate (G3P) is normally produced from amino

acids/pyruvate through pathways of glyceroneogenesis, or

Fig. 5 Total fatty acid composition of the substrate and fatty acid

specificity within each lipid class after hydrolysis of 1 mg of fish oil

TAG with desalted midgut extract (118 lg) from Atlantic salmon in

100 mM sodium phosphate-buffer (pH 8.0) and 20 mM sodium

taurocholate at 30 min (mol% fatty acid within each lipid class/1 mg

TAG/118 lg desalted midgut extract/30 min). Means, n = 6 ± SD,

values not having the same superscript letter are significantly

different (P \ 0.05) as determined by one-way-ANOVA
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alternatively generated from glycerol via glycerol kinase,

which has extremely low activity in mammalian intestine

compared to adipose and has yet to be investigated in fish.

The salmon lipase in the present study also possessed

some fatty acid specificity, at least during parts of the

hydrolysis process. The most notable effect using synthetic

substrates was the very rapid hydrolysis of Tri-18:1 and

Tri-20:5n-3 over the first 5 min of incubation compared to

the other substrates. This led to a significantly increase in

FFA but not other acylglycerols. After 30 min of incuba-

tion all differences had evened out, and there was no

significant difference between these substrates. This may

indicate that FFA has a feedback inhibition on the lipase

activity. The only notable effect after 30 min was the high

level of Tri-22:6n-3 compared to the other substrates

indicating low substrate specificity of the lipase. Fish oil

was also very rapidly degraded over the first 5 min of

incubation. But in this case, the main products were MAG

and 1,2(2,3)-DAG with little occurring in FFA and 1,3-

DAG. The build up of 22:6n-3 in 1,2(2,3)-DAG and 16:0 in

the MAG fractions do however, show that these were dif-

ficult to digest by the lipase. At 30 min this tendency was

maintained to some degree, although they were more hy-

drolysed to FFA, while the build up of 18:1n-9 and 20:5n-3

in the FFA fraction clearly demonstrates that these were

preferred over the other fatty acids for hydrolysis.

These data do in some respects agree with previous

results from fish. As in our study, Halldorsson et al. [29]

showed that 16:0 accumulated in the DAG and MAG

fractions while 20:5n-3 increased in the FFA fraction when

caecal lipase was incubated with various fish oils. They did

however, not observe a similar preference for 18:1n-9 as

seen in the present study. Furthermore, they found a sig-

nificant accumulation of 22:6n-3 in the FFA fraction that

was not the case in the present study. Cod digestive lipase

also seems to have many similarities with the salmon lipase

in that there is a preference for unsaturated fatty acids,

20:5n-3 and a lower activity towards 22:6n-3 [17, 19, 25].

However, cod lipase also seems to have the same prefer-

ence for shorter chain PUFA like 18:2n-6, which does not

seem to be the case in salmon. It thus appears that although

fish digestive lipases are similar with regard to preference

for 20:5n-3, there are also notable differences. This may

indicate some adaptations to natural habitats and the

presence of different fatty acids in their natural diets.

However, it is also possible that some of the differences

observed are due to variations in experimental conditions. In

the present study for example, we used ambient temperature

of the fish (10 �C) for incubations in order to mimic natural

conditions. Other studies like that of Gjellesvik [26] and

presumably Halldorsson et al. [29] used room temperature

for their studies. As lipase specificity is known to change at

higher temperatures, in cod lipase towards saturated fatty

acids [26] this may explain some of the differences

observed. Furthermore, assay conditions may also affect the

specificities. This was elegantly shown using cod lipase

where there was a dramatic change in specificity when the

substrates were added in alcoholic or taurocholate solutions

[26]. In the present study, we solubilised the TAG substrate

in a taurocholate solution before use.

In conclusion, Atlantic salmon lipase does possess some

specificity towards sn-1 or sn-3 fatty acyl positions on

TAG, at least with Tri-18:1n-9 due to initial increases in

1,2(2,3)-DAG but not 1,3-DAG. However, this specificity

is not as pronounced as for mammalian pancreatic lipase or

as suggested for BSDL in other fish species. The lack of

MAG as a major product of hydrolysis poses a problem for

the MAG pathway for reconstituting TAG in the entero-

cytes when utilising acyl-homogeneous TAG substrates.

However, by using natural TAG substrates in the present

study, fairly large amounts of MAG were produced during

the early stages of digestion that is not seen using synthetic

substrates. Provided that MAG is absorbed rapidly, fish

enterocytes may still be supplied with sufficient 2-MAG for

the MAG pathway to function effectively. Atlantic salmon

digestive lipases also have a clear specificity towards cer-

tain fatty acids like 20:5n-3 and 18:1n-9, regardless of their

positional distribution. This lipase has therefore similarities

to that found in other fish species like cod and rainbow

trout [19, 29] but there are also some differences that may

indicate species adaptations to specialized feed habitats, or

simply variations in the in vitro experimental setup.
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Abstract The present study determined alpha-tocopherol

mass transfer from an alpha-tocopherol-rich emulsion to

LDL and HDL, and assessed the potential of different

mechanisms to modulate alpha-tocopherol transfers. Emul-

sion particles rich in alpha-tocopherol were incubated in

vitro with physiological concentrations of LDL or HDL. The

influence of plasma proteins was assessed by adding human

lipoprotein poor plasma (LPP) fraction with intact vs heat

inactivated PLTP, or with a specific cholesteryl ester transfer

protein (CETP) inhibitor, or by adding purified PLTP or pig

LPP which lacks CETP activity. After 4 h incubation in

absence of LPP, alpha-tocopherol content was increased by

*80% in LDL and *160% in HDL. Addition of LPP

markedly enhanced alpha-tocopherol transfer leading to

350–400% enrichment in LDL or HDL at 4 h. Higher (*10

fold) enrichment was achieved after 20 h incubation with

LPP. Facilitation of alpha-tocopherol transfer was (i) more

than 50% higher with human vs pig LPP (despite similar

PLTP phospholipid transfer activity), (ii) reduced by specific

CETP activity inhibition, (iii) not fully suppressed by heat

inactivation, and (iv) not restored by purified PLTP. In

conclusion, alpha-tocopherol content in LDL and HDL can

be markedly raised by rapid transfer from an alpha-tocoph-

erol-rich emulsion. Our results indicate that alpha-

tocopherol mass transfer between emulsion particles and

lipoproteins is mediated by more than one single mechanism

and that this transfer may be facilitated not only by PLTP but

likely also by other plasma proteins such as CETP.

Keywords Vitamin E � Alpha-tocopherol mass transfer �
Lipid emulsions � LDL � HDL � PLTP � CETP

Abbreviations

CETP Cholesteryl ester transfer protein

HDL High density lipoproteins

LDL Low density lipoproteins

LPP Lipoprotein poor plasma

PLTP Phospholipid transfer protein

TC Total cholesterol

TG Triglycerides

TGRP Triglyceride-rich particles

Introduction

Vitamin E is a group of eight lipid soluble molecules

including alpha-, beta-, gamma-, and delta-tocopherol as

well as alpha-, beta-, gamma-, and delta-tocotrienols

(Fig. 1). Alpha-tocopherol is the most abundant form of

vitamin E in man due to the selective recognition and

retention of this isoform by a specific binding protein

present in the liver. Alpha-tocopherol is transported by

plasma lipoproteins and plays an important role not only in
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preventing lipid peroxidation but also in modulating sev-

eral cell functions such as cell signaling and gene

expression [1, 2]. Epidemiological studies have shown a

better protection against cardiovascular diseases for indi-

viduals in the higher ranges of vitamin E status [3, 4].

However, the results of some large-scale clinical trials

using supplementation with mega-doses (C400 IU/day)

vitamin E to general populations have not shown clear

protection against cardiovascular diseases [5–8]. A recent

meta-analysis even suggests that chronic supplementation

with mega-doses of vitamin E may increase all-cause

mortality [9]. Thus, many questions remain open notably

with respect to potential indications, dosage as well as

route of vitamin E supplementation for specific target

populations.

Although alpha-tocopherol is transported by chylomi-

crons and very low density lipoproteins in the immediate

and late postprandial phases, respectively, low density

lipoproteins (LDL) and high density lipoproteins (HDL) are

the main carriers of alpha-tocopherol in plasma and largely

contribute to its delivery to cells and tissues [10]. Exchan-

ges of alpha-tocopherol molecules occur between plasma

lipoproteins and depend on the relative alpha-tocopherol

content in each lipoprotein subpopulation [11, 12]. Alpha-

tocopherol transfer between lipoproteins as well as between

lipoproteins and cells may be facilitated by plasma proteins.

Plasma phospholipid transfer protein (PLTP), member of

the plasma lipid transfer protein family, has been reported to

play a major role in the facilitation of alpha-tocopherol

transfer between plasma lipoproteins as well as between

lipoproteins and cells [13, 14], whereas the related cho-

lesteryl ester transfer protein (CETP), has been reported not

to facilitate alpha-tocopherol transfer [15].

Alpha-tocopherol exchanges may also occur, in both

directions, between lipoproteins and intravenous lipid

emulsion particles [16–18]. The relative importance of

alpha-tocopherol net mass transfer from alpha-tocopherol

rich lipid emulsion particles to LDL and HDL as well as

the extent to which plasma factors facilitate these

transfers have not been investigated in depth. In the

present study, an in vitro model was used in which par-

ticles isolated from an alpha-tocopherol-enriched

emulsion were incubated with total plasma or physio-

logical concentrations of LDL or HDL in presence of

non-lipid plasma fractions or purified transfer proteins.

The aims were to determine: (i) the kinetics of alpha-

tocopherol transfer from emulsion particles to plasma

lipoproteins; (ii) the amount of alpha-tocopherol that can

be acquired by LDL and HDL; (iii) the influence of

proteins present in non-lipid plasma fractions on such

alpha-tocopherol exchanges. Our data indicate that mul-

tiple mechanisms are involved in alpha-tocopherol mass

transfer from lipid emulsions to plasma lipoproteins.

Material and Methods

Lipid Emulsion

A lipid emulsion (100 g triglycerides/l) containing a mix-

ture of medium-chain triglycerides and long-chain

triglycerides (1:1; w:w) with an elevated alpha-tocopherol

content (10.70 ± 0.90 g/l) was prepared by B. Braun

(Melsungen, Germany) for the purpose of this in vitro

study. Since lipid emulsions contain a mixture of triglyc-

eride-rich particles (TGRP) together with other particles

formed from the excess of phospholipid emulsifier, the

TGRP fraction was isolated by flotation in saline solution

(NaCl 0.9%, EDTA 0.01%) through 3 9 30 min ultra-

centrifugation at 70,000 9 g using a SW-41Ti rotor in a

L8-55 ultracentrifuge (Beckman Instruments, Palo Alto,

CA, USA). Approximately 90% of emulsion alpha-

tocopherol content was recovered in the TGRP fraction.

TGRP were stored overnight under nitrogen at 4 �C. In all

incubation assays, TGRP were incubated at a triglyceride

(TG) concentration of 100 mg/dL, a level commonly

observed in the plasma of patients receiving parenteral

nutrition with lipids [19].

Fig. 1 The molecular structure of vitamin E is characterised by a

chromanol ring substituted by an aliphatic side chain (C16), which is

saturated for tocopherols and unsaturated for tocotrienols. The

hydrophobic aliphatic side chain allows vitamin E to partition

between membrane and lipoprotein lipids while presenting the

chromanol ring with the hydroxyl group towards the aqueous phase.

The four forms of tocopherols and tocotrienols vary in the number

and the position of methyl groups on the chromanol ring

664 Lipids (2008) 43:663–671

123



Separation of LDL, HDL and Lipoprotein Poor Plasma

Fraction

Lipoproteins (LDL and HDL) were separated from pooled

normolipidemic human plasma by sequential ultracentri-

fugation [20] using a 50-2Ti rotor (Beckman, Palo Alto,

CA, USA) in a L8-55 ultracentrifuge (Beckman). Plasma

density was adjusted by addition of solid KBr at density

ranges 1.025–1.055 and 1.070–1.18 g/mL for LDL and

HDL, respectively. Plasma was centrifuged at 302,000 9 g

(5 �C) for 20 h for LDL and for another 40 h for HDL

separation. The isolated lipoprotein fractions were then

extensively dialysed against a saline solution (NaCl 0.9%,

EDTA 0.01%, glycerol 10%, pH 7.4) and stored under

nitrogen at -70 �C until incubation assays. Glycerol

present in LDL and HDL fractions was removed by fil-

tration on PD10 Sephadex columns (Amersham Pharmacia,

Uppsala, Sweden) prior to incubation.

The lipoprotein poor plasma (LPP) fraction, containing

the majority of plasma proteins, was also separated by

sequential ultracentrifugation. Plasma density was adjusted

at d [ 1.24 g/mL and centrifuged during 40 h at

302,000 9 g (5 �C) to remove all lipoproteins. After

ultracentrifugation, the LPP fraction was extensively dia-

lysed against a saline solution (NaCl 0.9%, EDTA 0.01%,

pH 7.4) and stored under nitrogen at -20 �C until incu-

bation assays.

Incubation Protocols

Alpha-tocopherol Mass Transfer from Lipid Emulsion

Particles to LDL and HDL

To determine the kinetics of alpha-tocopherol net mass

transfer from emulsion particles to plasma lipoproteins,

TGRP (100 mg TG/dL) were incubated at 37 �C in

presence of LDL (120 mg LDL-cholesterol/dL) or HDL

(50 mg HDL-cholesterol/dL) over increasing time periods

(0.5, 1, 2, 4 h) in a gently shaking water bath. Incubations

were performed in absence or presence of human LPP

(65 g protein/l). Furthermore, a few incubations were

performed over 20 h in presence of LPP to determine the

sub-maximal amount of alpha-tocopherol that can be

acquired by LDL and HDL. Finally, TGRP were incu-

bated in total plasma (with a LDL-cholesterol/HDL-

cholesterol ratio of 1.2:1) to determine alpha-tocopherol

partitioning between LDL and HDL. At the end of the

incubation period, the TGRP fraction was isolated by

flotation (ultracentrifugation of 45 min at 80,000 9 g at

12 �C) from the infranatant containing the lipoproteins

and LPP. After adjusting the density of the infranatant,

individual lipoprotein fractions were isolated by sequen-

tial ultracentrifugation. Each collected fraction was stored

at 4 �C for lipid analyses and aliquots of 300 ll were

stored under nitrogen at -70 �C for vitamin E analyses

performed within 2 weeks. Vitamin E content in LDL and

HDL was expressed relative to particle lipid (total cho-

lesterol + TG) content. Net alpha-tocopherol enrichment

in LDL and HDL was calculated by comparison to data

from control incubations of lipoproteins over the same

time periods but without TGRP. Alpha-tocopherol content

in lipoproteins was not significantly modified after control

incubations over 4 and 20 h, whether in absence or

presence of LPP.

Influence of Non-lipid Plasma Components

on Alpha-tocopherol Transfer

To assess the influence of proteins present in the LPP

plasma fraction on alpha-tocopherol exchanges, TGRP

(100 mg TG/dL) were incubated at 37 �C with LDL

(120 mg LDL-cholesterol/dL) or HDL (50 mg HDL-cho-

lesterol/dL) for 2 h in the absence or presence of human

LPP (65 g protein/l). To distinguish the effect of PLTP

from that of CETP, experiments were carried out with LPP

heated for 1 h at 58 �C to inactivate PLTP activity [13, 21,

22], or with addition of a potent CETP inhibitor (synthe-

tised according to the patent application:WO2006013048;

F. Hoffmann-La Roche, Basel, Switzerland) to LPP and to

total plasma. CETP inhibitor was used at a concentration of

212 nM corresponding to four times the IC50 for a com-

plete inhibition of CETP activity in plasma samples

(personal communication, Roche Basel). In parallel,

experiments were carried out with LPP (65 g protein/l)

isolated from pig plasma, the latter being largely devoid of

CETP [23, 24] but not of PLTP activity [25], Finally,

incubations were also performed in absence of LPP but

with albumin as the most abundant plasma protein (40 g/l

fatty acid-free BSA, Sigma Aldrich, Steinheim, Germany),

and with partially purified PLTP (5–10 lg/mL, Cardio-

vascular Targets Inc., NY, USA). After incubation,

lipoproteins were isolated by ultracentrifugation and their

alpha-tocopherol content analysed. The enhancing action

of non-lipid plasma components upon alpha-tocopherol

transfer from emulsion particles to LDL and HDL was

obtained by subtracting spontaneous transfer measured in

incubations with no proteins.

Analytical Measurements

Total cholesterol (TC) and TG concentrations were mea-

sured in LDL and HDL fractions using enzymatic kits

CHOD-PAP (Roche Diagnostics GmbH, Mannheim, Ger-

many) and Triglycerides Glycerol blanked (Roche

Diagnostics GmbH), respectively. For alpha-tocopherol

measurements in LDL and HDL [26, 27], lipoproteins were

Lipids (2008) 43:663–671 665
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saponified at 70 �C with alcoholic KOH followed by alpha-

tocopherol extraction with hexane. Hexane was dried and

the extract was dissolved in methanol:water (95/5, w/w).

Alpha-tocopherol content in the extract was then measured

by reverse-phase HPLC (Merck-Hitachi Ltd, Tokyo, Japan)

using a Lichrospher column 100 RP 18 (125 m29 4 m3;

LxID; Merck, Darmstadt, Germany) and a mobile phase of

methanol:water (95/5, w/w) at a flow rate of 1.5 mL/min;

alpha-tocopherol was monitored at 292 nm by a UV

detector [28].

Phospholipid Transfer Activity Assay

Phospholipid transfer activity was assessed by measuring

the transfer of 1,2 di-[1-14C]palmitoyl phosphatidylcholine

(100 mCi/mmol, Amersham Biosciences, Buckingham-

shire, UK) from small unilamellar liposomes to HDL

particles [29, 30]. In brief, labeled liposomes (125 nmol of

phospholipids) were incubated with HDL (250 lg proteins)

and LPP (10 ll) or partially purified PLTP (20 lg, Car-

diovascular Targets Inc., NY, USA) in a final volume of

400 ll. The percentage of transferred radioactivity to HDL

was calculated after correcting for background radioactiv-

ity. In this assay, partially purified PLTP induced a 19%

transfer of total radiolabelled phospholipids, after correc-

tion for spontaneous transfer (7%).

Statistical Analysis

Results are expressed as mean values ± SEM. Statistical

analyses were made by using Students’t test. The statistical

significance of differences between values was assessed by

paired comparison of data recorded within each individual

experiment.

Results

Alpha-tocopherol Mass Transfer from Lipid Emulsion

Particles to LDL and HDL

Kinetics of alpha-tocopherol transfer from emulsion parti-

cles to plasma lipoproteins, were assessed by incubating

LDL and HDL with TGRP over increasing time periods

(0.5–4 h) (Fig. 2). In the absence of LPP fraction, sponta-

neous transfer of alpha-tocopherol from TGRP to LDL

progressively increased LDL alpha-tocopherol content over

time leading to an 80 ± 6% enrichment after 4 h

(5.26 ± 0.63 vs 2.91 ± 0.27 lmol/mmol in control LDL;

p \ 0.001). Spontaneous alpha-tocopherol transfer also

occurred from TGRP to HDL particles and induced a

163 ± 36% enrichment after 4 h incubation (15.34 ± 0.41

vs 6.22 ± 0.79 lmol/mmol in control HDL; p \ 0.02).

Addition of LPP markedly enhanced alpha-tocopherol

transfer to LDL particles leading to an alpha-tocopherol

enrichment of 359 ± 4% after 4 h (13.57 ± 0.83 vs

2.96 ± 0.20 lmol/mmol in control LDL; p \ 0.0001).

Addition of LPP fraction also enhanced alpha-tocopherol

transfer to HDL particles leading to an alpha-tocopherol

enrichment of 393 ± 20% after 4 h (30.38 ± 2.67 vs

6.24 ± 0.62 lmol/mmol in control HDL; p \ 0.001).

Therefore, some factor(s) contained in LPP stimulate

alpha-tocopherol transfer to cholesterol-rich particles.

As shown in Fig. 2, increases of LDL and HDL alpha-

tocopherol content could be fitted to a single exponential

equation, according to Y = Ymax(1 - e-kx), whether in

presence or absence of LPP. The rate constant of alpha-

tocopherol transfer was higher with HDL than with LDL,

both in absence (k = 0.48 vs 0.28) and in presence of LPP

(k = 1.34 vs 0.70). However, the enhancing effect of LPP

on alpha-tocopherol transfer was more marked with LDL

than with HDL (4.09 ± 0.59 fold for LDL and 2.09 ± 0.25

fold for HDL after 4 h incubation, n = 16; p \ 0.005).

Alpha-tocopherol enrichment in both LDL and HDL pla-

teaud after 4 h incubation in absence but not in presence of

LPP. When the incubation period was prolonged to 20 h in

Fig. 2 The time course of alpha-tocopherol transfer over a 4 h

incubation period from lipid emulsion particles to LDL (a) and HDL

(b) in the absence and presence of human lipoprotein poor plasma

fraction (LPP) was compatible with an exponential pattern according

to the equation Y = Ymax(1 - e-kx). Equation in which Y represents

the increment of alpha-tocopherol content compared to control

conditions (lipoproteins incubated without TGRP), Ymax the maximal

increment, k the rate constant and x the time (expressed as hours). In

control incubations the absence vs presence of LPP did not modify the

alpha-tocopherol content of control LDL (2.91 ± 0.27 vs 2.96 ± 0.2,

p [ 0.8) and HDL (6.22 ± 0.79 vs 6.24 ± 0.62, p [ 0.9). Each point

represents the mean ± SEM of 4 separate experiments. Also

indicated is the correlation coefficient (r) between the mean

experimental values and those derived from the above equation
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presence of LPP, alpha-tocopherol content further

increased and led to an enrichment of 776 ± 83% in LDL

and of 611 ± 73% in HDL (p \ 0.01) (Table 1). In abso-

lute values TGRP supplied 209 ± 9 lmol alpha-

tocopherol in the incubation medium. After 4 h incubation

in presence of LPP, *15% of exogenous alpha-tocopherol

was acquired by LDL (31 ± 3 lmol) or HDL

(26 ± 2 lmol). After 20 h incubation in presence of LPP,

the amount acquired by LDL (113 ± 16 lmol) or HDL

(89 ± 7 lmol) corresponded to *50% of exogenous

alpha-tocopherol.

Finally, when TGRP were incubated in whole plasma

for 4 h, a comparable alpha-tocopherol enrichment of

*75% was observed in both LDL (from 3.50 ± 0.14 to

6.06 ± 0.08 lmol/mmol, n = 4; p \ 0.0001) and HDL

(from 6.05 ± 0.11 to 10.72 ± 0.23 lmol/mmol, n = 4;

p \ 0.0001).

Influence of Non-lipid Plasma Components on Alpha-

tocopherol Transfer

Since substantial alpha-tocopherol transfers to plasma

lipoproteins were observed within 2 h incubation (and

since the residence time of TG-rich emulsion particles in

the circulation does not exceed 2 h), further experiments to

characterise the influence of LPP proteins on alpha-

tocopherol transfer were performed over 2 h.

Addition of human albumin did not facilitate alpha-

tocopherol transfer from emulsion particles to LDL and

HDL compared to spontaneous transfer (p [ 0.2)

(Table 2).

Heating the human LPP fraction at 58 �C for 1 h to

inactivate PLTP activity almost completely abolished

phospholipid-specific transfer activity as indicated by the

transfer radioassay (Table 3). As shown in Fig. 2, alpha-

tocopherol transfer from TGRP to LDL was lower in

presence of heat-inactivated compared to normal LPP

(6.20 ± 0.41 vs 8.94 ± 0.32 lmol/mmol; n = 4;

p \ 0.01). This suggests that 36 ± 6% of the enhancing

action of human LPP on alpha-tocopherol transfer (calcu-

lated by subtracting spontaneous transfer from facilitated

transfer) was due to heat sensitive factor(s), presumably

PLTP. Alpha-tocopherol transfer from TGRP to HDL

particles was also lower after heat inactivation of human

LPP (11.35 ± 0.32 vs 13.46 ± 0.38 lmol/mmol; n = 5;

p \ 0.005); indicating that 27 ± 3% of the enhancing

action of human LPP on alpha-tocopherol transfer to HDL

was due to heat sensitive factor(s) (Fig. 3).

Addition of partially purified PLTP tended to increase

alpha-tocopherol net transfer from TGRP to LDL

(18.5 ± 8.5%; NS) and HDL (7.3 ± 2.8%; NS).

LPP fraction from pig plasma (devoid of functional

CETP) induced comparable transfer of radiolabelled phos-

pholipids as human LPP (Table 3); however, alpha-

tocopherol mass transfer to LDL was lower with pig vs

human LPP (5.29 ± 0.55 vs 7.94 ± 0.32 lmol/mmol;

n = 6; p \ 0.001). Hence, the enhancing effect of pig LPP

on alpha-tocopherol transfer to LDL represented 55 ± 10%

of that induced by human LPP. Surprisingly, heat inacti-

vation had only a limited effect on reducing phospholipid

specific transfer activity in pig LPP (Table 3). Consistently,

prior heating of pig LPP did not significantly reduce alpha-

tocopherol transfer (p [ 0.6 by comparison to non-heated

Table 1 Alpha-tocopherol content of LDL and HDL after 20 h

incubation

Control (lmol/mmol) 20 h (lmol/mmol)

LDL + LPP 3.18 ± 0.21 27.53 ± 0.68

HDL + LPP 6.72 ± 0.28 47.37 ± 2.69

Alpha-tocopherol content of LDL and HDL particles after a 20 h

incubation without (control) or with lipid emulsion particles and

human lipoprotein poor plasma fraction (LPP). Alpha-tocopherol is

expressed in relation to particles total cholesterol and triglyceride

content (lmol/mmol). Results are means ± SEM of three separate

experiments

Table 2 Influence of albumin on alpha-tocopherol transfer

Control (lmol/mmol) TGRP (lmol/mmol) TGRP + albumin (lmol/mmol) TGRP + LPP (lmol/mmol)

LDL 3.44 ± 0.14 5.30 ± 0.27 5.63 ± 0.19 12.20 ± 0.15

HDL 7.29 ± 0.07 13.94 ± 0.20 11.19 ± 1.32 18.80 ± 0.70

Alpha-tocopherol content of LDL and HDL particles incubated without (control) or with TGRP in presence of albumin or human lipoprotein

poor plasma (LPP). Alpha-tocopherol is expressed in relation to particles total cholesterol and triglyceride content (lmol/mmol). Results are

means ± SEM of three separate experiments

Table 3 Phospholipid transfer activity

HDL + human LPP 22.5 ± 0.5

HDL + heated human LPP 5.3 ± 0.4

HDL + pig LPP 26.1 ± 0.2

HDL + heated pig LPP 20.7 ± 0.2

Lipoprotein poor plasma fraction (LPP) from human and pig plasma

were compared for phospholipid transfer activity. Results are

expressed as a percentage of total radiolabelled phospholipids (total

count) which were transferred (after correcting for spontaneous

transfer) from liposomes to HDL over a 30 min incubation period.

Values are means ± SEM of two separate experiments
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pig LPP; n = 6). In incubations of TGRP with HDL, alpha-

tocopherol transfer was also much lower in presence of pig

vs human LPP (6.44 ± 0.64 vs 13.59 ± 0.46 lmol/mmol;

n = 4; p \ 0.002). A limited enhancing action of pig LPP

on alpha-tocopherol transfer was observed in only 3 out of 4

individual experiments. Even in these 3 experiments, this

represented only 13.6 ± 2.9% of the facilitated transfer

observed with human LPP within the same experiments

(p \ 0.005). Prior heating suppressed the modest enhancing

action of pig LPP on alpha-tocopherol transfer to HDL

particles (p \ 0.05).

As shown in Fig. 4, addition of a specific CETP inhibitor

to incubations of TGRP with LDL, reduced alpha-tocopherol

facilitated transfer to LDL by *11% (4.18 ± 0.30 vs

4.65 ± 0.35 lmol/mmol; n = 5; p \ 0.03). In incubations

with HDL, however, CETP inhibition markedly lowered

Fig. 3 Influence of lipoprotein poor plasma fraction (LPP) on alpha-

tocopherol transfer from emulsion particles (TGRP) to LDL (a) and

HDL (b). LDL (120 mg/dL) and HDL (50 mg/dL) were incubated for

2 h at 37 �C in absence and presence of human or pig LPP

(65 g protein/l). All available values collected in each set of

experiments are expressed as means ± SEM and represent the

increment of alpha-tocopherol content compared to control conditions

(lipoproteins incubated without TGRP). Compared to alpha-tocoph-

erol facilitated transfer by human LPP substitution with heated human

LPP (p \ 0.01 for LDL and p \ 0.005 for HDL), or with pig LPP

(p \ 0.001 for LDL and p \ 0.002 for HDL), or with heated pig LPP

(p \ 0.002 for LDL and p \ 0.001 for HDL) led to significantly

reduced alpha-tocopherol transfer

Fig. 4 Effect of a specific CETP inhibitor on alpha-tocopherol

facilitated transfer from emulsion particles (TGRP) to LDL (a) and

HDL (b). LDL (120 mg/dL) and HDL (50 mg/dL) were incubated for

2 h at 37 �C in absence or presence of human LPP (65 g protein/l)

and CETP inhibitor (CETP inh. 212 nM). All available values

collected in each set of experiments are expressed as means ± SEM

and represent the increment of alpha-tocopherol content compared to

control conditions (lipoproteins incubated without TGRP). Compared

to alpha-tocopherol facilitated transfer by human LPP addition of

CETP inhibitor significantly reduced alpha-tocopherol transfer to

LDL (p \ 0.03) or HDL (p \ 0.03)
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alpha-tocopherol facilitated transfer to HDL (5.21 ± 0.30 vs

9.38 ± 0.48 lmol/mmol; n = 3; p \ 0.03). Addition of

CETP inhibitor to total plasma reduced by *50% the

transfer of alpha-tocopherol from TGRP to LDL

(0.96 ± 0.05 vs 2.25 ± 0.16 lmol/mmol; n = 3; p \ 0.03)

and HDL (2.12 ± 0.36 vs 3.52 ± 0.16 lmol/mmol; n = 3;

p \ 0.04) (Fig. 5).

Discussion

Previous experiments studying alpha-tocopherol transfer

between plasma lipoproteins have mainly used radiola-

belled transfer assays and have generally focused on

evaluating the effect of single mechanisms susceptible to

facilitate alpha-tocopherol transfer [11, 13, 15]. The pres-

ent study measures mass transfers of alpha-tocopherol from

an artificial lipid emulsion to LDL and HDL and investi-

gates the potential for several mechanisms to mediate such

transfers. An in vitro model of incubation was used with an

emulsion markedly enriched in alpha-tocopherol to avoid a

rate-limiting availability of alpha-tocopherol when assess-

ing mass transfers. In the different experiments, the

emulsion lipid concentration was maintained at a relatively

low level and lipoprotein concentration was comparable to

that commonly found in the circulation. The range of

incubation periods generally covered the residence time of

emulsion particles in plasma.

In the first part of this study, alpha-tocopherol mass

transfer from emulsion particles to lipoproteins was mea-

sured over increasing time periods. Incubations of alpha-

tocopherol-rich emulsion particles together with either

LDL or HDL resulted in a rapid net mass transfer of alpha-

tocopherol to both plasma lipoprotein fractions. In absence

of non-lipid plasma components, spontaneous alpha-

tocopherol transfer was already detected after B1 h incu-

bation and led to sub-maximal alpha-tocopherol

enrichment after 4 h in LDL (+*80%) and HDL

(+*160%). The higher spontaneous transfer to HDL may

be related to the larger surface to volume ratio of HDL

compared to LDL particles, which increases the available

accepting surface for alpha-tocopherol molecules. To our

knowledge, this is the first study to report such significant

spontaneous alpha-tocopherol mass transfer from lipid

emulsions to plasma lipoproteins. These observations differ

from previous data of Desrumaux et al. [14] who did not

detect spontaneous mass transfer between lipoproteins.

However, these authors used for their transfer experiments

lipoproteins depleted of alpha-tocopherol by oxidation, a

procedure that may considerably modify particle surface

and capacity for accommodating extra-alpha-tocopherol.

Kostner et al. [13] who reported spontaneous transfer of

radiolabelled alpha-tocopherol between plasma lipopro-

teins, showed that the addition of LPP accelerated alpha-

tocopherol transfer without a net increase in lipoprotein

alpha-tocopherol enrichment over spontaneous transfer. In

our experiments, addition of LPP fraction not only accel-

erated but also increased the maximal amount of alpha-

tocopherol transferred to LDL and HDL. In this condition,

enrichment was not sub-maximal after 4 h incubation and

alpha-tocopherol content could be further increased to

almost 10 fold in both lipoproteins when incubation period

was prolonged to 20 h.

Incubations with total plasma (containing LDL and

HDL at a 1.2:1 cholesterol ratio) led to a comparable

enrichment (*75% after 4 h) in both lipoprotein fractions,

suggesting a competition between LDL and HDL fractions

for alpha-tocopherol acquisition. All together, this data

indicates that, at a fixed concentration of alpha-tocopherol

provided by emulsion particles, the limiting factor for

alpha-tocopherol enrichment is not the capacity of plasma

lipoproteins to accommodate extra-amounts of alpha-

tocopherol but rather the facilitating effect of non-lipid

plasma components on alpha-tocopherol transfer, the resi-

dence time of emulsion particles and possibly the

competition between different acceptor particles.

In the second part of this study the influence of individual

or groups of proteins was assessed in relation to facilitating

alpha-tocopherol transfer. Results of experiments using

Fig. 5 Effect of a specific CETP inhibitor on alpha-tocopherol

transfer from emulsion particles (TGRP) to LDL and HDL in total

plasma. Total plasma (C) was incubated for 2 h at 37 �C in absence or

presence of CETP inhibitor (CETP inh. 212 nM). At the end of the

incubation period, LDL and HDL were isolated from total plasma. All

available values collected in each set of experiments are expressed as

means ± SEM and represent the increment of alpha-tocopherol

content compared to control conditions (lipoproteins isolated from

plasma that was incubated without TGRP). Addition of CETP

inhibitor to total plasma significantly reduced alpha-tocopherol

transfer to both LDL (p \ 0.03) and HDL (p \ 0.04)
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addition of heat inactivated LPP, of partially purified PLTP,

of pig LPP and of CETP inhibitor suggest that the facili-

tating effect of LPP on alpha-tocopherol transfer from

emulsion particles to plasma lipoproteins is not related to a

single protein but rather to several non-lipid components

present in the LPP fraction. This observation is at variance

with previous papers suggesting an exclusive role for PLTP

in enhancing vitamin E exchanges between plasma lipo-

proteins (together with surface phospholipids) [13], as well

as between lipoproteins and cells [14]. Indeed, inactivation

of PLTP activity by heating human LPP for 1 h at 58 �C

reduced alpha-tocopherol transfer from emulsion particles

by only *40% in the case of LDL and *30% in the case of

HDL by comparison to experiments with non heated LPP.

Moreover, addition to the incubation medium of partially

purified PLTP (with maintained phospholipid-specific

transfer activity) did not substantially increase alpha-

tocopherol net mass transfer, although our model does not

take into account alpha-tocopherol back transfers. Overall

these results confirm a role for PLTP in alpha-tocopherol

transfer facilitation but indicate that C50% of alpha-

tocopherol transfer facilitation by human LPP is due to

components other than heat-sensitive PLTP. This leads to

question the role of heat-resistant lipid transfer proteins

such as CETP. Granot et al. [15] who evaluated the role of

purified CETP in alpha-tocopherol transfer between plasma

lipoproteins did not report a facilitating effect of CETP.

Nevertheless, this study used radiolabelled alpha-tocoph-

erol which may not have distributed normally throughout

the lipoprotein particles, did not assay for mass transfers

and measured alpha-tocopherol transfer over relatively long

incubation periods which would promote back transfers;

these factors could explain the lack of effect of CETP. In

our experiments using pig LPP with PLTP activity com-

parable to human LPP but deficient in CETP, alpha-

tocopherol enrichment in LDL and HDL was much lower

(*50%) than that facilitated by human LPP. This data

again supports the point that alpha-tocopherol transfer from

emulsion particles to plasma lipoproteins is facilitated not

only by PLTP but also by other transfer proteins, and pos-

sibly CETP. Indeed, addition of a specific CETP inhibitor to

incubation assays with LDL or HDL, or with total plasma,

significantly reduced alpha-tocopherol transfer facilitated

by human LPP. The reduction of alpha-tocopherol facili-

tated transfer was more marked for HDL when lipoproteins

were incubated separately. However, addition of CETP

inhibitor to total plasma, reduced by *50% alpha-tocoph-

erol transfer to both LDL and HDL particles. Hence, these

experiments using a specific CETP inhibitor also support a

role for CETP in alpha-tocopherol transfer from emulsion

particles to plasma LDL and HDL. In addition to transfer

proteins, lipoprotein lipase may facilitate alpha-tocopherol

exchange between lipoproteins during the lipolytic process

[27, 31]. This was not tested in the in vitro model used in the

present study.

The present study demonstrates a very high capacity of

LDL and HDL to accommodate extra-amounts of alpha-

tocopherol by rapid transfer from an alpha-tocopherol

enriched emulsion. Such increased alpha-tocopherol con-

tent in LDL and HDL may facilitate subsequent alpha-

tocopherol delivery to cells and tissues. The emulsion used

in this study was prepared for these in vitro experiments

and not as a component of parenteral nutrition. However,

similar alpha-tocopherol enriched preparations could be

developed in view of intravenous bolus injections in

patients with increased alpha-tocopherol requirements

associated to acute conditions. If supported by evidence-

based data, intravenous administration of emulsions with

extra-alpha-tocopherol may find an indication in critically

ill patients (injury, trauma, sepsis, ischemia, or severe

inflammation) who consistently show reduced numbers of

circulating LDL and HDL particles and are at high risk of

oxidative tissue injury [32]. Furthermore, using intravenous

emulsions as suppliers of alpha-tocopherol allows to

bypass intestinal absorption which may be a limiting factor

for alpha-tocopherol supplementation particularly in criti-

cally ill patients [33–35].

In conclusion, the present study demonstrates rapid and

substantial mass transfer of alpha-tocopherol from an

alpha-tocopherol rich lipid emulsion to plasma lipopro-

teins. Our data further indicates that alpha-tocopherol mass

transfer is mediated by multiple mechanisms and that this

transfer is largely facilitated not only by PLTP but also by

other non-lipid factors present in plasma.
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Abstract Previous studies have shown that postprandial

triglyceride-rich lipoproteins (TRLs) are enriched with

apolipoprotein-C-I (apoC-I) in healthy individuals with

increased intima-media thickness and in patients with cor-

onary artery disease. The purpose of the present study was

to determine apoC-I in TRL in persons with carotid ath-

erosclerosis and its relation to plaque area. A population-

based case (n = 42)-control (n = 39) study was conducted in

persons with carotid atherosclerosis, assessed by B-mode

ultrasound, and healthy controls. VLDL (Sf 20–400) was

isolated in the fasting state and 4 h after ingestion of a

standard fat meal. In the fasting state, persons with carotid

atherosclerosis had increased number of apoC-I per VLDL-

particle compared to persons without carotid atherosclerosis

(8.6 ± 5.4 vs. 6.3 ± 4.2, P = 0.018). Total plaque area

increased linearly (P = 0.017) across tertiles of apoC-I per

VLDL-particle. In the postprandial state, a similar increase

in the number of apoC-I per VLDL-particle occurred in

both cases and controls (P \ 0.001), but no significant

difference was observed between groups. The number of

apoC-I per VLDL-particle in the fasting state was accom-

panied by delayed clearance of TRL in the postprandial

state, and associated with cholesterol enrichment of the

VLDL-particles. Our findings support the concept that the

number of apoC-I per VLDL-particle may be of importance

for initiation and progression of atherosclerosis.

Key words Carotid arteries � Atherosclerosis �
Plaque � Apolipoproteins � Lipids

Introduction

Elevated postprandial levels of triglyceride-rich lipopro-

teins (TRLs), i.e. chylomicrons (CM) and very low-density

lipoproteins (VLDL) have been associated with both cor-

onary [1] and carotid artery [2] atherosclerosis.

The metabolism of TRL particles is determined by their

apolipoprotein (apo) and lipid composition, which affects

their access to lipases and receptors [3, 4]. Hepatic removal

of TRLs from the circulation is mediated by apoB100 and

apoE [5], and lack of apoE leads to accumulation of chy-

lomicron remnants [6]. Triglycerides in the core of TRL in

circulating blood are hydrolyzed by the action of endo-

thelial cell-bound lipoprotein lipase (LPL). Low LPL

activity can be due to reduced mass or specific activity of

LPL or its activator protein apoC-II. Low LPL activity, as

encountered in patients with LPL deficiency, is associated

with increased plasma levels of chylomicrons, [7] pre-

mature atherosclerosis and accelerated progression of

atherogenesis [8].
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Members of the apolipoprotein-C family are of major

importance for the metabolism of postprandial TRLs.

ApoE-mediated binding of TRLs to receptors is inhibited

by apoC-I and apoC-III, [9] and experimental studies have

shown that apoC-I displaces apoE from TRL and thereby

delays their hepatic uptake [10, 11]. Furthermore, apoC-II

promotes and apoC-III attenuates the hydrolysis of TRLs

by lipoprotein lipase (LPL) [12]. Enrichment of TRLs with

apoC-I is associated with a proatherogenic composition of

the particles by increasing the cholesterol/triglyceride ratio

due to prolonged half-life of TRL remnants in the circu-

lation [13].

Postprandial TRL is enriched with apoC-I in patients

with coronary artery disease, [14] in healthy individuals

with increased intima-media thickness (IMT) [15] and is an

independent predictor for IMT in normolipidemic healthy

middle-aged men [13]. These findings do suggest that the

apoC-I content of TRL is a novel risk factor for early

atherosclerosis and CAD. The purpose of the present study

was to investigate the apoC-I in TRL in persons with

carotid atherosclerosis and to determine the associations of

the apoC-I in TRL with plaque area and morphology.

Material and Methods

Study Participants

The participants of the study were recruited from a popu-

lation health study (the fifth survey of The Tromsø Study in

2001), which included ultrasound examination of the right

carotid artery. Persons were eligible for the plaque group if

they were aged 56–80 years and had one plaque or more in

the carotid bifurcation or internal carotid artery at the

screening with a plaque thickness of C2.5 mm. Persons in

the same age groups without plaques in their carotid

arteries were used as controls. Persons who responded

positive to our invitation letter to participate in the study

were invited to a screening visit. At the screening visit, a

complete medical history, physical examination and blood

samples were taken with special emphasis on exclusion

criteria. A detailed interview on the occurrence of cere-

brovascular and cardiovascular events, defined as prior or

present transient ischemic attacks (TIA), stroke, amaurosis

fugax, angina pectoris, myocardial infarction, peripheral

vascular disease, and diabetes, smoking habits and drugs

was obtained. Exclusion criteria were any of the following

conditions: regular use of lipid-lowering drugs (HMG-CoA

reductase inhibitors, resins or nicotinic acid derivates) or

oral anticoagulants, cancer or other serious life- threatening

medical conditions, hypothyroidism, renal, hepatic, or

psychiatric disease, and current abuse of alcohol or drugs.

Among eligible persons, 42 cases and 39 controls were

invited to a second visit in which, an ultrasound exami-

nation of both carotid arteries was performed, and the

participants were subjected to a fat tolerance test. Informed

written consent was obtained from the participants, and the

regional ethical committee approved the study. The study

was performed at the Clinical Research Unit at the Uni-

versity Hospital of North-Norway.

Ultrasound Examination

At the population health screening, high-resolution B-mode

and color Doppler/pulsed-wave Doppler ultrasonography

of the right carotid artery was performed as described

previously [16, 17]. A plaque was defined as a localized

thickening of the vessel wall of more than 50% compared

to the adjacent vessel wall thickness. As only the right

carotid artery was examined at the screening, a new

ultrasound examination of both carotid arteries was per-

formed. These ultrasound examinations were performed by

the same experienced examiner, and with the use of an

Acuson Xp10 128 ART ultrasound scanner equipped with a

linear array 5–7 MHz transducer.

Plaque morphology in terms of echogenicity was asses-

sed by analysis of grey scale content of the plaques and

calculation of grey scale median (GSM). Assessment of

plaque size and morphology was made in all plaques present

in the near and far walls of the common carotid, the bifur-

cation, and the internal carotid arteries on both sides

(12 locations). All examinations and measurements of all

plaques were recorded on videotapes. Stored B-mode ima-

ges were subsequently transferred to a personal computer

and digitized into frames of 768 9 576 pixels of 256 grey

levels each (0 black and 256 white) with the use of a com-

mercially available video grabber card (meteor II/Matrox

Intellicam). Measurements of plaque area were made with

the use of the Adobe Photoshop image-processing program

(version 7.0.1), by tracing around the perimeter of each

plaque with a cursor. The grey-level distribution and GSM

of each plaque was calculated. Standardization of GSM was

performed as previously described [18]. A fixed area of the

lumen of the carotid artery (300 pixels), the brightest area of

the innermost adventitia adjacent to the plaque (150 pixels),

and the plaque were marked. The plaque image was nor-

malized by adjusting linearly their grey tonal range so that

the lumen was assigned a GSM of 1 and the adventitia 200.

After standardization, the GSM of the plaques were recal-

culated. In persons with more than one plaque, the

standardized GSM of the total plaque area was estimated as

a weighted mean of the GSM value of each single plaque.

The area of each plaque was divided by the total area of the

plaques in each person, and this fraction was multiplied with

each plaques normalized GSM value. All scores were added

to calculate the total normalized GSM score for each person.
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Fat Tolerance Test

A fat tolerance test was conducted using a test meal pre-

pared from standard porridge cream containing 70% of

calories from fat of which 66% saturated fat, 32% mono-

unsaturated fat and 2% polyunsaturated fat. A weight-

adjusted meal (1 g fat per kg body weight) was served at

8:00 a.m. and consumed over a 15 min period. The par-

ticipants were allowed to drink 350 ml calorie-free

beverages and eat an apple during the following 8 h. Blood

samples for isolation of CM, VLDL, and serum- and

plasma preparations were collected before the meal and

every second hour during the next 8 h.

Blood Collection, Isolation of Triglyceride-rich

Lipoproteins and Storage

Blood was drawn from an antecubital vein in the morning

at 7:45 a.m. after 12 h overnight fasting and 2, 4, 6, and 8 h

after the meal, using a 19 gauge needle in a vacutainer

system with minimal stasis. Serum was prepared by clot-

ting whole blood in a glass tube at room temperature for

1 h and then centrifuged at 2,000g for 15 min at 22 �C.

Aliquots of 1 ml were transferred into sterile cryovials

(Greiner laboratechnik, Nürtringen, Germany), flushed

with nitrogen, and frozen at -70 �C until further analysis.

CM were isolated by over layering 8 ml EDTA plasma

with 5 ml of NaCl solution (density 1.006 kg/L NaCl

solution with 0.02% sodium azide and 0.01% EDTA) in a

cellulose nitrate tube (Beckman Instruments Inc, CA, USA)

and centrifuged in a Beckman SW40 Ti swinging bucket

rotor at 20.000 rpm for 1 h at 4 �C. The CM, with Svedberg

flotation (Sf) rates [400, were carefully removed by aspi-

ration from the top of the tube. The baseline and 4 h plasma

samples were relayered with 5 ml 1.006 kg/L NaCl solution

and subjected to centrifugation at 40.000 rpm for 20 h at

20 �C. VLDL, with Sf 20-400, was carefully removed by

aspiration from the top of the tube. TRL fractions were

divided into three aliquots in cryovials, flushed with

nitrogen, and frozen at -70 �C until further analysis.

Serum Lipid and Apolipoprotein Measurements

Serum lipids were analyzed on a Cobas Mira S (Roche

Diagnostics, F. Hoffmann-La Roche Ltd, Basel, Switzer-

land) with reagents from ABX Diagnostics (Montpellier,

France). Total cholesterol (CHOD-PAP) and triglycerides

(GPO-PAP) were measured with enzymatic colorimetric

methods. Low-density lipoprotein (LDL) and high-density

lipoprotein cholesterol were measured by selective inhibi-

tion colorimetric assays (LDL cholesterol direct and HDL

cholesterol direct, respectively, ABX Diagnostics). Serum

apolipoprotein AI (apo-AI) and apolipoprotein-B (apo-B)

were analyzed by turbidimetry on Cobas Mira S with

reagents from ABX Diagnostics. Serum apolipoprotein E

(apo E) was measured by an enzyme-linked immunosor-

bent assay, Apo-Tek ApoETM (PerImmune Inc., Rockville,

MD, USA) and genotyping of Apo E was performed

according to Hixson and Vernier [19] with slight modifi-

cations. An enzymatic immunoassay was used to measure

apoC-I in isolated VLDL fractions [10].

Calculations and Statistics

The number of apoC-I per VLDL-particle was calculated

by dividing apolipoprotein concentrations in density frac-

tion Sf 20–400 by their respective molecular mass (apoB-

100 = 549 kDa and apoC-I = 6.5 kDa). The fraction

molarity of apoC-I was then divided by the corresponding

molarity of apoB. Continuous variables were tested for

normal distribution, and they were logarithmically trans-

formed and expressed as geometric means if not normally

distributed. Differences between the groups were analyzed

by unpaired t test for continuous variables and v2 (Chi-

square) tests for categorical variables. General linear

models for univariate analysis of variance were used for

adjustments. Pearson’s correlation coefficients were used

to examine correlations between continuous variables.

Linear regression models were used to test linear trends.

All analyses were performed using SPSS (SPSS Inc. Chi-

cago, Illinois, USA) for windows software, version 14.0.

Two-sided P values (\0.05) were considered statistically

significant. Results are expressed as means ± 1 SD unless

otherwise stated.

Results

Characteristics of the participants are shown in Table 1.

Persons with carotid atherosclerosis were older (P = 0.026)

and had a higher frequency of diabetes mellitus (P = 0.006),

whereas the healthy controls tended to have higher BMI (P =

0.075). Fasting levels of total cholesterol, HDL cholesterol,

triglycerides and apolipoproteins were not significantly

different between groups, but LDL cholesterol (P = 0.049)

and apolipoprotein-B (P = 0.075) tended to be higher in

persons with carotid atherosclerosis. The frequencies of

smoking, hypertension, presence of cardiovascular and

cerebrovascular diseases and prescription of cardiovascular

drugs were similar between groups. The apoE-genotype did

not differ between groups, where 58% of the participants

had the E3/3 isoform, 30% E3/4, 10% E2/3, 1% E4/4, 1%

E2/4 and none had the E2/2 isoform.

Changes in concentrations of total and chylomicron tri-

glycerides after ingestion of the test meal are shown in Fig. 1.

Ingestion of a standard high fat meal caused a significant
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increase in total and chylomicron triglycerides, which

peaked 4 h after the meal and returned to baseline levels after

8 h. Persons with carotid atherosclerosis had delayed clear-

ance of total and chylomicron triglycerides 6 h (162.6 ± 89.1

lmol/L vs. 109.2 ± 83.7 lmol/L, P = 0.028) and 8 h (72.3 ±

52.7 lmol/L vs. 46.9 ± 38.0 lmol/L, P = 0.017) after the

meal compared to persons without carotid atherosclerosis.

Plasma VLDL-particles, Sf 20–400, were isolated by

preparative ultracentrifugation before and 4 h after intake

of a standardized fat-enriched meal and analyzed for tri-

glycerides, total cholesterol, apolipoprotein B and CI

(Table 2). The fasting number of apoC-I per VLDL-parti-

cle was significantly higher in persons with carotid

atherosclerosis compared to controls (P = 0.013). The

difference between groups remained significant after

adjustments for age, sex, BMI and diabetes mellitus (P =

0.018). Ingestion of the standard fat meal caused a signif-

icant increase in VLDL triglycerides (P \ 0.001), VLDL

cholesterol (P \ 0.001), apoC-I concentration (P \ 0.001)

and the number of apoC-I molecules per VLDL-particle

(P\ 0.001) without differences between groups (Table 2).

The number of apoC-I molecules per VLDL-particle at

baseline was strongly correlated to the number of apoC-I

molecules per VLDL-particle isolated four hrs after

the meal both in persons with (r = 0.53, P \ 0.001)

and without (r = 0.74, P \ 0.001) carotid atherosclerosis.

Furthermore, significant correlations were found between

the number of apoC-I molecules per VLDL-particle and

VLDL cholesterol in the fasting state in persons with and

without carotid atherosclerosis (r = 0.64, P\ 0.001 and r =

0.45, P = 0.006, respectively) and in the postprandial state

(r = 0.41, P = 0.01 and r = 0.32, P = 0.03, respectively).

The levels of VLDL cholesterol and triglycerides at 4 h

were not significantly different between groups.

Analyses of linear trends for change in total plaque area

across tertiles of apoC-I per VLDL-particle showed that

total plaque area (P = 0.017) increased with increasing

number of apoC-I molecules per VLDL-particle, and this

association remained significant after adjustments for age,

sex, and BMI (P = 0.012) (Fig. 2). No relation was found

between apoC-I per VLDL-particle and GSM.

Discussion

In the present study we found that the number of apoC-I

per VLDL-particle in the fasting state was increased in

persons with carotid atherosclerosis compared to persons

Table 1 Baseline

characteristics of persons with

(n = 42) and without carotid

atherosclerosis (n = 39)

included in the study

Values are means ± 1SD or

percentage with numbers in

brackets

Variables Carotid stenosis Controls P values

Sex (% men) 60 (25) 51 (20) 0.51

Age (years) 70.7 ± 5.9 67.7 ± 6.3 0.026

Smoking (%) 19 (8) 23 (9) 0.79

Body mass index (kg/m2) 25.8 ± 3.9 27.3 ± 3.6 0.075

Systolic blood pressure (mmHg) 129 ± 19 130 ± 17 0.86

Diastolic blood pressure (mmHg) 73 ± 10 75 ± 9 0.52

Total cholesterol (mmol/L) 6.54 ± 1.33 6.00 ± 1.19 0.058

HDL cholesterol (mmol/L) 1.80 ± 0.52 1.73 ± 0.44 0.51

LDL cholesterol (mmol/L) 4.16 ± 0.97 3.74 ± 0.90 0.049

Triglycerides (mmol/L) 1.20 ± 0.77 1.13 ± 0.49 0.61

Apolipoprotein-A1 (g/L) 1.42 ± 0.26 1.42 ± 0.22 0.91

Apolipoprotein-B (g/L) 1.12 ± 0.19 1.04 ± 0.21 0.075

Apolipoprotein-E (mg/L) 41.2 ± 14.9 44.6 ± 15.2 0.31

Hypertension (%) 40 (17) 38 (15) 1.00

Diabetes (%) 19 (8) 0 (0) 0.006

Coronary artery disease (%) 21 (9) 13 (5) 0.38

Cerebrovascular events (%) 7 (3) 5 (2) 1.00

Antihypertensive drugs (%) 38 (16) 33 (13) 0.82

Platelet inhibitors (%) 19 (8) 13 (5) 0.55

Omega-3FA (%) 43 (18) 59 (23) 0.18

Degree of stenosis (%) 39.4 ± 15.7

Plaque thickness (mm) 3.15 ± 1.13

Number of plaques 2.3 ± 1.6

Total plaque area (mm2) 6.1 ± 7.0

Grey scale median (pixels) 63.5 ± 27.4
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without carotid atherosclerosis. Furthermore, within the

atherosclerosis group, total plaque area was associated with

the number of apoC-I per VLDL-particle. To the best of

our knowledge, this is the first report that shows a signif-

icant linear relation between the number of apoC-I per

VLDL-particle and carotid atherosclerotic plaques. These

associations remained significant after adjustments for

traditional atherosclerotic risk factors and the apoE-geno-

type. Our findings support the concept that the number of

apoC-I per VLDL-particle may serve as an independent

marker of carotid atherosclerosis and even play a pivotal

role for initiation and progression of atherosclerosis.

In the fasting state, apoC-I is mostly associated with

high-density lipoprotein and transferred to TRLs during the

postprandial state [20]. In healthy volunteers, Björkegren

and coworkers demonstrated a 75–150% transient increase

of the number of apoC-I molecules per VLDL-particle, but

not in chylomicron remnants, in the postprandial state [11].

In agreement with most studies in healthy individuals [11,

15] and patients with coronary artery disease [14], but not

all, [13] we observed a pronounced increase in the number

of apoC-I per VLDL-particle from the fasting to the post-

prandial state (Table 2). Furthermore, we found that the

Fig. 1 Line graph showing postprandial concentrations of serum

triglycerides (upper panel) and chylomicron triglycerides (lower
panel) over time after a standard fat meal in persons with (n = 42) and

without (n = 39) carotid atherosclerosis. Values are means ± SEM

Table 2 Composition of VLDL-particles isolated before and 4 h after intake of a standard high fat meal in persons with (n = 42) and without

(n = 39) carotid atherosclerosis

Variables Carotid atherosclerosis Controls Between groups (P values)

0 h 4 h 0 h 4 h 0 h 4 h

Triglycerides (mmol/L) 0.60 ± 0.51 0.94 ± 0.76*** 0.48 ± 0.33 0.95 ± 0.58*** 0.37 0.65

Cholesterol (mmol/L) 0.29 ± 0.23 0.34 ± 0.25** 0.26 ± 0.15 0.31 ± 0.15* 0.27 0.46

Apolipoprotein-B (mg/L) 45.1 ± 23.0 49.1 ± 27.8 44.6 ± 17.8 45.6 ± 20.1 0.44 0.50

Apolipoprotein CI (mg/L) 4.9 ± 3.2 7.3 ± 5.7*** 3.3 ± 2.5 6.4 ± 4.7*** 0.057 0.19

ApoC-I per

VLDL-particle

8.6 ± 5.4 12.7 ± 6.9*** 6.3 ± 4.2 11.5 ± 7.9*** 0.018 0.27

Analyses of differences between groups were adjusted for age, gender, body mass index and presence of diabetes mellitus. Values are means ± 1

SD

Significance of difference within groups; *P \ 0.05,**P \ 0.01, ***P \ 0.001

Fig. 2 Line graph showing the increase in total plaque area with

increasing number of apoC-I per VLDL-particle under fasting

condition in persons with (n = 42) and without (n = 39) carotid

atherosclerosis. Values are means ± SEM. The number of apoC-I per

VLDL-particle is divided in tertiles (mean, range); T1 (4.6, 3.1–5.7),

T2 (6.9, 5.8–8.4), and T3 (14.3, 8.7–27.2)
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number of apoC-I per VLDL-particle in the fasting state

was strongly correlated with the number of apoC-I per

VLDL-particle in the postprandial state for both persons

with and without carotid atherosclerosis. The latter obser-

vation may suggest that the number of apoC-I per VLDL-

particle in the fasting state reflects the capacity for apoC-I

transfer from high-density lipoprotein to VLDL in the

postprandial state.

ApoC-I is known to inhibit apoE-mediated binding of

TRLs to receptors, [9] and experimental studies have shown

that apoC-I displaces apoE from TRL and thereby delays

their hepatic uptake [10, 11]. Thus, delayed clearance of

postprandial TRL in the present study and previous studies in

patients with coronary and carotid atherosclerosis [1, 2, 14]

may in part be explained by apoC-I enrichment of VLDL-

particles. Delayed clearance of TRL will increase the time

where CETP-mediated cholesterol ester-triglyceride

exchange with HDL occur, and may thereby explain the

present and previous [13–15] observed relation between

apoC-I and cholesterol enrichment in these TRL particles.

Previous studies have shown a non-significant increase

in the number of apoC-I per VLDL-particle in the fasting

state of healthy individuals with increased intima-media

thickness (IMT) [15] and in patients with coronary artery

disease, [14] whereas our study showed a significant

increase in the number of apoC-I per VLDL-particle in the

fasting state in persons with carotid atherosclerosis. The

reason for this apparent difference is unknown, but may in

part be explained by differences in statistical power. The

difference in the number of apoC-I per VLDL-particle was

of similar magnitude in our and previous studies, but only

28–30 persons were included in the previous studies

compared to 81 persons in the present study.

The most consistent and prominent finding in previous

studies was that postprandial TRL was enriched with apo-C-I

in patients with coronary artery disease, [14] in healthy

individuals with increased intima-media thickness (IMT)

[15] and was an independent predictor for IMT in normo-

lipidemic healthy middle-aged men [13]. In contrast, we

found a significant enrichment of VLDL with apoC-I in the

fasting state among persons with carotid atherosclerosis, but

only a tendency to enrichment of VLDL with apoC-I in the

postprandial state. However, the total plaque area in persons

with carotid atherosclerosis increased linearly with the

number of apoC-I molecules per VLDL-particle both in the

fasting and the postprandial state.

Many potential confounders may contribute to the

apparent differences between our and previous findings.

First, we isolated VLDL-particles from plasma 4 h after the

meal in contrast to 6 h after the meal in those studies who

reported an association between enrichment of TRL with

apoC-I and IMT in the postprandial state. As delayed

clearance [21] rather than increased peak levels [1, 2] of

TRL are the most consistent finding in patients with ath-

erosclerotic diseases in the postprandial state, isolation of

VLDL-particles 4 h instead of 6 h after the meal may con-

ceal potential differences between groups. Second, age, [22]

BMI, [23] fasting triglycerides, [21, 23] apoE-genotype,

[24] and severity of the atherosclerotic disease are all pre-

dictors for the increase in TRL in the postprandial state. We

recruited participants with subclinical carotid plaques from

a population-based survey in contrast to young myocardial

infarction survivors and healthy individuals [13–15].In the

previous studies [13–15] middle-aged men 45–55 years of

age and only healthy males with the apoE3/E3 genotype

were included. We recruited persons from an older age

strata without predefined apoE-genotype criteria for inclu-

sion. Furthermore, the difference in the number of apoC-I

per VLDL-particle between groups and the linear relation

between the number of apoC-I per VLDL-particle and

plaque area remained significant after adjustments for tra-

ditional atherosclerotic risk factors and the apoE-genotype.

In conclusion, our study provides evidence for a pivotal

role for the number of apoC-I per VLDL-particle in initiation

and progression of atherosclerosis. Further experimental and

clinical studies are warranted to elucidate the mechanism(s)

by which enrichment of VLDL-particles with apoC-I affect

the atherosclerotic process.
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Abstract Photolabeling and site-directed mutagenesis

were performed on recombinant Saccharomyces cerevisiae

24-C-sterol methyltransferase (SMT) to elucidate the

location and role of active site residues involved in Ado-

Met binding and catalysis. Bioinformatic analysis of the

SMT revealed a ten amino acid segment, conserved

between L124 and P133, associated with the Rossmann-

like fold belonging to AdoMet-dependent methyltransfer-

ases. Irradiation of the SMT in the presence of

[methyl-3H3]AdoMet directly photolabeled the protein. The

specificity of photolabeling was demonstrated by inacti-

vation experiments with structural analogs of AdoMet,

including sinefungin. Trypsin digestion of the

[methyl-3H3]AdoMet photolabeled Erg6p afforded a single

radioactive band in SDS-PAGE gel of 4 kDa. HPLC

purification of this material generated a single radioactive

fraction. The corresponding 3H-AdoMet-peptide adduct

was subjected to Edman sequencing and the first fifteen

residues gave a sequence Gly120-Asp-Leu-Val-Leu-Asp-

Val-Gly-Cys-Gly-Val-Gly-Gly-Pro-Ala134 that contained

the predicted AdoMet binding site. Amino acid residues in

the tryptic digest fragment considered to bind covalently

with the AdoMet at Asp125, Cys128, Pro133 and Tyr153

were replaced with leucine and analyzed kinetically and by

photolabeling inactivation experiments. The results indi-

cate that one or both of Cys128 and Pro133 are covalently

bound to AdoMet.

Keywords Sterol methyltransferase � Rossmann fold �
Mutagenesis � Zymosterol � Saccharomyces cerevisiae �
AdoMet-dependent methyl transferase � Affinity labeling

Abbreviations

AdoHcy S-adenosylhomocysteine

AdoMet S-adenosyl-L-methionine

HEPES N-(2-hydroxyethyl)piperazine-N0-(2-

ethanesulfonic acid)

HPLC High pressure liquid chromatography

MTase Methyltransferase

MALDI-TOF Matrix Assisted Laser Desorption-Time of

Flight

SF Sinefungin

SMT 24-C-sterol methyltransferase

Introduction

S-Adenosyl-L-methionine (AdoMet)-dependent methyl-

transferases (MTAses) are a large family of proteins

involved in diverse methyl transfer reactions, including N-,

O- and C-methyl transfer reactions [1]. Recently, these

catalysts have been grouped into five distinct families

based on their 3D structures [2, 3]. Kagan and Clarke

reported several conserved regions aligned in the same

order on the polypeptide chains and separated by compa-

rable intervals; one of them possesses a consensus

sequence (V/I/L)(L/V)(D/E)(V/I)G(G/C)G(T/P)G referred

to as Motif II diagnostic for the MTases methylating small

molecules such as sterol acceptors [4, 5]. In several

instances, radiolabeled AdoMet and 8-azido AdoMet were

shown to specifically label the MTase using UV radiation

[6–11]. In addition, trypsin digestion of AdoMet-bound
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proteins followed by chromatography to establish the

peptide/amino acid-AdoMet adduct and site-directed

mutagenesis experiments of amino acid residues predicted

to be associated with the AdoMet binding site demon-

strated the requirement for one or more conserved residues

(i.e., Tyr, Cys or Pro) or motifs in MTase specific activity

[12–14].

A major group of AdoMet-dependent methyltransfer-

ases for which no three-dimensional structure exists, yet

are essential to the evolution of life through their contri-

bution to the phytosterol (24-alkyl sterol) pathway of

microbes and plants [15], are the 24-C-sterol methyl-

transferases (SMT). The SMTs operate C1-and C2-transfer

activities of different reaction times to form single or

multiple biomethyl products [16]. In humans, the 24-alkyl

sterol pathway appears to have been lost (a TBLASTIN

search of the SMT genome sequence in humans yielded no

match for a SMT ortholog), although, human nutrition

benefits from dietary supplements of plant sterols [17].

Interestingly, in the course of co-evolution of animals with

certain microbes ergosterol-dependent diseases appeared

for which the fungal/protozoan SMT is now considered a

target of rational drug design and in chemotherapy [18–

21]. Studies with a number of SMTs responsible for the

formation of phytosterols of the ergostane (C24-methyl)

(Fig. 1) and stigmastane (C24-ethyl) families have led to

the formulation of a comprehensive proposal referred to as

the steric-electric plug model for the stereochemical

mechanism and substrate acceptability of SMT-catalyzed

reactions [22].

Previous studies on SMT have focused on the biosyn-

thetic function of the enzyme [15, 23–26] and, in

particular, the substrate specificity and inhibitor potency of

transition state analogs and mechanism-based inactivators

designed to impair the SMT action involved with

disrupting carbon flux to the final 24-alkyl sterols [18].

SMTs can be classified according to their specificity for the

sterol acceptor, referred to as SMT1 for D24(25)-sterols or

SMT2 for D24(28)-sterols [27]; or further categorized by the

nature of the substrate nucleus for cycloartenol (E.C.

2.1.1.142), 24(28)-methylene lophenol (E.C. 2.1.1.143) or

zymosterol (E.C. 2.1.1.41) [15]. Identification of the sterol

binding site was demonstrated through primary structure

comparisons, chemical affinity labeling and site-directed

mutagenesis studies of fungal, plant and protozoan SMTs

[28–34]. These studies unmasked multiple signature motifs

that occur in all SMTs referred to as Regions I and III that

stretch between Y81 and H90 and Y192 and P201,

respectively in the Erg6p; directed mutations of select

amino acids in the conserved domains were shown to affect

catalytic competency and promote enzyme promiscuity. In

contradistinction, a conserved motif of ten amino acids at

L124 to Pro133 was detected in the SMT centered toward

the N-terminus sandwiched between the catalytic sites of

Regions I and III [34], considered to be the AdoMet-

binding site.

The ability of such a catalytically similar group of SMTs

to utilize a shared methyl donor contrasts to the SMT

recognition of different sterol acceptors involved with

mono (fungi) and bifunctional (protozoa and plants)

behavior [15]. On the one hand, these data suggest a

common core that forms a structurally homologous active

center of similar amino acids to contact the AdoMet and

sterol in SMT1 and SMT2 isoforms. On the other hand, a

sequence comparison of the relevant amino acids of the

enzymes in the phytosterol pathway fail to reveal a motif or

amino acid residue that reflects a common active site for

sterol binding, nonetheless, in all cases these enzymes

recognize similar sterol features, that is ca. 20 angstroms

long, amphipathic and greasy. In related work, kinetic

observations of AdoMet binding to the SMT support a

single subsite [34], which is not the case for other enzymes

that act on lipids where AdoMet can interact with multiple

regions on the enzyme [12, 36]. Consequently, whether

additional AdoMet binding region(s) exist in the SMT and

the number and type of individual amino acids that contact

the methyl donor in the active center remains enigmatic.

In this paper, we describe the further application of

bioinformatics analysis with UV light-dependent photo-

linkage of [methyl-3H3]AdoMet to establish that a single

motif corresponds to the conserved sequence considered to

represent the AdoMet binding site of the SMT from Sac-

charomyces cerevisiae. The specificity of the photolinkage

and essential nature of Cys128 and Pro133 contained in the

covalently formed AdoMet-peptide adduct are demon-

strated for the first time by a combination of sequence

specific cleavage of the enzyme–ligand adduct with trypsin

digestion followed by HPLC analysis of the trypsin digest

Fig. 1 C-methylation reaction catalyzed by the wild-type yeast 24-C-

sterol methyltransferase (SMT) and photolabeling reaction to yield a

SMT-AdoMet adduct
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fragments and site-directed mutagenesis experiments. The

results reported here show close resemblance to motif-II of

Class-I MTases with a typical sequence GXGXG, regarded

as the hallmark of a nucleotide or AdoMet binding site [5].

In view of the high sequence similarity among several

SMTs in this AdoMet binding region, the information

generated in this study could potentially serve to reveal

similar findings in the SMT family of proteins expressed in

diverse species ranging from protozoa to fungi to plants.

Experimental Procedures

Materials

The sources and preparation of substrates of the wild-type

yeast SMT catalyzed reaction are described in our earlier

papers [28–34]: zymosterol, [3-3H]zymosterol (sp. act.

9 lCi/lmol), AdoMet iodide salt, and [methyl-3H3]Ado-

Met (NEN, diluted with AdoMet to a sp. act. of 10 lCi/

lmol). Sinefungin (SF), 50-Deoxy-50-(methylthio)adeno-

sine (MTA), S-isobutyladenosine (SIBA) were from

Sigma. H2O2 solution (50%) was from HACH Co. Ames,

Iowa. Trypsin (proteomics-grade) was purchased from

Sigma. Quick Change site-directed mutagenesis kit was

purchased from Stratagene. Custom oligonucleotides were

synthesized by Texas Tech Biotech Core Facility. Isopro-

pyl b-D-thiogalactoside (IPTG) was purchased from

Research Products International Corp. Bradford protein

assay kit and protein electrophoretic supplies were

obtained from Bio-Rad. All other reagents and chemicals

were from Sigma or Fisher unless otherwise noted.

General Methods

General methods for cloning, expression of yeast-SMT

(ERG6), and homogenate preparation were as described

[32]. Protein concentration contained in the crude SMT

enzyme was determined by Bradford method with bovine

serum albumin (BSA) as the standard using commercial

reagents from Bio-Rad. Otherwise, the determination of

pure SMT concentration was measured at A280 using

extinction coefficient of 58,370 cm-1 M-1 for the native

SMT and considering the tetrameric composition of the

native protein (ca. Mr 172 kDa).

SMT Activity Assays

The standard assay conditions for enzyme activity and

kinetic analysis were as described [29–34]. To summarize,

the standard assay for the wild-type or mutants of yeast-

SMT enzyme was performed in 600 lL total volume, with

1 mg/mL total protein (100,0009g fraction) prepared by

cell lysis (using French press) with saturating levels of co-

substrates, zymosterol and [methyl-3H3]AdoMet. The

reaction was quenched with an equal volume of methanolic

KOH and methylated product was extracted with hexane

(Fisher) three times and dried. The activity in each case

was measured by liquid scintillation counting (Beckman)

against a suitable blank. The initial velocity data was

determined using Sigmaplot 2001 with the enzyme kinetics

module software package. Data were fitted to the equation

v = VmaxS/(Km + S) using a nonlinear least-squares

approach. Kinetic constants ± standard errors were never

greater than 5% of the experimental measurement, and R2

values were between 0.90 and 0.99. For kcat analysis,

partially purified SMT protein preparations from Q-

Sepharose anion exchange chromatography (ca. 80% pure

SMT) was used. Generally, the activity assay contained

0.3 lM SMT and varied amounts of zymosterol (5–

100 lM) and a fixed [methyl-3H3]AdoMet concentration of

100 lM in buffer A (50 mM Tris–HCl, 2 mM MgCl2,

2 mM 2-mercaptoethanol, and 20% (v/v) glycerol, pH 7.5).

The assays were performed in triplicate with variation

among the trials no greater than ± 5%. For reaction mix-

tures that generated activity, the experiment was repeated

with saturating amounts of sterol and AdoMet and the

product distribution examined by GC-MS according to the

established protocol [29].

Binding Assays and Immunoblotting

Binding assays for AdoMet and zymosterol were per-

formed using the equilibrium dialysis and filter-binding

method respectively, as previously reported [29]. Varied

concentrations of ligands-[methyl-3H3]AdoMet (0–40 lM);

[3-3H]zymosterol (0–28 lM), were incubated separately

with purified SMT protein preparations in buffer A, pH 7.5

at 35 �C for the desired time on a shaking water bath.

Nonspecific binding was estimated using 100,0009g

supernatants of BL21(DE3) cells transformed with a

pET(23a+) blank vector, the same expression system used

in expressing SMT cDNA. In the case of the filter binding

method, bound and free ligands were separated by filtration

over Whatman GF/C filters (pretreated with 0.1%BSA)

with ice cold buffer A. Binding parameters (Kd, Bmax) were

determined by nonlinear curve fitting for one-site ligand

saturation. Saccharomyces cerevisiae SMT-specific anti-

body produced by Invitrogen� was purified using a Bio-

Rad� IgG purification kit. For immunoblotting, Q-sephar-

ose purified wild-type and mutant proteins resolved on a

12% SDS-PAGE gel were electrophoretically transferred

on to a nitrocellulose membrane and SMT protein was

detected using polyclonal anti-yeast SMT as a primary

antibody (Invitrogen) and anti-Rabbit IgG-HRP conjugate

as a secondary antibody with color development using a
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HRP substrate kit (Bio-Rad) for appropriate time at room

temperature.

AdoMet Photoaffinity Labeling

The wild-type yeast-SMT was semi-purified on a Q-

Sepharose column previously equilibrated with HEPES

Buffer [10 mM HEPES, 2 mM MgCl2, 1 mM EDTA and

5% glycerol(v/v), pH 7.5]. The procedure for Q-Sepharose

anion exchange chromatography remained the same as the

earlier protocol [34] except for the change in the buffer

system. The change in the buffer system is reported due to

the observation of enhanced AdoMet photolabeling and

enzyme activity in the case of HEPES buffer compared to

the Tris buffered system used earlier. About 0.3 mg of Q-

Sepharose semi-purified wild-type yeast-SMT protein

(*80% pure, equivalent to 1.74 nmol) was made up to a

2.5 mL solution in HEPES Buffer, pH 7.5 and kept on ice.

[methyl-3H3]AdoMet (10 Ci/mmol, Perkin Elmer) equiva-

lent to 27.5 lCi or 18.34 nmol was dried under a low stream

of N2 to remove the sulfuric acid content, resuspended in

500 lL of HEPES Buffer, pH 7.5 to ensure the optimal pH

conditions and added to the wild-type SMT protein solution

prepared above. The mixture was incubated at 35 �C for

45 min in a shaking water-bath to allow the AdoMet to bind

to SMT under steady-state conditions. The ice-cooled

reaction mixture was transferred to a pre-chilled 96-well

titer plate (Whatman�) with 100 lL of the sample placed in

each well and illuminated with a UV lamp at short wave-

length (254 nm) placed 1 cm above the sample for 45 min.

The samples were mixed intermittently every 5 min. The

irradiated samples were pooled and dialyzed using Slide-A-

Lyser cassettes (Pierce) with HEPES Buffer, pH 7.5 at 4 �C

to remove the unbound AdoMet. The samples were con-

centrated using a 10-kDa cut off ultrafiltration centrifugal

device (Centricon) and stored at -20 �C until further use.

Fluorography

The AdoMet-bound SMT samples were resolved on a 12%

SDS-PAGE. After staining (Coomassie Blue) and

destaining, the gels were soaked in Fluoroenhancer solu-

tion (KodakTM, Perkin Elmer) and gently agitated for

30 min and dried on a gel dryer for 3–4 h. Films were

developed by placing the dried gel over a blue sensitive X-

ray film (Kodak X-Omat AR) in a cassette and incubated at

-80 �C for 3 weeks or until the bands were visible.

Time-Dependent Inactivation and Inhibition Studies

The protocol involved similar photoaffinity labeling con-

ditions as described above. Aliquots of 50 lL of the

photolabeled mixture were siphoned out at different time

intervals and assayed for enzyme activity at saturating

concentrations of co-substrates, zymosterol and

[methyl-3H3]AdoMet (100 lM each) under standard assay

conditions. For data analysis, the dpm value obtained for

the samples were transformed into % activity based on the

sample at 0 min.

To test the AdoHcy analogs [Sinefungin (SF), 50-Deoxy-

50-(methylthio)adenosine (MTA), S-isobutyladenosine

(SIBA)] as inhibitors against AdoMet in a SMT catalyzed

reaction, typical activity assays (in triplicates) were set up

with varied [methyl-3H3]AdoMet concentration from 5 to

100 lM with a fixed zymosterol concentration of 100 lM

and the inhibitor at a particular concentration (SF, 0.1–

10 lM; MTA, 1–100 lM; SIBA, 1–100 lM), under stan-

dard assay conditions. The data were fitted into Michaelis–

Menton equations for competitive [v = Vmax/{1 + (Km/

S) 9 (1 + I/Ki)}] or non-competitive [v = Vmax/{(1 + I/

Ki) 9 (1 + Km/S)}] or uncompetitive [v = Vmax/(1 + I/

Ki + Km/S)}] inhibition patterns to determine the most

favorable kinetic pattern of inhibition for each inhibitor.

Lineweaver-Burk plots were generated in each case using

an enzyme kinetics module in Sigmaplot 2001 software.

Minimal variation was detected in the experimentally

determined kinetic constants with standard errors of 2–10%

between the trials.

These inhibitors were also tested under AdoMet phot-

olabeling to determine their effect on AdoMet

photolabeling capabilities on the wild-type yeast-SMT

enzyme. Under these conditions, the pre-incubated wild-

type yeast-SMT samples with [methyl-3H3]AdoMet alone

and AdoHcy analogs combined with [methyl-3H3]AdoMet

were photo-irradiated for 45 min under the standardized

conditions outlined above. The samples were dialyzed

against HEPES Buffer, pH 7.5 to remove the unbound

material and analyzed for radioactivity by liquid scintilla-

tion counting to establish the extent of binding in the

presence and absence of each inhibitor.

H2O2 Digestion

The specific activity of the AdoMet photolabeled wild-

type SMT protein resolved on a 12%-SDS-PAGE gel was

determined separately using the H2O2 digestion procedure

adapted from a previously reported protocol [9]. After

staining and destaining, the bands corresponding to

43 kDa were excised from the gel, cut into 1 mm2 pieces

and transferred to a scintillation vial; 1 mL of chilled 50

% H2O2 solution was added and incubated at 70 �C for

20 h in a water bath and 5 mL of scintillation cocktail

(Optiphase HiSafe 3, Perkin Elmer) was added to the

vials and analyzed by liquid scintillation counting. A

control was set up using a blank piece of gel that con-

tained no protein.
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Electroelution

The SMT bands corresponding to 43 kDa were electroe-

luted using Electro-Eluter Concentrator (C.B.S. Scientific

Company, Inc. Del Mar, CA, USA) prior to trypsin

digestion. The elution was carried out for a total duration of

15–20 h as per manufacturer’s instruction. To determine

the % recovery, an aliquot of electroeluted sample was

counted for radioactivity. The yield was greater than 50%

in the majority of the trials. The electroeluted SMT-Ado-

Met samples were pooled and concentrated using

ultrafiltration centrifugal devices (Centricon, 10-kDa cut

off membrane) and dialyzed with of 0.1 M NH4HCO3

Buffer, pH 8.5 suitable for further trypsin digestion.

Trypsin Digestion

The trypsin digestion of the enzyme–ligand adduct was

initiated by addition of proteomics-grade trypsin (Sigma)

solution (prepared in 1 mM HCl) to the electroeluted

protein sample. The substrate to enzyme-S/E ratio for the

tryptic digestion was 100–5 (w/w). The resulting reaction

mixture was incubated for 8 h at 37 �C. A control was set

up with trypsin in 0.1 M NH4HCO3 Buffer, pH 8.5 and

incubated under similar conditions as above. The tryptic

digestion was quenched by the addition of 5 lL of glacial

acetic acid (HPLC grade) to the samples and rapid

freezing of the reaction mixture in liquid N2 and stored at

-20 �C until use. The samples were resolved on a 20%

SDS-PAGE gel and the radioactive peptides migrating in

the gel identified either by fluorography and/or H2O2

digestion.

Radiolabeled Peptide Purification

As a primary step to get rid of most of the impurities, the

trypsin-digested material was filtered using a 10-kDa cut

off ultrafiltration centrifugal device (Sigma) to collect the

pass through. The radiolabeled samples were resuspended

in 0.1% Trifluoroacetic acid (TFA, HPLC grade, Bioche-

mica) prior to HPLC purification. Preparative purification

of the radiolabeled peptide was achieved by reverse-phase

HPLC using C18 VydacTM (4.6 mm 9 250 mm) with a

solvent system comprising of 0.1% TFA in both water (A)

and acetonitrile (B). The peptides were eluted with a linear

gradient of 0–99% B at a constant flow rate of 0.5 mL/min

with the column temperature maintained at 15 �C. The

eluant was monitored using a multiple-diode array detector

at 210, 240 and 280 nm. The radioactive peak fractions

were identified by liquid scintillation counting of fractions

collected every minute. The radioactive peak fractions

were re-chromatographed under similar conditions until

they were pure for further analysis.

MALDI-TOF Spectrometry

The samples were prepared by ‘‘dried-droplet’’ method. To

obtain a better coverage of components in a mixture,

spectra were acquired from the samples prepared with

different matrix solution conditions [35]. The matrix

solutions used were: 20 mg/mL a-cyano-4-hydroxy-trans-

cinnamic acid (Sigma) or 20 mg/mL 2,5-dihydrobenzoic

acid [DHB, Sigma] in 0.1% TFA in 50% acetonitrile in

water solution. The matrix additive-1 mg/mL 2-methoxy-

benzoic acid (Sigma) was added to the DHB solution for

detection of peptides larger than 3 kDa. A mixture of 1 lL

each of matrix solution and peptide sample (1 pmol/lL)

was applied to the gold target and air dried. A control was

set up by using synthetic peptides (Biosynthesis Inc,

Lewisville, TX, USA) with known molecular weights. For

these purposes, peptides corresponding to Regions I (L63-

R93, 3.7 kDa), II (G120-R135, 1.48 kDa) and a typical

tryptic fragment (L203-K212, 1.2 kDa) of yeast-SMT were

used as reference specimens. The individual mass was

analyzed using laser intensity between 2,500 and 3,000

units. Minimal variations of 1–2% were observed in the

experimental data compared to the established mass for

peptide standards.

Site-Directed Mutagenesis of SMT

Site specific mutations at various positions along the

pET23a(+)-ERG6 template were carried out using the

QuickChangeTM (QC) site directed mutagenesis kit

(Stratagene) as per manufacturers’ instructions. The oli-

gonucleotide primers used for mutagenesis are listed in

Table 1. The relevant mutation was confirmed by auto-

mated sequencing at the Texas Tech Core facility. Routine

screening of the mutants for activity assays are as previ-

ously described [34].

AdoMet Photolabeling of the Synthetic Peptide

The synthetic peptide corresponding to the 3.9-kDa peptide

fragment obtained in this study was subjected to purifica-

tion by HPLC on a C18 VydacTM (4.6 mm 9 250 mm)

instrument with a solvent system comprising of 0.1% TFA

in both water (A) and acetonitrile (B). The peptide was

eluted with a similar gradient system used for purification

of radioactive peptide(s) mentioned before. The purified

material was dried under N2 to remove the solvent and

resuspended in HEPES buffer, 7.5. [methyl-3H3]AdoMet

was added in a stoichiometric ratio of peptide: AdoMet of

1:10 and the mixture was photo-irradiated under similar

conditions outlined for wild-type Erg6p. The photolabeled

sample was analyzed by HPLC radio-counting to deter-

mine the amount of photolabeling. The samples were
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finally resuspended in 0.1 M NH4HCO3 buffer, pH 8.5 in

case to be subjected for further tryptic digestion. A similar

sample prepared with cold-AdoMet was subjected to fur-

ther analysis by MALDI/MS and/or Edman degradation

(Macro Core Facility, Penn State College of Medicine,

Hershey, PA, USA) to determine the derivatized amino

acids within the synthetic peptide.

Results

Photoaffinity Labeling of Yeast-SMT with AdoMet

Preliminary photolabeling experiments, performed with the

purified SMT and [methyl-3H3]AdoMet generated a cova-

lently labeled enzyme–ligand adduct detected by

fluorography (Fig. 2). The specificity of photolabeling was

further demonstrated by inactivation experiments. Heat-

inactivated enzyme preparations were used as negative

controls in all experiments (data not shown) since irradiation

of denatured SMT in the presence of [methyl-3H3]AdoMet

did not generate any appreciable levels of photolabeling.

During the course of our initial standardization procedures,

we observed not only an increased specific activity for SMT

catalysis but also AdoMet photolabeling efficiency by a

factor of three when a buffer change was introduced to

HEPES in our assays (data not shown). Therefore, we chose

the HEPES buffer system for all the subsequent photoaffinity

labeling treatments. The AdoMet photoaffinity labeled SMT

from the Tris and HEPES buffered reaction mixtures resulted

in similar outcomes in fluorography producing single

radioactive band (data not shown).

In order to specify the optimal photo-irradiation time,

we performed a time-dependent inactivation experiments

with the wild-type yeast SMT. The photolabeled-SMT

aliquoted under differing time periods was assayed in the

presence of zymosterol using the standard assay conditions.

Approximately 50% of the SMT activity was lost during

the first 30 min of photo-irradiation and less than 10% of

the activity was retained at the end of 60 min (Fig. 3).

Based on these results, a 45 min of photo-irradiation time

suited best for the routine-SMT photolabeling studies.

Table 1 DNA sequence of

sense oligonucleotides used for

site-directed mutagenesis of

ERG6 cDNA

The mutagenic codons are in

italics

Mutation Sense oligonucleotide sequence (50–30)

Cys128Leu 50-TAGTTCTCGACGTTGGTTTGGGTGTTGGGGGCCCA-30

Cys128Ser 50-GTTCTCGACGTTGGTTCTGGTGTTGGGGGCC-30

Pro133Leu 50-TGGTGTTGGGGGCCTAGCAAGAGAGATTGCA-30

Tyr153Leu 50-CAATAACGATTTACAAATTGCCAAGG-30

Tyr153Phe 50-GGTCTAAACAATAACGATTTCCAAATTGCCAAGGCAA-30

Fig. 2 SDS-PAGE analysis (12%) of AdoMet photolabeling of wild-

type yeast SMT. Lane 1 electroeluted sample of wild-type SMT

species bound to [methyl-3H3]AdoMet; Lane 2 fluorography of the

sample as in lane 1 showing single radioactive band corresponding to

43 kDa; Lane 3 low molecular-weight range protein marker. The

respective M.Wt in kDa is indicated

Fig. 3 Time-dependent inactivation of Wild-type Yeast-SMT against

AdoMet photoirradiation time. The % activity values were normal-

ized to the protein sample without AdoMet photolabeling (0 min of

photolabeling). SMT activity in each reaction mixture was determined

as per standard assay conditions using saturating concentrations

(100 lM each) of co-substrates, zymosterol and [methyl-3H3]Ado-

Met. Each data point represents an average of three independent

determinations with standard errors under 10%
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Effect of AdoMet Analogs on Photolabeling

The AdoHcy analogs [SF, MTA, SIBA (Fig. 4)] were

shown earlier to competitively inhibit the wild-type SMT

[37]. Experiments were performed to determine the effect

of these AdoMet analogs on photolabeling of the enzyme

in the presence of AdoMet. Steady-state kinetic experi-

ments revealed competitive-type inhibition kinetics against

AdoMet with dissociations constants (Ki values) of 1.3 lM

(SF), 22 lM (MTA) and 58 lM (SIBA) (Fig. 5). These

observations are consistent with the expected behavior of

the AdoMet analogs to compete for the same binding site

on the enzyme surface. A similar trend was observed

during the AdoMet photolabeling of the SMT enzyme.

With the addition of SF, MTA or SIBA to the photola-

beling mixture of [methyl-3H3]AdoMet and SMT, the

percentage of reduction in the AdoMet photolabeling of

SMT ranged from 85 to 50 (Fig. 6). There was a direct

correspondence between the change in binding constants

and the photolabeling results of the AdoMet analogs. These

results agree with the proposed competitive nature of

AdoHcy analogs against AdoMet [10, 37].

Limited Proteolysis of the SMT-AdoMet Adduct

In order to localize the AdoMet binding region in wild-type

yeast-SMT, we subjected the electroeluted [methyl-3H3]

AdoMet photolabeled samples of SMT protein to trypsin

digestion to generate small peptide fragments that can be

easily monitored on a 20% SDS-PAGE. For these studies, a

procedure involving H202 treatment of the excised SDS-

PAGE gel slices was employed for the rapid detection of

radioactivity associated with the peptide fragments. As

shown in Fig. 7, more than 90% of the radioactivity applied

to the SDS-PAGE gel electrophoresis was recovered and ca.

95% of the radioactivity migrates in a single zone at ca. 3.5–

4 kDa. An independent experiment using fluorography

confirmed that a single radioactive band migrates in the

SDS-PAGE gel electrophoresis around 4 kDa (Fig. 7).

Identification of the Labeled Adduct

Since we had established above that a single AdoMet-

peptide adduct of 4 kDa was formed by the limited pro-

teolysis, we initially chose ultrafiltration with a 10 kDa cut

off membrane to remove undigested material and other

potential impurities larger than 10 kDa. The resulting

peptide mixture was injected into the reverse-phase-HPLC

eluted with the combination of acetonitrile and water as

described in the ‘‘Experimental procedures’’. The radio-

activity of individual fractions containing the peptide was

determined, and the corresponding mass monitored by UV

detection at 210 nm. Figure 8 (Panel A) shows a single

radioactive peak fraction that elutes between 38 and

40 min, accounting for [80% of the total radioactivity

injected into the HPLC. The elution profile remained

consistent with several successive HPLC runs on the same

column. A set of peptide standards were synthesized that

ranged in size and corresponded to various segments of the

SMT primary structure (Fig. 8, Panel B). A synthetic

peptide was prepared that corresponded to the predicted

composition of a yeast SMT peptide formed by limited

trypsin digestion and that possesses a molecular weight of

3.9 kDa, close to the molecular weight of the adduct

obtained from the 20% SDS-PAGE gel electrophoresis

experiment. This synthetic peptide was photolabeled with

AdoMet and the resulting adduct injected into the HPLC

where the radioactive AdoMet-peptide adduct eluted at the

same time as the synthetic peptide of 3.9 kDa (Fig. 8,

Panel B).

To establish the exact mass of the radioactive AdoMet-

peptide adduct, a separate experiment was performed to

generate the non-radioactive adduct for MALDI-TOF

analysis. Our initial MALDI-TOF analysis using a-cyano-

4-hydroxy-trans-cinnamic acid as the matrix material did

not show any mass for the peptide. It was not clear whether

the recognition of no mass was due to our limits of

detection or due to the hydrophobic nature of the peptide.

On the other hand, the synthetic peptides corresponding to

Fig. 4 Structures of AdoMet

analogs tested as inhibitors of

the SMT
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different tryptic fragments of wild-type Erg6p, when con-

currently used as peptide standards, under the similar

conditions and similar concentrations revealed mass with

less than 1% errors when compared to the respective

established mass. Owing to the hydrophobic nature of the

peptide, we decided to use 2,5-dihydrobenzoic acid (DHB)

with the additive 2-methoxybenzoic acid as the matrix

material for further analysis. This procedure allowed us to

predict a mass of 3.9 kDa for the radioactive peptide,

which is consistent with the 20% SDS-PAGE analysis; and

for the synthetic peptide standards, the mass was identical

to the previous determination, indicating similar level of

accuracy (Supplementary Fig. 1).

Due to the large size of the AdoMet-peptide fragment

adduct, Edman sequencing of the purified radioactive peak

fraction was performed for the first fifteen cycles. This

yielded a sequence NH2-Gly-Asp-Leu-Val-Leu-Asp-Val-

Gly-Cys-Gly-Val-Gly-Gly-Pro-Ala. When compared with

the established primary and(or) cDNA sequence of Erg6p,

the peptide sequence could be clearly assigned to residues

Fig. 5 Lineweaver-burk plots for the inhibition of yeast-SMT by

AdoHcy analogs. a SF Sinefungin [0.1 lM (filled circles), 0.5 lM

(open circles), 1 lM (filled inverted triangles), 10 lM (open inverted
triangles)]; b MTA 50-Deoxy-50-(methylthio)adenosine [1 lM (filled
circles), 10 lM (open circles), 50 lM (filled inverted triangles),

100 lM (open inverted triangles)]; c SIBA S-isobutyladenosine

[1 lM ( filled circles), 10 lM (open circles), 50 lM (filled inverted

triangles), 100 lM (open inverted triangles)]. The kinetic pattern in

all the cases was found to be competitive as determined by Sigma plot

Enzyme kinetics module. Assays were performed as per standard

conditions mentioned under ‘‘Experimental procedures’’ using fixed

zymosterol of 100 lM and varied [methyl-3H3]AdoMet (5, 10, 20, 50,

100 lM) concentrations. Each data point represents a mean of three

independent determinations with standard errors under 10%

Fig. 6 Effect of AdoHcy analogs on AdoMet photolabeling effi-

ciency of wild-type yeast-SMT. The % photolabeling values are based

on the wild-type SMT protein samples labeled to AdoMet under

normal photoaffinity labeling conditions. The concentration of

inhibitor used are as follows: Sinefungin (SF), 100 lM; 50-Deoxy-

50-(methylthio)adenosine (MTA), 200 lM; S-isobutyladenosine

(SIBA), 200 lM. The values represent a mean of three independent

determinations with standard errors between 4 and 12%

Fig. 7 SDS-PAGE analysis (20%) of AdoMet photolabeled tryptic

digest fragments by H2O2 digestion and autoradiography. Lane 1
polypeptide marker (kDa) in the order: 26.6, 16.9, 14.4, 6.5, 3.5 and

1.4; Lane 2 tryptic digest sample of AdoMet photolabeled wild-type

yeast SMT; Lane 3 fluorography of the tryptic digested sample of

SMT as in lane 2. The radioassay of gel samples by H2O2 digestion

are indicated by histogram in the figure. The values from H2O2

digestion represent a mean of three independent determinations

obtained from three successive SDS-PAGE runs with standard errors

between 5 and 12%
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120–134. Due to unanticipated shortcomings, the specific

amino acid residues derivatized in this peptide could not be

established by means of radioassay of PTH derivative

obtained from each cycle of Edman degradation. Yet,

during the sequencing of the adduct, there was a huge drop

in the amino acid yield starting from the second cycle

which could only be attributed to the fact that the peptide

fragment was bound to AdoMet. We were able to account

for only 1.3 kDa for the first fifteen residues from the total

of 3.9 kDa determined by MALDI-TOF spectrometry.

Therefore, to get a complete peptide fragment length and

taking into consideration the trypsin recognition sites and

the mass from the AdoMet, we screened the downstream

region of Erg6p starting from the 134th residue. Extension

of peptide length to incorporate three immediate trypsin cut

sites, the size of the peptide fragment exactly matched to

3.92 kDa, however the mass of the AdoMet could not be

accounted for. One explanation for these results could be

the elimination of AdoMet during the MALDI-TOF MS

analysis. Based on these observations, the peptide fragment

bound to AdoMet was determined to span the Erg6p from

120 to 157, a 38 residue segment with a highly conserved

motif of L124 to P133 (Fig. 9).

Mutational Analysis of AdoMet Binding Region

Since Edman sequencing of the AdoMet-peptide adduct

failed to establish the relevant amino acids covalently

bound to AdoMet, we turned our efforts to site-directed

mutagenesis of putative residues that might engage Ado-

Met during photolabeling. Sequence analysis of the Erg6p

AdoMet binding domain compared with 17 different SMT

species belonging to SMT1 and SMT2 type isoforms

revealed several absolutely conserved amino acid residues

Fig. 8 HPLC of the tryptic

digest of AdoMet Photolabeled

wild-type yeast-SMT (a). The

UV detector response was

monitored at 210 nm. The

fractions collected every minute

were radioassayed by liquid

scintillation counting. The

radioactivity associated with

each fraction is shown as a line

and scattered plot. b HPLC of

synthetic peptides used as

reference specimens. The

operating conditions of the

HPLC in b were the same as the

conditions used in the run

shown in a
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(Fig. 9). Within the domain, a stretch of highly conserved

residues is boxed and is referred to as Region-II to signify

the similarities with GXGXG or GXG motif which is

recognized as a hallmark of nucleotide (AdoMet) binding

site in the Class-I type of AdoMet dependent methyl-

transferases superfamily of proteins [5]. The % identity

within the Region-II motif ranged from 90 to 100% and

47–79% for the entire 3.9-kDa fragment relative to Erg6p

sequence (Fig. 9). Overall, we were able to find 12 abso-

lutely conserved amino acids within the 38 residue long

Erg6p AdoMet binding segment. Thus, our plan was to

determine which of the conserved residues in the adduct

are directly involved with AdoMet binding. In other

MTases, the AdoMet photoincorporation site has been

established to be either a tyrosine, proline, aspartate (glu-

tamate) or cysteine residue [6–12, 38], which are present in

the radioactive tryptic fragment at Asp125, Cys128,

Pro133, Asp152 and Tyr153. In this study, the relevant

amino acids were replaced with leucine, phenylalanine or

serine. The resulting proteins were expressed, partially

purified and tested kinetically and via photo-incorporation.

Previously, through non-conservative mutagenesis

experiments of conserved acidic residues in the SMT, the

Asp125 and Asp152 were identified as key residues to

AdoMet binding [34]. In similar fashion, to examine the

role of Cys128 and Pro133, leucine, mutants were con-

structed and screened for SMT activity. These mutants

exhibited no change either in protein purification process or

native molecular weights compared to the wild-type yeast-

SMT enzyme (data not shown). However, both Cys128Leu

and Pro133Leu mutants turned out to be inactive (Table 2).

The lack of catalytic competence was investigated further

through binding studies for the two substrates which either

showed AdoMet binding to be poor (Cys128) or no binding

even at the highest concentration of AdoMet tested at

40 lM (Pro133). On the other hand, both mutants contin-

ued to bind zymosterol within the margin of acceptable

binding for catalytic behavior. A second mutation of

Cys128 to Ser was made to determine the importance of the

thiol group to catalysis. The Cys128Ser mutant retained

nearly 50% of the SMT activity compared to the wild-type

(Table 2), suggesting that the Cys128 sulfur group is not

essential to activity. In the C-terminal of this peptide

fragment, the absolutely conserved Tyr residue (Tyr153)

was replaced with phenylalanine or leucine. In both of the

mutants, catalytic activity was retained (Table 2). Earlier,

the mutational analysis of conserved acidics in the yeast-

SMT suggested a potential role of Asp152 residue towards

AdoMet binding [34]. The new results suggest that Cys128

and Pro133 can be important to AdoMet binding and ruled

out Tyr153 as essential to activity. In further support to this

proposal, none of the active mutants exhibited a gain in

function where the zymosterol substrate was converted to

fecosterol, which in turn can be converted to multiple 24-

ethyl sterol products (data not shown), as reported for

mutants of Region 1 [29, 30]. In order to examine these

Fig. 9 Partial sequence alignments of 18 fungal and plant SMTs. The

alignments are based on the sequence obtained from the Edman

degradation of the [methyl-3H3]AdoMet wild-type yeast SMT peptide

adduct. The appropriate amino acid numbering for the wild-type

yeast-SMT peptide fragment is indicated. The 18 SMTs, indicated by

the number are as follows: 1 Saccharomyces cerevisiae, CAA52308;

2 Candida albicans, AAC26626; 3 Schizosaccharomyces pombe,

CAB16897; 4 Neurospora crassa, CAB97289; 5 Oryza sativa,
AAC34989; 6 Glycine max, AAB04057; 7 Arabidopsis thaliana 1,

AAG28462; 8 Ricinus communis, AAB62812; 9 Zea mays,

AAC04265; 10 Triticum aestivum, AAB37769; 11 Nicotiana tabacum
1, AAC34951; 12 Gibberella zeae, EAA70778; 13 Trypanosoma
brucei, AAZ40214; 14 Oryza sativa sub sp. Japonica, AAC34988; 15
Nicotiana tabacum 2, T03848; 16 Arabidopsis thaliana 2-1,

CAA61966; 17 Arabidopsis thaliana 2–2, AAB62809; 18 Pneumo-
cystis carinii, AAK54439. The type of each SMT, total length of the

respective primary sequence and % identities within Region-II

signature motif and in the 38 residue long partial fragment are

indicated
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residues further as potential AdoMet photoincorporation

site(s), we subjected the corresponding mutants to AdoMet

photoaffinity labeling studies. Both Cys128Leu and

Pro133Leu mutants failed to show any AdoMet labeling

while the acidic mutants, Asp125Leu and Asp152Leu

showed AdoMet photolabeling efficiencies of 30–40% and

the Tyr153Phe mutant exhibited approximately 60%

AdoMet photolabeling action compared to the native Erg6p

(Table 2). These results indicate that one or both Cys128

and Pro133 can be covalently bound to the AdoMet during

the photolabeling of the wild-type Erg6p.

Discussion

The SMTs are highly conserved sterol catalysts and differ

from other phytosterol biosynthetic enzymes in the type

and timing of the chemical reaction employed and differ

kinetically from other MTases with respect to substrate

recognition of the acceptor molecule. To date, no structural

data is available for the yeast sterol methyltransferase that

shows the AdoMet binding pocket. However, by employ-

ing a highly specific photoaffinity labeling procedure in the

presence and absence of AdoHcy analogs, we observed

high specificity of photolabeling of AdoMet to Erg6p,

indicating AdoMet is covalently bound to the enzyme. Our

research findings also revealed the first fifteen residues of

the AdoMet-Erg6p peptide adduct are associated with a

highly conserved (90–100%) motif among phylogeneti-

cally diverse SMTs (i.e., Region II) linked to the GXGXG

motif of Class-I type MTases. From these observations, it

would appear that the SMT is a Class-I type MTase with a

AdoMet binding fold in the active site similar to related

MTases [6–12, 38].

Although an exacting analysis of the peptide labeled

species was not forthcoming from the initial work, sub-

sequent functional analysis of key residues in the tryptic

digest fragment by directed mutation indicated that two of

them can interact with AdoMet after the photolabeling

procedure. In a leucine scanning experiment, residues

mutated at positions 125, 128, 133 and 152 and153, con-

sidered as possible contact amino acids in the peptide, were

found to generate different activities that ranged from none

to 100%. For the Cys128Leu and Pro133Leu mutants,

catalytic competence was lost in conjunction with lost

photolabeling activity, suggesting these resides contact

AdoMet in the active site. Conservative replacement of

Cys128 with Ser resulted in 50% of SMT activity and a

slightly lower binding affinity (Kd) towards AdoMet rela-

tive to the native Erg6p, indicated that Cys128 interacts

with AdoMet via hydrogen bonding interactions. On the

other hand, the Tyr153 mutants behaved similarly to the

wild-type Erg6p suggesting they are not in contact with

AdoMet directly. The acidic residues mutated to leucine at

Asp125 and Asp152 were inactive, yet reactive to phot-

oaffinity labeling; they exhibited reduced photolabeling

efficiency of 30–40% compared to the wild-type. Conse-

quently, these residues are not likely attached to AdoMet

upon photolabeling. Still unclear is which of these residues

in the adduct bind AdoMet in covalent fashion. To resolve

Table 2 Effect of site-directed mutagenesis on AdoMet binding and photoaffinity labeling

Strain Km (lM) kcat (min-1) Kd
a (lM) zymosterol Kd

b (lM) AdoMet % Photolabeledc

Wild-type 17.0 0.65 ± 0.01 4.0 4.0 100 ± 10

Asp125Leud NA NA 6.0 12.0 30 ± 8

Cys128Leu NA NA 5.0 28.0 \1.0 ± 0.5

Cys128Ser 30.0 0.3 ± 0.01 5.0 8.0 ND

Pro133Leu NA NA 15.0 NB \1.0 ± 0.5

Asp152Leud NA NA 5.0 14.0 35 ± 6

Tyr153Leu 17.0 0.6 ± 0.01 4.0 4.0 ND

Tyr153Phe 16.0 0.2 ± 0.02 7.0 13.0 55 ± 10

All values represent an average of three independent determinations. The standard errors between the trials were 5 and 10%

kcat the catalytic turnover value was determined from partially purified enzyme preparations using varied amounts of zymosterol and a fixed

[methyl-3H3]AdoMet concentration of 100 lM as per standard assay conditions in buffer A, NA not active or not applicable, NB no binding, ND
not determined
a Zymosterol binding was determined by filter binding assays with varied concentration of [3-3H]zymosterol from 0 to 28 lM with the SMT

protein concentration held at 0.25 lM in buffer A
b AdoMet binding was determined by equilibrium dialysis with varied concentration of [methyl-3H3]AdoMet from 0 to 40 lM and protein

concentration held at 0.16 lM in buffer A
c % Photoaffinity labeling was determined by H2O2 digestion or equilibrium dialysis of photolabeled mixture
d The mutants were prepared and studied as in [34]
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these anomalies, future experiments to unmask the cata-

lytic amino acids bound to AdoMet after the photoaffinity

labeling experiments are warranted.

SMTs have clearly been shown to be essential to normal

growth and maturation of microbes and plants as well as a

target for rational drug design in ergosterol-dependent

diseases. This suggests that the family of SMTs may have

particular importance to human health. Because there are

no known 24-alkyl sterols synthesized in mammals, we

believe that a thorough study of the distribution and

enzyme properties of the SMT, including testing dual

action inhibitors designed to disrupt the active center for

methyl donor and acceptor is warranted. This investigation

has enabled us to determine the potential roles of active site

amino acids specifically in the Region-II (Erg6p nomen-

clature) of the yeast SMT. It is only a matter of time to the

discovery of similar findings in other SMT types due to the

highly conserved nature of this signature motif relative to

Erg6p sequence. Deeper insights into the kind of interac-

tion of AdoMet with the SMT should be possible from the

three-dimensional structural data captured from covalently

bound AdoMet and through affinity labeling of a suicide

substrate, such as 26,27-dehydrozymosterol, where the

AdoMet is part of the sterol covalently bound to the yeast-

SMT. These investigations are underway.
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Abstract The effects of four cornstarches containing

various contents of resistant starch on serum and liver

cholesterol levels in rats fed a high-cholesterol diet were

investigated. Male Sprague Dawley rats (aged 4 weeks)

were divided into four groups (n = 7) and fed high-cho-

lesterol diets containing 15% of cornstarch (CS), heat-

moisture-treated CS (HCS), high-amylose CS (HA), or

heat-moisture-treated HA (HHA) for 21 days. The results

showed that the serum and hepatic level of total choles-

terol, LDL-cholesterol, and triglyceride in rats of the HHA

group and their arteriosclerosis index were significantly

higher, suggesting that HHA increases the risk of arterio-

sclerosis under a high-cholesterol dietary condition. No

significant between-group differences were noted in the

levels of plasma mevalonic acid and hepatic HMG-CoA

reductase mRNA, whereas fecal cholesterol excretion was

significantly higher in the HHA group, indicating that the

elevation of the serum and liver cholesterol levels was not

due to the promotion of liver cholesterol synthesis and

cholesterol absorption in the intestine.

Keywords High-cholesterol diet � Resistant starch �
High-amylose cornstarch � Serum cholesterol � Rats

Abbreviations

RS Resistant starch

CS Cornstarch

HCS Heat-moisture-treated cornstarch

HA High-amylose cornstarch

HHA Heat-moisture-treated high-amylose cornstarch

Introduction

Resistant starch (RS) is defined as ‘‘starch and partially

degraded starch not absorbed by the healthy human small

intestine’’ [1]. RS can be present in all starch-containing

foods (grains, legumes and tubers) and is influenced by both

botanical source and processing, and classified into three

types: starch that cannot be physically exposed to digestive

enzymes, raw starch not readily affected by digestive

enzymes, and retrograded starch after cooking. In terms of

such RS, there are many reports on the physiological

functions. For instance, RS had a preventive effect against

intestinal tumorigenesis due to the alteration of the colonic

luminal environment by increasing the concentration of

short chain fatty acid and lowering production of potentially

harmful fermentation products [2]. In addition, RS has been

shown to be fermented in the colon, and exhibit a dietary

fiber-like effect [3]. Among the functions of RS, the note-

worthy one is a hypocholesterolemic effect. The ingestion

of RS contained in normal diets with no cholesterol loaded

has been reported to decrease the serum cholesterol level,

serum triglyceride level and epididymal fat weight [4–7]. In

particular, HA and HHA, which have higher RS contents,

are expected to exert the decreasing effect of serum cho-

lesterol concentration. Liu et al. [8] showed that HA and

HHA decreased the level of serum and liver cholesterol in

ovariectomized rats. Vanhoof and Schrijver [9] have

reported that the administration of retrograded high-amy-

lose cornstarch (HA) to rats fed on a 1% cholesterol-

containing diet decreased the serum cholesterol level. They

have suggested that the promotion of coprostanol excretion
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by RS contained in HA was involved in the serum choles-

terol-lowering action. We also reported that HHA was

decreased serum cholesterol level in rats fed a diet with

0.1% cholesterol, 0.1% cholic acid and 10% lard [10].

However, little information is available about the func-

tion of RS under the condition of a high-cholesterol diet.

Modern diets have high-levels of animal fat and choles-

terol. Therefore, the increase in the level of serum

cholesterol is becoming a concern because of increasing

the concentration of serum LDL-cholesterol by ingestion of

animal fat [11]. Consequently, it is necessary to investigate

the physiological function of RS under high-cholesterol

dietary conditions.

In this study, we made our study focused on heat-

moisture-treated HA (HHA) whose RS content is increased

more. Rats were fed a high-cholesterol diet constituted with

four types of cornstarch, including HHA, to investigate

their effects on the serum and liver cholesterol levels.

Materials and Methods

Materials

Cornstarch (CS), heat-moisture-treated CS (HCS) (Deli-

castar 200), high-amylose CS (HA), and heat-moisture-

treated HA (HHA) (Amylogel HB450) were obtained from

SANWA CORNSTARCH Co., Ltd (Nara, Japan). Deter-

minar TC 555 kit was purchased from Kyowa Medex Co.,

Ltd (Tokyo, Japan). Triglyceride E test Wako and total bile

acid test Wako kits were obtained from Wako Pure

Chemical Industries Ltd (Osaka, Japan). Resistant starch

measurement kit was purchased from Megazym (Sydney,

Australia).

Resistant Starch Content of Various Types

of Cornstarch

The RS content in samples was measured with a resistant

starch measurement kit.

Animals and Diets

Four-week-old male Sprague Dawley rats were purchased

from Clea Japan Co. (Tokyo, Japan). The rats were indi-

vidually housed in stainless cages, and maintained in an

animal room controlled at 23–25 �C and 50–56% humidity

under a 12-h lighting cycle (light-on 8:00–20:00). The

animals were made free access to food and drinking water.

After acclimatization with a normal diet based on AIN-76

feed composition [12] for 1 week, animals were divided

into four groups (n = 7): CS, HCS, HA, and HHA groups,

and fed for 21 days on a high-cholesterol diet containing

each of the starch samples. High-cholesterol diets

containing each starch were prepared by replacing

b-cornstarch with each cornstarch and adding 0.5%

cholesterol, 0.25% cholic acid and 10% lard at the expense

of sucrose (Table 1). The animals were dissected on the

final day of experimental period under Nembutal anesthe-

sia. Serum was prepared by centrifugation of the blood

sample (3,000 rpm, 4 �C, 20 min), and used for the ana-

lysis of serum lipid and mevalonic acid. The liver was

washed with physiological saline, rapidly frozen in liquid

nitrogen, and then used for the analyses of liver lipids and

HMG-CoA reductase mRNA. Feces were collected 3 days

before dissection, weighed, and subjected to lipid analysis.

Animal experiments in this study were performed in con-

formity to the guidelines for maintenance and handling of

Table 1 Composition of experimental diets

Ingredient CS (g/kg diet) HCS (g/kg diet) HA (g/kg diet) HHA (g/kg diet)

Casein 200.0 200.0 200.0 200.0

DL-methionine 3.0 3.0 3.0 3.0

Sucrose 442.5 442.5 442.5 442.5

Cornstarch 0.0 0.0 0.0 0.0

Cellulose powder 50.0 50.0 50.0 50.0

Lard 100.0 100.0 100.0 100.0

Mineral mixturea 35.0 35.0 35.0 35.0

Vitamin mixturea 10.0 10.0 10.0 10.0

Choline bitartrate 2.0 2.0 2.0 2.0

Cholic acid 2.5 2.5 2.5 2.5

Cholesterol 5.0 5.0 5.0 5.0

Various CS 150.0 150.0 150.0 150.0

CS cornstarch, HCS heat-moisture-treated cornstarch, HA high-amylose cornstarch, HHA heat-moisture-treated high-amylose cornstarch
a Based on AIN-76 mixture (Oriental Yeast Co., Tokyo, Japan)
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experimental animals established by the Tokyo University

of Agriculture Ethics Committee.

Lipid Analysis

The serum levels of total cholesterol (TC), HDL-choles-

terol, LDL-cholesterol, triglyceride, and total lipid were

measured using an automatic biochemical analyzer model

7450 (Hitachi Co., Tokyo, Japan). The arteriosclerosis

index was calculated from the formula of (TC - HDL-

cholesterol)/HDL-cholesterol.

Liver sample solutions were prepared as follows:

1.000 g of the excised liver was homogenized in a chlo-

roform-methanol mixture, 2:1 (v/v), kept in a dark room for

1 day, and then filtered. The liver TC and triglyceride were

measured with Determinar TC 555 kit and a Triglyceride E

Test Wako kit, respectively. The phospholipid level was

measured by molybdic acid colorimetry [13].

Fecal sample solutions were prepared as follows: freeze-

dried feces were powdered, and 0.5 g of the powder was

heat-extracted with a chloroform-methanol mixture, 2:1

(v/v), at 45 �C for 10 h. The fecal levels of TC and total

bile acid were measured using a Determinar TC 555 kit and

total bile acid test Wako kit, respectively. The RS level in

feces was measured using a resistant starch measurement

kit.

Organic Acid Analysis for Cecal Contents

The organic acid level in the cecal contents was measured

by HPLC [14]. The sample solution was prepared as fol-

lows: a sample of the cecal contents (300 mg) was

dissolved with 2 ml of 10 mM sodium hydroxide solution

and centrifuged at 10,0009g for 15 min. Then, 1 ml of the

supernatant was combined with 1 ml of chloroform and

centrifuged. The supernatant was filtered through a 0.2-lm

membrane filter before subjecting to HPLC. For HPLC

analysis, two Shim-pack SCR-102H columns

(8 mm i.d. 9 300 mm, Shimadzu, Kyoto, Japan) and an

electroconductivity detector (CDD-6A, Shimadzu) were

used. The mobile phase for separation was 5 mM p-tolu-

enesulfonic acid aqueous solution, and that for detection

was 20 mM bis-(2-hydroxyethyl) iminotris (hydroxy-

methyl) methane (Bis–Tris) aqueous solution containing

5 mM p-toluenesulfonic acid aqueous solution and 100 lM

EDTA. The HPLC was carried out at a flow rate of 0.8 ml/

min and with a column temperature of 40 �C.

Plasma Mevalonic Acid Analysis

The plasma mevalonic acid (MVA) level was measured by

HPLC by SRL Inc. (Tokyo, Japan).

RNA Extraction

RNA was extracted from the liver by the method reported

by Chomczynski and Sacchi [15].

First-Strand cDNA Synthesis

cDNA was prepared from 5 lg of DNase I-treated total RNA

using reverse transcriptase (Super-script IIITM, Invitrogen,

CA, USA) following the instructions of the manufacturer.

Quantitative PCR

Quantitative PCR and hybridization primers were synthe-

sized by Applied Biosystems (Foster, IN, USA).

Oligonucleotide primers were designed to amplify rat

HMG-CoA reductase nucleotide 1412–1503 (GenBank

accession number NM013134) and b-actin nucleotide

2838–3041 (GenBank accession number V01217). The

sequences of the primers are as follows : rat HMG-CoA

reductase sense primer, 50-AGA GAA AGG TGC GAA

GTT CCT TAG T-30 and HMG-CoA reductase antisense

primer, 50-CCA TGA GGG TTT CCA GTT TGT AG-30;
and b-actin sense primer, 50-CCC TGG CTC CTA

GCA CCA T-30 and b-actin antisense primer, 50-GAT

AGA GCC ACC AAT CCA CAC A-30.
The predicted PCR product sizes were 192 (rat

HMG-CoA reductase) and 204 bp (b-actin). The amplifi-

cation products obtained following the manufacturer’s

instructions were detected using a TaqMan universal PCR

master mix core reagent kit (Applied Biosystems).

The rat HMG-CoA reductase hybridization probe was a

nucleotide corresponding to 1452–1479, 50-CAG TTG G

TC AAT GCT AAG CAC ATC CCA G-30, and the 50 and

30 ends were labeled with 6-carboxyfluorescein (FAM) and

N,N,N0,N0-tetramethyl-6-carboxyrhodamine (TAMRA),

respectively. The b-actin probe corresponded to 2865–

2866 and 2991–3015 (2867–2990 corresponded to an

intron), 50-AGA TCA TTG CTC CTC CTG AGC GCA

AGT-30, and the 50 and 30 ends were labeled with VICTM

and TAMRA, respectively. The mRNA level of HMG-

CoA reductase was measured by quantitative PCR using an

ABI Prism 7300 apparatus (Applied Biosystems), and

presented as the relative value to the mRNA level of

b-actin.

Statistical Analysis

A statistical analysis was performed with software, SPSS

15.0J. The statistically significant differences of the means

among four groups were evaluated by non-parametric

statistical analysis (Kruskal–Wallis) and individual com-

parisons were made by Tukey’s multiple comparison test.
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A statistically significant difference of the means between

two groups was evaluated by the Mann–Whitney test.

Results

Resistant Starch Content of Various Types

of Cornstarch

Figure 1 shows the RS contents of the four cornstarch

samples used in this study. The RS content was signifi-

cantly higher in HA and HHA than in the other types.

Food Intake and Body Weight

Table 2 shows the food intake and initial and final body

weights in rats fed the high-cholesterol diets containing

each of the starch samples. No significant between-group

difference was found in terms of food intake. The final

body weight was not significantly different between the CS

and HCS groups or between the HA and HHA groups, but

was significantly lowest in the HHA group whose RS

content was higher than CS and HCS groups, showing that

the high-RS diet was effective in reducing body weight.

Serum Lipid Levels

Table 3 shows the serum lipid levels in rats fed the high-

cholesterol diets containing each starch. The serum TC

level was significantly higher in the HHA group than in

the CS and HCS groups. The LDL-cholesterol level was

significantly increased in the HA and HHA groups

compared to the CS and HCS groups. No significant

differences were observed in the level of HDL-choles-

terol or total lipid level among the groups. The

triglyceride level and arteriosclerosis index were signifi-

cantly higher in the HHA group than in the CS, HCS,

and HA groups.

Liver Tissue Weight and Liver Lipid Levels

Table 4 shows the liver weight and lipid levels in rats fed

the high-cholesterol diets containing each starch. No sig-

nificant difference was observed in the liver weight among

the groups. The liver TC level was significantly higher in

the HHA group than in the CS group. The levels of

phospholipids and triglyceride in the test groups was sim-

ilar to those in the control group.

Fecal Dry Weight, RS Content, and Lipid Levels

Table 5 shows the fecal dry weight, RS content, and lipid

levels in rats fed the high-cholesterol diets containing each

starch. The fecal dry weight was significantly higher in the

HA and HHA groups, and increased as the RS level

increased. In the RS content in feces, the HHA group was

the highest of all groups, followed by HA, HCS, and CS

groups, depending on the RS content of the diet. The fecal

TC level was significantly higher in the HHA group than in

the HCS group, showing that the TC level increased with

an elevation in the RS content of the diet. The level of fecal

bile acid was significantly increased in the HA and HHA

groups compared to the HCS group.

Fig. 1 Resistant starch contents in various types of cornstarch.

Resistant starch contents in various types of cornstarch were

measured with a resistant starch kit. CS cornstarch; HCS heat

moisture treated cornstarch; HA high-amylose cornstarch; HHA heat-

moisture-treated high-amylose cornstarch. Values are means ± SE

(n = 7). Bars without a common letter represent significant differ-

ences at P \ 0.05

Table 2 Effects of various types of cornstarch on food intake, and

initial and final body weights in rats fed experimental diets

CS HCS HA HHA

Food intake

(g/day)

20.6 ± 0.5 20.3 ± 0.4 21.1 ± 0.6 20.4 ± 0.6

Initial body

weight (g)

147 ± 2 147 ± 2 149 ± 2 150 ± 2

Final body

weight (g)

332 ± 7b 321 ± 3b 316 ± 2ab 304 ± 2a

Values are means ± SE (n = 7). Values within a row with different

superscript letters denote that there are significant differences at

P \ 0.05. For abbreviations see Table 1
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Cecum Parameters

Table 6 shows the cecal tissue and content weights, pH,

and organic acid level of the contents in rats fed the high-

cholesterol diets containing each starch. The cecal tissue

weight was significantly increased in the HHA group,

compared to the CS group. No significant between-groups

difference was found in the weight of cecal contents. The

pH of the cecal contents was significantly lower in the HA

and HHA groups. The maleic acid level of the cecal con-

tents was significantly increased in the HA and HHA

groups, compared to the CS and HCS groups. The level of

succinic acid was higher in the HA and HHA groups than

in the CS group. In the level of lactic acid and acetic acid,

no significant difference was observed among the groups.

The propionic acid and butyric acid levels were

significantly lower in the HHA group than in the CS and

HCS group.

Levels of Plasma Mevalonic Acid and Liver

HMG-CoA Reductase mRNA

Figure 2 shows the plasma mevalonic acid and the liver

mRNA levels of HMG-CoA reductase in rats fed the high-

cholesterol diets containing each starch. The feeding of

HHA did not change the plasma mevalonic acid level, an

index of liver cholesterol synthesizing-enzyme activity,

among the groups. The mRNA level of HMG-CoA

reductase in the HHA group was similar to that in the CS

group. The absence of significant differences in the meva-

lonic acid or mRNA level of HMG-CoA reductase in the

liver was observed between the CS and HHA groups.

Table 3 Effect of various types of cornstarch on serum lipid levels in rats fed experimental diets

CS HCS HA HHA

Total cholesterol (mmol/l) 5.67 ± 0.31a 5.79 ± 0.34a 6.52 ± 0.10ab 7.40 ± 0.31b

LDL-cholesterol (mmol/l) 3.93 ± 0.21a 4.29 ± 0.26a 5.71 ± 0.28b 6.23 ± 0.26b

HDL-cholesterol (mmol/l) 1.65 ± 0.09 1.73 ± 0.26 1.75 ± 0.05 1.58 ± 0.04

Triglycerides (mg/dl) 53.7 ± 9.5a 52.0 ± 7.2a 56.3 ± 6.7a 87.2 ± 4.2b

Total lipids (mg/dl) 523 ± 21 626 ± 61 616 ± 26 649 ± 44

Arteriosclerosis index 2.47 ± 0.21a 2.42 ± 0.24a 2.75 ± 0.11a 3.74 ± 0.21b

Values are means ± SE (n = 7). Values within a row with different superscript letters denote that there are significant differences at P \ 0.05.

For abbreviations see Table 1

Table 4 Effect of various types of cornstarch on liver weight and liver lipid levels in rats fed experimental diets

CS HCS HA HHA

Liver weight (g) 20.5 ± 1.1 18.3 ± 0.5 17.8 ± 0.2 17.7 ± 0.9

Liver lipids

Total cholesterol (lmol/g) 175 ± 3a 180 ± 5ab 185 ± 8ab 212 ± 14b

Phospholipids (mg/g) 0.10 ± 0.01 0.17 ± 0.02 0.13 ± 0.05 0.19 ± 0.06

Triglyceride (mg/g) 87.0 ± 7.4 78.3 ± 3.3 71.4 ± 5.3 67.6 ± 2.7

Values are means ± SE (n = 7). Values within a row with different superscript letters denote that there are significant differences at P \ 0.05.

For abbreviations see Table 1

Table 5 Effects of various types of cornstarch on fecal parameters and fecal lipid levels in rats fed experimental diets

CS HCS HA HHA

Dry weight (g/day) 1.79 ± 0.15a 1.64 ± 0.14a 3.07 ± 0.11b 3.60 ± 0.17b

RS content (g/day) 0.01 ± 0.00a 0.02 ± 0.00a 0.64 ± 0.05b 1.31 ± 0.08c

Total cholesterol (lmol/day) 29.5 ± 1.5ab 32.9 ± 1.9a 35.6 ± 2.1ab 38.6 ± 1.0b

Total bile acid (mmol/day) 6.33 ± 0.57ab 5.81 ± 0.30a 8.16 ± 0.50c 7.13 ± 0.37bc

Values are means ± SE (n = 7). Values within a row with different superscript letters denote that there are significant differences at P \ 0.05.

For abbreviations see Table 1
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Discussion

In this study, we investigated the effect of HA and HHA,

which have a high content of RS, on serum cholesterol

levels in rats given a high-cholesterol diet. As a high-

cholesterol diet, the diet containing 0.5% cholesterol,

0.25% cholic acid and 10% lard was used because such a

diet increased serum cholesterol level in rats [16]. As a

result, HHA increased the level of total cholesterol and

triglyceride in serum, arteriosclerosis index and the level of

cholesterol in the liver under the high-cholesterol diet

condition (Table 3), although there are some reports that

HHA decreased serum cholesterol level under the normal

diet condition [4–7]. Similar to our results of HHA, HA

increased the serum level of LDL-cholesterol. These

increasing effects were not observed in rats fed a diet

containing CS or HCS, suggesting that the high amylose

content was a factor for the elevation of serum and liver

cholesterol levels.

In this study, 0.5% cholesterol, 0.25% cholic acid and

10% lard in the high-cholesterol diet was added in order to

increase the level of serum cholesterol. This diet condition

was reported to lower the levels of HMG-CoA reductase

activity and its mRNA level in the liver [17, 18]. In the

present study, no significant differences were observed in

the level of hepatic HMG-CoA reductase mRNA and the

plasma level of mevalonic acid produced by hepatic HMG-

CoA reductase [19] between the CS and HHA groups

(Fig. 2). These results suggest that the promotion of cho-

lesterol synthesis in the liver was not attributed to the

Table 6 Effect of various types of cornstarch on cecal parameters and organic acids in cecums of rats fed experimental diets

CS HCS HA HHA

Cecum

Tissue weight (g) 0.45 ± 0.04a 0.54 ± 0.04ab 0.57 ± 0.01ab 0.67 ± 0.04b

Content weight (g) 2.35 ± 0.22 1.92 ± 0.18 2.25 ± 0.09 2.02 ± 0.14

pH 7.57 ± 0.09b 7.45 ± 0.08b 6.92 ± 0.06a 6.88 ± 0.10a

Organic acid (lmol/g wet cecal content)

Maleic acid 1.38 ± 0.37a 1.13 ± 0.21a 2.78 ± 0.20bc 3.37 ± 0.32c

Succinic acid 0.59 ± 0.23a 2.90 ± 0.61ab 6.75 ± 1.22b 6.87 ± 2.20b

Lactic acid 1.02 ± 0.32 0.94 ± 0.11 1.43 ± 0.11 1.26 ± 0.16

Acetic acid 10.8 ± 1.6 9.82 ± 1.18 9.03 ± 1.36 7.16 ± 0.55

Propionic acid 2.31 ± 0.74b 2.48 ± 0.49b 2.27 ± 0.28ab 1.65 ± 0.16a

Butyric acid 1.17 ± 0.36b 1.35 ± 0.20b 0.92 ± 0.13ab 0.45 ± 0.08a

Values are means ± SE (n = 7). Values within a row with different superscript letters denote that there are significant differences at P \ 0.05.

For abbreviations see Table 1

Fig. 2 Effects of various types of cornstarch on the levels of serum

mevalonic acid and liver HMG-CoA reductase mRNA in rats fed a

high-cholesterol diet. Mevalonic acid in serum was quantified by

HPLC. The mRNA level of HMG-CoA reductase in the rat liver was

measured by quantitative PCR. The mRNA level of HMG-CoA

reductase was presented as the relative value to that of b-actin. CS
cornstarch; HCS heat-moisture-treated cornstarch; HA high-amylose

cornstarch; HHA heat-moisture-treated high-amylose cornstarch.

Values are means ± SE (n = 7)
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serum and liver cholesterol-elevating effect by HHA

ingestion.

In contrast, the lowering effect of resistant starch on the

serum cholesterol level has previously been reported to be

related to the promotion of bile acid excretion [20]. In

addition, there is a report that the promotion of cholesterol

uptake into the liver was a factor for the decreasing effect

of resistant starch on the serum cholesterol level [21]. In

this present study, no significant increase in bile acid

excretion was apparent in any group fed on the HHA diet.

Therefore, the promotion of bile acid excretion is not

probably related to the increasing level of serum and liver

cholesterol by HHA ingestion.

No information is still available on the elevation of

serum level of cholesterol and triglyceride by intake of

HA or HHA under the condition of a normal diet. Van-

hoof and Schrijver [9] reported that retrograded HA

lowered the serum cholesterol level in rats fed on 1%

cholesterol- and 0.1% cholic acid-loading diet. However,

their study differs from our study in view of the use of

lard-unloaded diet and resistant starch contents used.

Verbeek et al. [20] reported that the retrograded amylose

decreased the serum cholesterol level in rats fed a cho-

lesterol- and lard-loading diet. However, their study

differs from our study in view of the use of cholic acid-

unloaded diet. We investigated the effect of HHA on

serum cholesterol level in rats fed a diet with 0–0.1%

cholesterol, 0.1% cholic acid and 10% lard, and showed

that HHA decreased serum cholesterol level in the rats

fed a diet with 0.1% cholesterol [10]. In addition, our

preliminary experiment of 0.25% instead of 0.1% cholic

acid showed that a HHA had a lowering effect on the

serum cholesterol level in rats fed on a 0.5% cholesterol

and 10% lard diet (data not shown). Therefore, these

results suggest that the serum level of the cholesterol- and

triglyceride-elevating effect of HHA was dependent on

the diet conditions, and the effect is highly likely to be

caused by 0.5% cholesterol, 0.25% cholic acid and 10%

lard in the diet.

Shibata et al. [16] showed that the level of serum cho-

lesterol markedly increased in rats fed a diet with 0.5%

cholesterol, 0.25% cholic acid and 10% lard, but no change

in the activity for hepatic HMG-CoA reductase and

CYP7a1, and a decrease in the level of LDL receptor

mRNA was observed. Stanley et al. [22] reported that

myristic, lauric and palmitic acids which are abundant in

animal fats increased the level of serum cholesterol

because the saturated fatty acids decreased the expression

of the gene coding for the LDL receptor and increased

expression of the gene coding for the VLDL particles

released. Given that the serum level of cholesterol and

triglyceride was increased by intake of high-cholesterol

diet, HHA increased the serum level of LDL-cholesterol

and triglyceride, a main lipid component in VLDL. This

result suggests that intake of HHA affects factors involved

in cholesterol metabolism.

However, it is unlikely that HHA itself increased the

serum cholesterol and triglyceride levels, because HHA is

not absorbed into the body due to being poorly digested.

Thus, HHA may be indirectly involved in the serum cho-

lesterol- and triglyceride-elevating effects. One of the

possible reasons for the indirect action of HHA is organic

acids in cecum contents. Hara et al. [23] have reported that

a serum cholesterol-decreasing effect of feeding dietary

fiber may be involved in the increased content of organic

acids produced in the cecum of rats due to the inhibition of

cholesterol synthesis in the liver. In this study, the con-

centration of maleic and succinic acids was elevated by

HHA intake. There is a report that maleic acids decreased

the level of serum cholesterol [24]. In addition, our pre-

liminary experiment showed that the intake of maleic and

succinic acids reduced the serum cholesterol-elevating

effect using rats (data not shown). Therefore, maleic acid

and succinic acid have little to do with the increase in the

serum cholesterol level. In contrast, only propionic acid

showed a significant decrease among organic acids in the

cecum contents of HHA group. Interestingly, Chen et al.

[25] have reported that the ingestion of propionate reduced

the level of serum cholesterol in rats. Lin et al. [26]

reported that propionate inhibited cholesterol and trigly-

ceride synthesis in rat hepatocytes in a dose-dependent

manner. It is possible that propionic acid produced by the

intake of HHA caused the increase in serum cholesterol

and triglyceride levels, due to low level of propionic acid in

the cecum content.

In humans, although HA and HHA have been reported

to lower the serum cholesterol level [27], no information is

yet available about an increase in serum cholesterol level

caused by ingestion of HHA. Our animal experiments

showed that the intake of HHA in conjunction with a high-

cholesterol/high-animal fat diet could increase serum

cholesterol and triglyceride concentration in humans.

However, since the metabolism of cholesterol and lipids in

humans is different from that in rats, further studies on the

effects of HHA in human and experimental animals will be

required.

In conclusion, the intake of HHA elevated the serum and

liver cholesterol levels and the arteriosclerosis index in

association with a high-cholesterol diet. These results

suggest that HHA, when consumed in conjunction with a

high-cholesterol/high-animal fat diet, does not reduce

serum cholesterol levels, but rather increases the risk of

arteriosclerosis. Although the use of resistant starch has

become popular in recent years, it is important to note that

starch under severe conditions, such as in the case of heat-

moisturing, has some undesirable effect on the target
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function of the body. Further experimentation will be

needed to learn more about the effect of HHA at bio-

chemical and physiological levels.
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Abstract Insulin resistance is characterized by increased

metabolic uptake of fatty acids. Accordingly, techniques

to examine in vivo shifts in fatty acid metabolism are of

value in both clinical and experimental settings. Partially

metabolizable long chain fatty acid (LCFA) tracers

have been recently developed and employed for this

purpose: [9,10-3H]-(R)-2-bromopalmitate ([3H]-BROMO)

and [125I]-15-(q-iodophenyl)-3-R,S-methylpentadecanoic

acid ([125I]-BMIPP). These analogues are taken up like

native fatty acids, but once inside the cell do not directly

enter b-oxidation. Rather, they become trapped in the

slower processes of x and a-oxidation. Study aims were

to (1) simultaneously assess and compare [3H]-BROMO

and [125I]-BMIPP and (2) determine if tracer breakdown

is affected by elevated metabolic demands. Catheters were

implanted in a carotid artery and jugular vein of Sprague–

Dawley rats. Following 5 days recovery, fasted animals

(5 h) underwent a rest (n = 8) or exercise (n = 8) (0.6 mi/h)

protocol. An instantaneous bolus containing both [3H]-

BROMO and [125I]-BMIPP was administered to determine

LCFA uptake. No significant difference between [125I]-

BMIPP and [3H]-BROMO uptake was found in cardiac or

skeletal muscle during rest or exercise. In liver, rates of

uptake were more than doubled with [3H]-BROMO

compared to [125I]-BMIPP. Analysis of tracer conversion

by TLC demonstrated no difference at rest. Exercise

resulted in greater metabolism and excretion of tracers

with *37% and *53% of [125I]-BMIPP and [3H]-

BROMO present in conversion products at 40 min. In

conclusion, [3H]-BROMO and [125I]-BMIPP are indistin-

guishable for the determination of tissue kinetics at rest in

skeletal and cardiac muscle. Exercise preferentially

exacerbates the breakdown of [3H]-BROMO, making

[125I]-BMIPP the analogue of choice for prolonged

([30 min) experimental protocols with elevated metabolic

demands.

Keywords Tracer � Kinetics �
Thin layer chromatography � Uptake � Clearance

Abbreviations

[125I]-BMIPP [125I]-15-(q-Iodophenyl)-3-R,S-

methylpentadecanoic acid
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Kt Tissue long chain fatty acid clearance

LCFA Long chain fatty acid

NEFA Nonesterified fatty acid

Rt Index of tissue long chain fatty acid

uptake

TLC Thin layer chromatography
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Introduction

Abnormalities in lipid trafficking and uptake are a hall-

mark of numerous metabolic disease states including

obesity, type 2 diabetes and atherosclerosis. To assess

lipid kinetics in these states, partially metabolizable long

chain fatty acid (LCFA) tracers have been developed for

use in vivo [1–7]. Two such tracers are [9,10-3H]-(R)-2-

bromopalmitate ([3H]-BROMO) and [125I]-15-(q-iodo-

phenyl)-3-R,S-methylpentadecanoic acid ([125I]-BMIPP).

Both analogues are taken up by tissues like native sub-

strates however, once inside the cell, they become trapped

in various stages of x or a-oxidation. As a result, the

analogues remain in the tissue allowing their quantifica-

tion by specific activity.

Developed and extensively tested by Oakes et al. [8],

[3H]-BROMO shows excellent retention in the majority of

tissues examined. Studies employing this tracer were the

first to effectively show increased efficiency of tissue

LCFA uptake in a model of dietary induced insulin resis-

tance [9]. BMIPP was developed by Knapp et al. [10–12]

and has been primarily used for cardiac imaging with an

[123I] label. Using single photon emission computed

tomography (SPECT) defects in fatty acid uptake by the

heart are imaged and are indicative of ischemia or tissue

injury [5, 13–15]. Like [3H]-BROMO, the tracer has also

proven to be a powerful tool in evaluating various phar-

macological treatments on cardiac metabolism [16–19].

To date, numerous studies have individually assessed

the metabolism of these fatty acid tracers in vivo and some

comparisons between different tracers have been reported

[1]. However, studies directly comparing [125I]-BMIPP and

[3H]-BROMO in specific tissues under varied metabolic

conditions have not been performed. Therefore, the aim of

the present study was to assess and compare [125I]-BMIPP

and [3H]-BROMO in vivo. The effects of enhanced LCFA

metabolism due to exercise on tissue retention of these

tracers was examined. Together, these studies will provide

needed information on the use of [125I]-BMIPP and

[3H]-BROMO, and their applicability to the study of

metabolism.

Experimental Methods

Animals

Male Sprague–Dawley rats (Harlan Industries, Indianapo-

lis, IN) were housed individually and maintained at 23�C

on a 0600–1800 hours light cycle. Rats were fed standard

chow ad libitum (Purina, Nestlé, St Louis, MI) and given

free access to water. The rats were housed under these

conditions for *1 week, by which time their weights had

reached *330 g. Following weight gain, rats were ran-

domly divided into rest and exercise groups (n = 8 per

group). All procedures were approved by the Vanderbilt

University Animal Care and Use Subcommittee and fol-

lowed National Institutes of Health guidelines for the care

and use of laboratory animals.

Surgical Procedures

Surgical procedures were performed as previously descri-

bed for arterial and venous catheterizations [20]. Briefly,

animals were anaesthetized with a 50:5:1 vol/vol/vol

mixture of ketamine, rompun, and acepromazine, and the

left common carotid artery and right jugular vein were

catheterized with PE50 catheters, which were exteriorized

and secured at the back of the neck, filled with heparinized

saline (150 U/ml), and sealed with a stainless steel plug.

Immediately post-surgery, each animal received 75 mg/kg

of ampicillin subcutaneously to prevent infection. After

surgery, animal weights and food intake were monitored

daily.

Isotopic Analogues

(q-iodophenyl)-3-R,S-methylpentadecanoic acid was a

kind gift from Oak Ridge International Laboratories (Oak

Ridge, TN). Radioiodination was performed according to

the manufacturer’s suggested protocol. Briefly, (q-iodo-

phenyl)-3-R,S-methylpentadecanoic acid was heated in the

presence of Na[125I] solution (740 MBq/200 ll), propionic

acid, and copper (II) sulfate. Na2S2O3 was then added and

the organic phase ether extracted and sequentially back

extracted with saturated NaHCO3 and water. After evapo-

ration, the [125I]-BMIPP was solubilized using sonication

into ursodeoxycholic acid. The initial concentration of

[125I]-BMIPP was 1.05 lCi/ll. However, due to the short

half life of [125I]-BMIPP, the administered dose was vol-

umetric. A dose of 100 ll was administered and the

activity of the tracer was determined for each individual

animal and corrected for any decay. To limit tracer decay,

all studies were performed within 30 days of synthesis.

[3H]-BROMO was prepared by American Radioactive

Chemicals Co (St Louis, MO) from palmitic acid as pre-

viously described [8]. The final concentration was 1 lCi/ll.

On the day of the experiment, 20 ll of [3H]-BROMO was

evaporated and reconstituted in 100 ll of saline containing

0.35 mg/ml rat albumin (Sigma Chemical, St Louis, MO).

This solution was added to 100 ll of [125I]-BMIPP in ur-

sodeoxycholic acid. In total, [3H]-BROMO, 19.5 lCi was

administered to each animal. On the day of the experiment,

5 ll of infusate was retained for normalization of radioac-

tivity while the remaining 195 ll was administered to the

animal.
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Resting Studies

On the morning of the study, rats were fasted for 5 h in a

clear Tupperware (2 l) container lined with bedding.

Approximately 1 h prior to the experiment, catheters were

flushed with heparinized saline (10 U/ml) and connected to

PE50 and Silastic tubing for infusions and sampling. Rats

were then placed in the Tupperware container until the

commencement of the experimental protocol. Throughout

the experimental protocol rats were conscious and unre-

strained. In total the experimental protocol was 40 min in

duration. Prior to tracer infusions, a basal blood sample

were obtained (100 ll) for the measurement of isotopic

analogues, plasma glucose, insulin and nonesterified fatty

acids (NEFA). To prevent declines in hematocrit, the

erythrocytes taken prior to isotopic analogue infusion were

washed in saline and re-infused shortly after each sample

was taken. At 0 min, an instantaneous bolus of [125I]-

BMIPP and [3H]-BROMO was administered and additional

plasma samples (200 ll) were obtained at 2, 5, 10, 15, 25,

and 40 min for the measurement of [125I]-BMIPP, [3H]-

BROMO, NEFA and plasma glucose. Following the final

blood sample, rats were anesthetized with pentobarbital

sodium and skeletal muscle (gastrocnemius), liver, heart,

brain and epididymal fat were rapidly excised, rinsed in

saline to remove excess blood, freeze clamped in liquid

nitrogen and frozen at -80�C until further analysis.

Exercise Studies

Two days prior to the protocol, rats in this treatment were

acclimated by running on a motorized treadmill for 10 min

at 0.6 mi/h. On the morning of the study, rats were fasted

for 5 h in a clear Tupperware (2 l) container lined with

bedding. Approximately 1 h prior to the experiment,

catheters were flushed with heparinized saline (10 U/ml)

and connected to PE50 and silastic tubing for infusions and

sampling. Rats were then placed in the treadmill until the

commencement of the experimental protocol. Following

basal blood sampling, rats were run on the treadmill at

0.6 mi/h and samples were obtained as in the resting pro-

tocol. This exercise intensity is moderate for rats. At

40 min, rats were anesthetized and tissue samples were

obtained as previously described.

Plasma Analysis

Plasma NEFAs were measured spectrophotometrically by

an enzymatic colorimetric assay (Wako NEFA C kit, Wako

Chemicals Inc., Richmond, VA). Plasma glucose concen-

trations were measured by the glucose oxidase method using

an automated glucose analyzer (Beckman Instruments,

Fullerton, CA). [125I]-BMIPP and [3H]-BROMO were

measured in the same plasma sample (15 ll). Plasma was

counted for [125I]-BMIPP using a Beckman Gamma 5500

counter (Beckman Instruments, Fullerton, CA). Following

this, 100 ll of 50% ethanol was added to the sample and 3H

radioactivity was counted after addition of fluor (10 ml;

Ultimate Gold, Packard Bioscience, Boston, MA.) using a

Packard Tri-Carb 2900TR Liquid Scintillation Analyzer

(PerkinElmer, Boston, MA). In addition, plasma was also

analyzed by thin layer chromatography (TLC) by methods

that were derived from Kropp et al. [21]. Here, individual

plasma time points were examined by TLC from a repre-

sentative animal in each treatment group. TLC plates

reflecting plasma samples were segmented into 1 cm sec-

tions and analyzed for tracer and tracer conversion products.

Each plate was examined for radioactivity. Significant

radioactivity appearing in minor lipid fractions over time

was considered evidence of tracer breakdown, although the

exact chemical nature of each product was not identified.

Tracer conversion or breakdown was calculated as a ratio of

total activity appearing on the plate for each time point.

Tissue Analysis

Total [125I] radioactivity in tissues was determined on

sections of whole tissue (*100 mg) using a Beckman

Gamma 5500 counter (Beckman Instruments, Fullerton,

CA). Following this, total lipid was extracted from the tis-

sue using a modified Folch–Lees extraction [22]. The [125I]

radioactivity in this fraction was then reassessed before

10 ml of flour was added to samples and then 3H radioac-

tivity determined by liquid scintillation counting (Packard

TRI-CARB 2900TR, Packard, Meriden, CT) with Ultima

Gold (Packard) as scintillant. The relationship between

gamma radioactivity and beta emissions using this specific

process and counter has been previously established in our

laboratory. This relationship was used to correct 3H radio-

activity for beta-emissions originating from [125I]

radioactivity in both tissue and plasma samples [3]. In

addition, lipid was extracted from a portion of each tissue

(*100 mg) from four rats in both the resting and exercise

protocols using a Folch–Lees extraction [22]. Lipid frac-

tions were then separated by TLC [23]. Plate segments were

subsequently separated and individually counted. Tissues

plates were separated based on lipid fraction (phospholipid,

mono-diglyceride, free fatty acids and triglyceride).

Calculations

Plasma Kinetics

Identical equations were used for the determination of

[125I]-BMIPP and [3H]-BROMO kinetics. Plasma tracer (p)

kinetics are based on the disappearance of tracer from the
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plasma over time. Movement of the tracer out of the

plasma pool into tissues is denoted by clearance (Kp, Eq.

1). When Kp is expressed in terms of tracee or mean LCFA

concentration as measured by an enzymatic assay, the

measure is termed uptake (Rp, Eq. 2). Finally, if Kp is

expressed as a fraction of the original tracer dose admin-

istered (D), the resultant expression is metabolic clearance

rate or MCRp. Equations 1–3 are calculated independently

for [125I]-BMIPP and [3H]-BROMO. Equations employed

were defined as follows where $0
t represents integral over

the time between 2 and 40 min.

Kp ¼
Z t

0

½125
I]-BMIPP or ½3H�-BROMO

h i
pdt ð1Þ

Rp ¼ Kp½LCFA�p ð2Þ

MCRp ¼
D

R t

0
½125

I�-BMIPP or ½3H�-BROMO
h i

pdt
ð3Þ

Tissue Kinetics

Rates of tissue LCFA clearance (Kt, Eq. 4) and metabolic

indices (Rt, Eq. 5) were calculated from the accumulation

of [125I]-BMIPP and [3H]-BROMO in tissues (t) relative to

the integral of the plasma (p) concentration following the

instantaneous bolus. These measurements follow from Eqs.

1–3 and have been previously described [3, 9].

Kt ¼
½125

I�-BMIPP or ½3H�-BROMO
h i

t

R t

0
½125

I�-BMIPP or ½3H�-BROMO
h i

pdt
ð4Þ

Rt ¼ Kt½LCFA�p ð5Þ

A one-way repeated measures analysis of variance

(ANOVA) was performed to compare differences

between [125I]-BMIPP and [3H]-BROMO within specific

tissues. To determine differences over time for blood

glucose and NEFA, a two-way repeated measures

ANOVA was performed. To establish differences within

ANOVA, a Tukey post hoc test was used. Significance

levels of p B 0.05 were employed, and data are reported

as means ± standard error of the mean (SEM).

Results

Animal Characteristics

Baseline animal characteristics for both rest and exercise

experiments are outlined in Table 1. Blood glucose

remained stable in the rest group (7.7 ± 0.3 mM at

40 min) while it steadily increased in the exercise group to

11.5 ± 0.6 mM at the end of the protocol (p \ 0.05).

Plasma NEFA levels remained stable with average values

of 0.63 ± 0.06 mM and 0.56 ± 0.05 mM for rest and

exercise studies at the end of the experimental protocol

(p [ 0.05). All animals in the exercise protocol were able

to successfully complete the required 40 min of exercise.

Metabolic Clearance and Uptake

Whole body metabolic clearance in the resting state was set

to an arbitrary value of 1.0 for each tracer for comparison

to the exercise treatment. Results show comparable incre-

ments in fatty acid clearance for each tracer with exercise

(Fig. 1). Tissues (skeletal muscle, heart, liver, adipose

tissue) were examined for rates of fatty acid uptake

(Rt, lmol/100 g/min). Absolute values are shown in Fig. 2.

No quantitative difference between [125I]-BMIPP and [3H]-

BROMO Rt values were noted during the resting protocol

with the exception of the liver. In the liver, rates of Rt

calculated using [3H]-BROMO was more than double that

calculated using [125I]-BMIPP.

Tracer Correlations

Correlations of tissue fatty acid uptake between [125I]-

BMIPP and [3H]-BROMO are plotted in Fig. 3. R2 values

for resting and exercise samples are plotted individually,

and an aggregate value also presented. Results of individ-

ual muscle types for rest and exercise studies were at least

moderately correlated, with aggregate R2 values of 0.39,

0.55, 0.26, and 0.56 for the soleus, vastus lateralis, gas-

trocnemius and heart respectively. In contrast, data from

liver and adipose tissue are poorly correlated between

tracers with both treatments.

Table 1 Baseline characteristics of animals in the sedentary and exercise experiments

n Weight (g) Recovery (days) Glucose (mM) NEFA (mM) Hct 0 (%) Hct 40 (%)

Rest 8 330 ± 10 7.8 ± 0.9 7.3 ± 0.2 0.76 ± 0.11 47 ± 1 43 ± 1

Exercise 8 340 ± 12 8.3 ± 0.4 7.5 ± 0.2 0.73 ± 0.11 46 ± 1 41 ± 1

Recovery (days) reflects the number of days between surgery and the experiment. Basal plasma glucose (glucose) and non-esterified fatty acids

(NEFA) are shown along with starting and ending hematocrit (Hct) levels
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Plasma Analysis

Analysis of tracer distribution in resting animals by TLC

demonstrated no observable differences between [125I]-

BMIPP and [3H]-BROMO at rest. Each tracer showed the

expected exponential decay pattern and similar rates of

fractional conversion in this state (Table 2). Analysis of

fractional conversion during exercise was comparatively

greater than exercise at all time points analyzed. Further-

more, results show conversion of [3H]-BROMO to exceed

that of [125I]-BMIPP in the latter stages ([20 min) of the

experiment (Table 2).

Tracer Tissue Distribution

The intracellular fate of tracers were analyzed by TLC.

Results demonstrated tracers to reside in three distinct

fractions (Table 3). The first fraction contained phospho-

lipid, monoglyceride, and diglyceride (PL + MG + DG)

while others analyzed free fatty acids (FFA), triglyceride

(TG). Analysis showed the majority of radioactivity resi-

ded in the PL + MG + DG fraction followed by FFA and

finally TG. Differences between tracer distributions were

minimal. At rest, a lower fraction of [125I]-BMIPP was

found in TG in cardiac muscle. During exercise, lower

[125I]-BMIPP was found in cardiac FFA and skeletal

muscle TG.

Discussion

The purpose of this study was to assess and compare [3H]-

BROMO and [125I]-BMIPP during rest and a state of

accelerated fatty acid metabolism (moderate exercise).

Tracers were simultaneously administered so that direct

comparisons of tissue fatty acid uptake could be made.

Results show good agreement between [3H]-BROMO and

[125I]-BMIPP for cardiac and skeletal muscle during rest

and exercise. In contrast, liver and epididymal fat pads

showed poor correlations under both conditions. At rest,

rates of liver [3H]-BROMO uptake were more than double

those of [125I]-BMIPP.

Conceptually, both agents are regarded as ‘‘generic’’

long chain fatty acid tracers. The close agreement between

these tracers in muscle tissue is reassuring in terms of this

usual simplification. There may be tissue specific differ-

ences related to precise molecular structure of both fatty

acids and fatty acid tracers that are reflected in the differ-

ences in adipose and liver. An increase in hepatic

extraction and breakdown of [3H]-BROMO compared to

[125I]-BMIPP may also play a role. Evidence of increased

hepatic [3H]-BROMO breakdown has been previously

reported [8]. Intravenous administration of [3H]-BROMO

to rodents found liver to have a retention rate of only 77%

compared to skeletal muscle that retained over 90% of

tracer during 16 min of infusion [8]. Given these and the

present findings, it is reasonable to hypothesize that [125I]-

BMIPP retention rates may most closely reflect actual liver

LCFA uptake. For epididymal fat, we show absolute rates

of fatty acid uptake to be similar between tracers. However,

correlation of individual animals between [3H]-BROMO

and [125I]-BMIPP for this tissue yielded poor results. This

discrepancy is likely due to the low rate of fatty acid uptake

and tracer detection in this tissue.

To examine fractional conversion of each tracer by tis-

sue, detailed analysis of tracer distribution in plasma over

time was conducted by TLC. A known conversion product

for [3H]-BROMO is 3H2O. Previous analysis of the tracer

show conversion to be *5% of the dose at 16 min in

sedentary rats [8]. This value compares favorably with the

Fig. 1 Relative change in whole body LCFA clearance rates (MCR)

for [3H]-BROMO (top panel) and [125I]-BMIPP (bottom panel) from

rest to exercise. Calculations are based on the measurement of

radioactivity in the plasma over time. As tracer moves from the

plasma into tissues, the rate of decay for each tracer can be quantified.

Resting values for each tracer were set to an arbitrary value of one.

Values represent means ± SEM
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present study that estimates a conversion of *4% at

15 min at rest. Like [3H]-BROMO, [125I]-BMIPP becomes

trapped in a-oxidation [24]. End products of this reaction

yield CO2, a fatty acid shortened by one carbon and a

methyl substitution at the second carbon, which in the case

of [123I]-BMIPP and [131I]-BMIPP is 2-(q-iodophenyl)

acetic acid (IPC2) [21]. Previous analysis of fractional

conversion of [123I]-BMIPP show *11% of injected dose

is released at 60 min in humans while perfusion of isolated

rat hearts have a conversion of *12% following 3 h. In the

present study, we show conversion of BMIPP to be *12%

of total radioactivity at 40 min. Comparison of [125I]-

BMIPP and [3H]-BROMO during rest, show comparable

levels of conversion over time. Given this, either tracer is

suitable for resting studies.

Elevation of metabolic demands by moderate exercise

resulted in increases fatty acid uptake in skeletal and

cardiac muscle for both [125I]-BMIPP and [3H]-BROMO.

Generally, tissue extraction of fatty acids doubled with

exercise. This finding confirms previous observations of

Oakes and colleagues [8] who have shown [3H]-BROMO

is not affected by metabolic (oxidative vs. nonoxidative)

status in skeletal muscle. Of note, differences in liver

fatty acid uptake at rest were not observed during

exercise. This may be due to a diversion of blood flow

away from this organ during exercise. In addition to

increasing tracer tissue uptake, exercise also resulted in

greater tissue excretion of tracers at all time points

measured. At 40 min, 37 and 53% of the initial tracer

dose were present in conversion products for [125I]-

BMIPP and [3H]-BROMO respectively. This excretion is

due to elevated a and x-oxidation of fatty acids with

exercise or simply back diffusion. However, despite

increasing fractional conversion with exercise, we show

good agreement between tracers in cardiac and skeletal

muscle.

Fig. 2 Tissue fatty acid uptake

(lmol/100 g/min) for [125I]-

BMIPP (filled bars) and [3H]-

BROMO (empty bars). Tissues

were collected following

40 min of rest or moderate

intensity exercise. * Indicates a

significant difference between

[3H]-BROMO and [125I]-

BMIPP within an experimental

protocol. � Indicates a

significant difference between

rest and exercise for a given

tracer. Values represent

means ± SEM
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From a technical perspective, [3H]-BROMO has

advantages primarily related to the label-induced limita-

tions of [125I]-BMIPP. These include its shorter half-life,

elevated biological risk and synthesis. [125I]-BMIPP has a

half life of 60 days compared to [3H]-BROMO which is

12 years. Given this, corrections for tracer decay with

[125I]-BMIPP need to be considered, when studies extend

over days to weeks. In the present study, a single batch of

[125I]-BMIPP was employed and studies occurred over a 1-

month period. All results were scaled to include corrections

for tracer decay. Another consideration involves the bio-

logical risk involved with working these isotopes. [125I]-

BMIPP is a gamma and X-ray emitter and although used in

low doses, still poses a greater hazard than [3H]-BROMO

which is a lower energy beta emitter. Finally, the labelling

for [3H]-BROMO is complex but the compound is cur-

rently commercially available, while [125I]-BMIPP is

straightforward to label but requires specific precautions

related to iodination, and currently must be performed in an

institutional setting. Finally, in studies where multiple

tracers are employed, there may be specific limitations

related to other radioactive labeled compounds in concur-

rent use. These issues must be considered prior to

commencing studies with either tracer.

In conclusion, this study directly compares isotopic

analogs for the measurement of fatty acid kinetics in vivo.

Results show both analogues are effective for the mea-

surement of FFA uptake and clearance in plasma. We

showed a high correlation between tracers for cardiac and

skeletal muscle. However, in both the liver and adipose

tissue, derived rates of uptake diverged depending on the

specific tracer. As a result, studies employing these or other

fatty acid tracers in these tissues must be interpreted with

caution. Generally, technical considerations argue for [3H]-

BROMO. However, when studies are prolonged ([20 min)

and employ experimental manipulations requiring elevated

metabolism, we show the preferable analog to be [125I]-

BMIPP due to its lower rates of tissue excretion.

Fig. 3 Comparison of fatty acid

uptake rates between [3H]-

BROMO (y axis) and [125I]-

BMIPP (x axis) for individual

tissue measurements. Values for

resting (open circles) and

exercise (closed circles) are

shown along with their

corresponding R2 values for

rest, exercise and total

aggregate are shown

Table 2 Estimated fractional tracer conversion of [3H]-BROMO

and [125I]-BMIPP in plasma over time during rest and exercise

2 (%) 5 (%) 10 (%) 15 (%) 25 (%) 40 (%)

Rest

[125I]-BMIPP 1.2 6.3 12.4 14.3 11.8 11.4

[3H]-BROMO 1.0 4.0 9.2 12.7 10.5 10.4

Exercise

[125I]-BMIPP 4.6 10.4 14.6 17.3 24.7 37.0

[3H]-BROMO 5.3 10.6 21.2 40.4 53.5 52.9

Results represent the % of radioactivity in breakdown products versus

[3H]-BROMO and [125I]-BMIPP as assessed by thin layer

chromatography
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Abstract Total parenteral nutrition (TPN) studies in

human babies of very-low-birth-weight suggest that the

lipid emulsions currently available are not optimum for

neonatal nutrition. Since fatty acid metabolism in human

and pigs is very similar, the present study examines how

lipid emulsions used in clinical TPN (i.e. ClinOleic, In-

tralipid, Lipofundin or Omegaven), with different fatty acid

compositions, administered to neonatal piglets for 7 days,

influenced their tissue fatty acid composition as compared

to those enterally fed with a sow milk replacer. A positive

linear relationship was found between the proportion of all

individual fatty acids in the lipid emulsions or in the milk

replacer versus those in plasma, skeletal muscle, subcuta-

neous fat, liver, heart, pancreas, stomach or intestine total

lipids or in brain phospholipids, the latter showing the

lowest correlation coefficient. With the exception of brain,

the proportion of either oleic acid or a-linolenic acid in the

individual tissues was correlated with those present in

the corresponding lipid emulsion or milk replacer, whereas

the proportion of linoleic acid correlated significantly with

all the tissues studied. With the exception of brain

phospholipids, both eicosapentaenoic and docosahexaenoic

acids were higher in the tissues of piglets receiving

Omegaven than in all other groups. In conclusion, with the

exception of the brain, fatty acid composition of plasma

and different tissues in piglets are strongly influenced by

the fatty acid profile of TPN emulsions. Fatty acid com-

position of brain phospholipids are, however, much less

influenced by dietary composition, indicating an active and

efficient metabolism that ensures its appropriate composi-

tion at this key stage of development.

Keywords Total parenteral nutrition � Fatty acid profile �
Neonatal pig

Introduction

Total parenteral nutrition (TPN) has been used in routine

nutritional care since the 1960s. The first lipid emulsion

developed for TPN was a soybean oil-based lipid emulsion

[1]. This lipid emulsion was marketed as Intralipid and is one

of the most widely emulsions used in TPN administration

[2]. Evidence has accumulated that, in addition to their

nutritional role as energy source, lipid emulsions have

numerous other biologic functions. In particular, it has been

shown that the fatty acid composition of cell membranes is

highly influenced by the fatty acid profile of dietary lipids

[3], which may in turn affect their structural and regulatory

properties [4]. Indeed, lipids can influence numerous phys-

iological processes including some roles of the cellular

membrane such as membrane permeability, receptor path-

ways and membrane-associated enzyme activities [5], and

can also affect the immune function [6, 7].

Preterm infants often require a parenteral lipid emulsion

in order to prevent essential fatty acid deficiency,
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particularly if an adequate energy and lipid intake cannot

be achieved by enteral feeding. The adequacy of soybean

lipid emulsions for the nutritional needs of newborn and

premature infants has been questioned [8]. Soybean-oil-

based lipid emulsions contain only minor amounts of the

long chain polyunsaturated fatty acids (LCPUFA). These

long chain fatty acids, in particular arachidonic acid (AA)

and docosahexaenoic acid (DHA), have essential functions

for early visual and neural development [9–11]. In addi-

tion, AA is the main precursor for eicosanoids [12, 13] and

is known to play a key role in neonatal growth [14, 15].

The endogenous synthesis of LCPUFA from precursor

essential fatty acids (EFA), linoleic acid (LA) and a-lino-

lenic acid (ALA), involves D6 and D5 desaturases,

constituting the n-6 and n-3 PUFA metabolic pathways,

respectively [16, 17]. Although intake of PUFA is required

to prevent any EFA deficiency, it is known that excessive

intake has detrimental effects. Thus, excessive intake of

LA may inhibit D6 desaturase resulting in a decrease in the

formation of DHA from ALA [18]. An excess of n-3 fatty

acids has also been demonstrated to inhibit D-6 desaturase

activity [19], which is responsible for a major decline in

AA concentrations in rats fed a fish oil diet [20]. Desat-

urase activities are limited in preterm and term infants [21],

and the large amounts of LA and ALA in soybean oil

emulsions may further impair LCPUFA formation through

substrate inhibition. Furthermore, the high supply of PUFA

in soybean oil emulsions may enhance lipid peroxidation

[22], which is of particular concern in preterm infants as it

may for example cause liver damage [23]. The lipid con-

tent must be balanced to provide the correct fatty acids for

brain development whilst avoiding the dangers of oxidative

damage.

Total parenteral nutrition studies in human babies of

very-low-birth-weight suggest that lipid emulsions cur-

rently available are not optimum for nutrition of the

neonate [8]. The new lipid emulsions for clinical use are

differentiated by their content in polyunsaturated (n-3 and

n-6), monounsaturated, and saturated fatty acids. Due to

similarities in the fatty acid metabolism in human and pigs

[24], and for obvious ethical reasons, a piglet model of

such treatments has been successfully developed in this

study, and has enabled the effects of the treatments on

tissue composition to be determined.

Materials and Methods

Experimental protocols were carried out as defined by

the regulations of the Animals (Scientific Procedures)

Act 1986, under the appropriate Home Office Licence

and all procedures were agreed by the local ethical

review board.

Experimental Design

Sixteen nulliparous sows (25% Meishan, 12.5% Duroc and

62.5% Large White X Landrace) were entered into the

study. A routine caesarean section was carried out under

anaesthesia at 113 days of gestation (term = 115 days).

Anaesthesia was induced by administration of 2–5 mg/kg

ketamine i.v. (Ketaset, Fort Dodge, Southampton, UK) and

maintained using isoflurane 4–6 % (Schering-Plough Ani-

mal Health, Harefield, UK) oxygen (BOC, Manchester,

UK). Following delivery, the piglets were given oxygen

and an intramuscular injection of vitamin K (0.25 ml,

Konakion MM 10 mg ml-1, Roche Products Ltd, Lewes,

UK) to assist blood clotting and allowed to recover from

anaesthesia.

Piglets were selected so as to balance experimental

groups for sex, body weight at birth and maternal influ-

ences. Practically, each experimental group contained

piglets from at least three sows and within each litter,

male and female piglets were ranked according to weight,

and any outliers removed. Within each gender, piglets

were matched for weight, and randomly allocated to one

of five treatment groups and fed either enterally (E) with

a commercially-available sow milk replacer (4.5 kJ ml-1,

Primary Diets, Ripon, UK); or TPN solution (1,690 J/ml;

99.34 mg ml-1 glucose; 17.89 mg ml-1 amino acids;

Portsmouth Hospital NHS Trust, Portsmouth, UK), plus

one of the following commercially available lipid emul-

sions: Intralipid 20% (Fresenius Kabi Ltd., Runcorn, UK),

ClinOleic 20% (Baxter Healthcare Ltd, Northampton,

UK), Lipofundin 20% (Baxter Healthcare Ltd, North-

ampton, UK) or Omegaven 10% (Fresenius Kabi Ltd.,

Runcorn, UK). The fatty acid profile of the lipid emul-

sions is shown in Table 1. The TPN solution was

formulated according to the prescription used by the local

neonatal care centre (The William Harvey Hospital,

Ashford, Kent). As humans and pigs have similar nutri-

tional requirements [25] it is possible to provide adequate

nutritional support in the pig using clinical TPN regimes,

which is useful in establishing an animal model with

clinical relevance [26].

At 2–4 h post-delivery, piglets of similar body weight

were anaesthetized using isoflurane 0.5–2% (v:v; Schering-

Plough Animal Health, Harefield, UK) and bilateral jugular

catheters were inserted. One of these catheters was used for

daily administration of TPN and the corresponding com-

mercially available lipid emulsion, the other catheter was

used to administer intravenous antibiotics, as required, and

for blood sampling. The TPN solution was infused using a

volumetric infusion pump (IVAC 598, Alaris medical,

Basingstoke, UK) at 2.9 ml/h/kg. and lipid emulsion, via

the same infusion line, using a syringe pump (IVAC P7000,

Alaris medical, Basingstoke, UK) at 0.2 ml/h/kg for the
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first 12 h. After 12 h the infusion rate of the TPN solution

was increased to 5.8 ml/h/kg and lipid emulsion at 0.5 ml/

h/kg and, after 24 h, piglets were receiving TPN solution at

5.8 ml/h/kg and lipid emulsion at 1.0 ml/h/kg. These rates

were maintained throughout the remainder of the study.

Other piglets, after recovering from surgery were fed

enterally with a commercially-available sow milk replacer

(Primary Diets, Ripon, UK). They were initially given

10 ml of milk replacer and subsequently supplied with

100 ml of milk at 4 h intervals, the volume of milk refused

was recorded as a means of measuring intake. Piglets were

weighed daily and given antibiotics i.v. (50 mg benzyl-

penicillin: Crystapen, Brittannia Ltd., Redhill, UK) twice

daily.

On the final day of treatment (a few animals were

slaughtered prior to the end of the study due to the

varying ability of individual piglets to tolerate parenteral

feeding), piglets were humanely slaughtered using pen-

tobarbitone sodium (Euthatal, Rhone Merieux, Harlow,

UK) and blood and tissue samples were taken. All tissue

samples were frozen in liquid nitrogen and were kept at

-80�C until analysis. Blood samples were taken into

EDTA tubes (Teklab, Durham, UK) and centrifuged at

1,400 g in a bench centrifuge for 15 min at 4�C to pro-

duce plasma, which was stored at -20�C for subsequent

analysis.

Processing of Samples

Fresh aliquots of each lipid emulsion as well as milk

replacer, frozen plasma, liver, subcutaneous fat, brain,

heart, pancreas, muscle, intestine and stomach were used

for lipid extraction and purification [27]. To assess the fatty

acid profile of the phospholipids in the brain, following the

lipid extraction, lipids were separated by thin layer chro-

matography using Silicagel 60 F254 plates (Merck,

Darmstadt, Germany) with n-heptane/diisopropyl ether/

acetic acid (70:30:1 v/v/v) as the solvent system. The

bands were visualized with 2070-dichlorofluorescein

(Supelco, Bellafonte, PA, USA) and the phospholipid

fractions were eluted from the plate. Total lipid or phos-

pholipid fatty acids were simultaneously saponified and

methylated following the method of Lepage and Roy [28,

29]. Fatty acid methyl esters were separated and quantified

on a Perkin-Elmer gas chromatograph (Autosystem;

Norwalk, CT, USA) with a flame ionisation detector and a

30 m 9 0.25 mm Omegawax capillary column. Nitrogen

was used as carrier gas, and the fatty acid methyl esters

were compared with purified standards (Sigma Chemical

Co., St. Louise, MO, USA). Individual fatty acids are

expressed as percent of total fatty acids in the sample.

Although all the fatty acids from 10:0 to 22:6 (n-3) were

analyzed in every sample and used in calculating the cor-

responding proportions, in the tables and figures just those

that have any significance due to their particular presence

in the analyzed sample or are of interest due to their

respective endogenous metabolism are given.

Statistical Analysis

Data are expressed as means ± SEM. Treatment effects

(emulsions or enteral feeding) were analysed by one-way

ANOVA with SPSS 12.0 for Windows. When treatment

effects were significantly different (P \ 0.05), means were

tested by a Student–Newman–Keuls test. Linear regres-

sions were calculated by the least-squares method [30]. To

test the potential interrelationship in fatty acid composition

between the emulsions given and the different tissues,

correlations of the proportion of fatty acids in the emul-

sions and the mean value of individual fatty acids in each

tissue were calculated.

Results

Plasma

The fatty acid profile of the plasma (Table 2) shows that

the proportions of saturated and monounsaturated fatty

acids were very similar between the groups with the only

Table 1 Fatty acid profile in the lipid emulsions and the milk

replacer

Fatty

acid

Milk

replacer

Clin

oleic

Intralipid Lipofundin Omegaven

g/100 g fatty acid

10:0 ND ND ND 21.7 ND

12:0 19.2 ND ND 0.4 0.5

14:0 8.6 ND 0.1 0.1 5.8

16:0 23.2 13.0 12.3 9.8 13.0

18:0 6.5 3.8 3.6 3.9 2.5

18:1

(n-9)

33.3 60.3 23.5 17.9 16.0

18:2

(n-6)

6.5 18.4 52.8 39.6 3.3

18:3

(n-3)

0.9 2.1 5.6 4.8 1.3

20:4

(n-6)

ND 0.2 0.2 0.3 1.7

20:5

(n-3)

0.8 0.1 0.6 0.2 20.4

22:6

(n-3)

ND 0.1 0.2 0.1 17.5

All the analyses were carried out in triplicate, and data correspond to

the mean values

ND non detectable
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exception being palmitic acid (16:0) which was the lowest

in Lipofundin and highest in the Omegaven groups. The

n-3 LCPUFA, eicosapentaenoic acid (EPA, 20:5 n-3) and

also DHA (22:6 n-3) was higher in those animals given

Omegaven compared to the other nutritional treatments

(Table 2). AA (20:4 n-6) was almost non-detectable in the

milk replacer and the lipid emulsions except for Omegaven

(Table 1); however the plasma from all groups showed a

considerable and similar proportion of AA (Table 2). There

were no other changes observed in the PUFA between the

groups, either in terms of the lipid of the nutrients supplied

or in the plasma sampled from the animals.

Skeletal Muscle

The fatty acid composition of the skeletal muscle of piglets

maintained on TPN with different lipid emulsions or enter-

ally with milk replacer (Fig. 1) closely corresponded to the

fatty acid composition of the TPN lipid emulsions or the milk

replacer received by each group (Table 1). Of the saturated

fatty acids the greatest proportion in all groups was palmitic

acid and as it would be expected, myristic acid (14:0) was

higher in the skeletal muscle of enterally fed piglets than in

the TPN groups. Oleic acid (18:1n-9) was the predominant

monounsaturated fatty acid in all the groups, being highest in

the ClinOleic group, followed by the enterally fed group.

Among n-6 fatty acids, linoleic acid (18:2 n-6) reached the

greatest proportion in the Intralipid group followed by

Lipofundin (Fig. 1), which fits with its larger proportion in

these specific lipid emulsions (Table 1). The proportion of

AA was similar in all the groups with a tendency of being

slightly although not significantly higher in the Omegaven

group than in the others. The proportion of a-linolenic acid

(18:3n-3) in muscle, was greater in the Intralipid and Lipo-

fundin groups than in the others (Fig. 1), in agreement with

their higher proportion in the corresponding lipid emulsion.

Concerning the long chain n-3 PUFA (EPA and DHA), their

proportions in muscle were much higher in the Omegaven

group than in any of the others.

Subcutaneous Adipose Tissue

As shown in Table 3, the fatty acid profile of subcutaneous

fat also mirrored that of the milk replacer given enterally or

the lipid emulsion given during TPN and was markedly

different between the groups. No differences among the

groups were seen for the saturated fatty acids, whereas the

proportion of oleic acid was higher in both the enterally fed

and the ClinOleic groups than in the others. The propor-

tions of both linoleic and a-linolenic acids in subcutaneous

adipose tissue were higher in the Intralipid and Lipofundin

groups whereas no differences among the groups were

Table 2 Fatty acid composition of plasma in piglets maintained on total parenteral nutrition (TPN) for up to 7 days (n = 5–9/group)

Fatty acid Enteral ClinOleic Intralipid Lipofundin Omegaven

(g/100 g fatty acids)

14:0 0.75 ± 0.27a 0.60 ± 0.35a 0.70 ± 0.26a 1.22 ± 1.03a ND

16:0 18.15 ± 0.75ab 17.05 ± 0.59ab 17.78 ± 1.09ab 14.58 ± 1.02b 18.90 ± 0.67a

18:0 10.07 ± 0.99a 10.39 ± 0.35a 10.40 ± 0.58a 11.54 ± 1.31a 11.01 ± 0.50a

18:1 (n-9) 32.18 ± 2.04a 32.63 ± 3.82a 27.95 ± 2.79a 21.12 ± 1.86a 22.10 ± 1.07a

18:2 (n-6) 17.95 ± 3.88a 18.59 ± 2.29a 24.05 ± 3.34a 22.27 ± 9.38a 15.26 ± 5.58a

18:3 (n-3) 1.00 ± 0.50a 0.98 ± 0.18a 1.47 ± 0.40a 0.80 ± 0.38a 1.05 ± 0.67a

20:4 (n-6) 9.17 ± 1.62a 7.54 ± 0.74a 7.41 ± 0.83a 5.59 ± 2.20a 5.77 ± 1.01a

20:5 (n-3) 0.59 ± 0.11a 0.96 ± 0.15a 0.88 ± 0.24a 3.92 ± 2.10b 7.94 ± 2.02c

22:6 (n-3) 3.06 ± 0.52a 3.19 ± 0.61a 2.49 ± 0.14a 5.55 ± 3.49a 12.19 ± 2.33b

Values are expressed as means ± SEM. Student–Newman–Keuls test was used to determine differences between groups after ANOVA.

Different superscripts in a row indicate significant differences (P \ 0.05)

ND non detectable

Fig. 1 Fatty acid profile (g/100 g fatty acids) of skeletal muscle in

piglets maintained on total parenteral nutrition (TPN) for up to 7 days

(n = 5–6/group). Values are expressed as means ± SEM. Student–

Newman–Keuls test was used to determine differences between

groups after ANOVA. Different letters over each bar indicate

significant differences (P \ 0.05)
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found for AA. Here again, the proportion of both EPA and

DHA was greater in the Omegaven group than in any of the

others.

Liver

In liver, the composition of the fatty acids differ from the

other tissues (Fig. 2). The proportion of saturated fatty acid

was similar among the groups except for stearic acid (18:0)

that was higher in the enterally fed group than in any of the

others. Oleic acid reached the largest proportion in liver of

the ClinOleic group, which fits with being the lipid emul-

sion containing the highest proportion of this fatty acid.

The proportion of linoleic acid was highest in the Intralipid

and the lowest in the Omegaven group. The proportion of

a-linolenic acid in liver was higher in the Intralipid and

Lipofundin groups than in any of the others. With AA, its

highest proportion was reached by the enterally fed piglets,

whereas the rest of the groups showed a similar proportion

including the Omegaven group, which on the other hand

showed the greatest proportion of n-3 LCPUFA, EPA and

DHA (Fig. 2).

Heart, Pancreas, Stomach and Intestine

Similar fatty acid profiles were found in heart (Table 4),

pancreas (Table 5), and stomach (Table 6) and could be

considered together: No major differences were detected

for the saturated fatty acids, although values for stearic acid

appeared lower in enterally fed and ClinOleic treated

piglets than in the other groups in pancreas and stomach.

Oleic acid tended to be higher in these tissues in the piglets

receiving milk replacer enterally or the ClinOleic emulsion

intravenously, than in the other groups. Both linoleic and a-

linolenic acids were higher in these tissues in the groups

given Intralipid and Lipofundin. AA showed a considerable

proportion in these tissues in all the groups even though its

proportion in the administered emulsions or enteral diet

was very low, except for Omegaven. Piglets receiving the

Omegaven emulsion showed the highest proportion of both

EPA and DHA in these three tissues (Tables 4, 5, 6).

In the intestine there were some differences between the

enterally fed piglets and those on TPN that require high-

lighting (Table 7). Higher proportions of lauric (12:0),

myristic and oleic acid were found in the enterally fed

group compared to any of the other groups. In contrast,

proportions of stearic and AA were lower in the enterally

fed piglets than in any of the other groups (Table 7). The

Omegaven group also showed some differences in the

intestine fatty acid profile compared to the other groups,

with a lower proportion of both LA and ALA and a higher

proportion of both EPA and DHA, all of which coincide

with the relative proportions in the profile of the emulsion

(Table 1).

Table 3 Fatty acid composition of subcutaneous fat in piglets maintained on TPN for up to 7 days (n = 5–11/group)

Fatty acid Enteral ClinOleic Intralipid Lipofundin Omegaven

(g/100 g fatty acids)

14:0 2.52 ± 1.25a 0.63 ± 0.23a 0.47 ± 0.17a 0.11 ± 0.04a 0.15 ± 0.07a

16:0 22.09 ± 2.89a 22.87 ± 1.60a 18.28 ± 1.50a 20.34 ± 3.48a 19.53 ± 1.70a

18:0 12.40 ± 1.21a 10.07 ± 0.38a 10.01 ± 0.80a 20.79 ± 1.03b 12.92 ± 1.05a

18:1 (n-9) 40.14 ± 3.89a 46.42 ± 1.94a 29.92 ± 1.13b 26.83 ± 1.55b 27.02 ± 1.72b

18:2 (n-6) 6.14 ± 0.59a 8.93 ± 0.43b 29.06 ± 1.12c 19.79 ± 1.11d 2.41 ± 0.14e

18:3 (n-3) 0.6 ± 0.09a 0.84 ± 0.12a 2.97 ± 0.11b 2.40 ± 0.15c 0.68 ± 0.04a

20:4 (n-6) 2.11 ± 0.74a 1.59 ± 0.40a 1.49 ± 0.28a 2.38 ± 0.42a 2.58 ± 0.22a

20:5 (n-3) 3.03 ± 0.93a 0.32 ± 0.11a 0.41 ± 0.23a 0.25 ± 0.04a 11.73 ± 0.41b

22:6 (n-3) 0.64 ± 0.35a 0.45 ± 0.11a 0.43 ± 0.07a 0.74 ± 0.14a 11.22 ± 0.51b

Values are expressed as means ± SEM. Student–Newman–Keuls test was used to determine differences between groups after ANOVA.

Different superscripts in a row indicate significant differences (P \ 0.05)

Fig. 2 Fatty acid profile (g/100 g fatty acids) of liver in piglets

maintained on TPN for up to 7 days (n = 5–11/group). Values are

expressed as means ± SEM. Student–Newman–Keuls test was used

to determine differences between groups after ANOVA. Different
letters over each bar indicate significant differences (P \ 0.05)
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Brain

In relation to the fatty acid composition of brain phos-

pholipids in piglets fed enterally or maintained on TPN

(Fig. 3), it can be seen that there were no statistical dif-

ferences in the proportions of the main saturated fatty acids

(palmitic and stearic acids) between the different treat-

ments. It is also interesting to notice that the proportion of

Table 4 Fatty acid composition of heart in piglets maintained on TPN for up to 7 days (n = 5–6/group)

Fatty acid Enteral ClinOleic Intralipid Lipofundin Omegaven

(g/100 g fatty acids)

14:0 0.70 ± 0.09a 0.27 ± 0.16b 0.14 ± 0.02b 0.15 ± 0.02b 0.48 ± 0.16ab

16:0 14.13 ± 0.46a 13.15 ± 0.45ab 12.98 ± 0.58ab 12.19 ± 0.32b 12.97 ± 0.32ab

18:0 13.59 ± 0.36a 13.12 ± 0.64a 14.96 ± 0.59a 15.72 ± 0.97a 15.61 ± 0.46a

18:1 (n-9) 24.91 ± 0.93ab 27.62 ± 1.16a 19.47 ± 2.52bc 19.77 ± 1.49bc 17.58 ± 0.45c

18:2 (n-6) 16.16 ± 0.79a 17.63 ± 0.84a 30.28 ± 1.21b 24.95 ± 2.35b 12.64 ± 5.56a

18:3 (n-3) 0.48 ± 0.08a 0.56 ± 0.02a 1.21 ± 0.02b 1.02 ± 0.19b 0.40 ± 0.04a

20:4 (n-6) 14.29 ± 0.82a 12.27 ± 0.66ab 10.32 ± 0.90b 11.56 ± 0.82ab 12.85 ± 0.50ab

20:5 (n-3) 0.42 ± 0.02a 0.38 ± 0.01a 0.31 ± 0.11a 0.50 ± 0.15a 11.08 ± 0.25b

22:6 (n-3) 2.08 ± 0.43a 1.88 ± 0.12a 1.89 ± 0.37a 1.91 ± 0.11a 5.25 ± 1.30b

Values are expressed as means ± SEM. Student–Newman–Keuls test was used to determine differences between groups after ANOVA.

Different superscripts in a row indicate significant differences (P \ 0.05)

Table 5 Fatty acid composition of pancreas in piglets maintained on TPN for up to 7 days (n = 4–7/group)

Fatty acid Enteral ClinOleic Intralipid Lipofundin Omegaven

(g/100 g fatty acids)

14:0 1.28 ± 0.46a 0.18 ± 0.06a 0.39 ± 0.09a 0.37 ± 0.29a 0.25 ± 0.21a

16:0 22.74 ± 0.62b 19.75 ± 0.58a 21.04 ± 0.71ab 23.35 ± 1.18b 22.98 ± 0.66b

18:0 10.70 ± 0.24a 11.60 ± 0.42a 13.75 ± 0.29b 14.01 ± 0.90b 13.83 ± 0.18b

18:1 (n-9) 34.25 ± 1.20a 32.68 ± 0.81a 22.08 ± 0.63b 22.05 ± 0.51b 22.96 ± 0.30b

18:2 (n-6) 11.57 ± 1.00a 13.25 ± 0.71a 22.58 ± 0.64b 20.20 ± 1.48b 7.25 ± 2.17c

18:3 (n-3) 0.53 ± 0.06a 0.37 ± 0.03a 0.90 ± 0.08a 0.85 ± 0.05a 0.42 ± 0.07a

20:4 (n-6) 7.74 ± 0.94a 10.80 ± 0.37a 8.90 ± 1.44a 9.38 ± 0.69a 9.40 ± 0.47a

20:5 (n-3) 0.60 ± 0.07a 0.88 ± 0.01a 0.82 ± 0.03a 0.84 ± 0.08a 7.05 ± 1.54b

22:6 (n-3) 1.36 ± 0.22a 1.26 ± 0.10a 1.37 ± 0.14a 1.50 ± 0.41a 3.74 ± 0.47b

Values are expressed as means ± SEM. Student–Newman–Keuls test was used to determine differences between groups after ANOVA.

Different superscripts in a row indicate significant differences (P \ 0.05)

Table 6 Fatty acid composition of stomach in piglets maintained on TPN for up to 7 days (n = 5–11/group)

Fatty acid Enteral ClinOleic Intralipid Lipofundin Omegaven

(g/100 g fatty acids)

14:0 1.42 ± 0.16a 0.31 ± 0.04b 0.29 ± 0.02b 0.38 ± 0.05b 0.75 ± 0.13b

16:0 20.99 ± 0.35a 19.92 ± 0.67a 18.69 ± 0.29a 19.79 ± 0.56a 21.71 ± 2.12a

18:0 14.26 ± 0.34a 14.73 ± 0.43a 17.02 ± 0.56b 16.81 ± 0.39b 15.73 ± 0.87ab

18:1 (n-9) 31.97 ± 0.47a 32.60 ± 0.71a 21.23 ± 0.29b 21.46 ± 0.86b 22.43 ± 0.49b

18:2 (n-6) 10.28 ± 0.38a 10.68 ± 0.51a 19.53 ± 0.68b 16.85 ± 1.20c 4.78 ± 0.23d

18:3 (n-3) 0.35 ± 0.04a 0.36 ± 0.03a 0.76 ± 0.10b 0.65 ± 0.07b 0.26 ± 0.02a

20:4 (n-6) 10.19 ± 0.26a 11.22 ± 0.31a 10.94 ± 0.43a 11.13 ± 0.15a 9.93 ± 0.84a

20:5 (n-3) 0.89 ± 0.03a 0.87 ± 0.05a 0.95 ± 0.03a 1.07 ± 0.04a 6.38 ± 0.38b

22:6 (n-3) 2.05 ± 0.11a 2.39 ± 0.14a 2.59 ± 0.33a 2.26 ± 0.15a 5.04 ± 0.26b

Values are expressed as means ± SEM. Student–Newman–Keuls test was used to determine differences between groups after ANOVA.

Different superscripts in a row indicate significant differences (P \ 0.05)
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stearic acid seen in brain phospholipids of all the groups is

higher than that present in plasma or in any of the other

tissues studied. The proportion of oleic acid (18:1n-9) was

also similar in all the groups despite the differences in the

proportion of this fatty acid in the emulsions used. In

relation with PUFA, linoleic acid proportions in all the

groups were lower than in any of the other tissues studied,

and values were higher in the Intralipid group, followed by

Lipofundin, which may be related to the high proportion of

this fatty acid in the emulsion’s composition. The propor-

tion of a-linolenic acid was practically undetectable in

brain phospholipids from all the groups, despite its sig-

nificant proportion in the corresponding emulsions. Despite

major differences in the proportions of LCPUFA in the

emulsions or milk replacer, the brain phospholipids showed

similar proportions across the different groups, with the

exception of DHA, which showed a large proportion in all

the groups, although the Omegaven group showed its

greatest proportion (Fig. 3).

Relationship Between Emulsions and Tissues

There were positive significant linear correlations

between the proportion of the fatty acids in the emul-

sions and the proportions of the same fatty acids in each

of the tissues studied, with brain phospholipids showing

the lowest correlation coefficient (data not shown).

Besides, by calculating the relationship of individual

fatty acids for each tissue vs. their proportion in the milk

replacer or lipid emulsions or even in plasma, it was

found that in case of the saturated fatty acids the cor-

relations did not reach statistical significance whereas the

proportions of oleic acid, linoleic acid, a-linolenic acid,

EPA or DHA were significantly correlated in case of

skeletal muscle, subcutaneous fat, liver, heart, pancreas,

stomach or intestine, but not in brain phospholipids (data

not shown).

Discussion

Tissue Fatty Acid Profiles in Piglets on TPN Emulsions

with Different FA Compositions

The present study shows that the fatty acid composition of

the skeletal muscle and subcutaneous adipose tissue from

piglets enterally fed a milk replacer or intravenously

administered ClinOleic, Intralipid, Lipofundin or

Omegaven emulsions—having different fatty acids com-

position—for 7 days from birth, is clearly influenced by the

dietary fatty acid composition, and it is consistent with a

previous report that indicates that fatty acid composition of

adipose tissue and muscle of 7-day-old pigs reflects milk

Table 7 Fatty acid composition of intestine in piglets maintained on TPN for up to 7 days (n = 5–11/group)

Fatty acid Enteral ClinOleic Intralipid Lipofundin Omegaven

(g/100 g fatty acids)

12:0 4.31 ± 1.13a 0.06 ± 0.02b 0.11 ± 0.05b 0.05 ± 0.05b 0.06 ± 0.04b

14:0 3.21 ± 0.66a 0.20 ± 0.03b 0.22 ± 0.02b 0.18 ± 0.05b 0.52 ± 0.09b

16:0 21.16 ± 0.54a 20.28 ± 1.20a 19.52 ± 0.48a 17.25 ± 0.31b 21.13 ± 0.69a

18:0 12.05 ± 1.02a 15.18 ± 1.04b 17.38 ± 0.41bc 19.39 ± 0.41c 17.77 ± 0.77bc

18:1 (n-9) 32.58 ± 0.88a 28.59 ± 1.23b 17.86 ± 0.41c 18.70 ± 0.42c 17.77 ± 0.73c

18:2 (n-6) 13.11 ± 0.97a 11.98 ± 0.60a 22.10 ± 1.07b 19.42 ± 1.16b 4.51 ± 0.23c

18:3 (n-3) 0.89 ± 0.07a 0.46 ± 0.04b 0.94 ± 0.10a 1.00 ± 0.10a 0.32 ± 0.02b

20:4 (n-6) 6.15 ± 0.77a 11.05 ± 0.84b 10.83 ± 0.48b 12.95 ± 0.69b 11.30 ± 0.27b

20:5 (n-3) 0.37 ± 0.04a 0.51 ± 0.05a 0.65 ± 0.06a 0.52 ± 0.04a 10.15 ± 0.29b

22:6 (n-3) 1.45 ± 0.18a 3.17 ± 0.27a 3.08 ± 0.16a 3.93 ± 0.21a 8.49 ± 0.23b

Values are expressed as means ± SEM. Student–Newman–Keuls test was used to determine differences between groups after ANOVA.

Different superscripts in a row indicate significant differences (P \ 0.05)

Fig. 3 Fatty acid profile (g/100 g fatty acids) of brain phospholipids in

piglets maintained on TPN for up to 7 days (n = 4–11/group). Values

are expressed as means ± SEM. Student–Newman–Keuls test was

used to determine differences between groups after ANOVA. Different
letters over each bar indicate significant differences (P \ 0.05)
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fatty acid composition [31]. This fits with the high lipo-

protein lipase (LPL) activity that has been found in adipose

tissue of these animals [31, 32], and although in muscle the

LPL activity is lower, it has been found that there is no

release of NEFA from skeletal muscle during high rates of

LPL action, suggesting that in muscle LPL-derived fatty

acids are effectively trapped in the tissue [33], which is in

accordance with our results. Nevertheless, previous

observations support the hypothesis that lipogenesis may

be significant in adipose tissue of the neonatal pig [31, 34]

and in our study the lack of difference in the proportion of

palmitic acid in adipose tissue between the different groups

studied, despite the fact that milk replacer contained nearly

twofold the proportion of palmitic acid in the TPN emul-

sions, also supports this hypothesis.

In liver, the fatty acid composition must be modulated

by in situ metabolism of fatty acids and the influx of fatty

acids from the diet and/or from the de novo synthesis in the

adipose tissue. Although it has been reported that the rate

of lipogenesis in the liver of newborn piglets is low [35], a

high rate of desaturase activities is found in the liver of

piglets [19, 36]. As a result of this, and even though

Omegaven emulsion is the only one that contains AA in its

composition, all the groups produce high proportions of

AA in liver. It is known that high proportions of long-chain

n-3 fatty acids decrease D-6 desaturase activity [37, 38],

the main enzyme responsible for the synthesis of AA from

linoleic acid, but this effect could be compensated for by

the presence of AA in the Omegaven emulsion, causing the

Omegaven group to have a similar amount of AA in liver in

comparison with the rest of the TPN fed groups. Moreover,

it is important to point out that the highest proportion of

AA in liver is observed in the enterally fed group, and the

lower AA proportion in the TPN treated groups could be

the result of lower rates of desaturation that have been

already reported in other studies as a consequence of TPN

treatments [39]. This lower proportion of AA following

TPN occurs even after treatment with Intralipid, which

contains the highest proportion of linoleic acid as com-

pared to other emulsions and more than eight times higher

than the milk replacer. It could well be that the high dietary

intake of linoleic acid in this group inhibits AA synthesis or

competes with AA for acylation, as it has been previously

proposed [40]. Fatty acid composition of liver is also

influenced by its LPL activity, allowing circulating tria-

cylglycerols to be hydrolyzed and fatty acids to be taken up

by the tissue. In contrast to what occurs in adults, the liver

of the newborn in different species expresses LPL [41, 42]

and the pig is not an exception [32]. In fact, we have

previously shown that the piglets receiving TPN develop

fatty liver, the effect being probably mediated by the action

of LPL contributing to the tissue uptake of circulating fatty

acids [32].

The fatty acid proportion in plasma must be the result of

the influx of fatty acids from the emulsions, plus those from

the metabolic changes taking place in liver and/or adipose

tissue. The fact that no differences were found between the

groups in oleic, linoleic, ALA and even AA in plasma,

despite major differences in their respective proportion in

the different lipid emulsions or milk replacers, would

indicate that they represent a combination of these different

sources. These metabolic changes also influence the fatty

acid composition of other tissues such as heart, pancreas,

stomach and intestine. Among them, the one that follows

most closely the differences found in the lipid emulsions or

milk replacer fatty acid composition is the heart, which has

been reported not to exhibit desaturase activities [19, 43].

Relationship Between the Fatty Acid Profiles

of the TPN Emulsions and in Different Tissues

In order to obtain an approximation of the influence of

administered fatty acids, with the different emulsions or

milk replacer, on the tissue fatty acid composition, linear

correlations were made. Strong linear correlations were

found between the fatty acids in the TPN emulsion given

and the fatty acid composition of plasma and several tis-

sues of piglets, the lowest correlation being found for brain

phospholipids. In an attempt to analyze in more detail the

influence that each fatty acid present in the emulsion has in

its corresponding proportion in the different tissues, cor-

relations were performed and it was found that the

proportions of palmitic and stearic fatty acids, the main

saturated fatty acids, did not correlate with their proportion

in the TPN or in the milk replacer. This finding is consis-

tent with the results found in other studies where it is

observed that lipogenesis is significant in adipose tissue

and muscle of neonatal pigs [31] and in developing brain

[44, 45]. However, different to other tissues, oleic acid in

brain phospholipids did not correlate with this fatty acid in

the TPN emulsions or milk replacer, and its precursor,

stearic acid shows the highest proportion in brain phos-

pholipids than in any of the other tissues studied. Although

we have not measured the actual rate of lipogenesis, these

findings indicate an active elongase process in brain

allowing the efficient conversion of palmitic acid into

stearic acid, and the efficient D6 desaturation of the later,

all of which agree with the active lipid metabolism known

to take place in brain [46], and with the high stearoyl-CoA

desaturase present in brain during the perinatal period [47].

The correlation between the proportion of tissue fatty acids

and those present in the TPN emulsions and milk replacer

were particularly significant for the PUFA, which agrees

with similar previously described findings in adipose tissue

[48]. EFA cannot be synthesized endogenously. The pro-

portion of LA in the emulsions or milk replacer is strongly
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correlated with the proportion found in each of the tissues

studied, including brain phospholipids. However, the LA

derivative, AA, reach a proportion in different tissues that

is independent of its presence (or absence) in the diets. This

indicates an active endogenous synthesis of AA in all the

studied tissues, including brain, where it has been descri-

bed that is active during development [49]. Concerning the

n-3 LCPUFA, present findings indicate that with exception

of brain phospholipids, the presence of both EPA and DHA

in the different tissues is very much dependent on their

presence in the corresponding emulsion or milk replacer,

since despite of the presence of their precursor in the diets

and tissues both fatty acids reached significant proportions

only in the tissues of the TPN-Omegaven group, indicating

that their endogenous synthesis in the neonatal pig is rel-

atively low. This situation completely differs in brain

phospholipids, where the proportion of EPA did not differ

in the piglets receiving Omegaven compared to any of the

other groups and in case of DHA, its comparative pro-

portion in brain of animals on Omegaven versus the rest of

the groups is much smaller than for any of the other studied

tissues. This occurs despite the brain having the lowest

proportion of ALA in all the groups, suggesting a rapid and

efficient conversion to their LCPUFA derivatives, EPA and

DHA.

Final Considerations

It is not possible to directly compare present findings to the

condition present in premature human neonates on TPN.

However, the premature piglet has previously been used as

a model for the premature infant [50–52], and by using an

experimental design similar to that previously used, we

have recently found that during TPN, the piglets show

typical responses previously reported in human infants

[32]. Thus, with the appropriate caution, the findings here

reported can be used to understand some of the responses

to TPN in human premature neonates.

In conclusion, with the exception of the brain, the fatty

acid composition of plasma and of different tissues of

piglets are strongly influenced by the fatty acid profile of

TPN emulsions. However, fatty acid composition in brain

phospholipids is much less dependent on dietary compo-

sition, indicating an active and efficient metabolism that

ensures the appropriate composition in this key stage of its

development. It is proposed that an appropriate availability

of essential fatty acids, rather than synthesized LCPUFA is

needed to ensure an appropriate fatty acid profile in the

brain during its developmental stage.
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Abstract The aim of the present study was to assess the

plasma fatty acid composition of the total plasma lipids and

lipid fractions in obese prepubertal children with and

without metabolic syndrome (MS). Thirty-four obese pre-

pubertal children were recruited: 17 who met MS criteria

and 17 who did not; and twenty prepubertal children of

normal weight. MS characteristics, insulin resistance (by

homeostasis model assessment [HOMA-IR]), and plasma

adiponectin (by radioimmunoassay) were recorded. Sepa-

ration of lipid fractions was performed by liquid

chromatography and the concentration of fatty acids in

total plasma lipids and fractions was determined by gas–

liquid chromatography. Concentrations of 16:1n-7, 16:1n-

9, 18:3n-3, 22:6n-3, and n-3 PUFA in total plasma lipids

(P \ 0.05) and of 16:0, 16:1n-7, 18:1n-9, 18:2n-6, and n-6

PUFA in triacylglycerols (TG) (P \ 0.05) were signifi-

cantly higher in obese MS versus normal-weight children.

Increased risk of MS was positively associated with plasma

concentration of 16:1n-7 and negatively associated with

proportion of 20:4n-6 (OR 2.76; P = 0.004; OR 0.56,

P = 0.030, respectively). Saturated FA in TG were

associated with HOMA-IR (R = 0.349, P = 0.017) and

22:5n-6 with adiponectin (R = 0.336, P = 0.05). In con-

clusion, increased concentrations of 16:1n-7 and decreased

proportions of 20:4n-6 and 22:5n-6 in plasma lipids appear

to be early markers of MS in children at prepubertal age.

Keywords Insulin resistance � Metabolic syndrome �
Childhood obesity � Plasma fatty acid composition �
Plasma lipid fractions � Prepubertal children

Abbreviations

HOMA Homeostatic assessment model

IR Insulin resistance

FSH Follicle-stimulating hormone

LC-PUFA Long-chain polyunsaturated fatty acids

LH Lutein hormone

MS Metabolic syndrome

MUFA Monounsaturated fatty acids

NEFA Non-esterified fatty acids

NMS Non-metabolic syndrome

SCD1 Stearoyl-coenzyme A desaturase 1

SFA Saturated fatty acids

TG Triacylglycerols

TFA Total FA

Introduction

The prevalence of obesity in infancy has dramatically

increased over the last few decades in both developed and

developing countries [1]. Obese patients typically show a

cluster of clinical and metabolic abnormalities known as

metabolic syndrome (MS), characterised by insulin resis-

tance (IR), hyperglycemia, high VLDL triacylglycerols
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(TG), low HDL-cholesterol, and hypertension [2]. Changes

in plasma concentrations of some hormones and adipo-

kines, e.g., adiponectin, are also associated with MS [3].

Evidence is accumulating that IR induced by excess of fat

may be a common link among clinical manifestations of

MS [4–6]. MS has a high prevalence among children and

adolescents, increases with worsening obesity, and is

associated with an increased risk of cardiovascular disease

[4, 7].

Very little research has been published on the associa-

tion between childhood obesity or MS and possible

changes in fatty acid profiles of plasma and its lipid frac-

tions. Alterations in the proportions of saturated fatty acids

(SFA) and some long-chain polyunsaturated fatty acids

(LC-PUFA), mainly arachidonic acid (20:4n-6) have been

reported in pubescent children with MS [8, 9]. More

recently, plasma fatty acid composition was shown to be

associated with MS and low-grade inflammation in over-

weight adolescents [10]. A search of the literature yielded

no data on changes in plasma fatty acid composition related

to obesity or MS in prepubertal children. The study of fatty

acid composition in plasma of prepubertal children with

and without MS may contribute to a better knowledge of

the mechanisms involved in alterations of lipid metabolism

related to early onset and development of obesity and MS.

Therefore, the aim of the present study was to quantify and

compare the plasma fatty acid composition of total plasma

lipids and plasma lipid fractions PL, CE, TG and non-

esterified fatty acids (NEFA) in obese prepubertal children

with and without MS and in prepubertal children of normal

weight.

Experimental Procedures

Subjects

Fifty-four Caucasian children aged 6–12 years, comprising

34 obese and 20 normal-weight children at prepubertal age

(Tanner I) were selected, the clinical stage being confirmed

with the determination of sexual hormones (FSH, LH,

estradiol and testosterone). Children with Tanner II or III

did not enter into the study and Tanner 1 with elevated

levels of hormones that indicated starting puberty, were

excluded. Most of the children that were 12 years old were

boys.

Two recent papers by our group on the postprandial

response of trans and other plasma fatty acids in the pre-

pubertal obese children are based on the same population

of the present report [11, 12]. The study was approved by

the Human Investigation and Ethics Committees of the

University of Granada and the Reina Sofia University

Hospital of Cordoba (Spain). Written informed consent

was obtained from parents and verbal approval from

children.

Classification of Obese Children by Presence/Absence

of Metabolic Syndrome

Although a new worldwide definition for the MS has been

reported for adults [2], there has been no equivalent

international agreement on the criteria for MS in child-

hood. Therefore, our classification of the obese children as

non-MS (NMS) or MS was a modification of criteria

established by the World Health Organisation [13] and the

Adult Treatment Panel of the Cholesterol Education Pro-

gram [14]. MS was diagnosed if three or more of the

following criteria were met in relation to the age and sex of

the child: BMI z score C2.0; plasma TG concentration

[95th percentile; plasma HDL-cholesterol concentration

\5th percentile; systolic or diastolic pressure [95th per-

centile; and impaired glucose tolerance, defined as a fasting

plasma glucose concentration [6.1 mmol/L [15].

Dietary Assessment

Children and parents were interviewed on an individual

basis to obtain information on lifestyle and dietary habits.

Dietary intake was estimated by means of a food-frequency

questionnaire and 72-h dietary survey, using a database of

the composition of Spanish foods [16].

Anthropometric, Blood Pressure, and Sex Maturity

Measurements

An initial examination was conducted by trained pediatric

endocrinologists according to standardised methods. Mea-

surements were taken of height, weight, tricipital and

subscapular skinfolds, and waist and hip circumferences

and the BMI (weight-[kg]/height2 [m2]) and waist-to-hip

ratio were calculated. The BMI z score was calculated

based on the averages and standard deviations of BMI for

the Spanish children population, considering sex and age as

published by Hernández et al. [17]. Blood systolic and

diastolic pressures were measured using a standardised

mercury sphygmomanometer and an adapted cuff size.

Self-assessed Tanner stages and concentrations of plasma

follicle-stimulating hormone (FSH), lutein hormone (LH),

estradiol, and testosterone were recorded and used to

estimate the sexual maturity of the children.

Blood sampling

Baseline blood samples were obtained from children at 9

a.m. after a 12-h overnight fast, using an indwelling venous

line for the measurement of plasma glucose, insulin, sex
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hormones, lipids, total fatty acids, and fatty acid compo-

sition of lipid fractions. All samples were processed within

2 h of sampling, and were divided into aliquots for

immediate processing or for long-term storage at -80 �C

until their analysis.

Biochemical Analysis

Sex hormones, blood glucose, plasma insulin, adiponectin

and lipids, as well as isolation, separation and quantitation of

fatty acids in total plasma lipids and plasma lipid fractions

were analysed as previously reported [3]. In brief, sex hor-

mones (FSH: CV 3.6%; LH: CV 3.1%; testosterone: CV 2%;

estradiol: CV 1.8%) were measured by chemiluminescence

using an automatic analyser (Architet I4000, Abbott Labo-

ratories Chicago, IL, USA). Glucose was analysed using the

glucose oxidase method in an automatic analyser (CV 1%)

(Roche-Hitachi Modular PyD Autoanalyser, Roche Labo-

ratory Systems, Mannheim, Germany), and plasma insulin

was analysed by radioimmunoassay (CV 2.6%) using an

automatic analyser for microparticles (Axsym, Abbott

Laboratories, Chicago, IL, USA). Insulin resistance was

calculated by means of the homeostatic assessment model

(HOMA-IR), as defined by the equation HOMA-IR = fast-

ing glucose (G0) (mM) 9 fasting insulin (I0) (lU/mL)/22.5

[18].

Plasma TG (CV 1.5%) and HDL-cholesterol (CV 0.8%)

were measured using an automatic analyser (Roche-Hitachi

Modular PyD Autoanalyser, Roche Laboratory Systems,

Mannheim, Germany). Plasma adiponectin was measured

by radioimmunoassay (Human adiponectin RIA kit,

Cat.#HADP-61HK, Linco Research Inc., St. Charles, MO,

USA).

Statistical Analysis

The minimum sample size to detect an effect due to the

presence of MS in obese children was estimated as 16

children per group; this figure allows a type I error

a = 0.05 and a type II error b = 0.1 (power 90%) for an

estimated difference of 20% between groups in the mean

value of major plasma fatty acids (oleic and linoleic acids),

considering the variances obtained previously in plasma

fatty acid analyses of children measured by gas–liquid

chromatography [19].

All data for continuous variables are expressed as

means ± SEM. Variables not following a normal distri-

bution (insulin, HOMA, TG and fatty acid percentages)

were logarithmically transformed before analysis. Com-

parisons of continuous variables among groups, with

adjustments for age and sex, were assessed by general

linear models of variance and post hoc Bonferroni tests.

The association of fatty acid variables with variables

considered in the definition of MS was analysed for the

obese children by multivariable linear regression models.

Logistic regression models were performed to identify fatty

acids significantly related to the likelihood of having MS.

All statistical analyses were performed with SPSS version

14.1 software (Statistical Package for Social Sciences,

SPSS Inc. Chicago, IL, USA).

Results

Anthropometric, Metabolic, and Dietary Evaluation

Table 1 shows sex frequencies, age, and anthropometric

and metabolic data adjusted for sex and age in the normal-

weight, and NMS and MS obese prepubertal groups.

Anthropometric and metabolic data, with the exception of

the waist-to-hip ratio and glucose values, were significantly

different in obese individuals than in controls, but did not

differ between NMS and MS groups. However, insulin,

HOMA-IR, and TG values were significantly higher, and

adiponectin and cHDL significantly lower, in MS than in

NMS groups. All anthropometric variables except for the

waist-to-hip ratio were positively associated with MS.

Blood pressure, insulin, HOMA-IR, and TG were also

positively associated with MS whereas HDL-cholesterol

was negatively associated with MS; fasting glucose was not

associated with MS.

We previously reported that this group of obese children

had a significant higher absolute daily intake of energy and

all major nutrients compared with normal-weight children

but the intake of energy and macronutrients to BMI ratios

were significantly lower in the obese group [11]. No dif-

ferences in the daily intake of energy and macronutrients as

well as saturated, monounsaturated and polyunsaturated

fat, were observed between the obese NMS and MS groups

(Table 2).

Plasma Fatty Acids

Figure 1 shows the fasting plasma fatty acid concentrations

of 16:1n-7, 16:1n-9, 18:3n-3, and 22:6n-3 by weight and

MS status with significance adjusted for age, sex and BMI z

score. Compared with the normal-weight group, obese MS

children had significant higher concentrations of these fatty

acids. 20:2n-6 and n-3 PUFA showed a trend to be sig-

nificantly higher in the obese groups (20:2n-6 control:

5.4 ± 0.5, obese NMS: 7.3 ± 0.6 and obese MS:

7.0 ± 0.6, P = 0.064) (n-3 PUFA control: 80.5 ± 8.6,

obese NMS: 88.3 ± 9.3 and obese MS: 118.1 ± 9.5,

P = 0.061), and lower concentration of 22:5n-6 (control:

7.1 ± 0.6, obese NMS: 5.1 ± 0.5 and obese MS:

5.7 ± 0.6, P = 0.086).
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Table 3 shows the proportions of fatty acids in total

plasma lipids by weight and MS status adjusted for age, sex

and BMI z score. The proportion of 16:1n-7 was signifi-

cantly higher in obese MS children compared with

controls. In contrast, the proportion of 22:5n-6 was sig-

nificantly lower in obese MS children than in controls.

16:1n-7 was significantly correlated with the carbohydrate

dietary intake (16:1n-7 (mg/l), r = 0.311, P = 0.042;

Table 1 Anthropometric and metabolic characteristics of prepubertal control children and obese children with and without metabolic syndrome

Variables Control (n = 20) Obese NMS (n = 17) Obese MS (n = 17) P1

Sex, No. M:F (%) 11:9 (55:45)a2 8:9 (47:53)a 15:2 (88:12)b 0.011

Age (years) 9.2 ± 0.5 9.6 ± 0.5 9.7 ± 0.4 0.649

BMI (kg/m2) 16.8 ± 0.9a 28.3 ± 1.0b 30.1 ± 1.0b \0.001

BMI z score -0.99 ± 0.40a 3.84 ± 0.45b 4.24 ± 0.44b \0.001

Tricipital skinfold (mm) 8.6 ± 1.1a 26.4 ± 1.2b 25.9 ± 1.1b \0.001

Subscapular skinfold (mm) 6.7 ± 1.4a 29.0 ± 1.5b 31.3 ± 1.4b \0.001

Waist circumference (cm) 59.4 ± 2.4a 84.3 ± 2.6b 92.6 ± 2.5b \0.001

Hip circumference (cm) 66.8 ± 2.7a 93.4 ± 2.8b 98.0 ± 2.7b \0.001

Waist- to-hip ratio (cm) 0.90 ± 0.03 0.91 ± 0.03 0.95 ± 0.03 0.365

Systolic blood pressure (mmHg) 94.7 ± 2.7a 108.5 ± 3.3b 112.7 ± 3.09b \0.001

Diastolic blood pressure (mmHg) 49.9 ± 2.1a 59.4 ± 2.6b 60.7 ± 2.4b 0.002

Fasting glucose (mmol/L) 4.8 ± 0.1 4.8 ± 0.1 4.8 ± 0.1 0.460

Fasting insulin (pmol/L)3 33.5 ± 8.8a 60.5 ± 9.9b 105.2 ± 9.9c \0.001

HOMA-IR3 1.26 ± 0.32a 2.11 ± 0.35b 3.69 ± 0.35c \0.001

Triacylglycerols (mmol/L)3 0.58 ± 0.08a 0.81 ± 0.09b 1.17 ± 0.09c \0.001

HDL-cholesterol (mmol/L) 1.81 ± 0.06a 1.42 ± 0.07b 1.19 ± 0.07c \0.001

Adiponectin (mg/L)3 10.99 ± 0.73a 8.06 ± 0.82b 5.27 ± 0.82c \0.001

Values for sex are in proportions. Values for age and anthropometric and metabolic variables are expressed as means ± SEM. Metabolic

variables are adjusted for age, sex and BMI z score. NSM non-metabolic syndrome, MS metabolic syndrome, BMI body mass index, HOMA-IR
homeostasis model assessment: insulin resistance (calculated as the product of fasting plasma insulin (lU/mL) and glucose (mmol/L), divided by

22.5)
1 Mantel-Haenszel chi-square test for sex proportions and general linear models of variance with post hoc Bonferroni tests for anthropometric

and metabolic variables
2 Mean values within a row with unlike superscript lowercase letters are significantly different
3 Tested with log-transformed values

Table 2 Energy and nutrient daily intake in prepubertal obese children with and without metabolic syndrome and in a control group

Nutrient intake1 Control Obese NMS Obese MS P2

Energy (kcal/day) 1,600 ± 82a3 2,098 ± 86b 1,967 ± 99b 0.002

Protein (g/day) 64 ± 4a 85 ± 4b 82 ± 5b 0.001

Carbohydrate (g/day) 181 ± 10a 229 ± 14b 214 ± 15b 0.105

Lipids (g/day) 70 ± 4a 96 ± 6b 91 ± 5b 0.006

SFA (g/day) 18.1 ± 1.2a 23.0 ± 1.9ab 24.4 ± 1.9b 0.067

MUFA (g/day) 23.6 ± 1.6a 38.1 ± 2.7b 35.7 ± 2.6b \0.001

PUFA (g/day) 6.8 ± 0.5a 11.8 ± 0.9b 11.6 ± 0.8b \0.001

n-6 PUFA (g/day) 6.26 ± 0.42a 10.84 ± 0.88b 10.75 ± 0.72b \0.001

n-3 PUFA (g/day) 0.52 ± 0.03a 0.90 ± 0.07b 0.89 ± 0.06b \0.001

Cholesterol (mg/day) 198 ± 13a 334 ± 29b 269 ± 19b \0.001

Fibre (g/day) 11 ± 0.7a 13 ± 0.9b 15 ± 1.1b 0.146

1 All values expressed as means ± SEM. NSM non-metabolic syndrome, MS metabolic syndrome, SFA saturated fatty acids, PUFA polyun-

saturated fatty acids, MUFA monounsaturated fatty acids
2 General linear models of variance with adjustments for age, sex, and BMI z score with post hoc Bonferroni tests
3 Mean values within a row with unlike superscript lowercase letters are significantly different
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16:1n-7(%), r = 0.432, P = 0.004). However, we did not

find any association between plasma 20:5n-3 and 22:6n-3

and the estimated n-3 PUFA intake.

Fatty Acid Composition of Lipid Fractions

SFA, MUFA, and PUFA concentrations were higher in

obese MS than in control children in plasma TG, but not in

CE and PL; TFA and SFA concentrations in NEFA, were

lower in NMS than in MS or control children (Fig. 2). 16:0,

16:1n-7, 18:1n-9, 18:2n-6 and n-6 PUFA were elevated in

TG of obese children compared with controls; 16:1n-7 was

higher in CE of obese MS than in normal weight children;

16:0 and 18:0 concentrations in NEFA were lower in obese

NMS, but not in obese MS, compared with control children

(Table 4).

Relationships Between Plasma Fatty Acid

Concentrations and Metabolic Syndrome Features

Table 5 shows the multiple linear regression analysis of

some plasma fatty acids and MS in obese prepubertal

children. TFA, SFA and MUFA were associated with MS;

particularly 16:0, 16:1n-9 and 22:5n-6 concentrations were

highly associated to MS. As 16:1n-7 was correlated to the

carbohydrate dietary intake we included this last variable

as an additional exposure variable in the multivariate

regression analysis for this fatty acid. Plasma 16:1n-7 both

in concentration and percentage was positively associated

with the MS. Particularly, for the plasma concentration of

22:5n-6 the partial correlation with adiponectin was sig-

nificantly high (b = 0.375, P = 0.009). HOMA-IR and

adiponectin were included among the risk factors associ-

ated with the MS in obese children because they were

related to the risk of MS in the multiple logistic regression

analysis (HOMA-IR: OR 2.28; 95% CI, 1.17–4.42;

P = 0.015; Adiponectin: OR 0.593; 95% CI, 0.429–0.820;

P = 0.002). Otherwise, after adjustment for sex and age,

each unit increase in the concentration of total plasma

16:1n-7 was positively associated with a significant

increase in the risk of MS (OR 2.76; 95% CI, 1.39–5.46,

P = 0.004). Similarly, each 1.5 unit increase in the con-

centration of 16:1n-7 in TG was positively associated with

a significant increase in the risk of MS (OR 4.70; 95% CI,

1.45–5.18, P = 0.014). Likewise, each half-unit decrease

in the proportion of 20:4n-6 in plasma lipids was associated

with a significant increase in the risk of MS (OR 0.56; 95%

CI, 0.32–0.94, P = 0.030).

A significant negative association was found between

presence of MS and the concentration of MUFA in PL

fraction after adjustment for age and sex (r = -0.307,

P = 0.038). In contrast, a positive association with MS

presence was found for TFA (r = 0.470, P = 0.003), SFA

(r = 0.411, P = 0.011), MUFA (r = 0.402, P = 0.339),

PUFA (r = 0.442, P = 0.006), 16:0 (r = 0.456,

P = 0.014), 16:1n-7 (r = 0.339, P = 0.040), 18:1n-9

(r = 0.418, P = 0.010), and 18:2n-6 (r = 0.477,

P = 0.003) in plasma TG.

0

300

600

900

1200

1500

TFA SFA MUFA PUFA
m

g
/L

TFA SFA MUFA PUFA

0

200

400

600

800

1000

TFA SFA MUFA PUFA

m
g

/L

PHOSPHOLIPIDS

b TRIACYLGLYCEROLS

a

b

a

b

b

ab

a

b

a

b

CONTROL

OBESE NMS

OBESE MS

CHOLESTEROL ESTERS

TFA SFA MUFA PUFA

NON ESTERIFIED FATTY ACIDS

a

b

ab a

b

ab

Fig. 1 Concentrations of

selected fatty acid for total

plasma lipids in prepubertal

control children (n = 20) and

obese children with (n = 17)

and without metabolic

syndrome (n = 17). NSM non-

metabolic syndrome, MS
metabolic syndrome. All values

were expressed as

means ± SEM adjusted for age

and sex. Statistical analyses

were done using general linear

models of variance with

adjustments for age, sex and

BMI z score with post hoc

Bonferroni tests. Values with

different superscript letters are

significantly different

(P \ 0.05)
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Discussion

The prevalence of MS in some studies that use several

definitions, with moderate to substantial agreement

between them, including that of Weiss et al. [4], ranges

25.7–57.4%. In a recent work to examine the prevalence of

the MS using different pediatric definitions reported in the

literature, regardless of the MS criteria used, its prevalence

in obese Caucasian children and adolescents between 8 and

19 years was 51% [20]. The average prevalence of MS in

children and adolescents aged 7–16 years with Weiss cri-

teria is around 38.5% [21, 22], although there are no

specific studies of prevalence in prepubertal children. In the

present study, using the Weiss criteria, prepubertal obese

children had a prevalence of MS about 50%. This high

percentage may be due to the fact that our obese children

were referred from primary health care centres to our

specialised pediatric endocrinology unit because of the

grade of obesity and suspicious of metabolic alterations.

The present study demonstrates that obese MS prepu-

bertal children have higher concentrations of specific

plasma fatty acids in comparison with prepubertal children

of normal weight, related to the increased plasma TG in the

former. Although studies in animal models of obesity [23]

and in obese adult humans [24–29] have reported changes

in fatty acid proportions in plasma lipid fractions and in

adipose and hepatic tissue lipids, studies of plasma fatty

acids in obese children have yielded controversial results

[8, 10, 30–32].

Most studies of plasma fatty acids and obesity have been

based on mixed populations of children and adolescents [9,

31–33] or preteen adolescents [10]. It has been proposed

that puberty-related alterations should be investigated in

homogeneous groups of children [32], and only prepubertal

children were selected for the present investigation.

In contrast to most of previous reports, in the present

study the concentrations of fatty acids were determined in

total plasma lipids and in TG, PL, CE, and NEFA. This

methodology was previously used in adults and children

and, in comparison with measurement of proportions,

provided a superior evaluation of metabolic and dietary

changes related to effects of dietary long-chain PUFA

supplementation in preterm infants [18] and related to

certain diseases in adults e.g., liver cirrhosis [33] and

inflammatory bowel disease [34].

Obesity and MS severely affects lipoprotein metabolism

and especially TG synthesis and peripheral tissue utilisa-

tion, which are mediated by impaired insulin sensitivity [4,

35]. In the present study, the altered concentrations of some

fatty acids in total plasma lipids of obese MS children are

Table 3 Proportions of plasma

fatty acids in prepubertal control

and obese children with and

without metabolic syndrome

All values expressed as

means ± SEM adjusted for age

and sex and tested with log-

transformed values. NSM non-

metabolic syndrome, MS
metabolic syndrome, TFA total

fatty acids, SFA saturated fatty

acids, MUFA monounsaturated

fatty acids, PUFA
polyunsaturated fatty acids
1 General linear models of

variance with adjustments for

age, sex and BMI z score with

post hoc Bonferroni tests
2 Mean values within a row

with unlike superscript

lowercase letters are

significantly different

FA type (percentage

of total FA)

Total plasma lipids

Control (n = 20) Obese NMS (n = 17) Obese MS (n = 17) P1

SFA 34.91 ± 0.46 35.77 ± 0.50 34.81 ± 0.50 0.295

14:0 1.25 ± 0.11 1.48 ± 0.12 1.43 ± 0.12 0.344

16:0 21.91 ± 0.37 22.82 ± 0.40 22.2 ± 0.41 0.197

18:0 9.65 ± 0.18 9.21 ± 0.20 8.85 ± 0.20 0.096

MUFA 21.13 ± 0.79 23.10 ± 0.85 22.10 ± 0.87 0.237

16:1n-7 1.17 ± 0.11a2 1.51 ± 0.12ab 1.60 ± 0.12b 0.037

16:1n-9 0.35 ± 0.02 0.38 ± 0.02 0.41 ± 0.02 0.236

18:1n-9 17.23 ± 0.73 18.95 ± 0.78 17.71 ± 0.79 0.264

PUFA 43.19 ± 0.86 40.53 ± 0.93 42.30 ± 0.94 0.079

18:2n-6 30.20 ± 0.84 28.65 ± 0.90 29.82 ± 0.92 0.151

20:2n-6 0.18 ± 0.01 0.22 ± 0.01 0.20 ± 0.01 0.210

18:3n-3 0.21 ± 0.03 0.28 ± 0.03 0.31 ± 0.03 0.104

20:3n-6 1.38 ± 0.08 1.51 ± 0.09 1.49 ± 0.09 0.341

20:4n-6 7.90 ± 0.39 6.84 ± 0.42 5.66 ± 0.43 0.185

20:5n-3 0.39 ± 0.09 0.43 ± 0.09 0.63 ± 0.10 0.460

22:5n-6 0.24 ± 0.02a 0.17 ± 0.02b 0.16 ± 0.02b 0.006

22:5n-3 0.36 ± 0.02 0.33 ± 0.02 0.38 ± 0.02 0.129

22:6n-3 1.63 ± 0.12 1.45 ± 0.13 1.87 ± 0.13 0.392

n-6 PUFA 40.41 ± 0.89 37.89 ± 0.96 37.87 ± 0.98 0.104

n-3 PUFA 2.78 ± 0.22 2.64 ± 0.23 3.42 ± 0.24 0.246

PUFA:SFA 1.24 ± 0.03 1.14 ± 0.04 1.22 ± 0.04 0.101

n-3: n-6 PUFA 15.46 ± 0.99a 15.21 ± 1.07a 11.07 ± 1.08b 0.150
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explained by the elevated concentrations of 16:0, 16:1n-7,

18:1n-9 and 18:2n-6 in TG compared with normal-weight

children. SFA, and 16:0 were associated with MS, as also

reported in obese adults [25, 29].

Palmitoleic acid (16:1n-7) and oleic acid (18:1n-9) are

products of 16:0 and 18:0D-9 desaturation, respectively.

Whereas oleic acid is present in most dietary fats, espe-

cially olive oil, 16:1n-7 is unusual in the human diet, but it

is readily produced in humans by the enzyme stearoyl-CoA

desaturase-1 (also called D-9 desaturase) [36]. Palmitoleic

acid is a good marker for endogenous lipogenesis from

carbohydrates and obese animals showed a significantly

higher activity of liver stearoyl-coenzyme A desaturase 1

(SCD1) versus non-obese animals [37]. In addition, mice

with targeted disruption of the SCD1 gene were found to

have decreased expression of lipogenesis genes and

increased expression of lipid oxidative genes [38]. In the

present study we have also documented a significant rela-

tionship between carbohydrate intake and plasma levels of

16:1n-7. Regardless of this fact, 16:1n-7 was highly asso-

ciated with MS.

Significantly higher proportions of 16:1n-7 were repor-

ted in PL and CE of obese adolescents with MS compared

with those without MS [9, 10]. The present study also

found a higher concentration of this fatty acid in total

plasma lipids and TG of the obese children with MS in

comparison with the normal-weight children. However, no

differences were found in its concentrations in PL, sug-

gesting that 16:1n-7 is still not incorporated in this fraction

during early stages of obesity. A study of 14 pairs of obese

female monozygotic twins found that 16:1n-7 was present

in adipose and serum TG and was associated with the BMI

[27], as found in our study. Based on these findings, we

hypothesise that this fatty acid is an early marker of lipid

metabolic changes associated with obesity and MS.

Below-normal proportions of PL 20:4n-6 have been

reported in serum from obese humans [24] and in liver

from obese Zucker rats [39], suggesting an abnormality in

D-6 desaturase activity or in the catabolism or distribution

of 20:4n-6. A low proportion of 18:2n-6 has been described

in obesity associated with insulin resistant states [24], and a

reduced content of 18:2n-6 in TG, CE, and PL has been

reported in obese adult patients [25]. However, a mixed

population of children and adolescents showed a higher

proportion of 20:4n-6 in the PL and CE of those with

marked obesity, while no differences were found in 18:2n-

6 [8, 30]. In a similar mixed population, the same group

reported a lower proportion of 18:2n-6 in PL, and a higher

proportion of 18:3n-6 and 20:3 n-6 in PL, TG and CE, in

obese children with and without MS than in normal-weight
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children [9]. In contrast to these findings by Decsi and

coworkers, other authors found that obese children with

MS had higher proportions of SFA and lower proportions

of 22:6n-3 in plasma PL and CE and a lower proportion of

18:2n-6 in PL compared with children without MS [10].

The present series of prepubertal children with MS from

Southern Spain showed higher concentrations of 22:6n-3 in

total plasma lipids compared with those without MS and

controls. This might be explained by a higher intake of n-3

PUFA. However, we did not found any difference in the

estimated intake of n-3 PUFA between MS and NMS

children. In addition, no correlation was found between n-3

PUFA intake and plasma 20:5n-3 and 22:6n-3. Neverthe-

less, the estimated ratio for the intake of n-3 to n-6 PUFA

in our children was close to 10, which is considered an

optimal figure to maintain an adequate status of n-3 PUFA

in the body [40]. Although the low variance of fatty acids

in GLC analysis allowed for a high statistical power in

establishing differences between plasma fatty acid values

for control and obese children, in the present study, the

sample size (only 34 obese) is a limitation particularly

when estimating the dietary intake. In addition, it was

unfeasible to estimate the dietary intake of single fatty

acids and then to evaluate the correlations between plasma

fatty acid values and dietary fatty acid intakes.

No significant differences were found between obese

and normal-weight children in concentrations or propor-

tions of 18:2n-6, 20:4n-6 and 22:6n-3 in PL and CE.

Therefore, it cannot be assumed that there is an enhanced

activity of D-6 fatty acid desaturase in child obesity, as

suggested by some authors [9], or a limitation of this

activity, as proposed by others in adult obesity [38].

However, an inverse association was found between the

proportion of 20:4n-6 in total plasma lipids and the risk of

MS. In addition, lower levels of 22:5n-6, a metabolite of

20:4n-6, were associated with MS, and particularly with

adiponectin. An association between circulating adipo-

nectin, a component of the MS, and plasma fatty acid

profile was recently reported in adults [41]. Indeed, the

present results confirm that this adipokine appears to be an

important feature of MS and is related to metabolic

abnormalities that occur in obesity during the prepubertal

period.

In conclusion, our findings suggest an altered plasma

fatty acid profile in childhood obesity during the prepu-

bertal period that is related to the main features of the MS.

Elevated concentrations of 16:1n-7 and reduced propor-

tions of 20:4n-6 and 22:5n-6 in plasma lipids appear to be

early markers of MS in prepubertal children.
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Cañete R (2002) Metabolic cardiovascular syndrome in obese

prepubertal children: the role of high fasting insulin levels.

Metabolism 51:423–428

8. Decsi T, Molnár D, Koletzko B (1996) Long-chain polyunsatu-

rated fatty acids in plasma lipids of obese children. Lipids

31:305–311

9. Decsi T, Csabi G, Torok K, Erhardt E, Minda H, Burus I, Molnar

S, Molnar D (2000) Polyunsaturated fatty acids in plasma lipids

of obese children with and without metabolic cardiovascular

syndrome. Lipids 35:1179–1184

10. Klein-Platat C, Drai J, Oujaa M, Schlienger JL, Simon C (2005)

Plasma fatty acid composition is associated with the metabolic

syndrome and low-grade inflammation in overweight adolescents.

Am J Clin Nutr 82:1178–1184
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Abstract Hei Yi Zhuang is an isolated subgroup of the

Zhuang minority in China. This study was designed to

compare the difference in the hepatic lipase gene (LIPC)

-514C/T polymorphism and its association with lipid

profiles between the Guangxi Hei Yi Zhuang and Han

populations. Genotyping of the LIPC -514C/T was per-

formed in 873 subjects of Hei Yi Zhuang and 867

participants of Han Chinese. The frequency of -514T

allele was 43.47% in Hei Yi Zhuang, and 36.10% in Han

(P \ 0.001). The frequencies of CC, CT and TT genotypes

were 30.01, 53.04 and 16.95% in Hei Yi Zhuang, and

40.95, 45.91 and 13.14% in Han (P \ 0.001); respectively.

Serum high-density lipoprotein cholesterol (HDL-C) and

apolipoprotein B levels in both ethnic groups were higher

in LIPC -514T carriers than in C carriers. In addition,

serum triglyceride levels in Han were higher in TT geno-

type individuals than in CC genotype subjects (P \ 0.05).

Serum HDL-C levels were positively correlated with age,

alcohol consumption and LIPC -514C/T genotypes, and

negatively associated with hypertension and cigarette

smoking in Hei Yi Zhuang (P \ 0.05–0.01), whereas

HDL-C levels were positively correlated with age, alcohol

consumption and LIPC -514C/T genotypes, and nega-

tively associated with body mass index and cigarette

smoking in Han (P \ 0.05–0.001). The differences in

serum HDL-C levels between the two ethnic groups might

partially attribute to the differences in the LIPC -514C/T

polymorphism.

Keywords Lipids � Apolipoproteins �
Hepatic lipase gene � Polymorphism

Abbreviations

ANCOVA Analysis of covariance

Apo Apolipoprotein

BMI Body mass index

CHD Coronary heart disease

DNA Deoxyribonucleic acid

HDL-C High-density lipoprotein cholesterol

HL Hepatic lipase

LDL-C Low-density lipoprotein cholesterol

LIPC Hepatic lipase gene
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Introduction

Epidemiological studies have shown that a low plasma

concentration of high-density lipoprotein cholesterol (HDL-

C) is associated with an increased risk of developing coro-

nary heart disease (CHD) [1]. Plasma HDL-C concentration

is modulated by both environmental and genetic factors.

Family and twin studies have shown that genetic polymor-

phism could account for up to 60% of the interindividual

variation in plasma HDL-C concentrations [2–4]. The

polymorphism at the hepatic lipase gene (LIPC) -514C/T

has been suggested to be a major cause of genetically

determined variation in plasma HDL-C levels [4–6]. It can

account for up to 25% of the variability in plasma HDL-C

concentrations [4, 6]. Observational studies in the United

States have demonstrated that CHD risk increases by 2–4%

for every 1 mg/dL decrease in HDL-C levels [1].

Hepatic lipase (HL) is a lipolytic protein that catalyzes

the hydrolysis of triglycerides (TG) and phospholipids in

low-density lipoprotein cholesterol (LDL-C) and HDL

particles and may also act as a ligand between these par-

ticles and receptors [7–9]. HL activity contributes to

plasma HDL levels, as it promotes the conversion of large,

buoyant HDL2 to small, dense HDL3 [10]. Increased HL

activity is associated with reduced plasma HDL levels and

reduced large, buoyant HDL2 particles, thought to be the

more anti-atherogenic subspecies of total HDL [11, 12].

The human LIPC, located on chromosome 15q21-q23

and composed of nine exons, is expressed in the liver. It

spans more than 120 kb of deoxyribonucleic acid (DNA)

and encodes a protein of 449 amino acids [13, 14].

Numerous common single nucleotide polymorphisms

(SNPs) in the promoter region or in the coding region of

the LIPC have been described [5, 15–17]. Four different

promoter polymorphisms of the LIPC have been identified

(G-250A, C-514T, T-710C, and A-763G), which are in

complete linkage disequilibrium [16]. On a population

level, the LIPC promoter polymorphism is quite common,

but with different allele frequencies in diverse ethnic

groups [5, 6, 18–20].

There are 56 ethnic groups in China. Han is the largest

group, and Zhuang is the largest minority. Hei Yi (means

black-worship and black dressing) Zhuang is the most

conservative subgroup of the Zhuang minority. The popu-

lation size is 51,655. Because of isolation from the other

ethnic groups, the special customs and cultures including

their clothing, intra-ethnic marriages, and dietary habits are

still completely conserved to the present day. In a previous

epidemiologic study, we showed that serum HDL-C con-

centrations were higher in Hei Yi Zhuang than in Han

Chinese from the same region [21]. This ethnic difference

in serum HDL-C concentrations cannot be accounted for

by environmental factors. Although the genetic differences

between the two ethnic groups are still not well known, we

hypothesized that there may be significant differences in

some gene polymorphisms between the two ethnic groups.

Therefore, the aim of the present study was to determine

the LIPC -514C/T polymorphism and its association with

serum lipid profiles in the Guangxi Hei Yi Zhuang and Han

populations.

Materials and Methods

Subjects

A total of 873 subjects of Hei Yi Zhuang residing in seven

villages in Napo County, Guangxi Zhuang Autonomous

Region were surveyed by a stratified randomized cluster

sampling. The age of the subjects ranged from 16 to

80 years, with an average age of 46.15 ± 16.06 years.

There were 452 men (51.78%) and 421 women (48.22%).

All of them were peasants. During the same period, a total

of 867 subjects of Han Chinese who lived in nine villages

in Napo County were also surveyed by the same method.

The mean age of the subjects was 45.58 ± 15.57 years

(range 16–82). There were 449 males (51.79%) and 418

females (48.21%). All of them were also peasants. All

study subjects were essentially healthy and had no evi-

dence of any chronic illness, including hepatic, renal,

thyroid, diabetes or CHD. None of them had been treated

with b-adrenergic blocking agents and lipid-lowering drugs

such as statins or fibrates. The present study was approved

by the Ethics Committee of the First Affiliated Hospital,

Guangxi Medical University. Informed consent was

obtained from all subjects after they received a full

explanation of the study.

Epidemiological Survey

The survey was carried out using internationally stan-

dardized methods, following a common protocol.

Information on demographics, socioeconomic status, and

lifestyle factors was collected with standardized question-

naires. Smoking status was categorized into groups of

cigarettes per day: \10, 10–19, 20–39, and C40. Alcohol

consumption was categorized into groups of grams of

alcohol per day: \25, 25–49, 50–99, and C100. The

physical examination included blood pressure, body height,

and body weight etc., and body mass index (BMI) was

calculated as weight (kg) divided by height (m) squared.

Sitting blood pressure was measured three times with the

use of a mercury sphygmomanometer after the subject

rested for 5 min, and the average of the three measurements

was used for the level of blood pressure. Systolic blood
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pressure was determined by the first Korotkoff sound, and

diastolic blood pressure by the fifth Korotkoff sound.

Measurements of Lipids and Apolipoproteins

A venous blood sample of 8 mL was obtained from all

subjects between 8 and 11 AM, after at least 12 h of

fasting, from a forearm vein after venous occlusion for few

seconds in a sitting position. 3 mL was collected into glass

tubes and allowed to clot at room temperature, and used to

determine serum lipid and apolipoprotein (apo) levels, and

the remaining 5 mL was transferred to tubes with antico-

agulant solution (4.80 g/L citric acid, 14.70 g/L glucose,

and 13.20 g/L tri-sodium citrate) and used to extract DNA.

Immediately following clotting serum was separated by

centrifugation for 15 min at 3,000 rpm. The levels of total

cholesterol (TC), TG, HDL-C, and LDL-C in samples were

determined by enzymatic methods with commercially

available kits, Tcho-1, TG-LH (RANDOX Laboratories

Ltd., Ardmore, Diamond Road, Crumlin Co. Antrim,

United Kingdom, BT29 4QY), Cholestest N HDL, and

Cholestest LDL (Daiichi Pure Chemicals Co., Ltd., Tokyo,

Japan), respectively. Serum apoA-I and apoB levels were

detected by the immunoturbidimetric immunoassay using a

commercial kit (RANDOX Laboratories Ltd.). All deter-

minations were performed with an autoanalyzer (Type

7170A; Hitachi Ltd., Tokyo, Japan) in the Clinical Science

Experiment Center of the First Affiliated Hospital, Guangxi

Medical University [21].

Genotyping

Genomic DNA was isolated from peripheral blood leuko-

cytes by the phenol-chloroform method as described in our

previous reports [22]. Genotyping of the LIPC -514C/T

was performed as described by Couture et al. [15]. A 285-

bp sequence of the LIPC was amplified by polymerase

chain reaction (PCR) by using oligonucleotide primers

50-TCTAGGATCACCTCTCAATGGGTCA-30 and 50-GG

TGGCTTCCACGTGG-CTGCCTAAG-30. DNA templates

were denatured at 95 �C for 3 min, and then each PCR was

subjected to 35 cycles, each consisting of 1 min of dena-

turation at 95 �C, 0.5 min of annealing at 63 �C, and

0.5 min of extension at 72 �C. The PCR products were

digested with 10 U of NlaIII and the fragments separated

by electrophoresis on a 1.5% agarose gel. After electro-

phoresis, the gel was treated with ethidium bromide for

20 min, and DNA fragments were visualized by UV illu-

mination. The resulting fragments are 215 and 70 bp for

the T allele and 285 bp for the uncut C allele. Genotypes

were scored by an experienced reader blinded to epide-

miological and lipid results.

Diagnostic Criteria

The normal values of serum TC, TG, HDL-C, LDL-C,

apoA-I, apoB, and the ratio of apoA-I to apoB in our

Clinical Science Experiment Center were 3.10–5.17, 0.56–

1.70, 0.91–1.81, 1.70–3.20 mmol/L, 1.00–1.76, 0.63–

1.14 g/L, and 1.00–2.50, respectively. The individuals

with TC [ 5.17 mmol/L and/or TG [ 1.70 mmol/L were

defined as hyperlipidemic [21]. Hypertension was defined

as a systolic pressure of 140 mmHg or higher and/or a

diastolic pressure of 90 mmHg or higher [23]. Overweight

and obesity were defined according to the diagnostic criteria

of the Cooperative Meta-analysis Group of China Obesity

Task Force. Normal weight, overweight and obesity

were defined as a BMI \ 24, 24–28, and [ 28 kg/m2,

respectively [24].

Statistical Analysis

Epidemiologic data were recorded on a pre-designed form

and managed with Excel software. Levels of the quantita-

tive variables are presented as mean ± standard deviation

(SD). The difference of general characteristics between Hei

Yi Zhuang and Han was tested by the Student’s unpaired t

test. The allelic and genotypic frequencies of LIPC -514C/T

were estimated by counting alleles and genotypes and cal-

culating sample proportions; the statistical significance of

differences in frequencies between groups was compared by

v2 test. The distribution of LIPC -514C/T polymorphism

was tested for Hardy–Weinberg equilibrium using v2

goodness-of-fit test. The association of LIPC genotypes

with lipid variables was tested by analysis of covariance

(ANCOVA). The co-variables include sex, age, BMI,

hypertension, alcohol consumption and cigarette smoking.

In order to evaluate the association of HDL-C levels with

ethnic group (Han Chinese = 0; Hei Yi Zhuang = 1), sex

(male = 0; female = 1), age (year), BMI (kg/m2), blood

pressure (normotensives = 0; hypertensives = 1), alcohol

consumption (nondrinkers = 0; \25 g/day = 1; 25–49 g/

day = 2; 50–99 g/day = 3; C100 g/day = 4), cigarette

smoking (nonsmokers = 0;\10 cigarettes/day = 1; 10–19

cigarettes/day = 2; 20–39 cigarettes/day = 3; C40 ciga-

rettes/day = 4), or LIPC -514C/T genotype (CC = 1;

CT = 2; TT = 3), unconditional logistic regression analy-

sis was also performed in combined population of Hei Yi

Zhuang and Han, Hei Yi Zhuang, and Han; respectively.

The backward multiple logistic regression method was used

to select the risk factors significantly associated with serum

HDL-C levels. All statistical analyses were done with the

statistical software package SPSS 11.5 (SPSS Inc., Chicago,

Illinois). A P value of less than 0.05 was considered

significant.
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Results

General Characteristics and Serum Lipid Levels

Table 1 gives the general characteristics between the Hei

Yi Zhuang and Han populations. Systolic blood pressure

and pulse pressure levels were higher in Hei Yi Zhuang

than in Han (P \ 0.001 for each), whereas BMI was

higher in Han than in Hei Yi Zhuang (P \ 0.001). There

were no significant differences in diastolic blood pressure

levels, age structure, the percentages of subjects who

consumed alcohol or smoked cigarettes, or the ratio of

male to female between the two ethnic groups (P [ 0.05).

Serum TC, TG, LDL-C, and apoB levels were lower in

Hei Yi Zhuang than in Han (P \ 0.01–0.001), whereas

HDL-C levels and the ratio of apoA-I to apoB were

higher in Hei Yi Zhuang than in Han (P \ 0.001). There

were no significant differences in apoA-I levels between

the two ethnic groups (P [ 0.05).

Genotypic and Allelic Frequencies

The frequencies of the LIPC -514C/T alleles and geno-

types are also shown in Table 1. The frequencies of C and

T alleles were 56.53 and 43.47% in Hei Yi Zhuang, and

63.90 and 36.10% in Han (P \ 0.001); respectively. The

frequencies of CC, CT and TT genotypes were 30.01, 53.04

and 16.95% in Hei Yi Zhuang, and 40.95, 45.91 and

13.14% in Han (P \ 0.001), respectively. There were no

significant differences in the genotypic and allelic fre-

quencies between males and females in the two ethnic

groups (P [ 0.05, Table 2).

The LIPC -514C/T Genotypes and Serum Lipid Levels

As shown in Table 3, there were significant differences in

the serum HDL-C and apoB levels among three genotypes

in the both ethnic groups after adjustment for all the

covariates. Serum HDL-C and apoB levels were higher in

Table 1 Comparison of general

characteristics, serum lipid

levels, and genotypic and allelic

frequencies between the Hei Yi

Zhuang and Han populations

HDL-C high-density lipoprotein

cholesterol; LDL-C low-density

lipoprotein cholesterol
* P \ 0.05, ** P \ 0.01 and
*** P \ 0.001 in comparison

with the same subgroup of Hei

Yi Zhuang

Parameters Hei Yi Zhuang (n = 873) Han Chinese (n = 867) t (v2) P value

Male/female 452/421 449/418 0.002 0.996

Age (year) 46.15 ± 16.06 45.58 ± 15.57 0.752 0.452

Body mass index (kg/m2) 21.27 ± 2.30 22.56 ± 2.56 11.058 \0.001

Systolic blood pressure (mmHg) 125.96 ± 17.36 121.62 ± 16.35 5.367 \0.001

Diastolic blood pressure (mmHg) 77.11 ± 11.35 76.57 ± 10.73 1.020 0.308

Pulse pressure (mmHg) 49.36 ± 13.75 45.15 ± 11.24 6.990 \0.001

Cigarette smoking [n (%)]

Nonsmoker 548 (62.77) 571 (65.86)

\10 cigarettes/day 24 (2.75) 21 (2.42)

10–19 cigarettes/day 153 (17.53) 128 (14.76)

20–39 cigarettes/day 136 (15.58) 135 (15.57)

C40 cigarettes/day 12 (1.37) 12 (1.38) 2.880 0.578

Alcohol consumption [n (%)]

Nondrinker 381 (43.64) 400 (46.14)

\25 g /day 323 (37.00) 310 (35.76)

25–49 g/day 91 (10.42) 89 (10.27)

50–99 g/day 61 (6.99) 54 (6.23)

C100 g/day 17 (1.95) 14 (1.61) 1.447 0.836

Total cholesterol (mmol/L) 4.51 ± 0.96 4.77 ± 0.99 5.714 \0.001

Triglyceride (mmol/L) 1.15 ± 0.78 1.27 ± 0.84 3.088 0.002

HDL-C(mmol/L) 2.25 ± 0.62 2.13 ± 0.64 3.972 \0.001

LDL-C(mmol/L) 2.31 ± 0.62 2.47 ± 0.67 5.171 \0.001

Apolipoprotein (Apo) A-I(g/L) 1.45 ± 0.14 1.44 ± 0.15 1.438 0.151

ApoB(g/L) 0.87 ± 0.20 1.07 ± 0.21 20.344 \0.001

ApoA-I/apoB 1.67 ± 0.98 1.35 ± 0.79 7.496 \0.001

CC genotype [n (%)] 262 (30.01) 355 (40.95)***

CT genotype [n (%)] 463 (53.04) 398 (45.91)**

TT genotype [n (%)] 148 (16.95) 114 (13.14)* 23.317 \0.001

C allele [n (%)] 987 (56.53) 1,108 (63.90)

T allele [n (%)] 759 (43.47) 626 (36.10) 19.711 \0.001
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TT or CT genotype subjects than in CC genotype individ-

uals. In addition, serum TG levels in Han were higher in TT

genotype than in CC genotype subjects (P \ 0.05). There

were no significant differences in TC, LDL-C, apoA-I

levels and the ratio of apoA-I to apoB among the three

genotypes in the both ethnic groups (P [ 0.05).

Correlative Factors for the HDL-C Levels

Multivariate logistic regression analysis showed that serum

HDL-C levels were positively correlated with ethnic group

(Hei Yi Zhuang), age, alcohol consumption, and the LIPC

-514C/T genotypes, and negatively associated with BMI,

hypertension and cigarette smoking in combined popula-

tion of Hei Yi Zhuang and Han (P \ 0.05–0.001). Serum

HDL-C levels were positively correlated with age, alcohol

consumption and LIPC -514C/T genotypes, and nega-

tively associated with hypertension and cigarette smoking

in Hei Yi Zhuang (P \ 0.05–0.01). Serum HDL-C levels

were positively correlated with age, alcohol consumption

and LIPC -514C/T genotypes, and negatively associated

with BMI and cigarette smoking in Han (P \ 0.05–0.001).

No association was found between serum HDL-C levels

and sex in both ethnic groups (P [ 0.05, Table 4).

Discussion

The present study shows that serum TC, TG, LDL-C and

apoB levels were lower in Hei Yi Zhuang than in Han,

whereas HDL-C levels and the ratio of apoA-I to apoB

were higher in Hei Yi Zhuang than in Han. These findings

are consistent with those of our previous studies in a large

population [21]. It is well known that dyslipidemia is a

complex trait caused by the interactions of multiple envi-

ronmental and genetic factors. Hei Yi Zhuang is an isolated

subgroups of the Zhuang minority in China. Strict intra-

ethnic marriages have been performed in this population

from time immemorial. But consanguineous marriages are

forbidden in this ethnic subgroup. No one can marry to the

Table 2 Comparison of the LIPC -514C/T genotypic and allelic frequencies between the Hei Yi Zhuang and Han populations according to sex

Genotypes/allele Hei Yi Zhuang Han Chinese

Male (n = 452) Female (n = 421) P value Male (n = 449) Female (n = 418) P value

CC 145 (32.08) 117 (27.79) 186 (41.42) 169 (40.43)

CT 233 (51.55) 230 (54.63) 205 (45.66) 193 (46.17)

TT 74 (16.37) 74 (17.58) 0.384 58 (12.92) 56 (13.40) 0.950

C 523 (57.85) 464 (55.11) 577 (64.25) 531 (63.52)

T 381 (42.15) 378 (44.89) 0.427 321 (35.75) 305 (36.48) 0.749

Table 3 Association of the LIPC -514C/T genotypes with serum lipid levels between the Hei Yi Zhuang and Han populations

Lipids Hei Yi Zhuang Han Chinese

CC (n = 262) CT (n = 463) TT (n = 148) P valuee CC (n = 355) CT (n = 398) TT (n = 114) P valuee

TC(mmol/L) 4.52 ± 1.01 4.50 ± 0.93 4.52 ± 0.98 0.954 4.75 ± 1.02** 4.78 ± 0.95*** 4.80 ± 0.99* 0.863

TG(mmol/L) 1.13 ± 0.67 1.15 ± 0.79 1.19 ± 0.81 0.744 1.21 ± 0.77 1.28 ± 0.79* 1.42 ± 0.86a* 0.046

HDL-C(mmol/L) 2.10 ± 0.59 2.28 ± 0.68b 2.42 ± 0.71bc \0.001 2.06 ± 0.70 2.14 ± 0.74** 2.31 ± 0.63bc 0.005

LDL-C(mmol/L) 2.33 ± 0.58 2.31 ± 0.65 2.28 ± 0.56 0.731 2.45 ± 0.65* 2.47 ± 0.68*** 2.53 ± 0.66** 0.536

ApoA-I(g/L) 1.44 ± 0.14 1.46 ± 0.16 1.44 ± 0.15 0.154 1.43 ± 0.13 1.45 ± 0.15 1.44 ± 0.14 0.151

ApoB(g/L) 0.85 ± 0.19 0.87 ± 0.21 0.91 ± 0.22ac 0.018 1.03 ± 0.20*** 1.09 ± 0.22b*** 1.12 ± 0.23b*** \0.001

ApoA-I/apoB 1.66 ± 1.12 1.68 ± 0.99 1.66 ± 0.94 0.959 1.34 ± 0.75*** 1.36 ± 0.82*** 1.35 ± 0.77** 0.941

TC total cholesterol; TG triglycerides; HDL-C high-density lipoprotein cholesterol; LDL-C low-density lipoprotein cholesterol; apoA-I apoli-

poprotein A-I; apoB apolipoprotein B; apoA-I/apoB the ratio of apolipoprotein A-I to apolipoprotein B
* P \ 0.05, **P \ 0.01 and ***P \ 0.001 in comparison with the same subgroup of Hei Yi Zhuang
a P \ 0.05 in comparison with the CC genotype of the same ethnic group
b P \ 0.01 in comparison with the CC genotype of the same ethnic group
c P \ 0.05 in comparison with CT genotype of the same ethnic group
d P \ 0.01 in comparison with CT genotype of the same ethnic group
e Analyses of covariate analysis, adjusted for sex, age, body mass index, hypertension, alcohol consumption and cigarette smoking
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direct descendant blood kin or the collateral branch blood

kin in seven generations. Therefore, we hypothesized that

the hereditary characteristic and genotypes of some lipid

metabolism-related genes in this population may be dif-

ferent from those in Han Chinese.

In the present study, we show that the frequency of the

LIPC -514T allele was higher in Hei Yi Zhuang than in

Han. The frequencies CT and TT genotypes were also

higher in Hei Yi Zhuang than in Han. There were no dif-

ferences in the genotypic and allelic frequencies between

males and females in both ethnic groups. The frequencies

of the LIPC -514T allele and TT genotypes in Hei Yi

Zhuang were also higher than those of previous studies in

Chinese from America (Taiwanese-Chinese, T allele

37.5%) [20], Singapore (TT genotype 12.7%) [25], Taiwan

(TT genotype 12.6%) [26], and Hong Kong (TT genotype

12.8–14.8%) [27]. Studies on the LIPC -514C/T poly-

morphism in several populations have demonstrated that

the frequency of both -514C/T alleles varies highly among

different ethnic populations [19, 27, 28]. The -514C allele

is the most common allele in Caucasians, whereas the -

514T allele is the major allele in black Americans. Asians

have an intermediate frequency. The frequency of the -

514T allele was 0.15–0.21, 0.45–0.53, and about 0.47 in

Caucasians, African Americans, and Japanese Americans

[5, 6, 17, 29], respectively. These variations in genotypic

and allelic frequencies between the two ethnic groups may

partially explain the observed higher HDL-C levels seen in

the Hei Yi Zhuang populations. Several studies have shown

that the -514T allele of the LIPC promoter appears to be

associated with decreased HL activity, and increased HDL-

C [6, 18].

The potential relationship between the LIPC -514C/T

polymorphism and plasma or serum HDL-C levels in

humans has been evaluated in a large number of studies.

However, previous findings on the association of this

polymorphism with the changes in plasma HDL-C levels

are inconsistent. Jansen et al. [5], Couture et al. [15], and

Murtomaki et al. [17] reported significant association

between the LIPC polymorphisms and HDL-C levels,

whereas Zambon et al. [18], Tahvanainen et al. [29],

Hegele et al. [30], and Shohet et al. [31] failed to find a

significant genetic effect on HDL-C concentrations. Zam-

bon et al. [18] first reported that the promoter

polymorphism significantly influenced HDL2-C but not

HDL-C levels, which is consistent with the previous report

that HL activity is primarily associated with HDL2-C but

not with HDL3-C [32, 33]. This result was also replicated

on the basis of the data from the Framingham Offspring

study [15]. However, only a few studies have reported an

association between this polymorphism and plasma TG

[14, 34]. In one study, carried out by Jansen et al. [34] in

the European Atherosclerosis Research Study II, the T

allele was associated with higher concentrations of plasma

Table 4 Correlative factors for the HDL-C levels between the Hei Yi Zhuang and Han populations

Correlative factors Regression coefficient Standard error Wald P value Odds ratio 95% Confidence interval

Han plus Hei

Ethnic group 0.136 0.039 15.223 \0.001 1.883 1.363–2.631

Age 0.212 0.011 5.268 0.026 1.435 1.217–1.874

Body mass index –0.353 0.008 5.764 0.021 1.613 1.273–2.033

Hypertension -0.355 0.006 5.974 0.013 1.552 1.186–1.997

Alcohol consumption 0.218 0.025 7.773 0.007 1.676 1.233–2.139

Cigarette smoking -0.210 0.017 8.542 0.005 1.729 1.096–2.248

LIPC -514C/T genotype 0.152 0.025 10.232 0.003 1.815 1.314–2.423

Hei Yi Zhuang

Age 0.173 0.005 7.653 0.009 1.683 1.321–2.078

Hypertension -0.205 0.002 9.950 0.003 1.795 1.331–2.362

Alcohol consumption 0.104 0.034 5.676 0.033 1.518 1.189–1.852

Cigarette smoking -0.096 0.021 5.387 0.036 1.509 1.120–1.795

LIPC -514C/T genotype 0.271 0.025 13.121 0.002 1.788 1.335–2.516

Han Chinese

Age 0.197 0.009 14.594 0.001 1.902 1.321–2.573

Body mass index -0.161 0.010 7.534 0.011 1.564 1.228–1.981

Alcohol consumption 0.176 0.034 8.202 0.008 1.613 1.292–2.366

Cigarette smoking -0.142 0.023 6.122 0.019 1.753 1.133–2.156

LIPC -514C/T genotype 0.126 0.031 5.323 0.024 1.677 1.212–1.882
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TG, HDL-C, apoA-I and apoB. The effects of LIPC

polymorphism on LDL-C and apoB are inconsistent; one

study reported significantly higher LDL-C levels and bor-

derline higher apoB levels in TT patients than in those with

the CC genotype [35], whereas in other studies there were

no differences in LDL-C and apoB levels with genotype

[15, 29]. In the present study, we show that HDL-C and

apoB levels in both ethnic groups were higher in LIPC

-514T carriers than in noncarriers. In addition, serum TG

levels in Han were higher in TT genotype individuals than

in CC genotype subjects. These results suggest that there

was an association between the LIPC -514C/T polymor-

phism and serum HDL-C and apoB levels.

In addition to the genetic factors, environmental factors

such as obesity [36], physical inactivity [37], alcohol

consumption [38], cigarette smoking [38, 39], diet [40],

and hypertension [41] also influence plasma HDL-C levels.

For example, heavy smokers have, on average, 9% lower

HDL-C levels than matched nonsmokers [39]. Obesity is

one of the most important factors in reducing HDL-C

levels [36, 42]. In the present study, we also show that

serum HDL-C levels were positively correlated with age

and alcohol consumption, and negatively associated with

hypertension and cigarette smoking in Hei Yi Zhuang.

Serum HDL-C levels were also positively correlated with

age and alcohol consumption, and negatively associated

with BMI and cigarette smoking in Han. These findings

suggest that environmental factors or the interactions of

environmental and genetic factors may be involved in

determining the difference in serum HDL-C concentrations

between the two ethnic groups.

In conclusion, the results of the present study show that

there were significant differences in genotypic and allelic

frequencies of the LIPC -514C/T between the Hei Yi

Zhuang and Han populations. An association between the

LIPC -514C/T polymorphism and serum HDL-C and

apoB levels was observed in both ethnic groups. Higher

serum HDL-C and apoB levels were found in LIPC -514T

carriers than in noncarriers. Serum HDL-C levels were

positively correlated with LIPC -514C/T genotypes in

both ethnic groups. The differences in serum HDL-C levels

between the Hei Yi Zhuang and Han populations might

partially attribute to the differences in the LIPC -514C/T

genotypic and allelic frequencies.
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Abstract We succeeded in purifying a major glycolipid

fraction from a green vegetable, spinach. This fraction

consists mainly of three glycolipids: monogalactosyl

diacylglycerol (MGDG), digalactosyl diacylglycerol

(DGDG), and sulfoquinovosyl diacylglycerol (SQDG). In a

previous study, we found that the glycolipid fraction

inhibited DNA polymerase activity, cancer cell growth and

tumor growth with subcutaneous injection. We aimed to

clarify oral administration of the glycolipid fraction, sup-

pressing colon adenocarcinoma (colon-26) tumor growth in

mice. A tumor graft study showed that oral administration

of 20 mg/kg glycolipid fraction for 2 weeks induced a

56.1% decrease in the solid tumor volume (P \ 0.05)

without any side-effects, such as loss of body weight or

major organ failure, in mice. The glycolipid fraction

induced the suppression of colon-26 tumor growth with

inhibition of angiogenesis and the expression of cell pro-

liferation marker proteins such as Ki-67, proliferating cell

nuclear antigen (PCNA), and Cyclin E in the tumor tissue.

These results suggest that the orally administered glyco-

lipid fraction from spinach could suppress colon tumor

growth in mice by inhibiting the activities of neovascu-

larization and cancer cellular proliferation in tumor tissue.

Keywords Glycolipid � Spinach � Anti-tumor activity �
Anti-angiogenesis activity �
Anti-cancer cell growth activity
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PBS Phosphate-buffered saline

PCNA Proliferating cell nuclear antigen

vWF von Willebrand Factor

MVD Microvessel density

Introduction

We have been screening for inhibitors of eukaryotic DNA

polymerase for more than 10 years, and we and other

researchers have reported previously that major plant gly-

colipids [1] such as monogalactosyl diacylglycerol

(MGDG), digalactosyl diacylglycerol (DGDG), and sulfo-

quinovosyl diacylglycerol (SQDG) have potential anti-

cancer functions as follows: DNA polymerase inhibition

[2–7], suppression of cancer cell proliferation [4–6, 8, 9],

anti-angiogenesis [10], and anti-tumor promotion [11, 12].

In animals, glycolipids are contained in a minute amount in

the brain [13] and in sea urchin [14, 15]. Comparing var-

ious vegetables, we found that glycolipids were highest in

spinach, which is especially rich in SQDG [16]. In our

previous study, we developed a method to purify a glyco-

lipid fraction from spinach and found that this fraction had

anti-tumor activity in a subcutaneous solid tumor model

[17, 18].

We eat vegetables, grains, and so on every day; how-

ever, the anti-cancer effect of orally administered

glycolipids has not been ascertained, and the functional

role of glycolipids is not well understood. In addition, a

few studies have suggested that some of these glycolipids

are digested and not absorbed in an in vivo rat model [19,

20], in vitro human pancreatic lipolytic enzyme, and duo-

denal contents model [21].

We investigated the orally administered glycolipid

fraction of spinach for anti-tumor function in a colon solid

tumor mouse model, and then evaluated anti-angiogenesis

and anti-proliferation effects in tumor tissue using histo-

pathological analysis.

Experimental Procedure

Materials

Spinach (Spinacia oleracea L.) was purchased from a

supermarket (Co-operation Union Co., Kobe, Hyogo pre-

fecture, Japan). Rabbit polyclonal antibodies of anti-Ki-67

(NB500-170), Cyclin E (ab7959) and von Willebrand

Factor (vWF, AB7356) were obtained from Novus Bio-

logicals, Inc. (CO, USA), Abcam, Inc. (MA, USA) and

Chemicon International, Inc. (CA, USA), respectively.

Mouse anti-proliferating cell nuclear antigen (PCNA)

monoclonal antibody (sc-56) was purchased from Santa

Cruz Biotechnology, Inc. (CA, USA). Peroxidase-conju-

gated forms of goat anti-rabbit or anti-mouse IgGs (i.e.,

secondary antibodies) were obtained from Nichirei Bio-

sciences Inc. (Tokyo, Japan). All reagents were analytical

grade and were purchased from Merck Ltd (Tokyo,

Japan).

Purification Methods of the Glycolipid Fraction

from Spinach

Water-soluble substances were extracted from dried spin-

ach (20 g) with 1,000 mL of water at 60 �C. The tissue

cake was added to 1,000 mL of 100% ethanol at 60 �C, and

substances containing glycolipids were extracted. The

100% ethanol extract was diluted to a 70% ethanol solution

with water. The solution was subjected to Diaion HP-20

(Mitsubishi Chemical Inc., Tokyo, Japan) column chro-

matography, hydrophobic-type chromatography, washed

with 1,000 mL of 70% ethanol, and then eluted using 95%

ethanol. The 95% ethanol-eluted solution was the glyco-

lipid fraction (1.3 g). This fraction was stored at -20 �C

until used for an experiment and contained the three major

glycolipids: MGDG, DGDG, and SQDG [6], the chemical

structures of which are shown in Fig. 1. By fatty acid

analysis of each spinach glycolipid by gas chromatography,

Fig. 1 Chemical structures of the major glycolipids in the fraction

from spinach. a Monogalactosyl diacylglycerol (MGDG). b Digalac-

tosyl diacylglycerol (DGDG). c Sulfoquinovosyl diacylglycerol

(SQDG). R1–R6 = in these structures are fatty acids

742 Lipids (2008) 43:741–748
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the major fatty acids of MGDG were stearic acid (18:0) and

oleic acid (18:1), DGDG contained mostly palmitic acid

(16:0) and oleic acid (18:1), and SQDG mostly consisted of

palmitic acid (16:0) and linolenic acid (18:3) [6].

Cell Culture and Cell Growth Inhibition Assay

The mouse colon adenocarcinoma cell line, colon-26 [22]

was provided by the Cell Resource Center for Biomedical

Research (Tohoku University, Sendai, Japan), and human

cancer cell lines, A549 (lung cancer), BALL-1 (B cell

acute lymphoblastoid leukemia), HeLa (cervical cancer),

Molt-4 (T cell acute lymphoblastic leukemia), and NUGC-

3 (stomach cancer), were obtained from the Health Science

Research Bank (Osaka, Japan). These cancer cells were

cultured in RPMI 1640 (Nissui Pharmaceutical Co., Ltd,

Tokyo, Japan) supplemented with 10% fetal bovine serum

(Equitech-Bio, Inc., Texas, USA), penicillin (100 units/

mL), and streptomycin (100 lg/mL). The cells were cul-

tured under an atmosphere of 95% air and 5% CO2 at

37 �C. The cancer cells (5 9 103) were seeded onto a 96-

well plate (n = 5) and allowed to adhere overnight. The

culture was then washed and added to the medium or to the

medium containing different concentrations (0–100 lg/

mL) of the glycolipid fraction of spinach dissolved in each

medium. After 24 h, cell-growth activity was determined

by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetra-

zolium bromide (MTT) assay [23].

Animals

Specific pathogen-free female BALB/c mice (5 weeks of

age, 14–19 g) were purchased from Japan SLC, Inc.

(Shizuoka, Japan). The laboratory standard diet for mice

(code: MF) was purchased from Oriental Yeasts Co., Ltd

(Osaka, Japan). The mice were housed and acclimated in

the animal research facilities for a least 1 week before

being used in the present study. They were kept in iso-

lation rooms at a controlled temperature and had free

access to laboratory standard diet (contents by weight %:

water-soluble non-nitrogen compounds 52.3%, protein

24.6%, water 8%, ash 6.4%, fat 5.6%, and fiber 3.1%) and

water. All animal studies were approved by the Kobe-

Gakuin University Animal Committee, according to the

guidelines for the ‘‘Care and Use of Laboratory Animals’’

of the University.

Implantation of Mouse Cancer Cells and Anti-Tumor

Growth Assay

For anti-tumor experiments in vivo, colon-26 cells

[1 9 106 cells/mouse in 100 lL of phosphate-buffered

saline (PBS)] were subcutaneously inoculated into BALB/c

mice (18–21 g). Five days after the start of inoculation, we

observed the engraftment of tumor cells, which reached a

volume of 20–30 mm3; tumors were measured with a

caliper at each administration, and tumor volumes were

calculated using the formula: volume = a 9 b 9 b/2,

where a and b are the length and width diameters. The mice

were divided randomly into three groups: a control group

(n = 5) with orally administered PBS alone, and two

experimental groups (each n = 5) with the orally admin-

istered glycolipid fraction dissolved in PBS. All mice were

orally administered 100 lL of the fraction dissolved in

PBS at dose of 10, 20 mg/kg or PBS only every day using a

gastric feeding needle, and tumor volume was measured

from the beginning of administration for 2 weeks (total of

15 administrations). After the anti-tumor assay (i.e.,

19 days after implantation), the mice were killed and the

histopathological features of the tumors were observed

with gross diagnosis of major organs, the lung, heart,

spleen, stomach, liver, pancreas, kidney, intestine, and

brain.

Preparation of Mouse Tissue Samples

In the significantly decreased tumor volume group, we

evaluated the tumor tissue. For hematoxylin and eosin

(H&E) staining and immunohistochemical procedures,

tumor tissues from killed mice were fixed with 10% for-

malin in PBS (pH 7.2) and processed for paraffin

embedding. The sections, 3 lm thick, were stained with

H&E or appropriate antigens for immunohistochemistry.

For immunohistochemical staining, all antibodies were

reacted with deparaffinized antigen-retrieved sections.

Histopathological and Immunohistochemical Analysis

of Cell Proliferation in Tumor Tissues

The sections were histopathologically analyzed using the

mitotic index [number of mitoses/high power field (HPF)]

of five to eight random non-necrotic areas by H&E stain

at 4009 magnification. The expressions of cell prolifera-

tion marker proteins such as Ki-67, PCNA, and Cyclin E

[24–26] were determined by immunohistochemistry. The

sections were incubated overnight at 4 �C with the pri-

mary antibodies such as 1:50 dilution of anti-Ki-67, 1:500

dilution of anti-PCNA, or 1:1,000 of anti-Cyclin E. The

sections were then rinsed three times with PBS and

incubated for 10 or 30 min with the peroxidase-conju-

gated secondary antibody at room temperature. The

positive reaction was visualized by incubating the sections

with 3,30-diaminobenzidine (DAB) for 5–10 min. The

sections were then washed with water and counterstained

with hematoxylin. To assess the average proteins of pro-

liferation markers in entire tumor sections, four to six

Lipids (2008) 43:741–748 743
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areas, were chosen from the stained section in each tumor,

and high expression spots at 4009 magnification were

counted.

Vessel Count within Tumor Tissue

Deparaffinized sections were incubated overnight with

1:1,000 dilution of anti-vWF at 4 �C. The sections were

rinsed three times with PBS and incubated for 30 min with

the peroxidase-conjugated secondary antibody at room

temperature. The positive reaction was visualized by

incubating the sections with DAB for 5–10 min. The sec-

tions were then washed with water and counterstained with

hematoxylin. Vessel counts were based on the criteria of

Weidner et al. [27] and were performed at 2009 magnifi-

cation (0.785 mm2 per field). To assess average

vascularization in entire tumor sections, three areas were

chosen from the stained section of each tumor, and the

number of vessel markers with a high expression in the

field was counted.

Statistical Analysis

Statistical analyses were performed using the Steel–Dwass

test for in vitro experiments and the Mann–Whitney U test

for in vivo experiments, using the software package KyPlot

5.0 (Kyens Lab., Inc., Tokyo, Japan) for Windows.

Results

Inhibitory Effect of the Glycolipid Fraction on Cancer

Cell growth

The glycolipid fraction from spinach was incubated with

mouse colon-26 cell lines for 24 h, and cellular prolifera-

tion was inhibited in a dose-dependent manner, with an

IC50 value of 74.5 lg/mL (Fig. 2). At 100 lg/mL, the

growth inhibition rate of colon-26 cells decreased to 75.7%

compared with the control (P \ 0.05).

We also investigated whether this fraction could inhibit

the growth of other cancer cell lines from humans, and the

IC50 values are shown in Table 1. The glycolipid fraction

also suppressed the growth of all human cancer cell lines

by 24 h incubation, and the range of IC50 values were

58.5–81.7 lg/mL. The inhibitory effect of 48 h culture was

as strong as with 24 h incubation (data not shown). The

cancer cell line from mice (i.e., colon-26) showed almost

the same cell growth inhibitory results as cancer cell lines

from humans; therefore, we used mouse colon-26 cells in

the latter part of this study.

Suppression of Tumor Growth in BALB/c Mice

Five days after cancer cell implantation, daily oral

administration of the glycolipid fraction at 20 mg/kg

significantly suppressed the growth of colon-26 solid tumor

in mice (n = 5), and treatment with the glycolipid fraction

resulted in a 56.1% inhibition of tumor growth compared

with the control group (P \ 0.05) on the final day (i.e.,

19 days after implantation) (Fig. 3). However, oral

administration of 10 mg/kg glycolipid fraction did not

Fig. 2 Dose–response curve of the glycolipid fraction for cancer cell

growth inhibition. Colon-26 cells (mouse colon adenocarcinoma)

were incubated with 0–100 lg/mL of the glycolipid fraction of

spinach for 24 h. The rate of cultured cell growth inhibition was

determined by MTT assay [23]. Bars indicate the mean ± SEM of

five independent experiments. *Different from the control, P \ 0.05

Table 1 Inhibitory effect of the glycolipid fraction from spinach on

cultured cancer cell growth

Cell line Type of cancer IC50 values

(lg/mL)

Colon-26 Mouse colon 74.5 ± 9.0

A549 Human lung cancer 81.7 ± 9.9

BALL-1 Human B cell acute

lymphoblastoid

leukemia

59.0 ± 7.1

HeLa Human cervix cancer 57.2 ± 6.9

Molt-4 Human T cell acute

lymphoblastic

leukemia

58.5 ± 7.1

NUGC-3 Human stomach cancer 79.8 ± 9.6

Mouse cancer cells, such as colon-26, and human cancer cells, such as

A549, BALL-1, HeLa, Molt-4 and NUGC-3, were incubated with the

glycolipid fraction for 24 h. The rate of cell growth inhibition was

determined by MTT assay [23]. Data are expressed as the

mean ± SEM of five independent experiments

744 Lipids (2008) 43:741–748
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significantly decrease the solid tumor volume on the final

day compared with the control group (P = 0.42). The body

and major organ weights in the experimental group with

the orally administered glycolipid fraction were almost the

same as in the control group with orally administered PBS,

and there was no drug-related animal death.

Suppression of the Expression of Mitosis and Cell

Proliferation Marker Proteins in Tumor Tissues

After the tumor formation experiment in mice (n = 3–5),

paraffin sections of tumor tissues were made for H&E

staining and immunohistochemical staining of cell prolif-

eration marker proteins such as Ki-67, PCNA, and Cyclin

E. The results of histopathological analysis for the

proliferation of tumor cells are shown in Table 2. First, the

mitotic index, which indicates the rate of cell division, of

the administered glycolipid fraction was approximately

1.8-fold lower than that of the control mitotic index. Sec-

ond, the immunohistochemical assay showed that the

number of high expression spots in positive cells treated

with the glycolipid fraction in tumor tissues decreased

compared with the control, and the reduction rates of Ki-

67, PCNA, and Cyclin E were 18.7, 17.6, and 14.4%,

respectively. These results suggest that the glycolipid

fraction could inhibit cell proliferation in tumor tissue.

Inhibition of Anti-Angiogenic Activity in Tumor

Tissues

As shown in Fig. 4a and b, daily oral administration of

20 mg/kg glycolipid fraction decreased the number of

microvessels compared with the control. Microvessel

density (MVD) was measured by positive staining of ves-

sels with vWF antibody per 1 mm2. Mice (n = 4–5)

treated with the glycolipid fraction (11.3 ± 1.8) induced

56.4% inhibition of vessel formation compared with the

control (25.8 ± 5.3, P \ 0.05, Fig. 4c). These results

suggest that the glycolipid fraction of spinach could lead to

a significant decrease of MVD, and this phenomenon must

increase necrosis of colon-26 tumors (Fig. 5). Since the

value of MVD is closely related to angiogenesis formation,

the glycolipid fraction could be considered as having anti-

angiogenic activity.

Discussion

We prepared the glycolipid fraction of spinach, and showed

that it has anti-tumor activity with oral administration. This

fraction consists of three glycolipids: MGDG, DGDG, and

SQDG, but it is too difficult to purify each glycolipid sep-

arately from the fraction. We consider that the fraction

containing glycolipids, which is easy to purify from spin-

ach, could be a functional foodstuff with anti-cancer effects.

We found that oral administration of 20 mg/kg glyco-

lipid fraction of spinach suppressed the formation of colon

tumor in mice with no adverse drug reaction (Fig. 3). The

Fig. 3 Effect of the glycolipid fraction on tumor growth in mice.

Mice with solid tumors were orally administered 100 lL of PBS as a

control group (n = 5) (open circles) and the glycolipid fraction in

100 lL of PBS at dose of 10 mg/kg (n = 5, closed diamonds) and

20 mg/kg (n = 5, closed triangles) as experimental groups. All data

are shown as the means ± SEM of five independent animals.

*Different from the control, P \ 0.05

Table 2 Histopathological analysis of the sections of colon-26 cells in mouse tumor tissue

Mitosis (/HPF) Ki-67 (%) PCNA (%) Cyclin E (%)

Control 16.6 ± 1.3 86.7 ± 4.7 78.6 ± 1.4 57.1 ± 2.0

Spinach glycolipid fraction 9.4 ± 1.7* 70.5 ± 3.0* 64.8 ± 1.3* 48.9 ± 1.0*

Mice were orally administered PBS (control) or the glycolipid fraction from spinach in PBS at a dose of 20 mg/kg. Mitotic index and

immunohistochemical proliferative analysis were calculated at a high magnification field (4009). Data are shown as the means ± SEM of four to

six areas per mouse (n = 3–5)

* Different from the control, P \ 0.05
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content (weight %) of fat in the laboratory standard diet of

mice is 81.0% triglycerides, 17.4% phospholipids and 1.6%

cholesterol. This diet hardly consists of glycolipids;

therefore, glycolipids must be important for anti-tumor

activity. Generally, tumor growth depends on angiogenesis

[28, 29], and oral administration of the glycolipid fraction

inhibited angiogenesis in tumor tissues (Fig. 4). The for-

mation of tumors treated with the glycolipid fraction

decreased MVD to 56.5% (Fig. 4c). These results showed

that the inhibition of angiogenesis might cause tumor

shrinkage and widespread necrosis (Fig. 5). In addition,

since MVD relates to tumor development, malignancy, and

metastasis [30–32], the glycolipid fraction could influence

these phenomena.

The spinach glycolipid fraction induced a significant

decrease of the expression of cell proliferation marker

proteins such as Ki-67, PCNA, Cyclin E, and the index of

tumor mitosis in tumor tissues (Table 2). The expression of

Ki-67 occurs continuously in all cycling cells of G1, S, G2,

and M phases, but not in resting cells in the G0 phase. PCNA

and Cyclin E are positive in the nuclear cell cycle of G1 and

S phases. Therefore, this fraction could arrest the cell cycle,

and reduce the cell proliferation in the tumor cells. In

addition, these cell proliferation marker proteins have

negative effects on other indicators such as tumor progno-

sis, malignancy and metastasis [31, 33–35]. We have

observed that glycolipids inhibited the activity of DNA

polymerases [2–7]. Tumors have high DNA polymerase

Fig. 4 Effect of the glycolipid

fraction on tumor angiogenesis

in mice 19 days after

implantation. Tumor tissues

were sectioned and stained with

anti-vWF antibody. a, b MVD

of the administered PBS control

group (a) and the administered

glycolipid fraction group at a

dose of 20 mg/kg (b). Bars are

50 lm. (c) Numbers of

microvessels are indicated by

vWF-positive objects per

1 mm2. All data are shown as

the means ± SEM of three

areas of the sections per mouse

(n = 4–5). *Different from the

control, P \ 0.05

Fig. 5 Histopathological

examination of the colon tumors

of mice treated with the

glycolipid fraction at a dose of

20 mg/kg 19 days after

implantation. Tumor sections

were stained with H&E. Mice

were orally administered PBS as

a control group (a) or the

glycolipid fraction in PBS at a

dose of 20 mg/kg as the

experimental group (b). N
necrosis. Bars are 100 lm
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activity; therefore, the dual activities of anti-proliferation of

cancer cells and inhibition of DNA polymerases must

suppress the turnover and division of tumor cells.

On the other hand, a rat intake study and human duo-

denal contents study shows that glycolipids are digested or

not absorbed [19–21]; however, the present study indicated

that glycolipids might be absorbed and affect anti-tumor

activity, similar to previous studies [7, 17]. Glycolipids,

especially MGDG and SQDG, are hydrolyzed and yield

monogalactosyl monoacylglycerol (MGMG) and sulfo-

quinovosyl monoacylglycerol (SQMG), respectively, and

MGMG and SQMG increased the inhibition of DNA

polymerase activity, anti-proliferation of cancer cells [36]

and tumor suppression more than MGDG and SQDG [17].

In conclusion, this study shows that 20 mg/day of the

orally administered spinach glycolipid fraction can effec-

tively suppress mouse colon tumor growth, influenced by

the anti-angiogenesis and anti-proliferation of tumor cells

without side-effects. The glycolipid fraction suppressed the

growth of cancer cells from humans and mice (Table 1;

Fig. 2); therefore, glycolipids are suggested as preventing

human cancer disease, and this spinach fraction could

become a functional foodstuff with anti-cancer effects.
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Abstract Modern diets are often deficient in x-3 fatty

acids and additional dietary sources of x-3 fatty acids are

useful. In order to investigate the molecular basis of the

high accumulation of the x-3 fatty acid, a-linolenic acid

(18:3), in three different plants, flax (Linum usitatissimum),

Dracocephalum moldavica, and Perilla frutescens x-3

desaturase activity, transcript levels, and 18:3 in-vivo

synthesis were examined. The 18:3 content was found to be

higher at the later developmental stage of D. moldavica

(68%) compared with P. frutescens (59%) and flax (45%)

cotyledons. The 18:3 and 18:2 contents in both PC and

TAG were determined during various stages of seed

development for all three plants in addition to soybean

(Glycine max). Northern blot analysis data of three dif-

ferent stages of D. moldavica, flax, and P. frutescens

compared with moderately low 18:3 producers, soybean

(Glycine max), and Arabidopsis thaliana and Brassica

napus, (8–10% 18:3) at a stage of zygotic embryo devel-

opment of high triglyceride synthesis showed that x-3

desaturase mRNA levels were higher in all three high 18:3

producers, flax, D. moldavica and P. frutescens. This

indicates that the high level of a-linolenic acid in TAG may

be largely controlled by the level of x-3 desaturase gene

expression. However, the PC versus TAG fatty acid com-

position data suggested that along with x-3 desaturase

other enzymes also play a role in 18:3 accumulation in

TAG, and the high accumulators have a selective transfer

of a-linolenic acid into TAG.

Keywords Fatty acid � Lipids � Omega-3 � Flax �
Perilla

Abbreviations

ACP acyl carrier protein

ALA a-linolenic acid

DAG diacylglycerol

DGAT diacylglycerol acyl transferase

DHA docosohexaenoic acid

EFA, EPA eicosapentaenoic acid

ER endoplasmic reticulum

FFAP, PC phosphatidylcholine

PUFA polyunsaturated fatty acid

TAG triacylglycerol

Introduction

The diets of people in some countries come close to the

apparent x-3/x-6 fatty acid ratio of diet during human

evolution: such as the traditional diets of Greece and Japan.

In both countries the rate of death due to cardiovascular

disease is among the lowest. It is now recognized that there

is a need to return x-3 fatty acids into the food supply, both

for normal growth and development and for the prevention

and management of chronic diseases [1]. Human beings

evolved on a diet in which the ratio of omega-6/omega-3

EFA was about 1, whereas in the western diets the ratio is

15/1 to 16.7/1. Increased use of certain plant oils and

modern day agriculture has led to a decrease in omega-3
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fatty acids and increases in omega-6 fatty acids [2–4]

Linoleic acid and a-linolenic acid are not interconvertible

in animals and compete for the rate limiting delta-6

desaturase in the synthesis of long chain PUFA. Among the

cardiovascular benefits of increased omega-3 fatty acids in

the diet is the prevention of cardiac arrhythmias [4].

Already eggs high in omega-3 fatty acids are available on

the market [5]. All these factors increase proportionally

with an increase in the omega-3 fatty acid intake, including

either ALA or EPA, but especially DHA.

Seed oils are composed primarily of triacylglycerols

(TAGs), which are glycerol esters of fatty acids. The pri-

mary fatty acids in the TAGs of oilseed crops are 16–18

carbons in length and contain 0–3 double bonds. Palmitic

acid (16:0), oleic acid (18:1), linoleic acid (18:2), and li-

nolenic acid (18:3) predominate. In this study we used

soybean (G. max) as a moderate linolenic acid producer

and three different high linolenic acid producers: flax

(Linum usitatissimum) which has a high content of lino-

lenic acid in the triacylglycerol (TAG), normally more than

45% of the total fatty acid content [6–8], Perilla frutescens

oil contains 50–64% of 18:3 [9–11], and Dracocephalum

moldavica contains 59–68% 18:3 [9, 12, 13].

Flax (L. usitatissimum) oil content ranges from 40 to

52% and 40 to 64% of this oil is linolenic acid depending

on the flax variety [6–8]. D. moldavica contains 25–30%

oil and 59–68% of it is 18:3 [9, 12, 13]. The oil content of

P. frutescens is 35–45%, and contains 50–64% of 18:3 [9–

11] It is known that x-3 fatty acids are synthesized from x-

6 fatty acid precursor membrane lipids in plastids and the

ER by x-3 desaturases [14].

The objective of this study was to investigate the bio-

chemical basis of a-linolenic acid accumulation in

developing seeds of flax (L. usitatissimum), D. moldavica

and P. frutescens as high linolenate accumulators com-

pared to the moderate accumulators soybeans and canola.

Materials and Methods

Plant Materials

Soybean (G. max) cv. ‘Jack’, Brassica napus cv. ‘Westar’,

flax (L. usitatissimum) cv. ‘NorLin’, P. frutescens and D.

moldavica plants were grown in the greenhouse at the

University of Kentucky, Lexington. Dicot embryogenesis

is divided into five general stages: globular, heart, cotyle-

don, maturation, and dormancy. By the end of the

cotyledon stage and during maturation primary storage

products including lipids accumulate in preparation for

seed germination later [15]. In this study we focused on

cotyledon to maturation stages and classified them to six

different stages based on seed size, color, and weight. Seed

coats were carefully removed; embryo length and fresh

weight were measured. Samples were frozen in liquid N2,

lyophilized and the dry weight was measured.

Fatty Acid and Lipid Analysis

The overall fatty acid composition of seed tissues of dif-

ferent cotyledon developmental stages of the investigated

plants were analyzed by modifications of the procedure of

[16]. About 1–10 mg lyophilized seed samples with added

heptadecanoic acid (17:0) were placed into 2 mL of 2%

(v/v) H2SO4 in methanol. The samples were ground finely,

and then heated at 80 �C until the volume was reduced to

approximately 0.5 mL (2 h). One and one-half milliliters

of hexane containing 0.001% butylated hydroxytoluene

(BHT) were added and the mixture was vortexed vigor-

ously. The fatty acid methyl esters in the hexane layer were

separated by gas chromatography on a Hewlett-Packard

0.25 mm I.D. 9 0.33 mm 9 10 m FFAP column and

quantified using a flame ionization detector. A Hewlett-

Packard 5890A gas chromatograph was programmed for an

initial temperature of 140 �C for 1 min followed by

increases of 12 �C/min to 210 �C and to 235 �C. The final

temperature was maintained for 8 min. The injector and

detector temperatures were 220 and 250 �C, respectively.

Helium was used as the carrier gas with a flow rate of

10 mL/min. Total lipids were extracted from seed tissue as

described by [17]. Individual lipids were separated by one-

dimensional thin layer chromatography 20 9 20 cm TLC

plate (LK60 silica gel 60 A�, Whatman) by the method of

[18]. TLC plates were developed in two solvent systems.

Phospholipids and glycolipids were separated in chloro-

form:methanol:water (65:25:4, v/v). Neutral lipids were

separated in hexane:diethyl ether:acetic acid (100:100:2,

v/v) [17, 19]. Lipids were located by spraying the plates

with a solution of 0.005% primulin in 80% acetone,

followed by visualization under UV light. In order to

determine the fatty acid composition of individual lipids,

ten lg of 19:0 was added to the silica gel of each lipid band

before scraping, transferred to a tube containing 2 mL of

2% (v/v) H2SO4 in methanol, and fatty acid methyl esters

were prepared and analyzed as described above. Radiola-

beled 18:2 CoA was synthesized using 14C linoleic acid

and co-enzyme A by the method described by [20].The

labeled 14C 18:2-CoA was fed to the embryos on a lL

(0.0028 lCi/lL) per gram fresh weight basis and incubated

for 90 min in light as described by [8]. After incubation the

embryos were washed to remove unabsorbed radioactivity

and crushed in chloroform/methanol (2:1) to extract lipids.

Reverse phase chromatography was used to separate the

18:2 from 18:3. The free fatty acids were methylated by

diazomethane and the esterified fatty acids by sodium

methoxide. The samples along with the standards were
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loaded on to a KV18 silica gel plate and ran in a solvent

system consisting of acetonitrile/acetic acid/water

(70:10:10). The image was developed in a phosphorimager.

The standards were identified and thus used to identify the

location of the radioactivity, by placing the plate into an

iodine chamber.

RNA Isolation

RNA was isolated using the Trizol Reagent (Life Tech-

nologies, GibcoBrl). 50–100 mg seed tissues of different

cotyledon developmental stages of tested plants were fro-

zen in liquid N2, homogenized in 1 mL Trizol reagent,

transferred into microcentrifuge tubes and incubated for

5 min at room temperature. 0.2 mL chloroform per 1 mL

of Trizol was added; tubes were vigorously shaken for 15 s

and incubated at room temperature for 3 min. Samples

were centrifuged at 12,0009g for 15 min at 2–8 �C. The

upper aqueous phase containing RNA was collected in

fresh tubes; RNA was precipitated with 0.5 mL of iso-

propyl alcohol and samples incubated at room temperature

for 10 min. Samples were centrifuged at 12,0009g for

10 min, and the RNA pellet was washed once with 1 mL of

75% ethanol. Samples were vortexed and centrifuged at

7,5009g for 5 min. The RNA pellet was air-dried, then

dissolved in RNase-free water and incubated for 10 min at

60 �C. The concentration of RNA was estimated by read-

ing the absorbance at 260 nm. The 260/280 ratio of the

RNA was 1.9–2.0. The quality of RNA was checked using

1.2% agarose gels. Samples were stored at -80 �C until

used.

Northern Blotting

RNA samples (30 lg) were prepared by adding 2.0 lL of

59 formaldehyde gel-running buffer, 3.5 lL 12.3 M

formaldehyde, 10 lL formamide, and incubated 15 min at

65 �C. The samples were chilled in ice for 3 min. Samples

were immediately loaded on a pre-run denaturing 1%

agarose-formaldehyde gel, the electrophoresis was carried

out in the presence of 19 formaldehyde gel-running buffer.

The gel was washed with 0.05 N NaOH for 20 min, rinsed

with RNase-free water, followed by 109 SSC for 45 min.

Blotting and transfer of RNA onto the 69 SSC pre-soaked

nylon membrane was carried out according to the standard

procedure [21]. RNA was fixed to the Zeta-probe nylon

membrane by UV cross-linking (UV stratalinker 1800,

Stratagene). The B. napus x-3 desaturase probe was

labeled with [a-32P] dCTP using the random priming

method. Pre-hybridization and hybridization were carried

out at 42 �C following the instructions for using the Zeta-

Probe Membrane (Bio-Rad) as outlined by the manufac-

turer. After hybridization a PhosphorImager system

(Molecular Dynamis, 445 SI) was used to visualize the

bands obtained. The radioactive probes were stripped by

washing the blots three times with 0.1% SDS in 29 SSC at

95 �C, 10 min each.

Results

Fatty Acid Composition in Different Oil Seeds

of Moderate and High Linolenate Accumulators

During Maturation

The percentage of total fatty acids in flax seeds at different

cotyledon developmental stages were analyzed (Fig. 1).

Linolenic acid (18:3) accumulated during seed

Fig. 1 Accumulation of fatty acids in developing flax seeds (a), P.
frutescens seeds (b), D. moldavica seeds (c). lmol of fatty acid/mg

seed dry weight were calculated during different stages of cotyledon

development. Data points are the means of six replications ± stan-

dard errors
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development and reached 46% by the end of maturation,

oleic acid increased during maturation until stage IV at

40% and then become steady until the end of the matura-

tion. 18:2 was found to be 45% at the first stage and

dropped dramatically during the rest of the developmental

stages to reach 10% by the end of the maturation process.

Also 16:0 dropped from 25% at the beginning of the cot-

yledon maturation stage to 10% by the end of seed

maturation.

The synthesis of 18:3 takes place rapidly at the begin-

ning of cotyledon development in P. frutescens. The level

of 18:2 declines with the increase in 18:3 while the 18:1

content slightly increased during seed maturation but its

level remained relatively lower than the case of flax seed.

This suggests that D-12 desaturase is more efficient in

desaturating 18:1–18:2 in P. frutescens than in flax. P.

frutescens seed has a high content of a-linolenate (57%)

[10, 22, 23] and other fatty acid contents were also similar

to reported values. The percentage ratio for both 18:2 and

18:3 in P. frutescens seed during maturation indicates that

x-3 desaturase is very active at the beginning of cotyledon

development. However, the 18:3 content reached a steady

state at the third stage and remained constant thereafter

until the end of seed maturation (Fig. 1). The amount of

18:3 (lmol/mg dry weight) increased during cotyledon

developmental stages to reach 1.15 lmol/mg dry weight at

the maturation stage.

The accumulation of 18:3 in D. moldavica increased

gradually to 68% by the end of seed maturation (Fig. 1).

The 18:2 and 18:1 levels are lower at maturity. This sug-

gests that both D12 and D15 (x-3) desaturases are very

active in desaturation of 18:1 and 18:2 and are largely

responsible for the high level of 18:3 in D. moldavica. The

accumulation of other FA including 18:1 is minimal as in

P. frutescens unlike the accumulation of 18:1 in flax during

seed maturation. In all high 18:3 accumulators, the lino-

lenic acid content starts at a moderate level. The percentage

of 18:3 is higher at a very early cotyledon developmental

stage (first stage) of P. frutescens (35%) compared with

flax (25%) and D. moldavica (15%). a-Linolenic acid

gradually accumulated in developing cotyledons of all

three plants. However, 18:3 content was found to be higher

at the late mature developmental stage of D. moldavica

(68%) compared with P. frutescens (59%) and flax (45%)

cotyledons under our greenhouse growth conditions

(Fig. 1).

The ratio of 18:2 and 18:3 in TAG in developing soy-

bean seeds is the opposite to that in the three high 18:3

accumulators previously mentioned, which suggests that

the level of desaturation of 18:2 into 18:3 decreases in

soybean as the seeds mature (Fig. 2). The unsaturated fatty

acid levels in PC remain almost constant throughout seed

maturation. The increase in lipid content in soybean seed is

accompanied by a shift in lipid composition from PC

(membrane lipids) to TAG accumulation (storage lipids)

during seed maturation [24, 25]. Figure 2 shows the

amount of 18:3 in flax seed increases during cotyledon

maturation stages in TAG in comparison to the 18:3 con-

tent in PC.

The level of 18:3 in P. frutescens TAG is much higher

than in PC, also compared with flax (Fig. 2) the 18:2 levels

in P. frutescens is lower in PC, which agree with the fact

that 18:3 level in TAG of P. frutescens seed (Fig. 2) is

much higher.

A slightly higher 18:3 amount was found in PC of flax

seed in the first three stages of cotyledon development

compared to the amount of 18:3 in PC of P. frutescens

seeds (Fig. 2). However, the percentage of 18:3 in P.

frutescens PC was slightly higher (6%) in the first two

stages compared to the first two stages in flax PC (0.9–3%).

Unlike TAG, the 18:3 content was low in PC throughout

seed development in flax and P. frutescens (Fig. 2). An

Fig. 2 Linoleic and linolenic acids in PC versus TAG in developing

soybean seeds (a), Flax seeds (b), P. frutescens seeds (c)
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increase in 18:3 content was observed in TAG of devel-

oping seeds in both flax and P. frutescens, however, flax

seeds showed a gradual increase of 18:3 in TAG

throughout all stages of development, while on the other

hand a dramatic increase of 18:3 in TAG of P. frutescens

seeds was observed during the later stages of development

(from 0.15 lmol/mg seed at the second stage up to

0.9 lmol/mg seed at seed maturation). It was found that the

second stage of cotyledon development is the optimum

stage for monitoring x-3 desaturase activity so this stage

was used for northern blots.

The 18:3 levels are much higher in TAG compared to its

level in PC in D. moldavica developing cotyledons while

the level of 18:2 is lower in TAG but in PC the amount of

18:2 (lmol/mg seed) is relatively higher during second to

third stages of cotyledon development (data not shown).

The 18:2 level in PC dropped by the end of maturation of

the seed.

x-3 Desaturase Activity

To investigate whether higher x-3 desaturase activity is

responsible for the higher synthesis of 18:3 fatty acid,

which in turn is incorporated in to TAG in higher amounts,

the x-3 desaturase of flax and two moderate accumulators

Arabidopsis and soybean were assayed. Feeding studies

with 14C labeled 18:2-CoA showed that developing

embryos of flax have higher x-3 desaturase activity com-

pared to Arabidopsis and soybean (Fig. 3). Stage II flax

seeds have much higher activity compared to the stage V

flax seeds. During stage II 18:3 accumulation is linear and

in stage V embryos 18:3 reaches a plateau (Fig. 1).

Microsomal x-3 Desaturase Transcript Levels

The x-3 desaturase transcripts levels in stage II flax

embryos are much higher compared to soybean embryos of

both stages and stage V flax embryos (Fig. 4). These results

were also in line with 18:3 fatty acid accumulation in flax

seeds (Fig. 1) and also indicated by the x-3 desaturase

activity assay (Fig. 3). The activity assay results show that

stage II flax embryos had much higher activity than both

stages of soybean embryos and stage V flax. Northern blot

analysis data also show developing embryos of P. frutes-

cens have much higher x-3 desaturase transcript levels

than soybean and Arabidopsis (Fig. 5). When three dif-

ferent stages of D. moldavica, P. frutescens and flax, were

compared with the moderately low 18:3 producers (8–

10%), soybean and Arabidopsis, and B. napus, x-3 desat-

urase mRNA levels were also higher in all three high 18:3

producers, flax, D. moldavica and P. frutescens compared

with the moderately low 18:3 producers (figure not shown

for D. moldavica). However among high 18:3 producer

plants, the x-3 desaturase transcript level was found to be

much higher in D. moldavica than in P. frutescens, which

in turn has a higher transcription level than flax (Fig. 5).

Fig. 3 x-3 desaturase assays: 14C–18:2 CoA was fed to developing

embryos of high 18:3 accumulating flax and moderate 18:3 accumu-

lators soybean and Arabidopsis. Lipids were extracted, methylated,

and separated on a reverse phase C18 TLC plate and then read on a

phosphorimager

Fig. 4 Northern blot analyses of x-3 desaturase expression in

developing embryos of flax and soybean. RNA was extracted from:

B. napus (Br), the second and fifth developmental stage of flax

cotyledons (F1, F5) and the second and fifth developmental stage of

soybean cotyledons (S2, S5). (Above) B. napus x-3 desaturase

(FAD3) cDNA was used as a probe to check the expression of FAD3

gene (Below) to confirm the amount of RNAs loaded were equal 18S

ribosomal DNA was used as probe to measure 18S rRNA expression.

Equal RNA loading was also confirmed by measuring RNA

concentration spectroscopically at 260 nm

Fig. 5 Northern blot analyses of x-3 desaturase gene expression in

developing embryos of B. napus, Arabidopsis, soybean and P.
frutescens. RNA was extracted from B. napus (Br), Arabidopsis seed

(Ar), soybean seed cotyledon developmental stages 5–6 mm (S1), 7–

9 mm (S2), 9–11 mm (S3), Pr1, Pr2, Pr3, are P. frutescens cotyledon at

developmental stages (based on size, color, and seed weight) 1, 2 and 3?.

(Above) RNAs were blotted on a nylon membrane and probed with B.
napus x-3 desaturase cDNA to check the x-3 desaturase gene

expression (Below) To confirm the amount of RNAs loaded were equal

18S ribosomal DNA was used as probe to measure 18S rRNA

expression. Equal RNA loading was also confirmed by measuring RNA

concentration spectroscopically at 260 nm
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The lipid content and compositions of soybean seeds

changes considerably as the embryo progress from the

early stages of development to the maturation stage [26]. In

soybean the level of 18:3 is higher at the beginning of the

cotyledon maturation stage and begins to decline toward

the late maturation stages while the 18:2 concentration

increases. The opposite is found in all high 18:3 accumu-

lators, with levels of 18:3 increasing during the maturation

stages while the 18:2 levels decreased .

In flax (Fig. 3), x-3 desaturase is highly active in con-

verting 18:2-CoA to 18:3 compared to Arabidopsis and

soybean.

Discussion

During the first three stages of cotyledon development, in

all high 18:3 producers, linear increases in 18:3 levels were

found. This suggests that these stages have the highest x-3

desaturase activity. The 18:1 levels in both flax and P.

frutescens (Fig. 1 and 2) suggests that D-12 desaturase is

more active in desaturating 18:1–18:2 in P. frutescens than

in flax. In D. moldavica 18:3 levels was very high com-

pared with other fatty acids levels suggesting that lipid

metabolism in this plant is optimally adjusted for 18:3

accumulation. The level of 18:3 in P. frutescens TAG is

much higher than in PC, also compared with flax (Fig. 2)

the 18:2 levels in P. frutescens is lower in PC, which is

consistent with the high 18:3 level in TAG of P. frutescens

seed (Fig. 2). This suggests that desaturation of 18:2– 18:3

by x-3 desaturase is more efficient in P. frutescens than in

flax, which in turn is much higher than in soybean.

The changes in lipid concentration are accompanied by

a shift in lipid composition from polar lipids to storage

lipids [24]. In soybean the 18:2 levels in TG increase while

18:3 levels decrease. Acyltransferase enzymes catalyze the

incorporation of fatty acids into the glycerol backbone to

produce different glycerolipids classes including PC and

TG [25, 27–29], so that from our data (e.g., Fig. 2) and the

selective accumulation of 18:2 in TG of soybeans we can

suggest that acyltransferases are selective with 18:2 over

18:3 in soybean seed. However, the absolute amount (l
mol/mg seed) of 18:3 in high producing plants suggests

that the incorporation rate into TG is very high which in

turn indicates that acyltransferases may selectively incor-

porate 18:3 into storage lipids.

Northern blot data shows that the x-3 desaturase gene

expression level is higher in high 18:3 producing plants

compared to low producers. This indicates that the level of

x-3 desaturase gene expression may largely control the

level of a-linolenic acid in TAG, although as mentioned

above acyltransferases also appear to be involved. High

accumulation of 18:3 correlates with x-3 desaturase

mRNA levels which suggests transcriptional control of

fatty acid desaturase genes [30, 31]. However, the PC

versus TAG fatty acid composition data suggest that x-3

desaturase is not the only factor in 18:3 accumulation in

TAG, and the high accumulators appear to have a selective

transfer of a-linolenic acid into TAG which in turn sug-

gested that certain acyltransferases or transacylases may

play an important role in 18:3 accumulation in triacylgly-

cerols. Another possible factor is the speed of flux from

phospholipid to TAG as this can compete with 18:2–18:3

desaturation. It was shown in flax cultivars AC Emerson

and Vimy that diacylglycerol acyltransferase (DGAT)

prefers 18:3-CoA as substrate [32]. The data from both

lipid analysis and Northern blot highly suggest that the

reduced linolenic acid content in soybean compared with

high 18:3 accumulators is mainly due to the lower tran-

script level of x-3 desaturase. Byrum et al. [33] found that

the reduced 18:3 concentration in the soybean genotype A5

was at least partially the result of a microsomal x-3

desaturase gene with a reduced activity. Collectively, these

results indicate that one can obtain B. napus, soybeans or

other oilseed crops that accumulate high x-3 fatty acid

levels simply by increasing expression of the x-3 desat-

urase gene by use of a strong promoter or trans-activation.

Acyltransferases with specificity for 18:3 are likely to be

needed for very high x-3 fatty acid accumulation, for

example, [80%.
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Abstract Liquid chromatography–ion trap mass spec-

trometry (LC/ITMS) was employed for a metabolic

kinetics study of tert-butylhydroquinone (TBHQ) and its

metabolites in rat serum after oral administration. The

mean serum concentration–time data of TBHQ and its four

metabolites (M1–M4) in both male and female rats after

oral administration of TBHQ at dosages of 7, 350 and

700 mg/kg were all best-fitted by a two-compartment

model with first-order absorption. TBHQ was rapidly

absorbed, distributed and metabolized. The metabolites

were also distributed rapidly except M2, but eliminated

more slowly than TBHQ. At the doses of 350 and 700 mg/

kg, the total concentrations of TBHQ and its metabolites in

serum were much higher for male than female rats during

the metabolic process (P \ 0.01). In addition, the serum

concentrations of M1, M3 and M4 were all much higher for

males than for females (P \ 0.01) during the metabolic

process, while no significant differences between male

and female rats were found (P [ 0.05) for TBHQ and M2,

at the doses of 350 and 700 mg/kg. The exploratory

assessment of dose proportionality for TBHQ and its

metabolites by the power model indicated that the TBHQ

exposure increased in a more-than-dose-proportional

manner, but the exposures of the metabolites M1–M4

increased in a less-than-dose-proportional manner, across

the dose of 7–700 mg/kg.

Keywords tert-Butylhydroquinone (TBHQ) � Liquid

chromatography–ion trap mass spectrometry (LC/ITMS) �
Metabolic kinetics

Introduction

Prevention of lipid peroxidation has long become an

important issue, since oils and fats, essential to our diets,

tend to encounter problems of oxidation and rancidity,

which affect food quality and may endanger our health [1].

Among various modern methods for preventing lipid per-

oxidation, the addition of antioxidants is preferentially

considered [2, 3]. Most of the commonly used antioxidants

are synthetic compounds such as tertiary butylhydroqui-

none (TBHQ) because of its chemical stability, low cost

and availability. However, the safety of the antioxidant was

questioned due to its potential risk [4–7]. In order to

evaluate the safety of TBHQ, several methods have been

carried out to measure TBHQ in body fluids as well as

foods [8–10]. Most methods require long analysis time and

laborious techniques for the treatment of samples which

also have low resolution. Meanwhile, it is found that they

are limited in study of biological samples, such as analyses

of metabolites, which is very important to study the phar-

macokinetics and toxicology of TBHQ. HPLC coupled

with mass spectrometry is a currently developed unique
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technique for monitoring antioxidant content and studying

compound structure [11]. In particular, MS/MS triple

quadrupole mass spectrometry in the multiple reaction

monitoring modes (MRM) provides surpassing speed,

sensitivity and selectivity. But, there is very little infor-

mation regarding the metabolites of TBHQ and its

metabolic kinetics using liquid chromatography–ion trap

mass spectrometry (LC/ITM).

In our previous study, we established a rapid, sensitive,

precise and accurate quantitative method for the measurement

of TBHQ in commercial edible oil as well the determination of

TBHQ and its metabolites in rat serum after oral administra-

tion by liquid chromatography/tandem mass spectrometry

(LC/MS/MS) [12, 13]. Mass spectral analysis of TBHQ and its

metabolites peaks in rat serum indicated four major ionic

parent masses [M–H]- at m/z 245 (M1), m/z 305 (M2),

m/z 327 (M3) and m/z 341 (M4) [13]. M1 and M4 were

found to be a TBHQ-sulfate (3-tert-butyl-4-hydroxyphenyl

hydrogen sulfate) and a TBHQ-glucuronide [6-(3-tert-butyl-

4-hydroxyphenoxy)-3,4,5-trihydroxytetrahydro-2H-pyran-2-

carboxylic acid] and two TBHQ-sulfate-derived substances

named M2 and M3 in further identifying work) by LC/MS/MS

[13]. In this study, the LC/MS/MS method was applied to

metabolic kinetics studies of TBHQ and its metabolites in rat

serum following oral administration of TBHQ at three dif-

ferent dosage levels.

Experimental Procedure

Reagents

The purity of TBHQ (IUPAC compliant name: 2-(1,

1-dimethylethyl)-1,4-benzenediol, CAS No.: 1948-33-0)

from J & K chemica, Augsburg, Germany was better than

98%. Methanol and acetonitrile (Fisher Scientific, Pitts-

burgh, PA) were of HPLC grade. Absolute ethyl alcohol,

aqua ammonia and acetic acid (Beijing Chemical Reagent

Co., Beijing, China) were of analytic grade. Water was

purified using a Milli-Q gradient system (Millipore Cor-

poration, Genay Cedex, France).

Animals

Adult Sprague–Dawley (SD) rats, weighing 160 ± 10 g,

were obtained from Department of Laboratory Animal

Science of Peking University (Beijing, China). The animals

in this study received humane care according to the

guidelines set forth in the principles of the care and use of

laboratory animals formulated by the General Adminis-

tration of National Quality Supervision, Inspection and

Quarantine of the People’s Republic of China (GB14923-

2001).

Animal Handling and Sample Collection

The procedures for animal handling and sample collection

were described in the previous paper [10, 13]. On the study

of metabolic kinetics, SD rats used were divided into four

groups (six male and six female rats/group). Rats in group

1, as control group, were assigned to receive corn oil at a

gavage dose of 1 mL, respectively. Rats in Group 2, 3 and

4 were given TBHQ dissolved in corn oil at gavage doses

of 7, 350 and 700 mg/kg, respectively. Blood samples from

rat tail vein were collected in EP (epoxy epoxide) tubes

(0.25 mL of blood sample/rat) at times of 0.08, 0.25, 0.5, 1,

2, 3, 5, 7, 9, 12, 24 and 48 h after oral administration and

following centrifugation of the blood samples at 13,225 g-

force for 20 min, each serum sample was collected and

stored at -20 �C until analyzed [13].

Quantitative Analyses of TBHQ and Its Metabolites

The procedures for quantitative analysis of TBHQ and its

metabolites in rat serum were described in the previous

paper [13]. TBHQ’s MS2 characteristic product ion and its

MS1 product ions based on extracted ion chromatograms

(EICs) were employed for quantitation of free TBHQ and

semi-quantitation of its metabolites in rat serum.

The concentration of TBHQ in rat serum was quantified

using an external standard prepared in a blank matrix. The

calibration curve was obtained by plotting the peak area of

EIC m/z 149 (MS2) against the concentration of TBHQ.

The calibration curve (Y = 401.22X + 39958.87) showed

good linearity over the concentration range of 49–

5,030 lg/L with the coefficient (r2) of 0.99. The detection

limit of TBHQ for serum sample was 14 lg/L (S/N = 3).

To evaluate accuracy and precision, six serum samples,

where each contains three different concentrations of

TBHQ (328, 998, 1,969 lg/L), were prepared and ana-

lyzed. The recoveries of TBHQ in serum (n = 6) were

96.08 ± 11.85, 93.43 ± 6.65 and 95.50 ± 9.44%. The

intra-day relative standard deviations (RSDs) (n = 6) were

14.82, 10.31 and 7.74% and the inter-day RSDs over three

consecutive days were 20.60, 14.39 and 8.26%. The results

show that the method could be used for quantifying TBHQ

in rat serum.

Under the adopted LC/ITMS conditions, peaks of

TBHQ and its metabolites appear with retention times of

5.3 and 3–4 min, respectively. The nearness of their

chromatographic retention times suggests that the polarities

of TBHQ and its metabolites are quite similar. The MS1

response of a compound is decided by its polarity to some

extent. So, using TBHQ standards, the semi-quantification

of its metabolites was acceptable for metabolic kinetics

study. In the research, the MS1 responses of per unit con-

centration were defined to be equivalent for TBHQ and its

758 Lipids (2008) 43:757–763
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metabolites; the calibration curve was obtained by plotting

the peak area of EIC m/z 165 against the concentration of

TBHQ. The coefficient (r2) of the calibration curve

(Y = 817.23X - 74268.46) was 0.98, suggesting that the

curve could work well for semi-quantifying the metabolites

of TBHQ in rat serum.

Metabolic Kinetics Analysis

The most common method of evaluating the metabolic

kinetics of a chemical is to assume that the chemical con-

centration–time data can be described by one of several

compartment models. The model was selected on the basis of

the residual sum of squares and minimum Akaike’s infor-

mation criterion (AIC) value [14, 15]. AIC is a criterion for

selecting the best model among a number of candidate

models, and the model that yields the smallest value of AIC is

considered the best. The Practical Pharmacokinetic Program

was usually used for metabolic kinetics analysis [16–19]. In

our study, the metabolic kinetics parameters were calculated

using Practical Pharmacokinetic Program-Version 97 (3P97)

published by the Chinese Pharmacological Association

(Beijing, China). The metabolic kinetics parameters include

those such as the hybrid rate constant for the distribution

phase (a), the hybrid rate constant for the elimination ter-

minal phase (b), the first-order absorption rate constant (ka),

absorption half-life (T1/2ka), half-life of a phase (T1/2a), half-

life of b phase (T1/2b), distribution rate constant for transfer

of the chemical from the central to the peripheral compart-

ment and from the peripheral to the central compartment

(K12 and K21), the elimination rate constant (K10), area under

the curve from time zero to last time of sampling (AUC0-t),

area under the curve from time zero to infinity (AUC0-?),

maximum chemical concentration after oral administration

(Cmax), and the interval (time) from oral administration until

Cmax were obtained (Tmax).

Statistical Analysis

Data are presented as means ± SD. The results were sta-

tistically analyzed by analysis of variance (ANOVA)

followed by Fisher’s test. Differences were considered

significant at P \ 0.01.

Results and Discussion

The mean serum concentration–time courses of TBHQ and

its four metabolites (M1–M4) after oral gavage of TBHQ at

dosages of 7, 350 or 700 mg/kg were investigated in previous

research [13]. According to ACI value, the mean serum

concentration–time data of TBHQ and its metabolites

M1–M4 could all best-fitted by a two-compartment model

with first-order absorption as serum concentration

C = Aeat + Bebt – (A + B)e�kat. The metabolic kinetics

parameters based on the serum concentration–time data of

TBHQ and its metabolites M1–M4 were automatically

simulated with the aid of Practical Pharmacokinetic Program

3P97. The metabolic kinetics parameters were listed in

Tables 1, 2, 3.

After oral administration, TBHQ was rapidly absorbed

with a mean Tmax between 0.12 and 0.23 h (male, #),

0.16–0.27 h (female, $). A rapid distribution phase and a

slower elimination phase were also observed, with a half-life

of distribution a phase (T1/2a) of 0.12–0.35 h (#),

0.21–0.48 h ($) and a half-life of elimination b phase (T1/2b)

of 10.27–14.39 h (#), 3.51–10.73 h ($). When administered

orally, TBHQ was rapidly metabolized to M1, M3 and M4,

with a mean Tmax of 0.17–0.57 h (#) and 0.18–0.61 h ($)

for M1, 0.30–0.60 h (#) and 0.22–0.66 h ($) for M3,

0.29–0.74 h (#) and 0.23–0.46 h ($) for M4, respectively.

However, the metabolic reaction from TBHQ to M2 was a bit

slower, with a mean Tmax of 5.29–8.95 h (#) and 4.50–9.74 h

($) for M2. The distribution half-lives (T1/2a) of the metab-

olites were very short, like TBHQ, 0.35–0.63 h (#) and

0.32–1.11 h ($) for M1, 0.10–0.28 h (#) and 0.27–0.51 h ($)

for M2, 0.38–0.77 h (#) and 0.98–1.62 h ($) for M3,

0.26–2.60 h (#) and 1.07–1.66 h ($) for M4, respectively.

But the elimination half-lives (T1/2b) of the metabolites were

longer than TBHQ, 12.69–45.57 h (#) and 11.75–24.54 h

($) for M1, 7.75–17.64 h (#) and 8.96–28.62 h ($) for

M2, 43.61–66.71 h (#) and 29.82–68.38 h ($) for M3,

9.94–65.78 h (#) and 21.98–36.00 h ($) for M4, respec-

tively. This reveals that the metabolites of TBHQ are

transported to tissues or organs from blood almost as rapidly

as TBHQ, but cleared more slowly from blood than TBHQ,

which is consistent with the results reported by Ikeda et al.

[10] to a certain extent. Ikeda et al. [10] found that the dis-

tribution of [14C] TBHQ in various tissues was biphasic,

consisting of a rapid component and a slower component.

The plots of Cmax versus dose are presented in Fig. 1. In

previous study, it was found that the concentration of free

TBHQ in the serum samples at the dose of 7 mg/kg was

lower than the limit of detection [13], therefore, Cmax of free

TBHQ at the dose is regarded as 0 lmol/L (Fig. 1a). With

TBHQ across a dosage range of 7–700 mg/kg, significant

increases of Cmax were found for TBHQ (both # and $), M1

($) and M4 (both # and $). For M1 (#) and M3 (both # and

$), Cmax increased when the dosage of TBHQ was raised, but

apparent saturations in Cmax were observed at doses higher

than 350 mg/kg. An almost sustained Cmax value was

observed for M2 (both # and $). Furthermore, the explor-

atory assessment of dose proportionalities for TBHQ and its

metabolites was performed by fitting the power model:

ln Cmax = a + b ln dose, where the slope b = 1 indicates

dose-proportionality. The dose-proportionality constant for
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Cmax is estimated as 1.19 (#) and 1.25 ($) for TBHQ, 0.83

(#) and 0.78 ($) for M1, 0.21 (#) and -0.04 ($) for M2, 0.44

(#) and 0.33 ($) for M3, 0.64 (#) and 0.51 ($) for M4,

respectively. The dose-proportionality constants for Cmax

are in the order of TBHQ [ 1 [ M1 [ M4 [ M3 [ M2.

The results of power model show that as determined by Cmax,

TBHQ exposure increases in a more-than-dose-proportional

manner, but the exposures of the metabolites M1–M4

increase in a less-than-dose-proportional manner, across the

dose of 7–700 mg/kg. It seems that the metabolic reactions

from TBHQ to M1–M4 are likely to be restricted by enzymes

or substrates connecting with those reactions to different

extents, and metabolic saturations would occur at TBHQ

doses higher than 350 mg/kg.

The serum concentrations of M1, M3 and M4 were all

much higher for males than for females (P \ 0.01) during

the metabolic process, while no significant differences

between male and female rats were found (P [ 0.05) for

TBHQ and M2, at the doses of 350 and 700 mg/kg. The sex

difference in the metabolism of TBHQ and its metabolites

might be attributed to differences in the expressed levels of

cytochrome P-450 (CYP-450) and other metabolizing

enzymes [20–22]. A differentiated pattern of hormone

release in females and males [23] contributes to different

levels of CYP-450 expression, influencing their metabolic

capability [24], which could result in differences of meta-

bolic kinetics between TBHQ and its metabolites.

In this work, the LC/ITMS was used for investigating

the metabolic kinetics of TBHQ and its metabolites in rat

serum after oral doses of 7, 350 and 700 mg/kg. It was

found that the TBHQ exposure increases in a more-than-

dose-proportional manner, but the exposures of the

metabolites M1–M4 increase in a less-than-dose-propor-

tional manner, across the dose of 7–700 mg/kg. TBHQ

were rapidly absorbed, distributed and metabolized. The

metabolites except M2 appear to be rapidly absorbed and

distributed as TBHQ, but they were observed to be elim-

inated more slowly than TBHQ. Moreover, apparent sex

difference in the metabolism of TBHQ was found. After

oral administration, TBHQ seems to be more completely

absorbed and biotransformed by males than females and

the serum concentrations of M1, M3 and M4 also appear

significantly higher for males than females. The results

suggest that TBHQ may result in higher acute oral toxicity

for males than for females. The sex differences of meta-

bolic kinetics and the toxicities of TBHQ and its

metabolites, which might be resulted from the differences

of expressed levels of CYP-450 and other metabolizing

enzymes between male and female, should be further

investigated. These findings suggest that although rat is a

useful animal model for clarifying the mechanisms

underlying TBHQ adverse actions after oral administration

and to optimize its usages, sex differences should beT
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carefully considered especially when extrapolating meta-

bolic kinetic profile and the safety results of TBHQ from

rat to human. The research is not only favorable for

enhancing the understanding of the metabolic mechanism

of TBHQ, but also for facilitating finding additional targets

such as its metabolites for evaluation of TBHQ safety.
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Abstract a,b-unsaturated aldehydes are toxic products of

lipid peroxidation. Detection and characterization of these

aldehydes is important in many human disease states as

well as in the food industry. Our study shows that electron

ionization-mass spectrometry (EI-MS) and positive-ion

chemical ionization-mass spectrometry (PICI-MS), but not

electron capture negative ionization-mass spectrometry

(ECNI-MS), can be used to detect the C4-hydroxylation

state of a,b-unsaturated aldehydes derivatized with penta-

fluorobenzyl hydroxylamine alone. EI-MS and PICI-MS

spectra of 4-hydroxy-2-alkenals contained a fragment with

m/z 252, whereas spectra of 2-alkenals contained a frag-

ment with m/z 250. These fragments are consistent with

fragmentation between C3 and C4 with transfer of two

hydrogens from C4 and the C4 hydroxyl group in the case

of 4-hydroxy-2-alkenals. In addition, EI-MS and PICI-MS

were able to distinguish 4-hydroxy-2-alkenals and 2-alke-

nals from 4-keto-2-alkenals and 4-hydroxyalkanals. On the

other hand, ECNI-MS provided complex spectra regarding

C4-hydroxylation state. Furthermore, the syn- and anti-

configurations of PFB-oximes had different resultant

spectra using ECNI-MS, but not with EI-MS or PICI-MS.

These data indicate that EI-MS and PICI-MS are more

amenable for structural analysis of a,b-unsaturated alde-

hydes than ECNI-MS.

Keywords Lipid peroxidation � Oxidized lipids �
Arachidonic acid � Docosahexaenoic acid

Abbreviations

HNE trans-4-Hydroxy-2-nonenal

HHE trans-4-Hydroxy-2-hexenal

HNA 4-Hydroxynonanal

4-ONE trans-4-oxo-2-nonenal

d11-HNE trans-4-Hydroxy-2-nonenal-5,

5,6,6,7,7,8,8,9,9,9-d11

d1-HNE trans-4-Hydroxy-2-nonenal-4-d1

MDA Malondialdehyde

HNDE trans 4-Hydroxy-2,6-nonadienal

EI Electron ionization

PICI Positive-ion chemical ionization

ECNI Electron-capture negative-ionization

GC/MS Gas chromatography/mass spectrometry

ESI Electrospray ionization

PFBHA O-(2,3,4,5,6-pentafluorobenzyl)

hydroxylamine

DHA Docosahexaenoic acid 226n-3

RIC Reconstructed ion chromatogram

Introduction

Lipid peroxidation is important in the food industry [1] and

is implicated in many disease states such as Alzheimer’s

disease [2], atherosclerosis [3], and amyotrophic lateral

sclerosis [4]. Lipid peroxidation of n-3 and n-6 fatty acids

leads to the formation of multiple keto and aldehyde

species, including a,b-unsaturated aldehydes. These a,b-

unsaturated aldehydes include trans-4-hydroxy-2-alkenals,

such as trans-4-hydroxy-2-nonenal (HNE), trans-4-
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hydroxy-2-hexenal (HHE), trans-4-oxo-2-alkenals such as

trans-4-oxo-2-nonenal (4-ONE) and trans-4-oxo-2-hexe-

nal, and 2-alkenals, such as trans-2-hexenal [5–9].

Structural and quantitative analyses of a,b-unsaturated

aldehydes are performed using gas chromatography (GC)

coupled to various forms of ionization methods, such as

electron ionization-mass spectrometry (EI-MS) and elec-

tron capture negative ionization-mass spectrometry (ECNI-

MS). Typically, samples are derivatized with O-(2,3,4,5,6-

pentafluorobenzyl)-hydroxylamine (PFBHA) [10–12].

PFB-derived aldehydes containing hydroxyl groups may be

further derivatized using N,O-bis(trimethylsilyl) acetamide

[5, 6].

During development of an analytical method for quan-

tifying a,b-unsaturated aldehydes using GC/EI-MS, we

observed mass spectral differences between 4-hydroxy-2-

alkenals and 2-alkenals when derivatized with PFBHA

alone. 4-Hydroxy-2-alkenal spectra contained an abundant

m/z 252 fragment whereas spectra of 2-alkenals contained

an abundant m/z 250 fragment (Fig. 1).

Based on these initial data, the goals of this study are to

determine the mechanism by which these fragments are

produced and determine if other ionization methods produce

results similar to those seen using GC/EI-MS. Our results

demonstrate that hydrogen transfer is involved in the frag-

mentation difference observed between C4-hydroxylated

and unsubstituted 2-alkenals using GC/EI-MS. The frag-

mentation pattern observed for 4-hydroxy-2-alkenals

requires both a 4-hydroxyl group and a C2, C3 double bond.

GC/positive-ion chemical ionization-mass spectrometry

(PICI-MS) yielded results similar to those of EI-MS, and

provided the [M + H]+ ion in the case of 2-alkenals and the

Fig. 1 EI-MS spectra of PFB-

HNE (a) and PFB-nonenal

contain fragments with m/z 252

and m/z 250, respectively. In

addition, both contain m/z 181,

characteristic of PFB-oximes.

The PICI-MS spectrum of PFB-

HNE (c) contains a fragment

with m/z 334 corresponding to

[M + H–H2O]+, in addition to

fragments with m/z 181 and 252.

The PICI-MS spectrum of PFB-

Nonenal (d) contains a fragment

with m/z 336 corresponding to

[M + H]+, in addition to

fragments with m/z 181 and 250.

The ECNI-MS spectrum of

PFB-HNE contains a complex

mixture of spectra, which

include m/z 192, specific to

4-hydroxy-2-alkenals, and m/z

301 which corresponds to [M–

CF2]-. The ECNI-MS spectrum

of PFB-nonenal include m/z

197, specific to 2-alkenals, and

m/z 285, which corresponds to

[M–CF2]-
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[M + H-H2O]- ion for 4-hydroxy-2-alkenals. However,

ECNI-MS yielded less clear structural information in regards

to a,b-unsaturated aldehydes. Despite the different

information provided by each ionization method, our results

also demonstrate that these techniques can be used for

complementary characterization and identification of

a,b-unsaturated aldehydes.

Materials and Methods

Materials

HHE was purchased from Cayman Chemical Company

(Ann Arbor, MI). O-(2,3,4,5,6-pentafluorobenzyl) hydrox-

ylamine (PFBHA) was purchased from Alpha Aesar (Ward

Hill, MA). Sodium borodeuteride (NaBD4) and 1,1,3,3-tetra-

methoxypropane were purchased from Sigma (St Louis,

MO). trans-4-Hydroxy-2-nonenal-5,5,6,6,7,7,8,8,9,9,9-d11

(d11-HNE) dimethyl acetal (stated isotopic purity [99%)

was purchased from CDN Isotopes (Pointe-Claire, QC,

Canada). trans-2-Nonenal was purchased from Aldrich

(Milwaukee, WI). trans-2-Hexenal and diisobutyl alumi-

num hydride (DIBAL-H) were purchased from Acros

Organics (NJ, USA). Docosahexaenoic acid and arachi-

donic acid were purchased from Nu-Chek Prep, Inc.

(Elysian, MN). HNE and HNE dimethyl acetal were syn-

thesized in our laboratory [13, 14].

Methods

Synthesis of 4-Hydroxynonanal (HNA)

HNA was synthesized from c-nonalactone via a method

similar to that of Bloch and Gilbert [15]. Six grams of

c-nonalactone was added to 400 mL toluene and cooled to

-78 �C under argon. 60 mL of 1 M DIBAL-H was added

dropwise for 1 h. The reaction was stirred for 3.5 h at

-78 �C. Excess DIBAL-H was destroyed by addition of

30 mL isopropyl alcohol (2 M) in toluene. One milliliter of

water was added, followed by 100 mL tetrahydrofuran,

then 15 g of silica gel with 30 g magnesium sulfate, with

30 min between each addition. This reaction was filtered,

and the residue was washed with 100 mL THF and 100 mL

dichloromethane. The filtrate and washes were combined

and dried twice over magnesium sulfate. HNA was purified

from the filtrate via flash chromatography with silica solid

phase and 70:30 hexane:isopropanol mobile phase, dried,

weighed and suspended in hexane. The structure of HNA

was confirmed using ESI-MS (positive mode) as evidenced

by a peak with m/z 159 corresponding to [M + H]+. Also

present were peaks corresponding to [M-17]+ which cor-

responds to addition of a hydrogen followed by loss of

water, and [M + 23]+, which corresponds to the sodium

adduct. ESI-MS/MS was done using a Perkin-Elmer/Sciex

API 3000 triple quadrupole mass spectrometer (Concord,

ON, Canada). We also compared HNA to HNE and 4-ONE

via HPLC-UV analysis and determined that HNA did not

coelute with HNE or 4-ONE (data not shown). The yield

from this reaction was 17.4 mg HNA.
1H-NMR spectra of HNA were recorded in CDCl3 using

TMS as an internal standard on an Avance 500 Bruker

spectrometer. 1H-NMR spectrum (500 MHz, CDCl3, d):

0.89 t (3H, J = 6.6 Hz, CH3), 1.25–2.17 m (12H, six CH2

groups), 2.97 and 3.06 two d (1H, J = 2.5 Hz, OH), 3.97

and 4.20 two m [1H, H(4)], 5.47 and 5.55 two m [1H,

H(1)]. According to the 1H-NMR spectrum of HNA in

CDCl3, the compound exists in the solution as a cyclic

hemiacetal. The ratio of the integration curves for the trace

signal at d 9.80 ppm [assigned to the H(1) of the linear

form] and two signals at 5.47 and 5.55 ppm (assigned to

the H(1) of the cyclic form), suggests that the amount of

the linear form in the solution does not exceed 1%. As

expected, some signals [e.g., the OH, CH(4), and CH(1)

signals] assigned to the hemiacetal, are doubled due to the

presence of two chiral centers. 1H-NMR spectra showed no

evidence of a carbon-carbon double bond.

Synthesis of trans-4-Hydroxy-2-nonenal-4-d1 (d1-HNE)

d1-HNE was synthesized according to the method for

synthesis of 3H-HNE by Chandra and Srivastava [13]. Two

hundred and thirty-seven milligrams of pyridinium chlo-

rochromate, 265 mg sodium acetate and 7.3 mL CH2Cl2
were mixed together and stirred. To this mixture, 112 mg

HNE-dimethylacetal was added and stirred for 30 min.

This reaction was monitored by TLC. Forty millilitres of

ether was added to the mixture, decanted, filtered, and

evaporated, resulting in 4-ONE dimethylacetal. Ten milli-

grams of 4-ONE dimethylacetal was added to 5 mL

ethanol with 8 mg NaBD4 and stirred for 2 h. This resulted

in the reduction of the 4-keto group yielding a C4 deute-

rium and a C4-hydroxyl group. The reaction was

evaporated and added to 50 mL water acidified to pH 2

with phosphoric acid to remove the protecting groups. The

reaction was then extracted three times into CH2Cl2,

evaporated, weighed, and raised in hexane. The product

coeluted with non-deuterated HNE during HPLC-UV

analysis using a Waters Spherisorb ODS2 reverse phase

column. The solvent system was 65:35 water:acetonitrile

with a flow rate of 1.5 mL/min. Absorbance was monitored

using a photodiode array detector scanning from 200 to

300 nm. The absorbance maximum for HNE and d1-HNE

was 223 nm (data not shown). No other compounds were

detected. The yield of this reaction was 3.54 mg.

ESI-MS analysis (in positive mode) of the resulting

d1-HNE resulted in four main m/z peaks at 157 (relative
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percentage of 20.7%), 158 (70.5%), 159 (8.2%), and 160

(0.6%). The m/z 157 corresponds to the [M + H]+ of non-

deuterated HNE. The m/z 158 corresponds to the

[M + H]+ of d1-HNE. Given the natural abundance of 13C

(1.1%), the m/z 159 and m/z 160 likely correspond to the

[M + H]+ of d1-HNE containing one and two atoms of
13C, respectively. Taking into consideration the abundance

of 13C, approximately 2% of the m/z 159 is non-deuterated

HNE. From these data, we conclude that the isotopic purity

of d1-HNE is 77%.

Comparison of 1H-NMR spectra of the resulting

d1-HNE and non-deuterated HNE was used to confirm the

C4 deuterium of d1-HNE. For non-deuterated HNE, 1H

NMR (CDCl3, d, ppm): 0.90 t (3H, 3J = 7.0 Hz, CH3),

1.30–1.70 m (6H, three CH2 groups), 1.81 m (1H, OH),

4.43 m (1H, HC(4)O), 6.31 ddd (1H, 4J1 = 6.3, 3J2 = 7.8,
3J3 = 15.6 Hz, HC(2)), 6.82 dd (1H, 3J1 = 4.7,
3J2 = 15.6 Hz, HC(3)), 9.59 d (1H, J = 7.8 Hz, H–C=O).

The 1H-NMR spectra of both d1-HNE and non-deuterated

HNE in CDCl3 have the signals of the C(3)H=C(2)H–

HC(1)=O and CH3CH2CH2CH2 fragments. However, in

the spectrum of d1-HNE, the signal at d 4.43 ppm, assigned

to the hydrogen bonded to the C4 OH group in the spec-

trum of the non-deuterated HNE, is greatly reduced. These

data confirm that the deuterium of d1-HNE is localized to

C4, and that there is some non-deuterated HNE present.

Synthesis of 4-oxo-2-nonenal (4-ONE)

Seventy-five milligrams of 4-ONE dimethyl acetal was

deprotected in 50 mL pH 2 water acidified with phos-

phoric acid to form 4-ONE. The product was confirmed

as 4-ONE via comparison during synthesis by TLC to

4-ONE standard purchased from Cayman Chemical

Company (Ann Arbor, MI) with a solvent system of

80:20 hexane:ethyl acetate. The standard and the reaction

product were both reactive towards dinitrophenylhydr-

azine and chromatographed identically. The product and

the standard had the same kmax of 228 nm in ethanol.

The product had a mass consistent with a bis-PFBHA

oxime derivative of 4-ONE by GC-MS (see Table 2).

The yield of this reaction was approximately 65 mg of

4-ONE.

Preparation of d11-HNE

d11-HNE dimethyl acetal was added to 50 mL water

acidified to pH 2 with phosphoric acid to yield d11-HNE.

The reaction was extracted three times into CH2Cl2,

evaporated, weighed, and raised in hexane. Molecular mass

was confirmed by ESI-MS/MS. The yields of this reaction

were typically over 90%.

Synthesis of Malondialdehyde

Malondialdehyde (MDA) was synthesized by deprotection

of 1,1,3,3-tetramethoxypropane in 1 M HCl according to

the method of Hjelle and Petersen [16]. This reaction

consisted of 1 mL of 1 M HCl containing 567 mM 1,1,3,3-

tetramethoxypropane. The reaction was allowed to proceed

for 2 h at 37 �C. After incubation, the reaction mixture was

diluted to approximately 10 mL final volume with 50 mM

sodium phosphate buffer set to pH 7.4. The final stock was

set to pH 7.4 using 1 M NaOH. The final concentration was

determined using spectrophotometric analysis at kmax

265 nm using e = 31,800 M-1 cm-1.

Preparation of PFB-Oximes

Aldehydes at 10 lM concentrations were added to an equal

volume of 50 mM PFBHA in 50 mM sodium acetate

buffer at pH 5.0 for 30 min. Following derivatization,

reaction mixtures were acidified using sulfuric acid to

precipitate unreacted PFBHA.HCl. Previous work by Luo

et al. [17] shows that acidification aided in the removal of

excess PFBHA. Samples were extracted three times into

methylene chloride and dried over sodium sulfate and

evaporated under nitrogen. The samples were then raised to

their original volume (1 mL) in methylene chloride.

Gas Chromatography/Mass Spectrometry

GC/MS analyses were performed using a ThermoElectron

Corp (Waltham, MA) GC/MS with a Trace GC, a PolarisQ

ion trap mass spectrometer and an AS3000 autosampler.

This system was coupled to a Dell PC and data was ana-

lyzed using Xcalibur version 1.3 software. We used a J&W

Scientific 30 m DB5-MS capillary column. Our method

used a 1 lL splitless injection. The inlet temperature was

held at 250 �C. The oven temperature was held at 50 �C for

1 min followed by an increase of 20 �C/min up to 320 �C,

which was held for 10 min. The transfer line temperature

was 300 �C and the ion source temperature was maintained

at 250 �C for all analyses. Total ion current was measured

from 5 to 24 min using a 70 eV ionization energy for EI

analyses. Chemical ionization analyses used the same

method as above with the addition of methane reagent gas

(3.0 mL/min). Samples were analyzed using both PICI-MS

and ECNI-MS using total ion current.

Oxidation of Docosahexaenoic Acid and Arachidonic Acid

DHA and arachidonic acid oxidation reactions were pre-

pared separately at concentrations of 10 mM in 10 mL of

50 mM sodium phosphate buffer at pH 7.4 in the presence
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of 1 mM ascorbic acid and 50 lM iron(II) chloride [18].

The reaction mixtures were heated to 37 �C for 6 h. After

incubation, 1 mL of the reaction mixtures was taken and

added to 1 mL 50 mM PFBHA derivatization solution for

1 h. After derivatization, derivatives were extracted three

times with dichloromethane and dried under nitrogen.

Samples were then reconstituted in 1 mL of dichloro-

methane and subjected to GC/MS analysis.

Statistical Analyses

Linear regression was performed using Prism 4 software

(Graphpad Software, Inc., San Diego, CA).

Results

As shown in Fig. 1, derivatization of a,b-unsaturated

aldehydes with PFBHA followed by analysis using GC/EI-

MS produced clear spectra that distinguished the C4-

hydroxylation state of a,b-unsaturated aldehydes. Spectra

of all aldehydes contained fragments with m/z 181 corre-

sponding to [C6H2F5]+, a common indicator of PFB-

oximes produced by EI-MS [15]. In addition to m/z 181,

spectra of 4-hydroxy-2-alkenals (HNE and HHE) contained

fragments with m/z 252 (Fig. 1;Table 1 ) whereas unsub-

stituted 2-alkenals (trans-2-nonenal and trans-2-hexenal)

contained fragments with m/z 250 (Fig. 1; Table 1). Both

of these fragments are consistent with fragmentation

between C3 and C4 with the 2 mass unit difference

resulting from hydrogen transfer to the charged fragment.

In order to determine the origin of the hydrogens

transferred during analysis of 4-hydroxy-2-alkenals, we

employed d11-HNE, deuterated on C5–C9. Our EI-MS

spectrum of PFB-derivatized d11-HNE contained a frag-

ment with m/z 252, showing that the deuteria remained on

the deuterocarbon tail during fragmentation (Table 1). We

synthesized d1-HNE, which contained a C4 deuterium to

determine if one of these hydrogens originated from C4.

The EI-MS spectrum of PFB-d1-HNE contained a fragment

with m/z 253 (Table 1). These data indicate that the

transfer of a hydrogen from C4 accounts in part for the m/z

252 fragment observed with the 4-hydroxy-2-alkenals.

To determine the necessity of the C2, C3 double bond

to produce m/z 252 or 250 using EI-MS, we synthesized

HNA, a known metabolite of HNE, and derivatized it

with PFBHA [19]. Spectra of PFB-HNA contained m/z

181 and m/z 251 fragments, resulting from fragmentation

at the C3–C4 bond with a subsequent loss of a proton

(Table 1). This result indicates that the m/z 252 fragment

seen in 4-hydroxy-2-alkenal spectra requires a C2–C3

double bond.

In order to determine if the fragmentation differences

seen using EI-MS are a property of general C4-substitution

or specific to C4-hydroxylation we analyzed PFB-4-ONE to

determine if an aldehyde with a 4-keto group would produce

the same fragmentation pattern as those of PFB-HNE and

PFB-HHE. This resulted in different fragmentation as

Table 1 EI-MS fragmentation

of PFBHA-derived aldehydes
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4-ONE formed a bis-PFB-oxime at the aldehyde and ketone

moieties. The characteristic m/z 181 fragment was accom-

panied by m/z 363 [M–C7H2F5]+, m/z 347 [M–C7H2F5O]+,

and m/z 332 [M–C8H5F5O]+ (Table 1). This pattern was

different from EI-MS fragments of both 4-hydroxy-2-alke-

nals and 2-alkenals, thus differentiating these aldehydes

from 4-keto-a,b-unsaturated aldehydes.

Chemical ionization is also widely used for character-

ization and quantification of a,b-unsaturated aldehydes.

Analysis of PFB-oximes via PICI-MS yielded results

similar to those seen using EI-MS. A fragment corre-

sponding to m/z 181 was seen for all aldehydes and the

m/z 252 versus m/z 250 distinction was preserved (Fig. 1;

Table 2). PICI-MS also provided information about

molecular mass and hydroxylation state in the form of

[M + H]+ fragments for 2-alkenals and [M + H–H2O]+

for 4-hydroxy-2-alkenals (Fig. 1; Table 2).

PICI-MS spectra of PFB-4-ONE were similar to EI-MS

spectra of PFB-4-ONE with two exceptions: (1) the m/z

363 peak seen using EI-MS was absent and (2) a

[M + H]+ ( m/z 545) peak was detected (Table 2). These

data show that the fragmentation patterns of PFB-HNE and

PFB-HHE using PICI-MS were specific to the presence of

a C4-hydroxyl group. In contrast, the fragmentation pattern

seen for 4-HNA was different with PICI-MS than EI-MS.

The characteristic m/z 181 peak was present, but the m/z

251 peak was absent. The other prominent peak observed at

m/z 350 is presumably associated with [M + CH5–H2–

H2O]+ (Table 2).

ECNI-MS of a,b-unsaturated aldehydes yielded spectra

different than EI-MS and PICI-MS. ECNI-MS produced two

spectra associated with either syn-PFB-oximes or anti-PFB-

oximes that are separated chromatographically [10]. Spectra

of anti-PFB-oximes provided information regarding struc-

tural characteristics; 4-hydroxy-2-alkenals contained a

fragment with m/z 192 corresponding to [C7H2F4NO]- and

2-alkenals contained a fragment m/z 197 corresponding to

[C7H2F5O]- (Fig. 1; Table 3). These fragments were not

found in spectra of PFB-4-ONE or PFB-HNA (Fig. 1;

Table 3), suggesting that they are specific to 4-hydroxy-2-

alkenals and 2-alkenals, respectively. In addition, spectra of

anti-PFB-4-hydroxy-2-alkenals contained fragments with

m/z 167 [C6F5]-, 179, 181 [C6H2F5]-, 201, [M-C2H7FO]-,

and [M-CF2]-. Spectra of anti-PFB-2-alkenals contained

fragments with m/z 178, 181, and [M–CF2]- in addition to

the aforementioned m/z 197. Spectra of syn-PFB-oximes did

not provide specific structural information regarding C4-

hydroxylation state of a,b-unsaturated aldehydes, as frag-

ments with m/z 197, in the case of 2-alkenals, and m/z 192,

in the case of 4-hydroxy-2-alkenals, were not present. The

fragments observed are shown in Fig. 1d, e and listed in

Table 3. Spectra of syn-PFB-HNE are similar to previously

described results [10].

Comparison of limits of quantitation of a,b-unsaturated

aldehydes for each ionization method is essential for the

determination of their utility in analyses of complex mix-

tures. Limits of quantitation for PFB-derivatives of a,b-

unsaturated aldehydes were determined for each ionization

method using d11-HNE as an internal standard. EI-MS

yielded limits of quantitation below 100 fmol for 2-alkenals

and 250 fmol for 4-hydroxy-2-alkenals using m/z 250 and

m/z 252 for quantitation, respectively (Fig. 2a, b). Calibra-

tion curves were linear from 100 fmol to 2.5 pmol with an r2

value of 0.992 for 2-alkenals and from 250 fmol to 2.5 pmol

Table 2 PICI-MS

fragmentation of PFBHA-

derived aldehydes
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with an r2 value of 0.998 for 4-hydroxy-2-alkenals. PICI-MS

yielded limits of quantitation below 250 fmol for 2-alkenals

and 500 fmol for 4-hydroxy-2-alkenals, using [M + H]+

and [M + H–H2O]- for quantitation, respectively (Fig. 2c,

d). Calibration curves were linear from 250 fmol to

2.5 pmol for 2-alkenals with an r2 value of 0.995 and from

500 fmol to 10 pmol for 4-hydroxy-2-alkenals with an r2

value of 0.997. Fragments with m/z 250 or 252 were not used

for quantitation in PICI-MS analyses because they were not

suitable for quantitation below 2.5 pmol. ECNI-MS yielded

limits of quantitation below 100 fmol for 2-alkenals and

250 fmol for 4-hydroxy-2-alkenals using [M–CF2]- for

both classes of a,b-unsaturated aldehydes (Fig. 2e, f). Cal-

ibration curves were linear from 100 fmol to 10 pmol for

2-alkenals with an r2 value of 0.999 and from 250 fmol to

10 pmol for 4-hydroxy-2-alkenals with an r2 value of 1.00.

In order to show the role of each ionization method for

characterization of a,b-unsaturated aldehydes in complex

mixtures, we oxidized DHA and arachidonic acid. Using

reconstructed ion chromatograms (RIC) of EI-MS spectra

using m/z 250 or m/z 252 we were able to determine the

presence of 4-substituted and unsubstituted a,b-unsaturated

aldehydes. RIC of DHA and arachidonic acid oxidations

using m/z 250 showed peaks corresponding to acrolein (RT

6.53 min) and MDA (RT 11.00 and 11.14 min) (Fig. 3a, b).

The identity of these peaks was confirmed by comparison to

pure standards. In addition, RIC of arachidonic acid with

m/z 250 also showed peaks that likely correspond to trans-2-

heptenal (RT 9.01 and 9.07) and trans-2-octenal (RT 9.48

and 9.64), the latter of which was identified as a product of

arachidonic acid by Mlakar and Spiteller [20] (Fig. 3b,

inset). The identity of these analytes was deduced using the

[M + H]+ ion ( m/z 308 for trans-2-heptenal and m/z 322

for trans-2-heptenal) provided by PICI-MS analysis and the

[M–CF2]- ion ( m/z 257 for trans-2-heptenal and m/z 271 for

trans-2-octenal) provided by ECNI-MS analysis. RIC of

arachidonic acid oxidations using m/z 252 contained one

major peak corresponding to PFB-HNE (RT 11.06 and

11.17), consistent with previous evidence that HNE is the

major 4-hydroxy-2-alkenal product of n-6 fatty acid oxida-

tion [9]. RIC of DHA oxidations produced similar results in

that the major peak represented by m/z 252 corresponded to

PFB-HHE (RT 9.59 and 9.64) (Fig. 3c, d). However, there

was an additional peak present in the DHA RIC that corre-

sponded to the PFB-derivative of 4-hydroxy-2,6-nonadienal

(RT 11.01 and 11.13), a product of DHA oxidation previ-

ously identified by Beckman et al. [5]. The structure of this

analyte was deduced using the [M + H–H2O]- ( m/z 338)

ion provided by PICI-MS and the [M–CF2]- ( m/z303) ion

provided by ECNI-MS.

Table 3 ECNI-MS

fragmentation of PFBHA-

derived aldehydes
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Discussion

Previous studies have catalogued the utility of derivatiza-

tion with PFBHA for detection and quantification of

biologically relevant molecules such as a,b-unsaturated

aldehydes [10, 17]. In studies examining 4-hydroxylated

aldehydes, PFBHA derivatization is often followed by

trimethylsilylation. However, one study demonstrated that

PFBHA derivatization alone can be used to detect and

quantify known 4-hydroxy-2-alkenals in biological sam-

ples in the absence of trimethylsilylation using GC/ECNI-

MS [10].

Our study demonstrates that EI-MS and PICI-MS pro-

duce simple and clear information regarding the C4-

hydroxylation state of a,b-unsaturated aldehydes. In the

case of 4-hydroxylated or unsubstituted a,b-unsaturated

aldehydes, spectra contain either a m/z 252 or m/z 250

fragment, respectively. These fragments are the result of

cleavage of the C3, C4 bond. The m/z 252 fragment is

consistent with the transfer of two hydrogens during the

fragmentation process. As fragmentation occurred between

C3 and C4 with the PFB-containing fragment becoming

positively charged, the hydrogens likely originate from

either the C4/C4-hydroxyl moiety or from the C5–C9

hydrocarbon tail. As spectra of PFB-d11-HNE, which is

deuterated at the C5–C9 tail, contained a fragment with m/z

252 we concluded that deuteria were not transferred from

this moiety. A possible origin of the hydrogens transferred

during fragmentation are C4 and the C4-hydroxyl group.

Analysis of the PFB-oxime of d1-HNE resulted in a frag-

ment with m/z 253 and indicates that the C4 deuterium

along with another hydrogen of undefined origin were

transferred to the charged fragment.

ECNI-MS is often used for the analysis of a,b-unsatu-

rated aldehydes. However, ECNI-MS spectra of PFBHA-

derived a,b-unsaturated aldehydes are complex in that they

contain a number of peaks that are not easily related to

structure of the analyte in question. Furthermore, ECNI-

MS analysis is complicated by differences in the syn-

and anti-configuration spectra [10]. These differences in

Fig. 2 Plots of linear regression

analyses show the linear range

in fmol for EI-MS, PICI-MS,

and ECNI-MS. Linear ranges

for EI-MS PFB-nonenal using

m/z 250 and PFB-HNE using m/

z 252 are represented by (a) and

(b), respectively. Linear ranges

for PICI-MS of PFB-nonenal

using m/z 336 and PFB-HNE

using m/z 334 are represented

by (c) and (d), respectively.

Linear ranges for ECNI-MS of

PFB-nonenal using m/z 285 and

PFB-HNE using m/z 301 are

represented by (e) and (f),
respectively

772 Lipids (2008) 43:765–774

123



syn- and anti-spectra were not present when using EI-MS

or PICI-MS. This complexity makes ECNI-MS a difficult

method to utilize for structural characterization of

unknown a,b-unsaturated aldehydes in complex biological

mixtures.

Using pure standards, we were able to show that the

three ionization methods used in this study were compa-

rable in terms of sensitivity. ECNI-MS and EI-MS were

equally sensitive, with PICI-MS being slightly less sensi-

tive. Due to this similarity in sensitivity, these methods can

be used in combination for characterization and identifi-

cation of a,b-unsaturated aldehydes. The EI-MS spectra are

useful because of the abundance of the m/z 250 and 252

fragments, which allows for characterization of 4-hydro-

xyl-substitution. PICI-MS is useful for determination of the

molecular ion in the case of 2-alkenals, and the ion cor-

responding to addition of hydrogen and loss of water for

4-hydroxy-2-alkenals. Finally, ECNI-MS can be used to

confirm the results obtained by EI-MS and PICI-MS using

the [M-CF2]- ion.

Each ionization technique utilized in our work can be

used for quantitation of a known analyte as determined by

comparison to pure standard. However, in the case of an

unknown, none of these methods alone is sufficient for

identification without corroboration from another source.

We show that combinations of EI-MS, PICI-MS, and

ECNI-MS can effectively be used to characterize and

identify unknown a,b-unsaturated aldehydes produced by

oxidation of DHA and arachidonic acid in the absence of

pure standard. These results highlight the potential appli-

cation of this combination of analyses to characterization

and identification of a,b-unsaturated aldehydes in foods,

supplements, and biological samples (Figs. 2, 3).
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Abstract We have previously reported that the majority

of phospholipase A2 (PLA2) activity in rabbit ventricular

myocytes is membrane-associated, calcium-independent

(iPLA2), selective for arachidonylated plasmalogen phos-

pholipids and inhibited by the iPLA2-selective inhibitor

bromoenol lactone (BEL). Here, we identified the pres-

ence of iPLA2 in rabbit ventricular myocytes, determined

the full length sequences for rabbit iPLA2b and iPLA2c
and compared their homology to the human isoforms.

Rabbit iPLA2b encoded a protein with a predicated

molecular mass of 74 kDa that is 91% identical to the

human iPLA2b short isoform. Full length iPLA2c protein

has a predicated molecular mass of 88 kDa and is 88%

identical to the human isoform. Immunoblot analysis of

iPLA2b and c in membrane and cytosolic fractions from

rabbit and human cardiac myocytes demonstrated a sim-

ilar pattern of distribution with both isoforms present in

the membrane fraction, but no detectable protein in the

cytosol. Membrane-associated iPLA2 activity was inhib-

ited preferentially by the R enantiomer of bromoenol

lactone [(R)-BEL], indicating that the majority of activity

is due to iPLA2c.

Keywords Bromoenol lactone � Phospholipase A2 �
Myocardium � Plasmalogens � Arachidonic acid

Abbreviations

BEL Bromoenol lactone

iPLA2 Calcium-independent phospholipase A2

MAFP Methyl arachidonyl fluorophosphonate

PKC Protein kinase C

PLA2 Phospholipase A2

Introduction

Phospholipase A2 (PLA2) catalyzes the hydrolysis of the

fatty acid at the sn-2 position of membrane phospholipids,

resulting in the generation of multiple biologically-active,

membrane phospholipid-derived metabolites (for review,

see [1]). The family of PLA2 enzymes has been classified

into 15 groups and several subgroups based on the catalytic

mechanism, functional and structural features, and

sequence homology [1].

We reported previously that the majority of PLA2

activity in rabbit ventricular myocytes is membrane-asso-

ciated, calcium-independent (iPLA2) and selective for

arachidonylated plasmalogen phospholipids [2]. Activation

of this membrane-associated iPLA2 occurs when ventric-

ular myocytes are incubated with phorbol 12-myristate 13-

acetate, suggesting that activation of iPLA2 is regulated by

protein kinase C [3]. We have also demonstrated that rabbit

ventricular myocyte membrane-associated iPLA2 is acti-

vated in response to either thrombin stimulation [4] or the

presence of hypoxia [5]. Multiple types of iPLA2 have been

identified in cytosolic, microsomal and mitochondrial

fractions from mammalian myocardium [6, 7], but to date

there is no data concerning the specific iPLA2 isoform that

may be present and activated in rabbit ventricular myo-

cytes. Our previous data indicate that rabbit ventricular

myocyte iPLA2 activity is inhibited by bromoenol lactone

(BEL) but not by methyl arachidonyl fluorophosphonate

(MAFP) [2], suggesting that it is either iPLA2b or iPLA2c.
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The iPLA2b isoform is predominantly a cytosolic iso-

form and highly homologous cDNAs have been cloned

from the hamster, mouse, rat and human (approximately

95% identity). In addition, several splice variants of human

iPLA2b have been identified [8]. However, in COS-7 cells

overexpressing iPLA2b, Larsson Forsell et al demonstrated

a 5.5-fold increase in membrane-associated iPLA2 activity

[8], and membrane-associated iPLA2b has also been found

in rat vascular smooth muscle cells [9].

More recently, a novel membrane associated iPLA2

(iPLA2c) has been identified [7] which possesses several of

the properties demonstrated in our previous studies using

rabbit ventricular myocytes, including the optimum pH for

activity, sensitivity to BEL and a tight association with the

membrane fraction. Homology between iPLA2b and

iPLA2c is confined to the ATP binding motif, the serine

lipase site and a region of nine amino acids for which, as

yet, there is no known functional significance [7]. The

human iPLA2c gene contains 4 possible translation codons

that result in proteins of 63, 74, 77 and 88 kDa [10]. When

first described, iPLA2c was proposed to be localized to

peroxisomes due to the presence of a C-terminal SKL

signal sequence and recent studies have confirmed that the

peroxisomal iPLA2c is the 63-kDa protein [11]. More

recent studies have demonstrated higher molecular weight

isoforms of iPLA2c in mitochondria and endoplasmic

reticulum [6].

This study was designed to identify the presence of

iPLA2b and iPLA2c in rabbit ventricular myocytes and to

determine the similarity of these isoforms to those identi-

fied previously.

Experimental Procedures

Rabbit Ventricular Myocyte Isolation and Culture

Adult rabbits of either sex weighing 2–3 kg were anes-

thetized with intravenous pentobarbitone sodium (50 mg/

kg) and the heart rapidly removed. The heart was mounted

on a Langendorff perfusion apparatus and perfused for

5 min with a Tyrode solution containing (mmol/l) NaCl

118, KCl 4.8, CaCl2 1.2, MgCl2 1.2, NaHCO3 24, KH2PO4

1.2 and glucose 11; the Tyrode solution was saturated with

95%O2/5%CO2 to yield a pH of 7.4. This was followed by

a 4-min perfusion with a Ca-free Tyrode solution con-

taining EGTA (100 lM) and a final perfusion for 20 min

with the Tyrode solution containing 100 lM Ca and

0.033% collagenase. The heart was removed from the

perfusion apparatus, the atria were removed and the

remaining ventricles were cut into small pieces and incu-

bated in fresh 0.033% collagenase solution at 37 �C in a

shaking water bath for 4 successive harvests of 20 min.

Individual myocytes were washed with a HEPES buffer

containing (mmol/l): NaCl 133.5, KCl 4.8, MgCl2 1.2,

CaCl2 0.3, KH2PO4 1.2, glucose 10 and HEPES 10

(pH 7.4). Extracellular Ca was increased to 1.2 mM in

three stages at intervals of 20 min. Myocytes were incu-

bated overnight in M199 medium with 10% fetal calf

serum at 37 �C and then washed three times with 1.2 mM

Ca HEPES solution.

Culture of Human Cardiac Myocytes

Human adult cardiac myocytes (Sciencell, San Diego, CA)

were cultured in cardiac myocyte medium consisting of

500 ml of basal medium, 25 ml of fetal bovine serum, 5 ml

of cardiac myocyte growth supplement and 5 ml of peni-

cillin/streptomycin solution (Sciencell, San Diego, CA).

Generation of iPLA2 Clones

Total RNA for use in all cloning steps was isolated with the

Versagene Cell Kit (Gentra Systems, Minneapolis, MN); 50

and 30 end sequences of rabbit ventricular myocyte iPLA2

were obtained by rapid amplification of cDNA ends fol-

lowing the manufacturer’s instructions for the GeneRacer

Kit from Invitrogen (Carlsbad, CA). Briefly, total RNA

was dephosphorylated, decapped and ligated to the Gen-

eRacer RNA Oligo to form template for first strand RACE-

ready cDNA synthesis. Following cDNA amplification

with the appropriate GeneRacer Oligo and gene specific

Oligo, 50 and 30 end PCR fragments were cloned into the

pCR4-TOPO vector and sequenced by automated DNA

sequencing with BigDye chemistry. This sequence was

conceptually translated and Oligos were designed to yield a

full-length amplicon corresponding to the longest open

reading frame for each isoform. Oligo dT primed first

strand cDNA was generated from total RNA using the

Thermoscript RT-PCR System (Invitrogen) and used as

template for PCR amplification of full-length iPLA2

clones. These products were cloned into the pCR-XL-

TOPO vector and five independent clones of each isoform,

b and c, were sequenced. Sequence analysis and assembly

was performed using the Vector NTI Suite 9.0.0

(Invitrogen) and the BLAST server at NCBI. Sequence

assembly was performed using the ContigExpress program

(Invitrogen) and the full-length cDNA sequences were

deposited into Genbank (iPLA2b—Accession #

AY744674, iPLA2c—Accession # AY738591).

Production of iPLA2c Antibody

A custom-made chicken antibody was obtained from Aves

Labs, Inc. (Tigard, OR). Hens were injected four times with a

KLH conjugate of the peptide CZSKYIERNEHKMK
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KVAK and immune eggs were collected for 10–15 days

after the final injection. The IgY fractions were purified and

passed over an affinity column, the column washed and

antibody eluted. The final concentration of affinity-purified

antibody in the eluant was 0.6 mg/ml.

HPLC Separation of (R)- and (S)-Enantiomers of BEL

(R)- and (S)-enantiomers of BEL were isolated from racemic

BEL (Calbiochem) using a chirex 3,5-dinitrobenzoyl-(R)-

phenylglycine chiral HPLC column (Phenomenex Inc.,

Torrance, CA) and previously published methods [17]. The

column was equilibrated with hexane/dichloroethane/etha-

nol (150:15:1, by vol) and the optical enantiomers eluted

isocratically at 2 ml/min. Elution of (R)- and (S)-BEL was

monitored by UV absorbance at 280 nm. Under these con-

ditions the retention times (Rt) for (R)- and (S)-BEL differ by

almost 1 min with the Rt for (S)-BEL being 11.1 min and

12.2 min for (R)-BEL [12]. Peaks corresponding to these Rt

were collected, dried under N2, and stored at -20 �C. The

concentration of each enantiomer was determined spectro-

photometrically based on its UV absorbance [12].

Immunoblot Analysis of iPLA2 Isoforms

Myocytes were suspended in lysis buffer containing

(mmol/l) HEPES 20 (pH 7.6), sucrose 250, dithiothreitol 2,

EDTA 2, EGTA 2, b-glycerophosphate 10, sodium ortho-

vanadate 1, phenylmethylsulfonyl fluoride 2, leupeptin

20 lg/ml, aprotinin 10 lg/ml and pepstatin A 5 lg/ml

(buffer 2). Cells were sonicated on ice for 6 bursts of 10 s

and centrifuged at 10,0009g at 4 �C for 20 min to remove

cellular debris and nuclei. Cytosolic and membrane frac-

tions were separated by centrifuging the supernatant at

100,0009g for 60 min. The pellet was resuspended in lysis

buffer and the suspension centrifuged at 100,0009g for

60 min twice to minimize contamination of the membrane

fraction with cytosolic protein. The final pellet was resus-

pended in lysis buffer containing 0.1% Triton X-100.

Protein (cytosol or membrane) was mixed with an equal

volume of SDS sample buffer and heated at 95 �C for

5 min prior to loading onto a 10% polyacrylamide gel.

Protein was separated by SDS/PAGE at 200 V for 35 min

and electrophoretically transferred to PVDF membranes

(Bio-Rad, Richmond, CA) at 100 V for 1 h. Non-specific

sites were blocked with Tris buffered solution containing

0.05% (v/v) Tween-20 (TBST) and 5% (w/v) nonfat milk

for 1 h at room temperature. The blocked PVDF membrane

was incubated with primary antibodies to iPLA2b (1 in

1,000 dilution, Cayman Chemical Company, Ann Arbor,

MI) or iPLA2c (1 in 1,000 dilution, Aves Labs Inc., Tigard,

OR), followed by horseradish peroxidase-conjugated sec-

ondary antibodies. Regions of antibody binding were

detected using enhanced chemiluminescence (Amersham,

Arlington Heights, IL) after exposure to film (Hyperfilm,

Amersham). Multiple exposures of film to the blots were

developed.

Phospholipase A2 Activity

Myocytes were suspended in 1 ml buffer containing

(mmol/l): Sucrose 250, KCl 10, imidazole 10, EDTA 5,

dithiothreitol (DTT) 2 with 10% glycerol, pH 7.8 (buffer

1). The suspension was sonicated on ice six times for 10 s

(using a microtip probe at 20% power output, 500 Sonic

Dismembrator, Fisher Scientific) and the sonicate centri-

fuged at 20,0009g for 20 min to remove cellular debris

and nuclei. The supernatant was then centrifuged at

100,0009g for 60 min to separate the membrane fraction

(pellet) from the cytosolic fraction (supernatant). The pellet

was washed twice to minimize contamination of the

membrane fraction with cytosolic protein by resuspending

in buffer1, and centrifuging at 100,0009g for 60 min. The

final pellet was resuspended in buffer 1. PLA2 activity in

cytosolic and membrane fractions was assessed by incu-

bating enzyme (8 lg membrane protein) with 100 lM

(16:0, [3H]18:1) plasmenylcholine substrate in assay buffer

containing (mmol/l): Tris 10, EGTA 4, 10% glycerol,

pH 7.0 at 37 �C for 5 min in a total volume of 200 ll. The

radiolabeled phospholipid substrate was introduced into the

incubation mixture by injection in 5 ll ethanol to initiate

the assay. Reactions were terminated by the addition of

100 ll butanol and released radiolabeled fatty acid was

isolated by application of 25 ll of the butanol phase to

channeled Silica Gel G plates, development in petroleum

ether/diethyl ether/acetic acid (70/30/1, v/v) and sub-

sequent quantification by liquid scintillation spectrometry.

Protein content of each sample was determined by the

Lowry method utilizing freeze dried bovine serum albumin

as the protein standard. Radiolabeled (16:0, [3H]18:1)

plasmenylcholine was synthesized using [9,10-3H] oleic

acid and lysoplasmenylcholine as described in detail pre-

viously [4].

Statistical Analysis

Statistical comparison of values was performed by Stu-

dent’s t test. All results are expressed as mean ± SEM.

Statistical significance was considered to be P \ 0.05.

Results

iPLA2b cDNA was amplified, cloned and sequenced from

freshly isolated rabbit ventricular myocytes, (GenBank

accession No. 744674), and the amino acid sequence was
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determined (Fig. 1). The longest open reading frame of

iPLA2b was found to encode a protein of 665 amino acids

in length with a predicted molecular mass of 74 kDa that a

BLAST analysis of the non-redundant protein database

reveals is 91% identical to the human short isoform. The

sequences are highly conserved except for a divergent

segment at the N-terminus which is 128 amino acids long

in the human and 42 amino acids in the rabbit. Immunoblot

analysis of cytosolic and membrane fractions isolated from

rabbit and human cardiac myocytes demonstrated an

Fig. 1 Full-length rabbit

iPLA2b cDNA sequence.

Underlines indicate the

conserved ATP-binding and

lipase active sites. Potential

transmembrane domains were

predicted using the TMpred

server and are indicated with

boldface type. Potential PKC-

phosphorylation sites were

predicted using the NetPhosK

1.0 Server and are boxed
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iPLA2b immunoreactive band that ran just below the 80-

kDa molecular mass marker (Fig. 3a). The human and

rabbit immunoreactive bands ran at a similar molecular

weight and were present in the membrane fraction only. No

immunoreactive band was detected with iPLA2b antibody

in the cytosolic fraction of human or rabbit myocytes

(Fig. 3a).

Rabbit ventricular myocyte iPLA2c was also cloned and

sequenced, and is predicted to encode a full-length protein

of 786 amino acids (Fig. 2) with a molecular mass of

88 kDa that was found by BLAST analysis to be 88%

identical to the human form. It has been reported previ-

ously that the human iPLA2c sequence contains multiple

alternative start sites for translation, which correspond to

protein products of 88, 77, 74 and 63 kDa [10]. We ana-

lyzed the amino acid sequence for iPLA2c in rabbit

ventricular myocytes and identified 6 methionine residues

upstream of the active site which could encode functional

PLA2. In addition to the 88-, 77-, 74-, and 63-kDa isoforms

found in the human isoform, we also identified two single

amino acid substitutions which could encode alternative

start sites for 58 and 49 kDa proteins. Immunoblot analysis

of rabbit ventricular myocytes detected immunoreactive

bands corresponding to the 88- and 73-kDa isoenzymes in

the membrane fraction of isolated rabbit ventricular myo-

cytes. Immunoblot analysis of human cardiac myocytes

revealed a single band corresponding to the 73-kDa iso-

form of iPLA2c in the membrane fraction (Fig. 3b). No

bands were detected in the cytosolic fractions from either

rabbit or human myocytes (Fig. 3b).

Since we detected both iPLA2b and c in isolated rabbit

ventricular myocytes and the majority of iPLA2 activity is

membrane-associated, we incubated isolated membrane

fractions with (R)-BEL, (S)-BEL or racemic BEL. Previous

studies have indicated that (S)-BEL is approximately an

order of magnitude more selective for iPLA2b in

Fig. 2 Full-length rabbit

iPLA2c cDNA sequence.

Underlines indicate the

conserved ATP-binding and

lipase active sites. Potential

PKC-phosphorylation sites were

predicted using the NetPhosK

1.0 Server and are boxed

Lipids (2008) 43:775–782 779

123



comparison to iPLA2c [12]. Conversely, (R)-BEL is

approximately an order of magnitude more selective for

iPLA2c in comparison to iPLA2b [12]. After pretreatment

with BEL for 10 min, membrane-associated iPLA2 activity

was significantly decreased with concentrations of (R)-BEL

greater than 0.1 lM (Fig. 4). At 10 lM, (R)-BEL inhibited

iPLA2 activity by 90%, whereas (S)-BEL inhibited iPLA2

activity by approximately 50% (Fig. 4).

Discussion

Myocardial iPLA2 activity in the rabbit was first described

by Ford et al. [13]. They described a tenfold increase in

microsomal, plasmalogen-selective iPLA2 activity during

myocardial ischemia [13]. We have demonstrated increases

in membrane-associated, plasmalogen-selective iPLA2

activity in isolated rabbit ventricular myocytes in response

to thrombin [14] and hypoxia [5]. The activation of iPLA2

and accelerated plasmalogen phospholipid hydrolysis lead

to the production of lysoplasmenylcholine [5, 14], an

amphipathic metabolite that can have direct effects on the

function of integral membrane proteins. We have shown

that lysoplasmenylcholine produces action potential

derangements in cardiac myocytes at much lower concen-

trations than that previously demonstrated for

lysoplasmenylcholine [5]. The action potential derange-

ments caused by lysoplasmenylcholine occur as a result of

its action on multiple membrane currents [15].

Although several studies have described iPLA2 activa-

tion in rabbit ventricular myocytes, this is the first study to

sequence iPLA2b and iPLA2c and to demonstrate that

iPLA2c is the major isoform in the rabbit myocardium. Our

immunoblot analysis data suggest that the vast majority of

iPLA2 is membrane-associated, and this agrees with our

previous data measuring iPLA2 activity [2]. In previously

reported studies, iPLA2b has been demonstrated to be

primarily cytosolic. It was originally purified from the

cytosol of the mouse macrophage cell line P388D1 [16] and

its cDNA was later identified in P388D1 and Chinese

hamster ovary cells [17] and human B lymphocytes [18]. In

humans the difference between the membrane-associated

and cytosolic isoforms is the presence of 54 amino acid

residues that may lead to a membrane-associated protein

[8]. While we did not identify a similar sequence in the

rabbit isoform, TMpred analysis suggests that rabbit

iPLA2b contains a potential transmembrane domain (indi-

cated by the boldface type in Fig. 1).

In a previous study, we have identified the presence of

multiple iPLA2 isoforms in several tissues and species [6].

The role of myocardial iPLA2 isoforms has been investi-

gated in several recent studies using mouse models. iPLA2

activity in murine heart is less than 5% of that in human

myocardium, suggesting that the mouse could be a species-

specific knockdown model of human ischemia-induced

arrhythmogenesis [19]. Accordingly, Mancuso et al. [19]

generated transgenic mice that expressed amounts of

Fig. 3 Immunoblot analysis of the localization of iPLA2b (Panel A)

and iPLA2c (Panel B) in the cytosolic (C) and membrane (M)

subcellular fractions isolated from rabbit and human cardiac myo-

cytes. Proteins were separated by SDS-PAGE and transferred to

polyvinylidene difluoride membranes. Membranes were probed with

anti-iPLA2b or anti-iPLA2c antibodies (1:1,000 dilution) and incu-

bated with horseradish peroxidase-linked secondary antibody

(1:50,000 dilution). Immunoblots were detected with enhanced

chemiluminescence and exposure to film
Fig. 4 Membrane-associated iPLA2 activity measured in the absence

or presence of bromoenol lactone (BEL). Isolated membrane fractions

were incubated with increasing concentrations of (R)-BEL (open
circles), (S)-BEL (X) or racemic BEL (filled squares) for 10 min prior

to assay of PLA2 activity. PLA2 activity was measured using 100 lM

(16:0, [3H]18:1) plasmenylcholine (PlsCho) in the absence of Ca

(4 mM EGTA). Values are mean ± SEM for independent results

from six separate animals. *P \ 0.05, **P \ 0.01 when compared to

activity in the absence of BEL
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iPLA2b activity comparable to that present in human

myocardium and demonstrated malignant ventricular ar-

rhythmias, increased fatty acid release in venous effluents

and increased lysophospholipid content in the ischemic

zone in response to ischemia. These data demonstrate the

role of myocardial iPLA2b in the hydrolysis of membrane

phospholipids and arryhthmogenesis in response to ische-

mia. Transgenic mice expressing iPLA2c in cardiac

myocytes demonstrated a marked loss of mitochondrial

phospholipids accompanied by mitochondrial dysfunction

[20]. In a subsequent study, mice null for iPLA2c displayed

growth retardation, cold intolerance, reduced exercise

endurance and abnormal mitochondrial function [21]. In

particular, iPLA2c knockout mice were more susceptible to

sudden death following transverse aortic constriction,

indicating the importance of iPLA2c in the ability of the

myocardium to respond to stress [21].

We have previously reported that incubation of iso-

lated membrane fractions from rabbit ventricular

myocytes demonstrate increased iPLA2 activity when

incubated with phorbol 12-myristate 13-acetate in the

absence of Ca [3]. These data suggests that a membrane-

associated novel PKC isoform modulates iPLA2 activity.

Increased iPLA2 activity required the presence of ATP,

suggesting that the enzyme is phosphorylated by PKC

[3]. Sequence analysis of rabbit ventricular myocyte

iPLA2band c isoforms reveals the presence of several

predicted PKC phosphorylation sites that are indicated by

the boxes in Figs. 1 and 3.

In conclusion, we have identified and sequenced

iPLA2band iPLA2c from isolated rabbit ventricular myo-

cytes. These isoforms possess a high degree of sequence

homology between rabbit and human and there is a similar

protein expression pattern when comparing rabbit and

human cardiac myocytes. Both isoforms have several

putative PKC phosphorylation sites and our previous

studies suggest that membrane-associated iPLA2 is acti-

vated directly by a membrane-associated novel PKC

isoform [3]. Finally, our data obtained using (R)- and (S)-

enantiomers of the iPLA2-selective inhibitor BEL, suggest

that the majority of membrane-associated iPLA2 activity is

iPLA2c.
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Abstract Conjugated linoleic acid (CLA) is anti-prolif-

erative and anti-inflammatory in the Han:SPRD-cy rat

model of kidney disease. We used different doses of CLA

and examined effects on renal histological benefit, the renal

PPARc system and hepatic and renal levels of CLA

isomers. Male and female offspring of Han:SPRD-cy het-

erozygotes were fed diets with 0, 1 or 2% CLA isomer

mixture for 12 weeks before dual-energy X-ray absorpti-

ometry, harvest of renal and hepatic tissue for histologic

and lipid analysis. Both CLA diets reduced body fat con-

tent in both genders but did not change lean body mass.

CLA produced a dose dependent reduction in female renal

cystic change. CLA reduced fibrosis, but this reduction was

significantly less with higher dose in males. CLA reduced

macrophage infiltration, tissue oxidized LDL content and

proliferation of epithelial cells. Serum creatinine rose sig-

nificantly in female animals fed CLA diets. CLA treatment

did not change PPARc activation. A significant negative

correlation with renal content of the 18:2 c9,t11 isomer and

the sum of histologic effects was identified. CLA reduces

histologic renal injury in the Han:SPRD-cy rat model

probably inversely proportionate to c9,t11 renal content.

Possible functional CLA toxicity at high dose in female

animals warrants further exploration.

Keywords Polycystic kidney disease �
Conjugated linoleic acid � Inflammation � Rat � Nutrition �
Body composition

Abbreviations

ARA Arachidonic acid

ALA a-linolenic acid

CLA Conjugated linoleic acid

CO Corn oil

DHA Docosahexaenoic acid

DXA Dual-energy X-ray absorptiometry

EPA Eicosapentaenoic acid

GC Gas chromatography

LNA Linoleic acid

ox-LDL Oxidized low density lipoprotein

PCNA Proliferating cell nuclear antigen

PGE2 Prostaglandin E2

PKD Polycystic kidney disease

PPAR Peroxisome proliferator-activated receptor

PUFA Polyunsaturated fatty acid

Introduction

Conjugated linoleic acid (CLA) refers to a group of posi-

tional and geometric isomers of linoleic acid produced by

bacterial action in the gastrointestinal tract of ruminants

[1, 2] that are significant dietary components in humans on

M. R. Ogborn � E. Nitschmann � A. Goldberg �
N. Bankovic-Calic � H. M. Aukema

Department of Pediatrics and Child Health,

University of Manitoba, JBRC513-715 McDermot Avenue,

Winnipeg, MB R3C 3P4, Canada

M. R. Ogborn � H. M. Aukema

Department of Human Nutritional Sciences,

University of Manitoba, Winnipeg, MB, Canada

H. A. Weiler

School of Dietetics and Human Nutrition,

McGill University, Montreal, QC, Canada

M. R. Ogborn (&)

9-386 3333 University Way, Prince George,

BC V2N 4Z9, Canada

e-mail: ogborn@unbc.ca

123

Lipids (2008) 43:783–791

DOI 10.1007/s11745-008-3211-4



hunter-gatherer or primitive agrarian diets, but exposure is

much lower in modern urban diets [3]. CLA has been

shown to have a dose dependent effect on tumor devel-

opment or growth in skin, prostate, mammary and colonic

tumors [2, 4, 5]. CLA feeding has demonstrated beneficial

effects in a murine model of lupus nephritis [6]. CLA

produces tissue specific alteration in production of eico-

sanoids [7, 8], and decreases release of arachidonic acid

(ARA) or prostaglandin E2 (PGE2) in different tissue types

or cell lines [9–12]. CLA has been associated with

improved outcome in experimental porcine colitis [13], and

is capable of exerting an anti-inflammatory effect without

compromising resistance to infection [14]. CLA has been

identified as a ligand for PPARa, through which effects on

lipid and carbohydrate metabolism may be modified [15],

and PPARc, through which anti-inflammatory and anti-

proliferative effects may be modulated [16].

In a previous study, we demonstrated that dietary sup-

plementation with a mixture of CLA isomers was effective

in reducing histologic injury and renal PGE2 production in

male animals with the Han:SPRD-cy form of polycystic

kidney disease [11]. The Han:SPRD-cy model of poly-

cystic kidney disease (PKD), characterized by autosomal

dominant inheritance with marked sexual dimorphism in

expression, has proved an excellent system in which to

explore the modification of chronic renal injury, including

by dietary means. Epithelial proliferation and progressive

dilatation of nephrons, marked interstitial inflammation and

fibrosis characterize the disease [17]. Oxidant injury has

been implicated in its pathogenesis [18]. It can be ame-

liorated with methylprednisolone [19], angiotensin

blockade or converting enzyme inhibition [20, 21], and

lovastatin [22]. Amelioration occurs with dietary soy pro-

tein substitution [23], protein restriction [21], flaxseed, flax

oil or flax lignans [24–28] and citrate supplementation [29].

Although this model is amenable to dietary modifica-

tion, a recent study we performed with flax derivatives

demonstrated that gender influenced the extent of the

dietary benefit [27], with female animals with an earlier

stage of the disease demonstrating greater beneficial

changes in renal histology. This study was therefore

undertaken to explore if the observed benefits of CLA

supplementation could be increased with a higher level of

supplementation and as well as whether this response was

influenced by animal gender. As secondary objectives, we

explored if histologic benefits were associated with

reduction in renal PPARc activation and whether benefit

could be correlated with tissue level changes in specific

CLA isomers. We also explored previously reported

effects of CLA on body composition to see if they are

reproduced in animals with renal disease, and if these

showed any relationship to renal histologic and functional

change.

Methods

Animals

All animal procedures and care were approved by the

University of Manitoba Committee on Animal Use and

were within the guidelines of the Canadian Council on

Animal Care. Surviving offspring of known Han:SPRD-cy

heterozygotes from our own breeding colony were ran-

domly assigned to groups fed 7% by weight corn oil as the

lipid source alone, 6% corn oil and 1% CLA concentrate,

or 5% corn oil and 2% CLA concentrate ad libitum at

weaning at 3 weeks of age. CLA concentrate was a gift of

Bioriginal, Saskatoon, Canada, and was diluted into the oil

fraction of the diet to achieve the target concentrations.

Animals were killed after 12 weeks on the diet and kidney,

liver and serum collected for analysis. Animals found not

to have PKD at necropsy, approximately one-third of the

total, were excluded from further analysis. Diets were

based on the formula from prior studies [11, 27] using

casein as the protein source (20% by weight) supplemented

with 0.3% methionine, corn starch (52% by weight) and

dextrose (13% by weight) as the carbohydrate sources and

lipid sources as described. The detailed analysis of the

dietary fatty acid content is summarized in Table 1. The

animals were fed ad libitum, as our prior studies have not

found differences in intake related to disease status in

animals in the earlier stages of disease progression [11, 23,

28, 30].

Table 1 Lipid analysis of CLA diets

Lipid Control 1% CLA 2% CLA

C13:0 ND 1.9 2.5

C16:0 10.6 9.6 10.2

C18:0 0.1 1.6 1.8

C18:1 c9 28.6 26.1 27.7

C18:1 c11 ND 0.50 0.53

C18:2 9c,12c 56.3 57.3 52.7

C18:2 9c,11t ND 0.45 1.25

C18:2 10t,12c ND 0.45 1.26

C18 :2 10t,12t ND 0.14 0.20

C18:3 n6 0.4 0.19 ND

C18:3 n3 1.1 0.74 0.85

C20:0 ND 0.36 0.39

C20:1 ND 0.21 0.30

C22:0 0.1 0.11 0.11

C20:3 n6 0.2 0.13 n.d.

C22:2 ND 0.11 0.15

ND not detected

Results expressed as mol% total lipid
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DXA Scanning

Animals were anesthetized after 12 weeks of study using

sodium pentobarbital (65 mg/kg, i.p.), followed by mea-

surement of whole body weight and body composition

including bone mass using dual-energy X-ray absorpti-

ometry and the small animal software (QDR 4500A,

Hologic Inc, Waltham, MA). This technology has been

validated for use in rodents [31].

Histology and Immunohistochemistry

Tissue from the left kidney was processed using our pre-

viously described methods [11, 26] for histologic and

immunohistochemical analysis. These studies included

hematoxylin and eosin, Sirius red staining for fibrosis,

PCNA (M 0879, Dako A/S, Glostrup, Denmark) and

macrophages (MAB1435, Chemicon International, Teme-

cula, CA). Oxidized LDL (ox-LDL) staining was used as a

marker of oxidant injury [27, 32], using a polyclonal

antibody (AB3230, Chemicon, Temecula, CA). Animals

were classified as affected by one of two experienced

observers (N.B.C., M.R.O.), blinded to dietary intervention

on the basis of the characteristic cystic and inflammatory

pathology of this disease.

Image Analysis

Image analysis procedures were performed with a system

consisting of a Spot Junior CCD camera mounted on an

Olympus BX60 microscope. The captured images from

random stage movement through the sections were subse-

quently analyzed using Image Pro version 4.5 Package

(Media Cybernetics, Silver Spring, MD). The observer was

blinded to dietary treatment, although disease status is

obvious upon microscopic examination. Raw analysis data

were processed as previously described [23] to give

objective measures of cystic change, fibrosis, interstitial

macrophage infiltration and extent of ox-LDL staining.

Measurements of fibrosis and cellular markers were cor-

rected to solid-tissue areas of sections so that the presence

of empty cystic areas on the section did not lead to an

underestimation of these parameters.

Chemistry

Biochemical measurements were performed by an observer

blinded to disease status and dietary intervention (E.N.).

Serum and urine creatinine, and serum cholesterol were

determined by spectrophotometric methods using Sigma

kits (Sigma Chemical Co., St Louis, MO). Urine protein

was measured by the brilliant Coomassie Blue method of

Bradford.

Gas Chromatography

Lipids were extracted for gas chromatographic analysis

using a modified Folch extraction procedure, as we have

previously described [23, 26, 33]. Liver tissue was exam-

ined in addition to kidney as our previous studies have

shown this tissue to be a more sensitive and consistent

marker to confirm absorption and incorporation of the

ingested PUFA. Prior to analysis, samples were redissolved

in 1 ml of dry toluene, mixed with 2.0 ml of 0.5 M sodium

methoxide and heated to 50 �C for 10 min, then mixed

with 0.1 ml of glacial acetic acid, 5 ml of distilled H2O,

and 5 ml of hexane. This method was selected as being

reliable for the methylation of the CLA isomers which

were primary interest in tissue analysis in this study [34].

After vortexing, the mixture was centrifuged at 2,5009g

for 10 min and the hexane fraction removed. Fresh hexane

is added to the remaining solution and the previous steps

repeated. The hexane fractions were dried under anhydrous

sodium sulfate, evaporated under nitrogen and the lipid

esters redissolved in 1 ml hexane. Gas chromatography

(GC) was performed on a Varian Chrompack 3800

instrument, using a Varian CP-Sil 88 100 meter column

(Varian, Walnut Creek, CA). Total x6:x3 ratio was cal-

culated from the sum of proportions of linoleic acid (LNA,

18:2 c9,c12), c-linolenic acid (GLA), 20:3 x6 and ARA

divided by the sum of a-linolenic acid (ALA), 20:3 x3,

eicosapentaenoic acid (EPA), and docosahexaenoic acid

(DHA). The ratio of ARA:LNA was calculated as an

indicator of D-6 desaturase activity. The ratio of 18:1 c9

(oleic acid) to 18:0 (stearic acid) was calculated as an

indicator of D-9 desaturase activity.

PPARc Activation

PPARc activation was measured using a commercial

ELISA assay (Panomics EK1211, Fremont, CA) of in-vitro

binding to a specific DNA promoter sequence, after

extraction of nuclear material according the manufacturer’s

specifications. Results were expressed as percentage of

activity of a positive control standard provided by the

manufacturer.

Statistical Analysis

Results were analyzed using two-way and three-way analy-

ses of variance (ANOVA) with Tukey’s post hoc

comparisons, using SAS version 9.1 software packages as

appropriate. The model detected differences between main

effects by diet, and sex as applicable. The model also

reported interaction effects between diet and sex which were

considered significant at P \ 0.05. Log and square root

transformations were done for the variables which were not
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distributed in a Gaussian fashion. To measure the degree of

relationship between histology measures with renal contents

of specific fatty acids, canonical correlation analysis was

performed using the SAS version 9.1 software package.

Results

A total of 54 female and 47 male animals who were found

to be Han:SPRD-cy heterozygotes were included in the

analysis. Animal weight was found to be significantly

influenced by gender, but not by diet, with females being

smaller as expected (Fig. 1). Serum creatinine, as a marker

of renal function, was also significantly influenced by

gender, again consistent with the known slower progres-

sion of the disease in female animals (Fig. 2), but serum

creatinine actually increased significantly with increasing

dose of CLA in female animals.

When results of all densitometric indices of histologic

injury are considered, diet (P \ 0.01) and gender

(P \ 0.001) had significant effect on reducing relative cyst

area which was found to be dose dependent for diet,

although in post hoc analysis, significant differences

between dietary groups in female animals accounted for the

observed effect (Fig. 3a). As gender difference is inherent

to the model, post hoc comparisons between genders,

which were significant for all histologic outcome measures

Fig. 1 Animal weight at conclusion of feeding period (g). A main

effect of gender only is significant (P \ 0.001)

Fig. 2 Serum creatinine at conclusion of study (lmol/l). A significant

major dietary effect was seen. a Significant difference from control

diet, same gender in post hoc testing. b Significant difference between

1% and 2% CLA, same gender in post hoc testing

Fig. 3 Densitometric analysis of renal cystic change (a) fibrosis (b)

and Ox-LDL (c) (fraction image area, fibrosis and ox-LDL are

corrected to solid-tissue area). A significant major dietary effect was

seen for all histologic measures. a Significant difference from control

diet, same gender in post hoc testing. b Significant difference between

1 and 2% CLA, same gender in post hoc testing
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and serum creatinine, are not further reported here. A

similar dose dependent effect of diet (P \ 0.001) and effect

of gender (P \ 0.001) was observed with fibrosis (Fig. 3b)

Diet also had dose dependent effects on ox-LDL mea-

surement (P \ 0.001, Fig. 3c) with marginal gender

interactions manifest as lower values in female animals

(diet 9 gender, P = 0.05). Major diet effects were also

observed upon macrophage content and PCNA count

(P \ 0.001, Fig. 4) due entirely to highly significant dif-

ferences between control and both dietary interventions in

post hoc testing. The small differences between the 1 and

2% CLA dietary groups within genders did not achieve

significance in post hoc testing for these parameters.

Neither diet nor gender had a statistically significant

effect on PPARc activation (Fig. 5).

Diet significantly elevated renal levels of all detected

CLA isomers in kidney and liver as expected and decreased

levels of LNA in both organs. The levels found in both

organs, however, were in different proportions to the diet

(Table 2). Both diet and gender were likely to influence

fatty acid composition of liver more than that of kidney.

Levels of 18:1 c9 were significantly lower in liver but not

kidney tissue in both genders, as was D-9 desaturase

activity. ARA content did not differ with diet in renal and

hepatic tissue and D-6 desaturase activity was significantly

increased in liver from animals of both genders (Table 2).

Female animals demonstrated higher hepatic content of the

anti-inflammatory PUFA, DHA. Canonical correlation

between renal content of CLA isomers and a total histo-

logic score pooled across both genders derived by addition

of the numeric values of all histologic variables revealed a

significant negative correlation only between the renal

content of 18:2 c9, t11 and histologic indices (standardized

canonical coefficient = -0.63, P \ 0.001). There was no

significant correlation between the renal level of any CLA

isomer and serum creatinine in the whole group; however,

if the analysis was restricted to only female animals with

PKD, the correlation between serum creatinine and the

renal levels of the t10, t12 isomer approached significance

(r2 = 0.27, P = 0.067).

Gender was associated with expected changes in bone

mineral content, body fat and lean body mass (Table 3).

Diet only had a significant effect in reducing % body fat in

both genders compared to controls of the same gender in

post hoc testing. Increases in lean body mass in animals

receiving CLA diets did not achieve significance. Lean

body mass did not correlate with serum creatinine in either

gender (males r2 = -0.139, females r2 = 0.299, P = ns).

Discussion

The results reported here reinforce the findings of our

previous studies with respect to a possible therapeutic role

for CLA in inflammatory renal disease [11]. This study,

however, is the first to explore the role of animal gender in

the response to CLA in this context, and, as with our recent

study with flax derivatives, gender does influence the out-

come of this type of dietary intervention. Indeed, we have

not been able to identify any prior study exploring gender

differences in CLA response in any system.

CLA isomers may compete with linoleic acid at the level

of desaturases and elongases, thus influencing ARA content

[35]. CLA reduces the expression of the gene for stearoyl-

CoA reductase, the initial D9-desaturase step in the forma-

tion of monoenoic fatty acids [36], a finding confirmed by our

results. D6-desaturase inhibition by CLA has been reported

in a transfected yeast system [37], and by the t10, c12 isomer

specifically in human hepatoma cells [38], whereas our study

found no such effect in kidney and possibly the opposite

Fig. 4 Cell count analysis of renal macrophages and PCNA positive

renal epithelial cells (cells per high power field, corrected to solid-

tissue area). A significant major dietary effect was seen, a significant

difference from control diet, same gender in post hoc testing

Fig. 5 PPARc activation in renal tissue homogenates expressed as a

ratio to the manufacturer’s positive control
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effect in liver. In a prior study using a soy protein based diet,

we found an association between inhibition of D6-desaturase

and histologic improvement in this model [23], but this is

clearly not the mechanism here. Although found to have

benefits in the areas of carbohydrate metabolism, cholesterol

metabolism and atherosclerosis [39], the major health related

Table 2 Renal and hepatic lipid content

Gender and tissue Female kidney Male kidney P diet P gender

Diet Control 1% CLA 2% CLA Control 1% CLA 2% CLA

18:0 14.9 (1.9) 19.3 (2.2) 15.1 (2.1) 15.5 (0.9) 15.2 (0.8) 16.6 (0.8) ns ns

18:1 c9 14.3 (1.1) 10.1 (1.4) 11.9 (1.3) 11.9 (1.1) 11.5 (1.0) 9.9 (1.0) ns ns

18:2 c9,c12 18.3 (1.0) 13.8 (1.2) 14.4 (1.2) 14.2 (1.1) 15.7 (1.0) 13.1 (1.0) ns ns

18:2 c9, t11 0.3 (0.2)c 0.9 (0.3)c 2.1 (0.3)c 0.0 (0.3)c 1.2 (0.2)b 1.7 (0.2)b 0.001a 0.005a

18:2 t10,c12 0.1 (0.1)f,g 0.5 (0.1)f 1.1 (0.1)b-d 0.0 (0.2)f,g 0.7 (0.2)b 1.0 (0.2)b,c \0.001 ns

18:2 t10,t12 0.1 (0.1)f,g 0.2(0.1)f 0.5 (0.1)b-d 0.0 (0.1)f,g 0.3 (0.1) 0.4 (0.1)b,c \0.001 ns

18:3 n3 0.09 (0.02) 0.03 (0.02) 0.07 (0.02) 0.09 (0.03) 0.05 (0.02) 0.02 (0.02) 0.031 ns

20:4 22.4 (1.7) 25.4 (2.0) 24.0 (1.9) 26.7 (1.9) 24.2 (1.7) 26.1 (1.9) ns ns

22:6 n3 1.18 (0.12) 0.97 (0.14) 0.97 (0.14) 0.60 (0.04) 0.50 (0.04) 0.52 (0.04) ns ns

D-9 desaturase 1.21 (0.17) 0.77 (0.20) 0.94 (0.19) 0.88 (0.17) 0.87 (0.15) 0.66 (0.15) ns ns

D-6 desaturase 1.49 (0.18) 2.05 (0.22) 1.79 (0.21) 2.10 (0.21) 1.72 (0.19) 2.10 (0.20) ns ns

Gender and tissue Female liver Male liver P diet P gender

18:0 20.4 (0.4)c,e,f 21.6 (0.5)b 24.0 (0.5)b,c,g 14.2 (0.3)c-e,g 17.9 (0.3)b,c,g 20.1 (0.4)b,g \0.001a \0.001a

18:1 c9 10.4 (0.3)e,f 9.1 (0.4)e,g 8.2 (0.3)b,c 9.7 (0.3)d,f,g 7.1 (0.3)b,c,e 6.7 (0.3)b,c,e,g \0.001 \0.001

18:2 c9,c12 16.9 (0.5)c,e,g 15.8 (0.5)e,g 12.5 (0.5)b,c,g 22.1 (0.4)c-f,g 19.9 (0.4)b,c,e,g 17.7 (0.5)b,g \0.001 \0.001

18:2 c9, t11 0.0 (0.1)d-g 1.2 (0.1)b,c,f,g 2.1 (0.1)b-d,f,g 0.0 (0.1)d-g 1.2 (0.1)b,c,f,g 2.2 (0.1)b-e,g \0.001 ns

18:2 t10,c12 0.0 (0.02)d-f,g 0.5 (0.03)b,c,f,g 0.9 (0.03)b-e 0.0 (0.04)d-g 0.6 (0.04)b,c,f,g 1.0 (0.04)b,c,f,g \0.001 0.011

18:2 t10,t12 0.0 (0.02)d-g 0.4 (0.02)b,c,f,g 0.7 (0.02)b,c,e,g 0.0 (0.03)d-f,g 0.4 (0.03)b,c,f,g 0.8 (0.04)b,c,f,g \0.001 0.04

18:3 n3 0.10 (0.01)f,g 0.08 (0.01)b,g 0.05 (0.01)b-e 0.11 (0.01)d-g 0.08 (0.01)b,g 0.06 (0.01)b,c \0.001 0.017

20:4 21.7 (0.4)c,e,g 20.6 (0.4)c,e,g 21.2 (0.4)c,e,g 24.0 (0.5)c,e,g 24.7 (0.5)c,e,g 24.4 (0.6)c,e,g ns \0.001

22:6 n3 3.70 (0.09)b,d-g 3.16 (0.10)b,c,e,g 3.12 (0.09)b,c,e,g 2.26 (0.09)b,c,e,f,g 1.94 (0.09)c,e,g 2.01 (0.10)c,e,g \0.001 \0.001

D-9 desaturase 0.51 (0.03)b,f,g 0.44 (0.03)c 0.34 (0.03)b,c 0.70 (0.03)c–g 0.40 (0.03)b 0.34 (0.03)b,c \0.001 ns

D-6 desaturase 1.30 (0.06)f 1.35 (0.06)c,f 1.72 (0.06)b,c,e,g 1.10 (0.05)e–g 1.25 (0.05)g 1.40 (0.05)b,g \0.001 \0.001

a Significant interaction between diet and gender, P \ 0.01,
b Significantly different from control diet in same gender group in post host testing, P \ 0.05
c Significantly different from control diet in opposite gender group in post host testing P \ 0.05
d Significantly different from 1% CLA diet in same gender group in post host testing P \ 0.05
e Significantly different from 1%CLA diet in opposite gender group in post host testing P \ 0.05
f Significantly different from 2% CLA diet in same gender group in post host testing P \ 0.05
g Significantly different from 2% CLA diet in opposite gender group in post host testing P \ 0.05

Table 3 Bone and body composition data from DXA scanning

Control 1% CLA 2% CLA P gender P diet

Male bone mineral content (gm) 11.0 (0.16) 10.8 (0.16) 10.5 (0.18) \0.001 ns

Female bone mineral content (gm) 8.7 (0.15) 8.8 (0.16) 8.5 (0.16)

Male bone mineral density (gm/cm2) 0.16 (0.001) 0.16 (0.001) 0.16 (0.001) ns ns

Female bone mineral density (gm/cm2) 0.16 (0.001) 0.16 (0.001) 0.16 (0.001)

Male % body fat 9.1 (0.48) 7.0 (0.48)a 6.6 (0.55)a \0.001 \0.001

Female % body fat 15.1 (0.45) 10.4 (0.52)a 10.1 (0.50)a

Male lean body mass (gm) 359 (4.7) 356 (4.8) 349 (5.4) \0.001 ns

Female lean body mass (gm) 230 (4.5) 237 (4.9) 242 (5.1)

Figures in parentheses are standard errors of the means; no significant interactions were detected between diet and gender
a Significantly different from control diet, same gender in post hoc testing
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interest in CLA has been as an anti-carcinogen [2]. CLA

enhances lymphocyte proliferative responses to phytohe-

maglutinin, but not to LPS or concanavalin A [40], implying

a positive or negative immunomodulatory role under dif-

fering circumstances. Our results demonstrating decreased

macrophage infiltration and fibrosis might be interpreted as a

specific effect on the inflammatory response or may be a non-

specific response based on inhibition of cell proliferation.

Most CLA preparations are a mixture of isomers, with

the precise mix a function of both the substrate oil and the

manufacturing process [41]. Our statistical association of

benefit with the renal concentration of the c9-t11 isomer,

while a novel approach to the issue of identifying the active

lipid, is supported by studies using pure isomers. Jensen

et al. [4] have associated antiproliferative effects of CLA

with the c9-c11 isomer. Yang and Cook [42] have dem-

onstrated that the release of anti-inflammatory cytokines

essential to the innate immune response is inhibited by the

c9-t11 isomer. Conversely, the t10-t12 isomer has been

associated with pro-inflammatory effects [43], may have

adverse effects on lipid metabolism [44], and may play a

larger prostaglandin inhibition mediated effects of CLA

[38].

Our finding of a different distribution of CLA isomers in

tissue compared to the diet and differing proportions in

differing organs is consistent with previous reports. Kramer

et al. [45] have reported similar findings in a piglet model

and speculate that the cause is related to differing metab-

olism of different isomers, which is supported by Tsuzuki

et al. [46] who failed to demonstrate differences in

absorption as a basis for such differences in a rat model.

The basis for the observed differences remains to be elu-

cidated. In this inflammatory model, the content and role of

fatty acids in the inflammatory cell population that may

migrate into the kidney from a circulating pool would be

extremely difficult to measure and yet may be extremely

important in elucidating the precise relationships between

this nutritional intervention and histologic change and

toxicity.

The role of CLA as a ligand for the PPARc system

suggests a direct pathway that might mediate the observed

effects [15]. This pathway has been specifically implicated

in the regulation of inflammatory response [16]. Our results

do not demonstrate a dietary effect on PPARc activation,

thus cannot at this stage support this as the relevant path-

way. It is, however, possible, that as we based our

measurements upon whole tissue homogenates, we would

not have had sufficient sensitivity to detect activation that

is specific to individual cell types such as macrophages and

fibroblasts. In-vitro studies of separated cells may offer

insight into this question.

The new finding of a rise in serum creatinine in female

animals is a serious concern. CLA has been associated

with an increase in lean body mass [47–49], which may

increase serum creatinine without change in renal function

[50]. In this study, however, very small changes in lean

body mass that did not achieve significance and were

proportionately much less than the change in serum cre-

atinine were observed. In a previous study, we

demonstrated that a 1% CLA diet reduced renal PGE2

production [11]. It is plausible that at even higher doses, a

more generalized effect of prostaglandin inhibition on

glomerular tubular balance, combined with the loss of

urinary concentrating ability that is an early clinical fea-

ture of this disease my result in disturbed renal function

in a manner analogous to the adverse effects of non-ste-

roidal anti-inflammatory drugs [51]. Sullivan et al. [52]

have described gender dimorphism with higher expression

of prostaglandin synthase and renal production of pros-

taglandins in female spontaneously hypertensive rats, but

the relationship of this observation to renal functional

homeostasis is not known. It is possible that their obser-

vation implies that more prostaglandin synthesis is

required for homeostasis in females; inhibition of the

pathway would therefore create a larger functional dis-

turbance. Our finding of a diminution of the antifibrotic

effect at higher doses of the CLA mixture in males may

also be cautionary and could reflect a shift in the balance

of beneficial versus harmful effects of the two predomi-

nant isomers [43]. As with an earlier study with flax oil

and lignan [27], we did detect relatively subtle qualitative

differences in the profile of histologic effects between

genders. The magnitude of these differences may not be

of clinical significance but the finding underlines the

importance of considering gender as a variable in func-

tional food studies.

Proportions of CLA in plasma, adipose tissue and red

blood cell membranes are low in adult patients with

chronic renal failure managed without dialysis, but increase

in dialysis patients [53]. It is likely that changes in dietary

intake, with severe restriction of dairy products mandated

to maintain serum phosphate in an acceptable range, are a

major factor. Our study suggests that CLA, and in partic-

ular the c9-t11 isomer, may warrant further exploration as

an anti-inflammatory functional food that may influence

renal injury. Our results, however, also caution that the

unconditional recommendation of CLA supplements of

variable composition and quality in this high risk popula-

tion is not only premature but carries a credible risk of

harm.
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Abstract HDL is able to displace cell surface-bound

hepatic lipase (HL) and stimulate vascular triglyceride

(TG) hydrolysis, much like heparin. Displacement appears

to be a result of a high-affinity association of HL and apoA-I.

HDL varies in its ability to displace HL, and therefore

experiments were undertaken to evaluate the impact of

HDL composition and structure on HL displacement from

cell surface proteoglycans. HDL apolipoprotein and lipid

composition directly affect HL displacement. ApoA-II and

apoC-I significantly increase HL displacement from the

cell surface. While changes in HDL cholesteryl ester and

fatty acid content have no effect on HL displacement,

increases in HDL phospholipid and TG content signifi-

cantly inhibit HL displacement. HDL fractions from

hyperlipidemic patients are unable to displace HL from the

cell surface. These results indicate that the structure and

composition of HDL particles in plasma are central to

regulation of HL displacement and the hydrolytic activity

of HL.

Keywords Proteoglycans � Triglycerides �
Apolipoproteins � Phospholipids � Cholesteryl ester �
Fatty acids

Abbreviations

apoA-I Apolipoprotein A-I

apoA-II Apolipoprotein A-II

apoE Apolipoprotein E

DPPC Dipalmitoyl phosphatidylcholine

HL Hepatic lipase

CETP Cholesteryl ester transfer protein

CHD Coronary heart disease

HSPG Heparan sulfate proteoglycan

LPL Lipoprotein lipase

LCAT Lecithin:cholesterol acyl transferase

PLA2 Phospholipase A

PC Phosphatidylcholine

PA Phosphatidic acid

PS Phosphatidylserine

PI Phosphatidylinositol

rHDL Reconstituted HDL

TG Triacylglyceride

VLDL Very low-density lipoprotein

Introduction

Heparin promotes the displacement of hepatic lipase (HL)

and lipoprotein lipase (LPL) from the liver and vascular

endothelium and stimulates lipolytic activity and plasma

triglyceride (TG) clearance [3, 28, 46]. The enzymatic

activity of HL is undetectable in the plasma, and activity is

usually measurable only after intravenous injection of

heparin (post-heparin HL activity). Increased post-heparin

HL activity is associated with low HDL-cholesterol (HDL-C)

levels [22, 27, 35] and an abundance of small, dense LDL

particles in the plasma [6, 11, 49]. A number of clinical

studies show that these conditions are concomitant with

increased coronary heart disease (CHD) risk in the patients.

Lower HDL-C levels in postmenopausal women and sim-

ilarly aged men, and a higher incidence of CHD in these

groups compared to the premenopausal women, are related

to higher post-heparin HL activity [14]. Similarly,
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conditions related to the higher risk of heart disease, such

as smoking [19], visceral obesity [16], and sedentary life-

style [31], are known to be associated with elevated post-

heparin HL activity. In addition, combined familial

hyperlipidemic [39] and type 2 diabetic patients [47], who

are at a higher risk for CHD, have elevated levels of post-

heparin HL activity and an atherogenic lipoprotein profile

(small dense LDL particles, decreased HDL-C, and

increased TG levels) [1, 4, 5].

Accumulating evidence suggests that an increase in

post-heparin HL lipolytic activity may be representative of

an increased inactive pool of cell-associated HL in the

liver. In vitro experiments have shown that proteoglycan-

bound HL is inactive [37]. Displacement of HL from the

cell surface increases hydrolytic activity and stimulates TG

hydrolysis. In vivo experiments [10] have confirmed that

an increase in circulating HL increases plasma HL lipolytic

activity. In the mouse model, expression of a mutant

human HL, which is unable to bind liver cells, elevates pre-

heparin HL activity and leads to enhanced lipid hydrolysis

and lipoprotein catabolism. An increased post-heparin HL

activity may therefore be indicative of a reduced ability of

liver-bound HL to be displaced and activated. As such, a

high post-heparin HL activity would be expected to result

in decreased vascular lipolysis and may be related to

increased plasma TG levels.

Similar to heparin, both apoA-I and HDL stimulate HL

displacement from the cell surface proteoglycans of CHO

and HepG2 cells [36, 37]. Specific subclasses of HDL have

different effects on HL displacement. The larger and more

buoyant HDL2 causes more HL to be displaced from the cell

surface, while the smaller dense HDL3 is unable to displace

HL [36, 37]. The differential ability of HDL particles to

liberate lipases from cell surface proteoglycans appears to

influence lipid hydrolysis and clearance. Abnormalities in

HDL structure and lipase displacement ability may there-

fore be related to perturbations in TG metabolism.

In this study, the relationship between HDL structure and

HL displacement was evaluated. It was shown that both the

lipid and protein components of HDL affect HL displace-

ment. The results provide new insights into the regulation of

HL metabolism and demonstrate how the lipid and protein

composition of HDL controls HL displacement. Evidence

suggests that HDL isolated from hyperlipidemic patients

may have an impaired ability to promote HL displacement.

Perturbations in HL displacement may therefore be partly

causative of the abnormal clearance of plasma TG.

Materials

TG diagnostic kits were purchased from Roche Diagnostics

(Laval, PQ, Canada). Anti-mouse IgG horseradish

peroxidase (HRP)-linked whole antibody (isolated from

goat), broad-range molecular weight markers, protein-G

Sepharose 4 Fast Flow beads, HiTrap heparin HP columns,

and native gradient Phast gels were purchased from

Amersham Biosciences (Baie d’Urfé, PQ, Canada). Super

Signal West Pico Chemiluminescent Substrate was pur-

chased from Pierce Chemical Co. (Rockford, IL). Agarose

Paragon� lipogels and the lipid stains were obtained from

Beckman Coulter Inc. (Fullerton, CA). Novex polyacryl-

amide mini-gels, Ham’s F12 medium, Dulbecco’s modified

Eagle’s medium (DMEM), Geneticin� Selective Anti-

biotic (G418 sulfate), L-glutamine, and penicillin/

streptomycin (pen/strep) were obtained from Invitrogen

(Burlington, ON, Canada). Fetal bovine serum (FBS) and

heparin (from porcine intestine) were purchased from

Sigma Chemical Co. (St. Louis, MO). 1-Palmitoyl-2-

oleoylphosphatidylcholine (POPC) was purchased from

Avanti Polar Lipids (Alabaster, AL). CHO and HepG2 cell

lines were obtained from ATCC (Manassas, VA). The

polyclonal anti-human apolipoprotein A-I antibody from

rabbit was purchased from Calbiochem Biosciences Inc.

(La Jolla, CA). The monoclonal anti-human HL XHL3-6a

antibody from mouse and monoclonal anti-human apoA-I

(5F6 and 4H1) antibody from mouse were obtained from

Drs. Bensadoun and Marcel, respectively. The polyclonal

anti-human HL antibody from rabbit was obtained from

Santa Cruz (Santa Cruz, CA). All other reagents were of

analytical grade.

Methods

Isolation of Lipoproteins by Sequential

Ultracentrifugation

Blood was donated from human subjects with informed

consent of the participants and approval from the University

of Ottawa Heart Institute Research Ethics Board. Blood

samples from fasting normolipidemic and hyperlipidemic

subjects were collected in Vacuette� tubes. VLDL, LDL,

and HDL fractions were isolated from the plasma by

sequential ultracentrifugation within the density ranges of

q\ 1.006 g/ml, q = 1.019-1.063 g/ml, and q = 1.063-

1.21 g/ml, respectively, as previously described [23]. The

isolated lipoprotein fractions were dialyzed extensively

against PBS (50 mM sodium phosphate, 150 mM NaCl, pH

7.2) at 4 �C. Protein concentrations of lipoproteins were

determined by the modified Markwell Lowry method [30].

Cholesterol and TG concentrations were measured enzy-

matically, using the commercial diagnostic kits (Roche

Diagnostics, Laval, PQ). The homogeneity of the lipopro-

tein fractions was determined by agarose gel electrophoresis

using pre-made Paragon� Lipogels.
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HL Purification

HL was purified from post-heparin human plasma by

heparin affinity chromatography as previously described

[17, 36, 37]. Post-heparin human plasma was collected

from normolipidemic subjects, and a 20% TG emulsion

(Intralipid 20%, Pharmacia & Upjohn Inc., Missassauga,

ON, Canada) was added to the plasma. Lipid cakes were

harvested centrifugally and delipidated. The resuspended

aqueous solution of crude HL was loaded onto a heparin-

Sepharose CL-6B column and eluted with linear salt gra-

dient of 0.15–1.5 M NaCl in 5 mM sodium barbital, pH

7.4, 20% glycerol, and the pooled fractions stored at -80

�C until use. HL activity was characterized using a TG

emulsion and quantified into units of enzyme activity

(where 1 unit = 1 lmol of fatty acid hydrolyzed/h). The

protein concentration of the purified HL was 0.114 mg/ml,

and the specific activity was determined to be 19,455 units/

mg protein. SDS-PAGE and immunochemical analysis

using the HL monoclonal antibody, XHL3-6a, showed a

single band with an apparent molecular mass of 66 kDa.

Preparation of reconstituted HDL (rHDL) Particles

Purified apoA-I, apoA-II, and apoC-I were isolated from

delipidated HDL by anion exchange chromatography [43].

Apolipoproteins were resolubilized in a 6 M guanidine

HCl, 10 mM Tris (pH 7.2) solution, and dialyzed exten-

sively against PBS (pH 7.2). Reconstituted HDL

complexes were prepared by sonicating POPC with a

mixture of apolipoproteins (apoA-I, A-II, C-I) with or

without additional amounts of TG (triolein), FFA (oleic

acid), or CE (cholesteryl oleate) (molar ratio of 1 mol

protein: 60 mol lipids) as previously described [8]. The

molar concentration of apolipoproteins in rHDL was

determined by chemical crosslinking with dimethylsube-

rimidate [8] (Tables 1, 2). Briefly, POPC (3.2 mg) and

other lipids in chloroform were dried under nitrogen in a

12 9 75-mm test tube, and 800 ll of PBS, pH 7.4 was

added. The lipid-buffer solution was initially sonicated for

1 min in a 15 �C water bath using a Branson 450 soni-

cator. The suspension was then incubated in a sealed tube

for 30 min at 37 �C and sonicated again for 5 min using a

95% duty cycle. ApoA-I (3 mg of a 1.8 mg protein/ml

PBS, pH 7.4) or other apolipoproteins were added to the

lipid suspension, and the protein–lipid mixture was soni-

cated for 4 9 1 min punctuated by 1-min cooling periods.

All rHDL complexes were filtered through a 0.22-lm

syringe tip filter. The size and homogeneity of rHDL

complexes were estimated by non-denaturing gel electro-

phoresis on precast 8–25% acrylamide Phastgels

(Amersham Biosciences) after protein staining. The pro-

tein concentration was determined by the modified

Markwell Lowry method.

Table 1 Reconstituted HDL apolipoprotein composition

rHDL particlea POPC

(mol)

apoA-I

(mol)

apoA-II

(mol)

apoC-I

(mol)

apoHDL

(mol)

rHDL protein:lipidb

(mol:mol:mol)

ApoA-I/POPC 60 1.0 0.0 0.0 0.0 2:120

ApoA-I/A-II/POPC 60 0.33 0.66 0.0 0.0 1:2:120

ApoA-I/C-I/POPC 60 0.33 0.0 0.66 0.0 1:2:120

ApoHDLc/POPC 60 0.0 0.0 0.0 1.0 Nd

a rHDL particles were prepared by cosonication with the indicated compositions as described
b rHDL prepared from apoA-I alone contained 2 mol of apoA-I/particle, while those prepared with apolipoprotein mixtures contained 1 mol of

apoA-I, and 2 mol of the test apolipoprotein
c apoHDL was prepared from delipidated HDL and contained apoA-I, apoA-II, apoC-I, apoC-II, and apoC-III

Table 2 Reconstituted HDL lipid composition

rHDL particlea ApoA-I

(mol)

POPC

(mol)

CE

(mol)

TG

(mol)

FFA

(mol)

rHDL protein:lipidb

(mol:mol:mol)

ApoA-I/POPC 1.0 60.0 0.0 0.0 0.0 2:120

ApoA-I/POPC/CE 1.0 60.0 15.0 0.0 0.0 2:120:30

ApoA-I/POPC/TG 1.0 60.0 0.0 15.0 0.0 2:120:30

ApoA-I/POPC/FFA 1.0 60.0 0.0 0.0 15.0 2:120:30

a rHDL particles were prepared by cosonication with the indicated compositions as described
b rHDL particles contain 2 mol of apoA-I/particle
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Preparation of Lipid-enriched HDL

Phosphatidylinositol (PI) and phosphatidylcholine (PC)

vesicles were prepared by sonication in PBS and then

incubated with native HDL. Briefly, 3 mg of each lipid in

chloroform was dried under nitrogen. PBS (1 ml) was

added, and the lipid-PBS mixture was sonicated for 1 min

at constant duty cycle in a 15 �C water bath and incubated

at 37 �C for 15 min. The mixture was then sonicated for

5 min at 95% duty cycle. The lipid vesicles (0.2 mg) were

incubated per 1 mg fresh HDL protein for 48 h at 4 �C.

Under these conditions, essentially the entire exogenous

lipid was assimilated into the HDL particles. HDL charge

was determined by electrophoretic mobilities on 0.6%

agarose Paragon lipogels (Beckman, Coulter) as previously

described [42].

Preparation of Apolipoprotein-enriched HDL

Freshly isolated HDL (1 ml; 5.8 mg protein/ml) from a

fasting normolipidemic subject was incubated with 1.35 ml

of purified and dialyzed apoA-II (2.4 mg protein/ml) for

30 min at room temperature with constant stirring. At the

end of the incubation, the free apoA-I and apoA-II were

separated from HDL by ultracentrifugation. The apoA-I/

apoA-II mass ratio of HDL was estimated by SDS-PAGE

on 12% precast Novex minigels followed by silver stain-

ing. The apoA-II content of HDL was also approximated

by subtraction of apoA-I concentration from total protein.

The apoA-I protein concentration of HDL was determined

by ELISA (enzyme-linked immunosorbent assay) and

calculated relative to an apoA-I standard curve. The ratio

of apoA-I/apoA-II was similar using both measurements.

HL Displacement Assay in CHO and HepG2 Cells

CHO cells stably transfected with human HL (CHO-hHL)

were plated in Ham’s F12 medium containing 10% FBS,

500 lg/ml G418, 1% glutamine, and 1% penicillin/strepto-

mycin in six-well plates. HepG2 cells were plated and grown

to confluency in DMEM medium containing 10% FBS, 1%

glutamine, and 1% penicillin/streptomycin in six-well

plates. Once confluent, cells were washed with PBS and

incubated with fresh medium in the absence of FBS over-

night. The next day, the medium was aspirated, and the cells

were washed 29 with FBS-free medium. Following the

washes, the cells were incubated with FBS-free medium

containing HDL or rHDL samples at a concentration of

150 lg/ml for 30 min at 37 �C. The media was collected into

microcentrifuge tubes and stored at -80 �C. Cell lysates

were prepared by washing the cells twice with PBS and

incubation with 100 ll of sample buffer (62.5 mM Tris-

HCl, pH 6.8, 20% glycerol, 2% SDS, 0.5% (w/v)

bromophenol blue) for 30 min at 37 �C. The cell lysates were

transferred into microcentrifuge tubes, heated for 10 min at

90 �C, and kept at -20 �C until it was electrophoresed. The

frozen medium was lyophilized overnight, resolubilized in

200 ll of sample buffer, and heated at 90 �C for 10 min.

SDS-PAGE and Immunochemical Analysis

The cell lysate and media samples were electrophoresed on

8% polyacrylamide gels under denaturing conditions and

transferred onto a nitrocellulose membrane. The membrane

was incubated with blocking solution (PBS containing 1%

BSA and 0.2% Tween-20) at room temperature for 1 h and

then with the monoclonal anti-human HL XHL3-6a anti-

body from mouse (1:5,000) in blocking solution containing

0.02% NaN3 at 4 �C overnight. Following three washes in

PBS-0.2% Tween-20, a goat anti-mouse IgG HRP-linked

whole antibody was used as the secondary antibody. After

1 h incubation with secondary antibody, the membrane was

washed in PBS-0.2% Tween-20 and visualized by chemi-

luminescence following a 5-min incubation with the Pierce

Super Signal West Pico substrate. The membrane was

exposed to film, and the molecular mass of the cell surface-

associated HL as well as the HL liberated into the medium

was determined using broad-range molecular weight

markers as a reference. The film was subsequently scanned,

and the mass of HL that had been displaced into the media,

by various types of HDL, was determined relative to

standard rHDL by densitometry.

Non-denaturing Gradient Gel Electrophoresis Analysis

Conditioned media samples were electrophoresed using

4–20% Tris-Glycine precast gels under non-denaturing

conditions overnight for 2000Vh at 4 �C. The gel was then

incubated in a 0.1% SDS solution for 15 min to ensure the

proteins had enough negative charge to transfer unidirec-

tionally toward the anode. The gel was transferred for 4 h

at 125 V at 4 �C (Tris-Glycine transfer buffer with 20%

methanol) onto a PVDF membrane. The membrane was cut

in half, and each half was incubated with either an HL

blocking solution (TBS containing 1% BSA and 0.2%

Tween-20) or an apoA-I blocking solution (TBS containing

5% skim milk and 0.2% Tween-20) overnight at 4 �C. The

membranes were then incubated with either the monoclo-

nal anti-human HL XHL3-6a antibody from mouse

(1:5,000) or the monoclonal anti-human apoA-I 4H1 (2–8)

and 5F6 (118–141) antibody from mouse (1:5,000) in

blocking solution. Following three washes in TBS-0.2%

Tween-20, both membranes were incubated for 1 h with a

goat anti-mouse IgG HRP-linked whole antibody as the

secondary antibody. The membranes were washed in TBS-

0.2% Tween-20 and visualized by chemiluminescence
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following a 5-min incubation with the Pierce Super Signal

West Dura substrate. The molecular weight and the den-

sitometry profiles were generated using AlphaEase�
software (AlphaInnotech Corp., San Leandro, CA).

HL Immunoprecipitation

Purified HDL (100 lg) from human plasma was mixed

with 20 ll of purified HL (114 lg protein/ml) and 10 ll of

polyclonal anti-human HL antibody and incubated over-

night at 4 �C on a rotating wheel. A 10% protein-G

Sepharose bead suspension (200 ll) (2% BSA in PBS) was

added to the samples and incubated at 4 �C on a rotating

wheel for 2 h. The samples were centrifuged at maximum

speed in a microcentrifuge for 3 min. The supernatant was

discarded, and following two gentle washes with PBS, SDS

sample buffer was added to remove proteins from the beads

with heating. The samples were either electrophoresed on a

12% polyacrylamide gel and probed for human apoA-I or

electrophoresed on a 8% gel and probed for human HL.

Statistical Analyses

The significance of the difference between group mean

values was calculated by the Student’s t-test or one-way

ANOVA and Dunnett post-test analysis using SigmaStat�
Software (Version 3.0) (Systat Software Inc., San Jose, CA).

Results

Displacement of HL by Heparin and HDL in CHO-hHL

Cells

Experiments show that HDL and heparin affect the cell

surface association of HL and release it into the media of the

human HL transfected CHO (CHO-hHL) cells (Fig. 1).

There is very little HL normally released into the media

when the cells are cultured in FBS-free medium alone, but

similar to heparin, HDL readily displaces HL. Displace-

ment of HL by heparin or HDL is time and dose dependent,

and the maximal HL displacement into the incubation

media occurs with 200 IU of heparin/ml or 150 lg of HDL

protein/ml of media (Fig. 1). Both HDL and heparin

increased the displacement of HL over the 2 h time course

(data not shown). The molecular weight of HL released into

the media (HSPG-bound HL) is estimated to be 66 kDa,

which is similar to that for purified human HL (Fig. 2) [37].

Displacement of Cell Surface-Bound HL by HDL

in HepG2 Cells

To compare the effect of HDL on HL displacement in

transfected CHO-hHL cells and cells that express HL

endogenously (HepG2), both cell lines were grown and

treated with HDL, heparin, or FBS-free medium alone for

30 min. The results of immunochemical analysis by anti-

HL mAb show two distinctive bands in the total extract of

the CHO cells corresponding to the intra- and extra-cellular

forms of overexpressed HL (Fig. 2a) [36]. Addition of

HDL or heparin to the incubation medium results in the

appearance of a 66 kDa HL band in the incubation media

of CHO and HepG2 cells (Fig. 2b, d).

Fig. 1 Concentration-dependent displacement of cell surface-bound

HL in CHO-hHL cells by HDL and heparin: CHO-hHL cells were

grown to confluency and incubated with increasing concentrations of

HDL protein or heparin for 30 min at 37 �C. The media was collected

and analyzed by Western blots to determine the amount of HL

released. HL release into medium was calculated relative to control

incubations with apoA-I and normalized to total cell protein. These

values are the mean ± SD of triplicate determinations from one assay

and are representative of two separate experiments

Fig. 2 Displacement of cell surface-bound HL from CHO-hHL

(panel a and b) and HepG2 cells (panel c and d): CHO-hHL and

HepG2 cells were grown to confluency and incubated with FBS-free

media (control), heparin, and HDL for 30 min at 37 �C. The

incubating media was collected, lyophilized, and resolubilized in SDS

sample buffer. The cells were washed twice with PBS and solubilized

in SDS sample buffer. Immunochemical analysis followed to detect

the amounts of HL associated with the cells (CHO-hHL cells: panel a,

HepG2 cells: panel c) and released into the medium (CHO-hHL cells:

panel b, HepG2 cells: panel d). The duplicate images are from one

analysis and are representative of three separate experiments for each

cell line
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Association of HDL and HL In Vitro

In order to evaluate whether a direct interaction occurs

between HDL and HL, both non-denaturing electrophoretic

Western blots and co-immunoprecipitation studies were

undertaken. Non-denaturing gradient gel electrophoresis

(NGGE) was performed on normolipidemic HDL samples

that had been incubated with CHO-hHL cells. The proteins

were transferred to PVDF membrane and probed for both

apoA-I and HL (Fig. 3). NGGE probed for apoA-I showed

the expected profile for a normolipidemic HDL, with the

large, 11-nm HDL2 class and smaller 8.0-nm HDL3 class.

NGGE probed for HL had almost an identical profile as

shown for apoA-I (Fig. 3). HL appears to be associated

with all classes of apoA-I containing HDL particles.

Similar results were observed for HDL preparations from

three different subjects. In co-immunoprecipitation studies,

mixtures of pure HL and HDL were immunoprecipitated

with a polyclonal anti-human HL Ab. The immunopre-

cipitate was electrophoresed and analyzed by Western blots

to detect both apoA-I and HL. Blots probed for human

apoA-I showed that HDL particles are immunoprecipitated

when pure human HL is added to the HDL preparation

(data not shown). These results confirm our earlier chro-

matographic work [8, 9], which showed that HL tightly

interacts with HDL particles in solution.

Displacement of Cell Surface-Bound HL

by Synthetic HDL

The ability of native and synthetic HDL particles to dis-

place HL was determined by incubating CHO-hHL cells

with native HDL from normolipidemic subjects, rHDL

(apoA-I and POPC), heparin, and FBS-free medium. rHDL

displaces HL similar to heparin, while the ability of HDL is

variable (60–90%) and dependent on the batch/donor of

HDL (data not shown). This is consistent with previous

work showing that pure apoA-I is more effective at dis-

placing cell surface-associated HL than HDL [36].

HL Displacement by HDL Enriched with apoA-II

Normolipidemic HDL was enriched with pure apoA-II and

ultracentrifuged to separate free apolipoproteins from the

mixture. The apoA-I and apoA-II content of HDL was

determined from silver-stained PAGE gels. The mass ratio

of apoA-I to apoA-II decreased by 50% in apoA-II-enri-

ched HDL.

HL displacement from CHO-hHL cells by HDL or

HDL-apoA-II is shown in Fig. 4. Percent HL displacement

was calculated relative to that for a control rHDL (apoA-

I:POPC) particle. Incorporation of apoA-II into HDL cau-

ses a 2.5-fold increase in HL displacement from the cell

surface. These data suggest that apoA-II is a structural

component of HDL that plays a significant role in dis-

placing cell surface-bound HL. The work appears

Fig. 3 Non-denaturing gradient gel electrophoresis of HL displaced

from CHO-hHL cells by HDL: CHO-hHL cells were grown to

confluency and incubated with 150 lg/ml of HDL for 30 min at 37

�C. The cell medium was collected and analyzed by non-denaturing

gradient gel electrophoresis on 4–20% polyacrylamide gels. Proteins

were transferred to PVDF and immunoblotted with anti-apoA-I and

anti-HL antibodies. Densitometric profiles of apoA-I and HL blots are

shown. The profiles are from one experiment undertaken with HDL

from a single normolipidemic subject. Profiles are similar to that

observed from separate experiments with HDL isolated from three

different subjects

Fig. 4 HL displacement in CHO-hHL cells by HDL and apoA-II-

enriched HDL: CHO-hHL cells were grown to confluency and

incubated with 150 lg/ ml of HDL or apoA-II-enriched HDL for

30 min at 37 �C. The cell medium was collected and analyzed to

determine the mass of liberated HL by HDL or HDL-apoA-II relative

to a control rHDL (apoA-I/POPC) particle. The concentration of HL

in the media is mean value ± SD of triplicate determinations from

one assay and is representative of two separate displacement

experiments. (The significance of difference relative to control

HDL was determined by Student’s t-test, ***p \ 0.0001.)
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consistent with previous work showing that apoA-II

enhances association of HL with HDL particles [8].

HL Displacement by rHDL Particles Enriched

with Apolipoproteins

To confirm that apoA-II has a specific impact on HL dis-

placement and to estimate the role of other structural

apolipoproteins of HDL in HL displacement, various HDL

particles were reconstituted with different apolipoprotein

mixtures. Purified apolipoproteins apoA-I, A-II, and C-I

were isolated from delipidated HDL by anion exchange

chromatography and used to generate rHDL complexes.

rHDLs were also prepared from a full compliment of HDL

apolipoproteins (apoHDL) that was prepared by delipida-

tion of HDL. The molar ratio of the lipid and protein

components of each particle is shown in Table 1.

Figure 5 presents the percent HL release into the media

by various kinds of rHDL particles and heparin, relative to

the standard rHDL particle (apoA-I/POPC). The figure

indicates that apoA-I/apoA-II/POPC particles increase HL

displacement by more than twofold relative to control

rHDL. This confirms the results of the previous experiment

with apoA-II-enriched native HDL. ApoA-I/apoC-I/POPC

particles also increase HL displacement by 1.5-fold com-

pared to the control. This suggests that both apoC-I and

apoA-II are able to stimulate HL displacement. HDL

apolipoproteins (apoHDL) were resolubilized after HDL

extraction and shown to contain primarily apoA-I, apoA-II,

apoC-I, apoC-II, and apoC-III. ApoHDL/POPC particles

were less able to promote HL displacement (25% of control

rHDL).

HL Displacement by HDL Enriched with Phospholipids

Normolipidemic HDL was enriched with various phos-

pholipid vesicles (PI and POPC), and the impact of the

increased phospholipid content of HDL on HL displace-

ment was studied. Agarose gel electrophoresis of HDL-PI

showed that PI enrichment of HDL increases lipoprotein

net negative charge, while PC had the opposite effect (data

not shown). HL displacement with native HDL, HDL-PI,

and HDL-POPC, followed by immunoblotting of the

incubation media, reveals that both phospholipids decrease

HL displacement relative to native HDL or heparin (*50%

that of control rHDL) (Fig. 6).

HL Displacement by rHDL Particles Enriched

with Specific Lipids

Different kinds of rHDL particles were prepared enriched

in cholesterol ester (CE), TG, and free fatty acid (FFA) to

evaluate the impact of HDL lipid composition on HL dis-

placement. These particles contained apoA-I, POPC, and

Fig. 5 HL displacement by rHDL particles containing various

apolipoproteins: CHO-hHL cells were grown to confluency and

incubated with 150 lg/ml of various synthetic rHDL particles: apoA-

I/POPC, apoA-I/apoA-II/POPC, apoA-I/apoC-I/POPC, and apoHDL/

POPC, for 30 min at 37 �C. The incubating media was analyzed by

Western blots to determine the mass of HL released into the media.

HL mass in the media was calculated relative to the control rHDL

(apoA-I/POPC). The values of HL are mean ± SD of triplicate

determinations from one assay and represent three displacement

experiments. (The significance of difference relative to heparin was

determined by one-way ANOVA, **p \ 0.001, *p \ 0.01)

Fig. 6 HL displacement by phospholipid-enriched HDL: HDL

obtained from normolipidemic subjects was enriched with phospha-

tidylcholine (PC) or phosphotidylinositol (PI) as described. CHO-

hHL cells were grown to confluency and incubated with 100 IU/ml of

heparin or 150 lg/ml of HDL, HDL/PC, or HDL/PI for 30 min at 37

�C. The incubating media was analyzed by Western blots to

determine the mass of HL released into the media. The values of

HL in the medium were calculated relative to the control rHDL

particle (apoA-I/POPC). These values are mean ± SD of triplicate

determinations from one assay and are representative of three

different experiments. (The significance of difference relative to

heparin was determined by one-way ANOVA, *p \ 0.01)
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the test lipid (starting ratios are shown in Table 2). HL

displacement from CHO-hHL cells (Fig. 7) demonstrates

that CE-enriched particles slightly increase HL displace-

ment (1.2-fold), whereas rHDL enriched with FFA has a

modest inhibitory effect in HL displacement. Enrichment

with TG significantly decreases HL displacement to 25%

of the control. These results suggest that the TG component

of HDL is an important inhibitor of HL displacement from

the cell surface.

HL Displacement by HDL Fractions

from Hypercholesterolemic Patients

To determine whether HDL from hypercholesterolemic

patients has an altered ability to displace cell surface HL,

displacement experiments were performed with HDL iso-

lated from hypercholesterolemic patient plasma and

normolipidemic plasma. The plasma sample from the

hypercholesterolemic patient had a total cholesterol of

5.9 mM, a TG of 1.22 mM, and an HDL cholesterol of

1.33 mM. The HDL–TG levels were significantly higher in

the hypercholesterolemic than the normolipidemic subject.

The HDL2 and HDL3 fractions were isolated from plasma

samples ultracentrifugally (d = 1.063-1.125 g/ml and

1.125–1.21 g/ml, respectively). HL levels were low and

barely detectible in isolated HDL fractions. CHO-hHL

cells were treated with total HDL, HDL2, and HDL3

fractions and the incubation media analyzed for HL con-

tent. The Western blots of the cell media (Fig. 8, upper

blot) reveal that HDL from the normolipidemic subject was

able to displace HL into the media. As previously shown

[36, 37], the HDL2 fraction (lanes 8 and 9) was more

effective at displacing HL than the HDL3 fraction (lanes 5,

6, and 7). In contrast, none of the HDL fractions from the

hypercholesterolemic patient (lower blot) were able to

displace cell surface HL. Similar observations have been

made with HDL isolated from three other hypercholester-

olemic patients, with similar lipid profiles (data not

shown).

Discussion

Previous work has shown that HDL and apoA-I can dis-

place HL from purified HSPG [37] and cell surface

proteoglycans [36] and increase VLDL–TG hydrolysis. HL

displacement by infused heparin and the consequent

increase in plasma HL activity (post-heparin HL activity)

was demonstrated as early as 1972 [28]. Intravenous

injection of heparin to both humans [26] and animal

models [2] results in the displacement of HL from the

hepatic endothelium and increases HL activity in the

bloodstream. The data cumulatively suggest that hepatic-

bound HL is inactive and HL displacement is required for

Fig. 7 HL displacement by rHDL particles prepared with different

lipids: Confluent CHO-hHL cells were incubated with 100 IU/ml of

heparin or 150 lg/ml of different rHDL particles: apoA-I/POPC,

apoA-I/POPC/CE, apoA-I/POPC/TG, and apoA-I/POPC/FFA, for

30 min at 37 �C. The incubating media was then analyzed immuno-

chemically to determine the mass of HL released into the media. The

values of HL in the media were calculated relative to the control

rHDL particle (apoA-I/POPC). These values are mean ± SD of

triplicate determinations from one set of particles and are represen-

tative of three different experiments. (The significance of difference

relative to heparin was determined by one-way ANOVA,

**p \ 0.001)

Fig. 8 HL displacement by normal and hyperlipidemic HDL: HDL

subfractions from a normolipidemic and a hyperlipidemic subject

were incubated (150 lg/ml) with confluent CHO-hHL cells for

30 min at 37 �C. The incubating medium was then analyzed by

Western blots to determine the mass of HL released into the medium.

The images are from one analysis and are similar to that observed

from separate experiments with HDL isolated from three different

hyperlipidemic patients
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TG hydrolytic activity [37]. In vivo evidence that supports

this view [10] also comes from mice expressing a mutant

human HL that had decreased binding to liver HSPG.

While wild-type human HL transfected animals had no

increase in plasma activity and no overt phenotype, the

animals expressing the mutant HL had elevated pre-heparin

HL activity and decreased plasma lipid and apolipoprotein

levels. The increase in lipid hydrolysis and clearance

resulting from increased circulating HL activity suggests

that hepatic-bound HL is minimally active and activity is

linked to displacement. Therefore, a high post-heparin HL

activity may reflect the size of the storage/inactive pool of

HL in the liver.

Post-heparin HL activity in familial low HDL patients is

higher than in normal subjects [40]. This supports the view

that plasma HDL plays a role in displacement and activa-

tion of HL. Cell culture studies have shown that the larger,

more buoyant subfractions of HDL have the greatest ability

to displace cell surface-bound HL [36]. This suggests that

composition and structural properties of HDL may be

important regulatory factors in HL displacement. Interest-

ingly, related studies have demonstrated that both the

apolipoprotein and lipid components of HDL also directly

regulate HL activity and VLDL–TG hydrolysis by directly

affecting HL association with HDL [8, 9]. These data

suggest that plasma HDL regulates HL at two stages: (1)

displacement of cell surface-bound HL and (2) modulation

of the activity of displaced HL by binding to it and

inhibiting VLDL–TG hydrolysis. Activity and displace-

ment are regulated independently. Tight associations with

HDL appear critical to inhibiting the activity of circulating

HL. The activity of HL is activated by lipoprotein elec-

trostatic properties [9], but HL displacement is controlled

by lipid and protein composition of HDL particles.

Heparin has a well-documented role in displacing HL

and LPL. Tagashira et al. [48] reported that heparin may

act through protein kinase-dependent signaling pathways to

stimulate the release of HL. However, it is generally

thought that heparin directly interacts with the lipase or

competes with it to bind to the binding sites on the cell

surface HSPG [2]. It has been suggested that the interaction

of heparin with lipases or other biological molecules such

as antithrombin-III is due to the association of charged

groups of heparin with unique sequences of amino acid

residues that are potentially involved in heparin binding [2,

12]. Endogenous heparin levels may impact lipid meta-

bolism. Individuals with lower endogenous circulating

heparin activity have more serum lipid abnormalities and

are more susceptible to atherosclerosis [20].

Low HDL levels are also associated with an increased

post-heparin plasma HL activity, aberrant TG metabolism,

and increased atherosclerotic risk [13, 15, 21, 38]. HDL

may regulate HL displacement, and evidence suggests that

HDL may displace cell surface HL by directly binding to

the enzyme. HL binds to HDL with a high affinity inter-

action, and studies show that HL is primarily found in the

plasma compartment associated with HDL particles [8, 9,

33]. Co-immunoprecipitation studies confirm the associa-

tion of HL with HDL and Western blots of NGGE show

that HL is associated with all classes of HDL containing

apoA-I. NGGE densitometric profiles for apoA-I and HL

were almost identical (Fig. 3). In contrast, NGGE probed

for other apoproteins (i.e., apoA-II) showed completely

different profiles from that shown for HL (data not shown).

HDL composition directly affects HL displacement, and

HDL apolipoproteins play an important role. The effect of

apoA-II on apoA-I conformation and HDL structure has

been described previously [8]. ApoA-II significantly

increases the binding of HL with HDL particles [8, 33].

Thus, one may conclude that HDL structural alterations

caused by apoA-II directly enhance HDL and HL associ-

ation. Previous work, however, has shown that apoA-II also

inhibits VLDL–TG hydrolysis by HL [8]. The increased

binding of HL to HDL may therefore increase HL dis-

placement but decrease activity by blocking the ability of

HL to shuttle between the lipoprotein substrates and

hydrolyze them. HDL2 has a greater capacity to displace

HL, while HDL3 is poor at displacing HL from the cell

surface [36]. This observation is consistent with the inverse

relationship reported between plasma HDL2 levels and

magnitude of post-prandial lipemia [34]. However, HDL2

contains lower relative amounts of apoA-II [23], and

therefore apoA-II content cannot directly account for the

increased displacement ability of HDL2.

ApoC-I also increases HL displacement, but to a lesser

extent than apoA-II. Since this apolipoprotein is readily

exchangeable between VLDL and HDL (more than apoA-II)

[18], it is conceivable that apolipoprotein exchanges during

a post-prandial response render HDL more able to displace

cell surface HL (Fig. 9, Steps 1 and 2). HDL is known to lose

other apoC proteins post-prandially [18], and since apoHDL

containing rHDL was poor at displacing HL, it is also con-

ceivable that a loss of apoC-II and apoC-III from HDL could

directly enhance HL displacement.

The HDL lipid components also regulate HL displace-

ment. Phospholipid-enrichment of HDL particles blocks the

displacement of HL from the CHO-hHL cells. The elec-

trostatic charge of the HDL particle does not appear to

directly affect HL displacement, as opposite changes in

charge (HDL–PI = negative, HDL–PC = positive) both

inhibit HL displacement. This suggests that phospholipid

components of HDL affect its structure and function in a

manner independent of charge modifications. Phospholipids

have also been shown to increase the hydrolytic activity of

HL by reducing the binding affinity of HL for HDL [9]. It is

known that during a post-prandial response, remnant
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phospholipids are absorbed into the HDL pool. This may

have the function to block additional HL displacement and

liberate HL from HDL for increased VLDL hydrolysis.

The TG content of HDL is also an inhibitor of HL

displacement. While the free fatty acid and cholesteryl

ester contents of HDL have only modest effects on HL

displacement, small changes in TG content block HL dis-

placement. Modifications in the neutral lipid content of

HDL give rise to unique changes in the structure of apoA-I

and stability of the particle. A decrease in CE/TG ratios in

reconstituted HDL particles decreases the integrity of the

particle and stability of apoA-I a-helical segments [43].

This kind of alteration in the composition and structure of

HDL has been observed in the plasma of hyperlipidemic

subjects [18, 45]. Abnormalities in HDL composition

directly affect the physiological functions of HDL by

altering the interaction of HDL with LCAT [44], CETP

[32], and cell surfaces [24]. An increase in the TG content

of HDL would be expected to disrupt the stability of the

complex, which may directly impact HL displacement.

Conversely, apoA-II increases HDL structural stability [8]

and enhances HL displacement. It is believed that the core

TG enrichment and CE depletion of HDL associated with

conformational changes of apoA-I may be related to

acceleration of atherosclerosis in metabolic diseases [25].

Thus, an increased CE/TG content of HDL seems to be

essential for proper function of HDL. This perspective

appears to be consistent with enhancement of HL dis-

placement by larger classes of HDL, which contain

increased CE/TG in their core [7].

HDL from dyslipidemic patients appears unable to dis-

place HL. This may support the view that the TG content of

HDL plays a role in regulation of HL displacement. This

could be a normal phenomenon during a post-prandial

response that has negative consequences in dyslipidemic

subjects. Several hours after a meal, plasma TG levels reach

a peak, the magnitude and duration of which is dependent

on TG hydrolytic rates. During this period, the exchange of

core lipids and apolipoproteins between circulating lipo-

proteins is increased [29]. Lipemia is prolonged in

hyperlipidemic conditions and results in TG enrichment of

LDL and HDL particles [29]. The expected consequence

would be less HL displacement and higher post-heparin HL

activity. Elevated post-heparin HL activity is common in

hyperlipidemia and therefore suggests that abnormal HL

displacement may result in high blood TG levels.

Figure 9 summarizes the view that HL displacement and

activation are regulated by structural modifications of HDL

during a post-prandial response. Apolipoprotein exchanges

between HDL and the apoB lipoproteins may act to initiate

HL displacement (Step 1). An increase in HDL apoC-I,

apoA-II, and/or loss of apoC-II, apoC-III may act to pro-

mote HL displacement from the liver (Step 2). High-

affinity association of HL with HDL inhibits lipolytic

activity [8, 9], and therefore the displaced circulating HL

would be initially inactive. As VLDL and chylomicrons are

degraded by LPL, remnant fatty acids and PL are trans-

ferred to HDL, which act to liberate HL and stimulate HL-

mediated lipolysis (Step 3). HL can then return to its

storage location in the liver. Chronic hypertriglyceridemia

would be expected to give rise to alterations in HDL

structure and block Steps 1 and 2, which would leave

higher levels of cell-associated HL in the liver. Elevated

post-heparin HL activities in hyperlipidemic patients are in

fact a hallmark of perturbations in TG clearance and are

directly associated with increased CHD risk [41].
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Abstract A plant source of omega-3 fatty acid (FA) that

can raise tissue eicosapentaenoic acid (EPA) and/or doco-

sahexaenoic acid (DHA) is needed. A soybean oil (SBO)

containing approximately 20% stearidonic acid [SDA; the

delta-6 desaturase product of alpha-linolenic acid (ALA)]

derived from genetically modified soybeans is under

development. This study compared the effects of EPA to

SDA-SBO on erythrocyte EPA + DHA levels (the omega-3

index). Overweight healthy volunteers (n = 45) were ran-

domized to SDA-SBO (24 ml/day providing *3.7 g SDA)

or to regular SBO (control group) without or with EPA ethyl

esters (*1 g/day) for 16 weeks. Serum lipids, blood pres-

sure, heart rate, platelet function and safety laboratory tests

were measured along with the omega-3 index. A per-pro-

tocol analysis was conducted on 33 subjects (11 per group).

Compared to baseline, average omega-3 index levels

increased 19.5% in the SDA group and 25.4% in the EPA

group (p \ 0.05 for both, vs. control). DHA did not change

in any group. Relative to EPA, SDA increased RBC EPA

with about 17% efficiency. No other clinical endpoints were

affected by SDA or EPA treatment (vs. control). In con-

clusion, SDA-enriched SBO significantly raised the omega-

3 index. Since EPA supplementation has been shown to

raise the omega-3 index and to lower risk for cardiac events,

SDA-SBO may be a viable plant-based alternative for pro-

viding meaningful intakes of cardioprotective omega-3 FAs.

Keywords Omega-3 fatty acids � Stearidonic acid �
Cardiovascular disease � Risk factors � Soybean oil �
Genetically modified organisms

Introduction

Evidence from large clinical trials confirms that diets

enriched with long-chain omega-3 (n-3) fatty acids (eico-

sapentaenoic acid, EPA, or C20:5n-3 and docosahexaenoic

acid, DHA, or C22:6n-3) are advantageous to cardiovas-

cular health [1]. Although most studies have been done

with both EPA and DHA (provided as fish oils), the largest

clinical trial with major coronary heart disease (CHD)

endpoints, the Japan EPA lipid intervention study [2], was

done with EPA alone and was shown to reduce the risk of

these events by 19%. EPA supplementation raises mem-

brane phospholipid EPA content, and elevated omega-3

fatty acid (FA) membrane levels alter cellular metabolism

in a number of ways beneficial to cardiovascular health [3];

therefore, it is reasonable to conclude that raising tissue

levels of EPA can reduce the risk for CHD. A new marker

for tissue omega-3 content is the ‘‘omega-3 index,’’ which

is the sum of EPA and DHA in erythrocyte membranes [4].

This metric has been shown to reflect human myocardial

EPA and DHA content [5, 6], and has been proposed as a

novel risk factor for death from CHD [7].

The American Heart Association has recommended that

all adults strive to consume at least two servings of fish

(preferably oily) per week to reduce the risk for CHD [8].

Western diets are typically low in EPA and DHA because
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the primary source of these FAs is oily fish (such as salmon,

mackerel, albacore tuna, and sardines), and consumption of

these is minimal [9]. If such advice were actually heeded,

there is serious doubt that the world’s oceans could support

such a shift in dietary consumption patterns [10]. Accord-

ingly, a new and sustainable source of long-chain omega-3

FAs is needed. Currently, land-based sources of omega-3

FAs include flaxseed, canola, and soybean oils, which

contain alpha-linolenic acid (C18:3n-3, ALA). ALA can be

converted in vivo via desaturation and elongation pathways

to EPA [11]. However, this conversion has a very low

efficiency, converting somewhere between 0.01 and 8% of

ALA to EPA and less to DHA [11, 12]. The rate-limiting

step in the conversion of ALA to EPA is the delta-6

desaturase, and the product of this reaction is stearidonic

acid (C18:4n-3, SDA). SDA is more readily converted to

EPA than is ALA [13]. Hence, another strategy for raising

tissue EPA levels with a plant-based omega-3 FA is to

consume foods containing SDA. SDA is found in low

concentrations (up to 4% w/w of total fatty acids) in fish oils

(which also provide EPA and DHA), but also in some plant

oils that are consumed as dietary supplements (e.g., echi-

um). Recently, soybean plants have been genetically

modified to produce oil containing a substantial amount of

SDA (15–30% w/w of total fatty acids) [14]. This study was

designed to test the hypothesis that increased SDA intake

would favorably impact the omega-3 index.

Subjects and Methods

Study Participants

Healthy male or female adult volunteers between the ages

of 21 and 70 with a body mass index (BMI) of 25–40 kg/

m2, an initial omega-3 index of B5%, and with an average

resting heart rate[69 bpm were recruited. Individuals who

were pregnant or lactating, current smokers, or had a his-

tory of significant cardiac, renal, hepatic, gastrointestinal,

pulmonary, biliary or endocrine disorder, as well as any

persons with diagnosed cancer, psychiatric disorders, dia-

betes mellitus, peripheral arterial disease, symptomatic

coronary artery disease, a history of stroke or transient

ischemic attack were excluded. Persons on specific medi-

cations or supplements that affected heart rate, blood

pressure, serum lipids or platelet function were also

excluded, as were those on weight-loss medications. Indi-

viduals taking dietary supplements that could alter tissue

omega-3 fatty acids, such as fish oil, flaxseed or flaxseed

oils, were excluded. Finally, persons with untreated

hypertension, those who had taken any investigational

agent in the prior 30 days and premenopausal females not

on an effective birth control regimen were excluded.

Design

This was a randomized, double-blind, placebo-controlled

study, conducted between January and October 2007.

Subjects were randomized into one of three treatment

groups. The control group was given packets and capsules

containing regular SBO; the EPA group was given regular

SBO packets plus capsules of EPA ethyl esters

(2 9 500 mg); the SDA group was given packets of SBO

derived from plants genetically modified to produce SDA

(SDA-SBO; 16.6% SDA) plus SBO capsules. The fatty

acid composition of the test oils is given in Table 1. In

addition to SDA, SDA-SBO also contains 5% gamma-

linolenic acid (GLA, which is not found in regular SBO)

and somewhat higher amounts of ALA. The oils were

provided in single-use, tear-open packets, and subjects

were instructed to keep their packets in the refrigerator at

home. They were instructed to consume the contents of

three 8-ml packets (total dispensed oil averaged 7.4 g/

packet) daily by pouring them onto foods and to take two

500-mg capsules per day. The total daily intake of SDA

was *3.66 g/day in the SDA group, and the intake of EPA

was 0.98 g/day in the EPA group. ALA intake from the test

oils was 1.7 g/day in the control and EPA groups, and

2.42 g/day in the SDA group. The study lasted for

16 weeks. All participants were instructed to maintain a

Table 1 Fatty acid composition of regular and SDA soybean oils (%

weight)

Fatty acid Regular soy oil SDA soy oil

Saturated fats

Myristic acid 0.05 0.07

Palmitic acid 9.96 11.18

Stearic acid 4.08 4.61

Arachidic acid 0.32 0.39

Behenic acid 0.36 0.06

Lignoceric acid 0.11 0.06

Monounsaturated fats

Palmitoleic acid 0.10 0.11

Oleic acid 21.89 18.12

Eicosenoic acid 0.22 0.22

Polyunsaturated fats

Omega-6 fatty acids

Linoleic acid 54.65 31.48

c-Linolenic acid ND 5.38

Omega-3 fatty acids

a-Linolenic acid 7.60 10.59

Stearidonic acid ND 16.56

Other fatty acids 0.70 1.20

ND Not detected; defined as \0.05%
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consistent lifestyle (diet, exercise, alcohol intake, sleep

habits, etc.) and to avoid intake of fatty fish (including

salmon, mackerel, albacore tuna, herring and sardines) for

the duration of the study. Compliance with the treatment

regimen was measured by counting unused oil packets and

capsules. Non-compliance was defined as consumption of

less than 80% of the experimental oils and/or capsules. The

study was approved by the Copernicus Group Institutional

Review Board, and all subjects gave informed consent

prior to participation.

Laboratory Methods

The primary endpoint of the study was EPA + DHA as a

percent of total red blood cell (RBC) FAs (the omega-3

index). Secondary endpoints were EPA, DHA and SDA

alone (all as a percent of total RBC FAs), fasting lipids

(cholesterol, triglycerides, LDL and HDL cholesterol),

whole blood platelet aggregation, blood pressure and heart

rate.

Omega-3 Index

Fasting venous blood samples were collected into ethyl-

enediaminetetraacetic acid-containing vacutainer tubes.

After centrifugation for 5 min at 10 g, plasma and buffy

coats were removed, and an aliquot of the RBC pellet was

stored at -80�C until analyzed. RBC samples were thawed

and placed in a reaction vial containing 14% boron tri-

fluoride (BF3) in methanol (one part RBC to ten parts

methanol) and heated at 100�C for 10 min. After cooling,

hexane and distilled water (same volumes as BF3 metha-

nol) were added, and the tube was shaken and centrifuged

to separate layers. An aliquot of the hexane supernatant

was analyzed by flame ionization gas chromatography

using a GC2010 (Shimadzu Corporation, Columbia, MD)

equipped with a 100-m capillary column (SP-2560, Supe-

lco, Bellefonte, PA). FAs were identified and response

factors adjusted (assuming palmitic acid = 1.0) using a

standard FA mixture (GLC-727, Nuchek Prep, Elysian,

MN). FAs are reported as a percent of total identified FAs

in the RBC sample.

Platelet Aggregation Analysis

Fresh venous blood was collected into 3.8% (w/v) citrated

vacuutainer tubes and analyzed using a Chronolog 4

Channel Whole Blood Aggregometer (Model 590-4D)

within 30–60 min as described by Riess et al. [15]. Whole

blood was mixed 1:1 with isotonic saline, placed in a cuv-

ette and stirred prior to the addition of agonists. Collagen

(5 lg) or ADP (1 lg) was added to separate aliquots to

stimulate aggregation. The change in impedance as platelets

adhered to the electrode was recorded over the subsequent

5–8 min, and the peak impedance was recorded.

Lipid Analysis and Serum Chemistry

Blood samples were collected after a 12-h fast into serum

separator tubes and assayed for total cholesterol (C), high

density lipoprotein (HDL)-C and low density lipoprotein

(LDL)-C, and triacylglycerol using enzymatic methodolo-

gies in the clinical laboratory at Sanford USD Medical

Center. Standard serum safety tests were performed at

baseline and study end.

Other Measurements

Body weight was measured at each visit, and subjects who

gained weight between visits were offered additional die-

tetic counseling to reinforce calorie substitution advice.

Heart rate and blood pressure were measured at each study

visit by averaging multiple values taken after the subjects

had rested quietly for at least 5 min.

Statistical Analysis

Data were analyzed for both intention-to-treat (ITT) and

per-protocol (PP) populations. The ITT analysis utilized

the missing-at-random method to account for missing

values. Analysis of covariance (ANCOVA) was used for

each of the efficacy endpoints to examine the treatment

effect after 16 weeks. This method takes into account

group differences in baseline measurements and demo-

graphics (age, sex and BMI). ANCOVA results represent

an estimate of what the mean values at the end of the study

would have been if all groups had had the same baseline

values and demographic profiles. To control type I error,

Holm’s step-down Bonferroni method was used to adjust

p-values for comparisons among treatment groups. Fisher’s

exact test was used to test for differences between treat-

ments for number of adverse events by body system

category and by severity. For all analyses, a two-tailed

p-value of \0.05 was required for statistical significance.

Results

Of the 64 subjects who were screened and gave informed

consent, 45 were enrolled and 33 completed the study.

Reasons for early discontinuation are described below

under ‘‘Adverse events and safety’’. The ITT analysis was

conducted on all 45 subjects and the PP analysis on 33. As

there were no differences between the two, only the PP

efficacy results are presented. There were no significant

differences between treatment groups at baseline with
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respect to demographics or laboratory or clinical metrics

(Tables 2, 3, 4).

Omega-3 Index and Other RBC Fatty Acids

The omega-3 index was increased (relative to the control

group) in the EPA (p = 0.026) and the SDA (p = 0.042)

groups (Table 3). There was no difference between the omega-

3 index in the EPA and SDA groups (p = 0.69). The %EPA in

RBCs was significantly increased by EPA (p \ 0.0001) and

SDA (p = 0.0005), relative to the control group, but there was

no difference between the two omega-3 groups (p = 0.07).

There were no effects on DHA. SDA increased RBC EPA with

about 17% of the efficacy of EPA, whereas the efficiency of the

additional ALA provided in the control SBO group was about

0.1% (Table 5). Low endogenous levels of SDA were detected

in RBCs in all treatment groups at baseline. The %SDA in

RBCs was increased by SDA treatment (p = 0.0002), but final

levels remained less than 0.05%.

Physiological, Biochemical and Platelet Function

Endpoints

No significant differences were noted for any of the

physiological (heart rate, blood pressure, body weight) or

lipid endpoints (Table 4). Similarly, there was no effect on

platelet function in any treatment group (data not shown).

Adverse Events and Safety Laboratory Tests

No serious adverse events were reported. Non-serious

adverse events were summarized by severity and category

(i.e., body system) and evaluated by Fisher’s exact test in

Table 2 Baseline characteristics for per-protocol subjects

Characteristic Control EPA SDA

Number of subjects 11 11 11

Female (%) 6 (55.5) 7 (63.6) 6 (55.5)

Age (years) 42.3 ± 12.1 47.8 ± 9.9 38.4 ± 9.8

Body mass index (kg/m2) 31.1 ± 3.8 31.3 ± 3.4 30.0 ± 4.0

Table 3 Effects of treatment on fatty acid endpoints (n = 11 per

group; per protocol)

Characteristic Control EPA SDA

Omega-3 index (%)

Initial 4.36 ± 0.95 4.07 ± 0.86 4.02 ± 0.90

Final 4.21 ± 0.81 5.10 ± 0.82 4.80 ± 1.00

Adjusted final 4.11 5.00* 4.87*

% EPA in RBCs

Initial 0.52 ± 0.22 0.47 ± 0.21 0.42 ± 0.13

Final 0.52 ± 0.18 1.73 ± 0.44 1.21 ± 0.59

Adjusted final 0.50 1.64** 1.27**

% DHA in RBCs

Initial 3.84 ± 0.83 3.60 ± 0.80 3.59 ± 0.81

Final 3.70 ± 0.66 3.37 ± 0.67 3.59 ± 0.71

Adjusted final 3.60 3.37 3.60

% SDA in RBCs

Initial 0.007 ± 0.007 0.008 ± 0.0051 0.010 ± 0.006

Final 0.008 ± 0.007 0.007 ± 0.0045 0.044 ± 0.030

Adjusted final 0.008 0.006 0.046**

*Differs significantly (p-value \ 0.05) from the control group

**Differs significantly (p-value \ 0.01) from the control group

Summary statistics for initial and final are expressed as mean ± SD

(standard deviation). Adjusted final is the estimate of mean from

ANCOVA model after adjustment for the baseline, sex, age and BMI

Table 4 Effects of treatment on non-fatty acid endpoints (n = 11 per

group; per protocol)

Characteristic Control EPA SDA

Body weight (kg)

Initial 91.2 ± 14.7 89.7 ± 12.0 89.3 ± 19.8

Final 91.4 ± 16.5 91.1 ± 13.5 89.7 ± 21.1

Adjusted final 90.0 91.2 90.5

Heart rate (bpm), resting

Initial 74.0 ± 2.7 73.9 ± 2.5 75.3 ± 5.0

Final 69.7 ± 6.9 68.9 ± 5.1 71.0 ± 4.9

Adjusted final 69.6 69.8 69.6

Systolic blood pressure, mmHg

Initial 117.0 ± 15.1 122.5 ± 9.7 118.3 ± 13.0

Final 112.9 ± 12.8 116.4 ± 13.0 118.0 ± 17.3

Adjusted final 115.0 113.1 120.5

Diastolic blood pressure, mmHg

Initial 72.5 ± 9.7 75.0 ± 6.6 72.1 ± 7.7

Final 69.5 ± 12.0 75.3 ± 6.9 70.2 ± 9.0

Adjusted final 70.1 73.5 72.3

Total cholesterol (mg/dl)

Initial 204 ± 46 202 ± 35 190 ± 27

Final 205 ± 41 207 ± 27 192 ± 24

Adjusted final 203 205 199

HDL cholesterol (mg/dl)

Initial 47.5 ± 10.0 56.9 ± 17.4 55.6 ± 20.8

Final 50.1 ± 16.5 60.4 ± 17.1 55.1 ± 14.8

Adjusted final 54.9 55.2 53.6

LDL cholesterol (mg/dl)

Initial 126.7 ± 40.3 120.5 ± 34.8 117 ± 29

Final 127 ± 36 123 ± 27 120 ± 30

Adjusted final 123 122 126

Triglycerides (mg/dl)

Initial 149.8 ± 68.5 122.7 ± 83.7 90 ± 40

Final 142 ± 94 116 ± 76 84 ± 33

Adjusted final 123 130 101

Summary statistics for initial and final are expressed as mean ± SD

(standard deviation). Adjusted final is the estimate of mean from

ANCOVA model after adjustment for the baseline, sex, age and BMI
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the ITT population. There were no significant associations

between the category or the severity of adverse events and

treatments. Likewise, there were no clinically significant

changes in laboratory safety tests (all adverse event and

clinical laboratory safety data are provided in Tables 1, 2, 3

in the Online Supplement). Non-serious adverse events

related to gastrointestinal distress (e.g., diarrhea, abdomi-

nal cramps) were evenly distributed across all three groups

and contributed to early study discontinuation in four

subjects. Other reasons for discontinuation from the study

included abscess (1), acid reflux (1), throat swelling (1),

fatigue (1), asthma exacerbation (1), mouth sores (1), use

of excluded medication (1) and change in family circum-

stances (1).

Discussion

SDA-enriched SBO significantly increased the omega-3

index in overweight subjects. On a mass basis, six parts of

SDA raised RBC EPA levels to the same extent as one part

of EPA. The efficiency of conversion (relative to EPA) of

SDA in this study (about 17%) was less than the 27% seen

by James et al. [16] when calculated based on changes in

RBC EPA levels. This discrepancy may relate to the dif-

ferent chemical forms of SDA used (triglyceride vs. ethyl

ester), the differences in study duration (16 vs. 6 weeks) or

the types of subjects included (BMIs were 31 vs. 26 kg/

m2). Although there were differences in background lino-

leic acid intakes (about 7% of total energy in James and

about 10% in the present study, data not shown), this is not

a likely explanation for the difference in response because

linoleic acid would not be expected to impair the conver-

sion of SDA to EPA like it would inhibit the more

upstream conversion of ALA to SDA (by competing for

delta-6-desaturase).

Based on the lack of any change in RBC EPA in the

control group that received an additional 1.7 g of ALA

per day, it is not possible to calculate a percent conversion

and can only estimate that, under these conditions, it

would take over 1,000 parts of ALA to produce the same

effect. The lack of change in RBC EPA in the control

group in this study indicates that none of the rise in RBC

EPA seen in the SDA group can be attributed to the ALA

contained in the SDA-enriched SBO. The virtual lack of

conversion of ALA to EPA seen in this study has been

reported by others using different methods. Pawlosky et al.

used stable isotope tracers and multi-compartmental

modeling to track ALA conversion to EPA and reported a

conversion of 0.2% [17]. On the other hand, Goyens and

colleagues used a similar approach and found approxi-

mately 8% conversion [18]. Neither of these studies

calculated conversion relative to that produced by EPA or

based on RBC fatty acid pattern changes; hence, their

results cannot be directly compared with the present study.

Both of those studies did, however, confirm the fact that

ALA conversion to EPA is significantly reduced by higher

background dietary linoleic acid levels, presumably

because these two essential fatty acids compete for the

delta-6 desaturase [12].

Higher omega-3 indexes have been associated with a

reduction in risk for sudden cardiac death both prospec-

tively and cross-sectionally [19, 20], and the EPA and

DHA content of RBC membranes is highly correlated with

that of the human heart [5]. Further, there is evidence that a

1% change in the omega-3 index (e.g., from 4 to 5%) could

have a significant impact on risk for sudden cardiac death

[21]. Thus, if SDA consumption could materially raise

RBC and heart EPA content, as suggested in this study, the

impact is likely to be clinically significant.

Increasing the omega-3 index can be easily accom-

plished by eating oily fish species [22] or fish oil [4], but

many populations around the world are not significant fish

consumers (e.g. the USA and UK), and changing popula-

tion taste preferences is typically difficult. In addition,

over-fishing is depleting stocks of some species [10],

intensifying the need for new sources. Thus, alternative,

readily available dietary sources of omega-3 fatty acids are

Table 5 Relative enrichment of RBC EPA from dietary ALA and SDA vs. dietary EPA

Dose

(g/day)

Baseline

(%)

End (%)a Absolute

change (%)

Increase

per g n-3 FA (%)

Efficiency

relative

to EPA (%)

Inverse

EPA 0.98 0.47 1.73 1.27 129 100.00 1

SDA 3.66 0.42 1.21 0.78 21.4 16.6 6.0

ALA 1.7 0.515 0.517 0.002 0 0.09 [1000

Data from James et al. [16]

EPA 1.125 0.810 2.56 1.75 155.6 100.00 1

SDA 1.125 0.960 1.44 0.48 42.7 27.43 3.6

ALA 1.125 0.880 1.01 0.13 11.6 7.43 13.5

a Actual means, not ANCOVA estimates
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needed. Currently available plant sources, such as soybean,

canola and flax seed oils, contain ALA. Although epide-

miological data support the hypothesis that ALA favorably

affects heart health [23–25], few randomized trials with

clinically important endpoints have been conducted with

ALA. In those that have been done, clear conclusions have

been difficult to reach, but overall consensus at this time is

that ALA does not have a demonstrated benefit on car-

diovascular disease outcomes [1, 26].

The western diet contains very little SDA, but there are

natural sources, notably fish oils, which contain up to 4%

SDA (w/w of total fatty acids) [14]. Oil derived from

Echium plantagineum, a plant that grows wild in Australia,

contains about 8–12% SDA [27]. Echium oil raised the

EPA content of peripheral blood mononuclear cell phos-

pholipids [28, 29], and, when fed at 15 g/day for 4 weeks,

significantly increased EPA and DPA, but not DHA, in

plasma and neutrophils in 11 hypertriglyceridemic humans

[30]. In the same trial, echium was reported to lower serum

triglyceride concentrations by 21%, but these findings need

to be confirmed in randomized, blinded and placebo-con-

trolled trials. Compared to canola or soybean oil, which are

in large-scale commercial production and approved for

human consumption, echium oil is very limited in abun-

dance, and its use is currently limited to dietary

supplements in the USA. Other minor sources of SDA are

also limited in availability (e.g., evening primrose, borage

and black currant seed oils). The genetically enhanced SBO

used in this study contained about 17% SDA [14], but other

cultivars can approach 30% and hence could provide a

substantial amount of omega-3 fatty acids in the human

diet.

The Japan EPA lipid intervention study (JELIS) pro-

vided strong evidence for cardioprotective effects of EPA

alone [2]. In this randomized clinical trial, over 18,000

statin-treated patients were assigned to either 1.8 g of EPA

ethyl esters/day in their diet or to usual care, and followed

for major adverse cardiac events for 4.5 years. Although

EPA treatment reduced overall risk by 19% (p = 0.01), the

interpretation and extrapolation of these results to the

context of the western diets is complicated by the relatively

high usual intake of EPA and DHA (about 1 g/day) in this

Japanese population [31]. Median intakes of EPA and

DHA in the USA are about 100–150 mg/day [3]. Never-

theless, the results of the JELIS trial indicate that

increasing already high tissue levels of omega-3 FA with

additional EPA confers additional protection against car-

diovascular disease and that these benefits can be achieved

in patients on statin therapy.

In conclusion, a marker of omega-3 biostatus, the

omega-3 index, was increased by feeding SDA-enriched

SBO for 16 weeks. The impact of dose and duration of

SDA intake on the omega-3 index and the degree to which

such alterations in the omega-3 index affect risk for CHD

and other chronic diseases need to be further defined.
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Abstract Atlantic salmon (Salmo salar) (90 g) were fed

four different diets for 21 weeks (final weight 344 g). The

levels of n-3 highly unsaturated fatty acids (HUFA) ranged

from 11% of the total fatty acids (FA) in the low n-3 diet to

21% in the intermediate n-3 diet, to 55 and 58% in the high

n-3 diets. The high n-3 diets were enriched with either

docosahexaenoic acid (DHA) or eicosapentaenoic acid

(EPA). Increasing dietary levels of n-3 HUFA led to

increasing percentages (from 31 to 52%) of these FA in

liver lipids. The group fed the highest level of DHA had

higher expressions of peroxisome proliferator-activated

receptor (PPAR) b and the FA b-oxidation genes acyl-CoA

oxidase (ACO) and carnitine palmitoyltransferase (CPT)-

II, compared to the low n-3 groups. The high n-3 groups

had reduced activity of mitochondrial cytochrome c oxi-

dase and b-oxidation capacity, together with increased

activities of superoxide dismutase (SOD) and caspase-3

activities. In the group fed the highest level of n-3 HUFA,

decreased percentages of major phospholipids (PL) in the

mitochondrial and microsomal membranes of the liver

were also apparent. The percentage of mitochondrial car-

diolipin (Ptd2Gro) was 3.1 in the highest n-3 group

compared to 6.6 in the intermediate group. These data

clearly show an increased incidence of oxidative stress in

the liver of fish fed the high n-3 diets.

Keywords Lipid metabolism � Lipid peroxidation �
Gene expression � Fish oil � n-3 fatty acids � n-6 fatty acids
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SOD Superoxide dismutase

TAG Triacylglycerol

Introduction

Atlantic salmon (Salmo salar) have traditionally been fed

diets rich in fish oil (FO) containing relatively high levels of

the essential highly unsaturated fatty acids (HUFA)

eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic

acid (DHA, 22:6n-3). Dietary n-3 HUFA play a prominent

role in fish nutrition, providing essential FA that are vital

constituents of cell membranes, being necessary for the

normal membrane structure and function [1]. However,

recent trends in the fish industry include replacing these FO

in the diet by more available vegetable oils, having lower

n-3 HUFA levels. This change in dietary regimes has

resulted in a major research focus on how this reduction in

the essential FA affect FA metabolism. The tissues capacity

of b-oxidation may be affected by changes in dietary FA, as

demonstrated by decreased liver b-oxidation capacity when

salmon were fed dietary vegetable oils [2–4]. In addition,

both high dietary EPA and an increase in the n-3/n-6 ratio of

FA in the diet induce mitochondrial proliferation [5–8].

Furthermore, Jordal et al. [9] found that dietary rapeseed oil

(RO), which has a lower level of n-3 HUFA, induced a

significant down-regulation of several mitochondrial genes

in Atlantic salmon liver. In addition, salmonids fed a diet

scarce in n-3 FA generally have higher activities of D5- and

D6-desaturases than fish fed an n-3 FA rich diet [10–13].

They also express higher mRNA levels of the gene for

D5-desaturase [9, 14].

There has been much focus on the effects of reduced

levels of n-3 HUFA, however, less is known about the

effects of n-3 HUFA levels above those normally obtained

when salmon are fed commercial cod liver oil diets. The

South American FO for instance, is generally a rich source

of these n-3 HUFA. The HUFA are highly susceptible to

peroxidation due to their high number of double bonds

[15]. Peroxidation products may influence the HUFA in

membrane phospholipids (PL), and thereby impair cell and

organelle membrane structure and functions [1]. HUFA

taken into the body are mostly delivered to liver cells in

mammals [16]. The liver is thus one of the principal targets

of HUFA peroxidative effects. Lipid peroxidation gener-

ally results in a decrease in membrane fluidity, an increase

in the permeability of the membrane, and inactivation of

membrane-bound enzymes [17, 18]. These effects can

eventually lead to a complete loss of membrane integrity

and cause apoptosis. The proteins cytochrome c and

cytochrome c oxidase located in the mitochondrial mem-

brane of healthy mammalian cells, function in the

respiratory chain interacting with the membrane PL car-

diolipin (Ptd2Gro) [19]. Decline in cytochrome c oxidase

activity can be ascribed to a loss in Ptd2Gro content [20].

Further, both cytochrome c and Ptd2Gro decrease in

mitochondria has been shown as an initial step in the

pathway of apoptosis in mammals [21, 22]. Whether these

mechanisms are the same in fish or not remains to be

studied.

The present study had two primary goals; firstly to study

how the mitochondrial and peroxisomal FA b-oxidation and

its regulatory genes were affected by increasing levels of n-3

HUFA in the diet. Secondly to determine whether increasing

dietary levels of n-3 HUFA affect the composition of

membrane PL—both in cells and their organelles, cell

morphology, intracellular oxidative stress and apoptosis.

Materials and Methods

Materials

Metacain (MS-222) was obtained from Norsk Medisinal-

depot (Oslo, Norway). The radioactive isotope [1-14C]-

palmitoyl coenzyme A, (40–60 mCi/mmol) was obtained

from American Radiolabeled Chemicals, Inc. (St. Louis,

MO, USA). Sodium chloride, sulfuric acid, perchloric acid,

diethyl ether, methyl acetate, hexane, copper acetate,

phosphoric acid and benzene were purchased from Merck

(Darmstadt, Germany). Ethylene glycol tetra-acetic acid

(EGTA) was bought from AppliChem (Darmstadt,

Germany). Cell flasks and cell scrapers were obtained from

Nalge Nunc International (Rochester, NY, USA). Glutar-

aldehyde, Epon resin, copper grids, uranyl acetate, osmium

tetroxide, sodium cacodylate and lead citrate were supplied

by Electron Microscopy Science (Fort Washington, PA,

USA). RNeasy Mini Kit and QIAshredder columns were

purchased from Qiagen (Valencia, CA, USA). The Taq-

Man� Gold RT-PCR kit and the ABI Prism 7000 sequence

detection system were bought from Applied Biosystems

(Foster City, CA, USA). Insta gel II plus was obtained from

Packard Instruments (Downers Grove, IL, USA). Chloro-

form, methanol and acetic acid were obtained from VWR

International (West Chester, PA, USA). Total protein kit,

cytochrome c oxidase (EC 1.9.3.1) assay kit, acid phos-

phatase (EC 3.1.3.2) assay kit, Leibowitz-15 medium

(L-15), phosphate-buffered saline (PBS), fetal bovine

serum (FBS), bovine serum albumin (BSA), sucrose, eth-

ylene diamine tetra-acetic acid (EDTA), antibiotics,

HEPES, L-glutamine, collagenase type 1 (EC 3.4.24.3),

trypsin, sodium bicarbonate solution, trypan blue, laminin,

potassium ferrocyanide, NaOH, nicotinamide adenine

dinucleotide (NAD), dithiothreitol (DTT), flavin adenine

dinucleotide (FAD), Triton-X 100, L-Carnitine, Coenzyme
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A (CoA), Imidazole buffer, Palmitoyl CoA, Tris base,

Peroxidase type II (EC 1.11.1.7), HCl, 2,2-dimethoxypro-

pane, 2’,7’-dichlorofluorescein and silica gel 60 glass-

backed TLC plates were all supplied by Sigma-Aldrich (St.

Louis, MO, USA). Primers for the real-time PCR analysis

were ordered from Invitrogen Ltd (Paisley, UK). The

superoxide dismutase (SOD, EC 1.15.1.1) assay kit was

purchased from Cayman Chemicals (Ann Arbor, MI, USA)

and the Caspase-3 (EC 3.4.22.56) colorimetric assay kit

was from R&D Systems, Inc. (Minneapolis, MN, USA).

Hydrogen peroxide and titanium oxysulfate were obtained

from Riedel-de Haën (Seelze, Germany). O-Nitrophenyl

acetate was purchased from MP Biomedicals (Solon, OH,

USA). Ethanol and isopropanol were obtained from Arcus

(Oslo, Norway). 2’,7’-dichlorofluorescine was bought from

Eastman Kodak Company (Rochester, NY, USA).

Feeding Trial and Sampling

The feeding trial was carried out at Nofima’s research

station, Sunndalsøra, Norway. Four diets with approxi-

mately 50% (of dry matter, by weight) crude protein and

23% (of dry matter, by weight) crude lipid contained

13.5% (g/100 g feed) oils with increasing levels of n-3

HUFA (Table 1). The diets contained 11, 21, 55 and 58%

n-3 HUFA (of total FA), and they were named low n-3 diet,

intermediate n-3 diet, high n-3 DHA diet and high n-3 EPA

diet, respectively. The high n-3 EPA diet and high n-3

DHA diet were both characterized by high percentages of

n-3 HUFA and low percentages of n-6 FA (Table 2). In

contrast, the low n-3 diet contained almost four times more

n-6 FA than the intermediate n-3 diet, and 2.5 times more

n-6 FA than the high n-3 EPA and high n-3 DHA diets.

Four groups of post-smolt Atlantic salmon (Salmo salar),

with an initial average weight of 90 g were distributed into

three cylinder-conical tanks (flow through system, 0.85 m

diameter) per diet, and fed one of the four diets for

21 weeks. The fish were not fasted prior to the final sam-

pling. The average fish weight was 344 g at the end of the

growth period, with no significant differences in the growth

(total weight) between the dietary groups.

Isolation of Hepatocytes

Five fish per diet (randomly taken from the three tanks)

were used for the isolation of hepatocytes at the end of the

growth period. The fish were anaesthetized with metacain

(MS-222) and their individual weights and lengths deter-

mined. The abdominal cavity was exposed and the vena

portae cannulated. The liver was perfused following a two-

step collagenase procedure developed by Seglen [23] and

modified by Dannevig and Berg [24], in order to isolate

hepatocytes. The hepatocytes were isolated after collage-

nase digestion by gentle shaking of the digested liver in

L-15 medium. The suspension of parenchymal cells was

filtered through a 100 lm mesh nylon filter. Hepatocytes

Table 1 Formulation and

chemical composition of the

diets

The EPA-enriched oil used in

the high n-3 EPA diet, the

DHA-enriched oil used in the

high n-3 DHA diet and the

rapeseed oil used in the low n-3

diet were added 150 ppm

butylated hydroxytoluene

(BHT) before coated onto the

feed
a Incromega DHA 500TG SR,

Croda Chemicals Europe Ltd.,

Goole, England
b Incromega EPA 500TG SR,

Croda Chemicals Europe Ltd.,

Goole, England
c As described by Mundheim

et al. [58]
d Inert marker, Y2O3, Sigma
e Hoffman-LaRoche, Basel,

Switzerland

Diets

Low n-3 Intermediate n-3 High n-3 DHA High n-3 EPA

Formulation (% of total)

Fish meal, LT 67.9 67.9 67.9 67.9

Rapeseed oil 13.5

Fish oil 13.5

DHAa 13.5

EPAb 13.5

Wheat 17.1 17.1 17.1 17.1

Vitamin premixc 1.0 1.0 1.0 1.0

Mineral premixc 0.4 0.4 0.4 0.4

Yttrium oxided 0.01 0.01 0.01 0.01

Carophyll Pinke (8%) 0.064 0.064 0.064 0.064

Chemical composition

Dry matter (%) 92.2 92.3 92.2 93.0

Percentage of dry matter

Protein 54.6 55.4 54.4 55.1

Fat 23.0 22.5 23.3 22.7

Ash 9.9 9.5 9.7 9.5

Energy (MJ/kg) 23.9 23.8 23.8 23.6
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were washed three times in L-15 medium and sedimented

by spinning for 2 min at 509g. The hepatocytes were

resuspended in L-15 culture medium containing 10% FBS,

1% bicarbonate, 1% L-glutamine, 1% penicillin-strepto-

mycin solution and 5 mM HEPES. Cell viability was

assessed by staining with Trypan Blue (0.4%). Approxi-

mately 1 9 107 hepatocytes were plated onto 25 cm2 cell

flasks coated with laminin, and left to attach overnight at

12 �C. Two hepatocyte flasks per fish were used for

transmission electron microscopy and one flask for the

isolation of RNA.

Preparation of Hepatocytes for Transmission Electron

Microscopy

The cells were washed in PBS and harvested in 1.5 ml of

fixative solution (2% glutaraldehyde in 0.1 M cacodylate

buffer, pH = 7.4). Then, the cells were washed twice in

0.1 M cacodylate buffer, and post-fixed for 1 h in 0.1 M

cacodylate buffer containing 2% osmium tetroxide and

1.5% potassium ferrocyanide. The specimens were stained

for 30 min in 1.5% uranyl acetate, dehydrated in a series of

ethanol solutions (70, 90, 96 and 100%), and embedded in

epon resin. The resin was polymerized at 60 �C for at least

12 h. Ultra-thin sections were prepared and stained with

lead citrate. EM specimens were examined using a Philips

CM100 transmission electron microscope (80 V) (FEI,

Acht, The Netherlands).

Liver Homogenization

A further three fish per diet (one from each tank) were used

for liver homogenization. The fish were anaesthetized with

metacain (MS-222) and their weights and lengths deter-

mined. They were killed by a blow to the head, and the

livers were dissected out and weighed. The hepato-somatic

indexes (HSI: liver weight/body weight 9 100) were

1.00 ± 0.11, 1.06 ± 0.08, 0.88 ± 0.04 and 0.88 ± 0.03

Table 2 Fatty acid

compositions of diets

nd not detected
a Includes 15:0, 17:0, 19:0
b Includes 14:1n-5, 16:1n-9,

17:1n-7, 18:1n-11, 20:1n-7,

22:1n-7, 22:1n-9, 24:1n-9
c Includes 16:2n-3, 16:2n-6,

16:3n-4, 18:3n-4, 18:4n-3,

20:2n-6, 20:3n-3, 21:5n-3,

22:4n-6

Fatty acids (% of total) Diet

Low n-3 Intermediate n-3 High n-3 DHA High n-3 EPA

14:0 1.99 6.88 2.22 2.09

16:0 7.58 12.87 5.36 4.91

18:0 1.53 1.46 1.50 0.62

20:0 0.44 3.66 0.39 4.57

22:0 0.30 0.07 ND 0.07

24:0 0.08 0.03 0.47 0.12

R Saturateda 12.19 25.85 10.27 12.68

16:1n-7 1.23 4.26 1.37 1.27

18:1n-7 2.77 1.67 1.14 0.88

18:1n-9 40.22 7.84 5.26 3.73

20:1n-9 4.27 9.96 5.18 3.65

22:1n-11 0.19 15.76 6.59 5.28

R Monounsaturatedb 49.87 43.07 23.83 18.37

18:2n-6 14.09 2.70 1.61 2.20

18:3n-3 7.27 1.71 0.91 1.02

18:3n-6 ND 0.11 0.52 0.31

20:3n-6 0.19 0.40 1.34 2.35

20:4n-3 0.45 1.04 0.67 0.65

20:4n-6 0.06 ND 0.32 0.12

20:5n-3 4.95 7.12 8.68 42.87

22:5n-3 0.29 0.76 3.27 1.58

22:5n-6 2.56 0.39 0.53 1.29

22:6n-3 4.96 12.18 41.73 12.36

R Polyunsaturatedc 36.14 28.14 63.23 66.63

R n-3 18.79 23.34 56.13 59.38

R n-6 17.05 4.50 6.61 6.80
P

n-3 HUFA 11.37 21.32 54.79 57.92

EPA + DHA 9.91 19.30 50.41 55.23
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for low n-3, intermediate n-3, high n-3 DHA and high n-3

EPA dietary groups, respectively, with no significant dif-

ferences between the groups. The tissue was homogenized

in a sucrose buffer (0.25 mM sucrose, 15 mM HEPES,

1 mM EDTA and 1 mM EGTA) by using a glass Dounce

homogenizer powered by a drill.

Analysis of Fatty Acid Composition

Liver homogenate from three fish in each dietary group

(one from each tank) was used for the analysis of FA

composition. The total FA profiles in the diets (Table 2)

and the livers (Table 4) were determined. Lipids were

extracted using the Folch method [25]. The chloroform

phase was dried under N2 and the residual lipid extract was

redissolved in benzene, and then transmethylated overnight

with 2,2-dimethoxypropane and methanolic HCl at room

temperature, as described by Mason and Waller [26] and by

Hoshi et al. [27]. The methyl esters of FA thus formed were

separated in a gas chromatograph (Hewlett Packard 6890)

with a split injector, SGE BPX70 capillary column (length

60 m, internal diameter 0.25 mm and thickness of the film

0.25 lm) flame ionization detector and the results analysed

using HP Chem Station software. The carrier gas was

helium. The injector and detector temperatures were

280 �C. The oven temperature was raised from 50 �C to

180 �C at the rate of 10 �C/min, and then raised to 240 �C

at the rate of 0.7 �C/min. The relative quantity of each FA

present was determined by measuring the area under the

peak corresponding to that FA.

Lipid Class Analysis

The lipid class compositions in different liver fractions (total

homogenate, mitochondria and microsomes) were quanti-

fied using high-performance thin-layer chromatography

(HPTLC). Ten microgram total lipid was applied using an

automatic sample applicator (ATS4, CAMAG, Muttenz,

Switzerland) onto a 10 9 20 cm HPTLC plate that had been

pre-run in hexane/diethyl ether (1:1, by vol.) and activated at

110 �C for 30 min. The plates were developed for the

first 5.5 cm in methyl acetate/isopropanol/chloroform/

methanol/0.25% aqueous KCl (25:25:25:10:9, by vol.) to

separate PL classes with neutral lipids running at the solvent

front [28] using an automatic developing chamber (AMD2,

CAMAG, Muttenz, Switzerland). After drying, the plates

were developed fully in hexane/diethyl ether/acetic acid

(80:20:2, by vol.) to separate neutral lipids and cholesterol.

Lipid classes were visualized by charring at 160 �C for

15 min after dipping the plate into a glass tank with

3% copper acetate (w/v) in 8% (v/v) phosphoric acid. The

lipid classes were identified by comparison with commer-

cially available standards, and quantified by scanning

densitometry using a CAMAG TLC Scanner 3. Scan lines

were analysed using an integrator (WinCATS-Planar

Chromatography, Version 1.3.3). Further, the weight of each

lipid class per gram of tissue was determined by establishing

standard equations for each lipid class within a linear area,

and a standard mix of all the lipid classes was included on

each HPTLC plate to correct for between plate variations.

Subcellular Fractionation

Subcellular fractions were separated by differential

centrifugation first described by de Duve [29]. The

homogenate was centrifuged at 1,0009g for 10 min to

separate out the nuclear fraction. The pelleted nucleus was

re-homogenized in 1 ml of homogenization buffer. Mito-

chondria and peroxisomes were then isolated by two

differential centrifugation steps for 10 min at 2,0009g and

25,0009g, respectively, in a fixed-angle rotor 70-Ti

(Beckman). Each mitochondrial and peroxisomal pellet

recovered was resuspended in 1.5 and 1 ml of the buffer,

respectively. The remaining supernatant was the micro-

somal fraction. The different organelles in the fractions

were identified by measuring the activities of subcellular

marker enzymes in the diluted pellets and supernatant.

The presence of mitochondria was assessed by a Sigma

kit based on the method of Storrie and Madden [30]. The

amounts of mitochondria were determined by measuring

the activity of cytochrome c oxidase. Total cytochrome c

oxidase activity was measured by observing the decrease

in absorbance at 550 nm of Fe2+-cytochrome c caused by

its oxidation to Fe3+-cytochrome c by cytochrome c

oxidase in mitochondria (measured at room temperature

for 3 min). Further, the cytochrome c oxidase assay

allowed us to measure the integrity of the outer mito-

chondrial membrane, by measuring the cytochrome c

oxidase activity in the presence and in the absence of the

detergent n-dodecyl b-D-maltoside. This detergent allows

the maintenance of the cytochrome c oxidase dimer in

solution. Absorbance was measured in a GBC UV/VIS

918 spectrophotometer (GBC Scientific Equipment, Vic-

toria, Australia).

The presence of peroxisomes was assessed by the

activity of catalase (EC 1.11.1.6), using a method based on

that of Baudhuin et al. [31]. The substrate hydrogen per-

oxide, produced in peroxisomes, is broken down by

catalase to oxygen and water. This reaction is stopped by

the addition of a saturated solution (0.45%) of titanium

oxysulfate in 2 N sulfuric acid. Titanium oxysulfate reacts

with the amount of hydrogen peroxide that remains to give

a yellow solution of peroxy titanium sulfate. The amount of

the product was measured spectrophotometrically at

405 nm in a Victor 3 1420 Multilabel counter spectro-

photometer (PerkinElmer, CT, USA).
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Acid phosphatase is an acid hydrolase that normally

resides in lysosomes. This enzyme was assayed as descri-

bed by Bergmeyer [32], using an acid phosphatase assay kit

to identify the lysosomes. The measurement was based on

the hydrolysis of 4-nitrophenyl phosphate by acid phos-

phatase. The samples were mixed with 4-nitrophenyl

phosphate and citrate buffer solution (0.09 M, pH 4.8), and

incubated for 20 min at room temperature. The reaction

was stopped by NaOH (0.5 N). The color formed was

measured spectrophotometrically at 405 nm in a Victor 3

1420 Multilabel counter spectrophotometer (PerkinElmer,

CT, USA).

Esterase (EC 3.1.1.1) was first assayed by Beaufay et al.

[33]. Esterase is a marker enzyme for microsomes, and

catalyzes the production of o-nitrophenol from o-nitro-

phenyl acetate. To 2.7 ml of medium containing 20 mM

potassium phosphate buffer (pH 7.4), 1 mM EDTA, 0.1%

Triton X-100 and 0.25 ml of sample were added. The

changes in absorbance were measured at 420 nm for 3 min

in a GBC UV/VIS 918 spectrophotometer (GBC Scientific

Equipment, VIC, Australia).

Beta-Oxidation Assay

Mitochondrial b-oxidation was measured in freshly isolated

mitochondria by the method of Lazarow [34]. This assay

determines the amounts of acid-soluble products in mito-

chondrial fractions. Acid-insoluble 14C-palmitoyl-CoA is

converted to acid soluble 14C-acetyl-CoA. Incubation media

contained 50 mM Tris–HCl (pH 8.0), 20 mM NAD, 0.33 M

DTT, 1.5% BSA, 10 mM CoA, 1 mM FAD, 5 mM palmi-

toyl-CoA and 14C-palmitoyl-CoA (60 Ci/mol, 20 lCi/ml),

0.25 M sucrose and 1 mM L-carnitine. The samples were

incubated for 30 min at room temperature. Reactions were

stopped by adding ice-cold 6% perchloric acid. A zero-time

control was used in which perchloric acid was added to the

reaction mixture before the addition of organelle. This

control established the acid stability of 14C-palmitoyl-CoA,

as virtually all unchanged substrate was precipitated by acid.

The radioactivity in 500 ll of the supernatant was deter-

mined by liquid scintillation spectrometry.

Acyl-CoA Oxidase Assay

Acyl-CoA oxidase (ACO, EC 1.3.3.6) activity was assayed

in peroxisomes by determining the rate at which hydrogen

peroxide was produced, coupled to the oxidation of 2’,7’-

dichlorofluorescine, essentially as described by Small et al.

[35]. The oxidation of 2’,7’-dichlorofluorescine by hydro-

gen peroxide to 2’,7’-dichlorofluorescein was followed

spectrophotometrically at 502 nm in a GBC UV/VIS 918

spectrophotometer (GBC Scientific Equipment). The reac-

tion mixture contained 0.1 M Tris-HCl (pH 8.5), 0.05 M

2’,7’-dichlorofluorescine, 50 lM horseradish peroxidase

type II, 0.015 mM FAD, 60 mg/ml BSA and 0.02% Triton-

X 100, and was started with 60 lM palmitoyl-CoA. All

concentrations are given as final values. The reaction mix-

ture contained 30–85 lg of protein in a total volume of 1 ml

at 20 �C. The ACO activity was calculated as total activity

per gram liver.

Protein Measurements

Protein concentrations were determined using a total protein

kit (Micro Lowry/Peterson’s modification) based on the

method of Lowry [36] and modified by Peterson [37].

Standards (BSA) were prepared by diluting 400 lg/ml of

BSA in water. Sodium chloride (final concentration of

0.1 M) was added in order to reduce ampholyte interference.

Proteins were precipitated by adding 0.1% trichloroacetic

acid in the presence of 0.15% deoxycholate. Color was

measured at 500 nm in a Wallac 1420 VICTOR3TM Multi-

label counter spectrophotometer (PerkinElmer, CT, USA).

Superoxide Dismutase Assay

The SOD catalyzes the reduction of superoxide to oxygen

and hydrogen peroxide. A cell that has a high level of SOD

has probably increased production of this enzyme in order

to deal with high levels of superoxide. The kit uses a tet-

razolium salt to detect superoxide radicals generated by

xantine oxidase and hypoxanthine. One unit of SOD is

defined as the amount of enzyme needed to achieve 50%

dismutation of the superoxide radical. Color was measured

at 405 nm in a Titertek Multiskan PLUS MKII (Labsys-

tems, Helsinki, Finland) plate reader.

Caspase-3 Assay

Caspases are a group of cysteine proteases that exist as

proenzymes, becoming activated during the cascade of

events associated with apoptosis. The caspase-3 colori-

metric assay kit detects the increased enzymatic activities

of the caspase-3 classes of proteases in apoptotic cells by a

colorimetric reaction. Cells are first lysed to release their

intracellular contents. The cell lysate can then be tested for

protease activity by the addition of a caspase-specific

peptide that conjugates to a color reporter molecule, p-

nitroanaline. The cleavage of the peptide by the caspase

releases the chromophore p-nitroanaline, which can be

quantified spectrophotometrically. Color was measured at

405 nm in a Titertek Multiskan PLUS MKII (Labsystems,

Helsinki, Finland) plate reader.
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RNA Isolation

Total RNA was isolated from hepatocytes from three fish

in each dietary group using an RNeasy� Mini Kit. Samples

were first lysed in RNeasy lysis buffer and then homoge-

nized using QIAshredder columns. Ethanol was added to

the lysate to provide ideal binding conditions. The lysate

was then loaded onto the RNeasy silica-gel membrane. The

RNA bound to the membrane, while all contaminants were

efficiently washed away. Pure, concentrated RNA was

eluted in water. Residual amounts of remaining DNA were

removed using an RNase-Free DNase set during the

RNeasy procedure. The total RNA concentrations were

determined by spectrophotometry.

Sequence Information, Primer Design and Real-Time

PCR

The designs of the PCR primers and TaqManMGB probes

were based on published sequences from Atlantic salmon

or comparative species. The forward and reverse primers

and probes are listed in Table 3. RT-PCR efficiency was

monitored using two-fold dilution curves of RNA. Four

concentrations were used for the two-fold dilution curve

(starting at 250 ng total RNA). For analysis of gene

expression (separate 96 well plates) three parallels were

used at a total RNA concentration of 125 ng (± 5%). The

following conditions were used for the amplification of

cDNA: 2 min at 50 �C, followed by denaturation for

10 min at 95 �C, followed by 50 cycles of 15 s at 95 �C

and finally 1 min at the annealing temperature listed in

Table 3. Thermal cycling and fluorescence detection was

done using an ABI Prism 7000 sequence detection system.

Data Analysis and Statistical Analysis of Gene

Expression Data

Each assay was tested on different samples from the same

plate to determine how reproducible the results were.

QGene was used to normalize and calculate relative

expression data [38]. QGene takes into account the PCR

efficacy, calculated on the basis of two-fold dilution

curves, and obtains, in this way, normalized expression

data. The gene expression levels were normalized against a

reference gene. Two different reference genes, b-actin and

elongation factor 1-alpha beta isoform (EF1-ab) [39], were

measured for all dietary treatments. Results based on the

use of b-actin as reference gene had a higher variation

between replicates of hepatocytes, and thus EF1-ab was

used for the final calculations of relative gene expression in

hepatocytes. Gene expressions from fish in the intermediate

n-3 dietary group were set to 1, and the expression of each

target gene for the experimental groups low n-3, high n-3

EPA and high n-3 DHA was expressed relative to this.

Significant differences (P B 0.05) in normalized gene

expression levels between dietary treatments were detected

by one-way analysis of variance (ANOVA) (Statistica,

version 6.1; Statsoft, Tulsa, USA).

Statistical Analysis

All data, except for gene expression data, were subjected to

one-way ANOVA for the factor ‘‘diet’’, and differences

were ranked by Duncan’s multiple range test. We used the

software package UNISTAT (London, England). The sig-

nificance level was set to P B 0.05.

Results

Fatty Acid Composition

The percentages of n-3 HUFA in the fish livers increased

with increasing level of n-3 HUFA in the diet, while the

percentages of n-6 FA decreased (Table 4). The main

contributor to n-3 FA in the intermediate n-3 and high n-3

DHA dietary groups was 22:6n-3, while 20:5n-3 and 22:5n-

3 also contributed in the high n-3 EPA dietary group. In

contrast, the livers from fish fed the low n-3 diet contained

more than twice as much n-6 FA as those from the other

three dietary groups, with 18:2n-6 being the dominating

n-6 FA. In addition, the low n-3 group contained approx-

imately 20% 18:1n-9, whereas the intermediate n-3, high

n-3 EPA and high n-3 DHA dietary groups all contained

less than 8% of this FA. The percentage of 22:6n-3 in the

liver lipids was the same in fish fed the low n-3 diet as in

the fish fed the high n-3 EPA diet, despite a threefold

higher 22:6n-3 level in the latter diet. The percentage of the

elongation product 22:5n-3 was significantly higher in

livers from the high n-3 EPA group.

Lipid Classes

There were between 33 and 53% polar lipids in the total

liver homogenate, and between 47 and 66% neutral lipids

(Table 5). TAG was the major lipid class followed by

phosphatidyl-choline (PtdCho) and then cholesterol and

phosphatidyl-ethanolamine (PtdEtn) in the total liver

homogenate. The fraction of polar lipids was significantly

lower in the high n-3 EPA group than in the other groups,

and the fraction of neutral lipids higher. Ptd2Gro was

present almost exclusively in mitochondria. Fish from the

high n-3 EPA dietary group contained less Ptd2Gro than

fish from the intermediate n-3 group. The amount of Ptd-

Cho in microsomes was slightly higher than in the

mitochondria. Phosphatidyl-inositol (PtdIns) was present in
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all tissue fractions, but the highest percentage was found in

microsomes.

Fatty Acid b-Oxidation

The b-oxidation capacity in the high n-3 EPA and high n-3

DHA dietary groups were significantly lower than the

capacity in the intermediate n-3 and low n-3 dietary groups

(Fig. 1). There were no significant differences between the

intermediate n-3 and the low n-3 groups. There were no

significant differences in the total liver ACO activity

between the dietary groups. However, a tendency toward

higher ACO activity in the high n-3 DHA group was evi-

dent (Fig. 2).

Gene Expression

The relative expressions of genes involved in lipid metab-

olism are shown in Fig. 3. Fish fed the low n-3 diet had

significantly higher expression of both D5-desaturase and

D6-desaturase genes than fish fed the high n-3 DHA diet.

The relative expressions of genes involved in peroxisomal

b-oxidation (ACO), mitochondrial b-oxidation [carnitine

palmitoyltransferase (CPT) II, acyl-CoA dehydrogenase

(ACAD)] and the transcription factor PPARb were all up-

regulated in livers from fish fed the high n-3 DHA diet.

These genes showed the lowest expression levels in livers

from fish fed the lowest n-3 HUFA diet.

Oxidative Stress Markers

Cytochrome c oxidase measurements showed that its

activity was greatly reduced in the mitochondrial mem-

branes, by a factor of 2–3, in the high n-3 EPA and high

n-3 DHA dietary groups than in the group with the lowest

level of n-3 HUFA (Fig. 4). Caspase-3 activity, an

apoptosis marker, was also significantly different between

the dietary groups (Fig. 5a). Caspase activity was signif-

icantly higher in the high n-3 EPA group than in all other

groups, increasing by 100–200%. The activity of SOD, as

well, was significantly different between the dietary

groups (Fig. 5b). The activities were lowest in fish fed

low n-3 and intermediate n-3 diets, and significantly

higher in fish from the two high n-3 groups. EM pictures

of representative cells from the low n-3 HUFA dietary

group (6a), and the high n-3 EPA group (6b) are shown in

Fig. 6. Cells from fish given high n-3 EPA diet had an

abnormal morphology. The nuclear chromatin in these

Table 4 FA compositions of

the livers

The FA composition was

measured in homogenate of the

livers from fish fed four

different diets. The quantity of

each fatty acid is given as the

percentage of total fatty acids.

The values given are

means ± SEM (n = 3).

Different letters indicate

significant differences

(P B 0.05) between the

different dietary treatments

within each lipid class

nd not detected
a Includes: 12:0, 17:0, 22:0
b Includes: 14:1n-5, 16:1n-5,

16:1n-9, 17:1n-7, 20:1n-7,

20:1n-11, 22:1n-7, 22:1n-9,

24:1n-9
c Includes: 16:2n-6, 18:3n-4,

18:3n-6, 18:4n-3, 20:3n-3,

20:4n-3

Fatty acids (% of total) Low n-3 Intermediate n-3 High n-3 DHA High n-3 EPA

14:0 1.3 ± 0.06b 2.5 ± 0.19a 1.7 ± 0.08b 1.8 ± 0.29b

16:0 11.9 ± 0.92ab 14.8 ± 0.84a 12.3 ± 0.96ab 10.8 ± 0.99b

18:0 4.6 ± 0.04b 4.1 ± 0.15a 5.0 ± 0.14b 4.8 ± 0.16b

P
Saturateda 21.6 ± 0.59 22.2 ± 1.04 21.4 ± 1.23 19.4 ± 1.67

16:1 n-7 0.9 ± 0.15b 1.8 ± 0.27a 1.1 ± 0.08ab 1.5 ± 0.27ab

18:1 n-7 1.9 ± 0.08a 1.8 ± 0.09a 1.5 ± 0.06b 1.4 ± 0.06b

18:1 n-9 21.1 ± 0.88b 8.4 ± 1.25a 7.7 ± 0.45a 7.5 ± 0.15a

18:1 n-11 1.2 ± 0.13b 2.4 ± 0.17a 1.6 ± 0.28b 1.6 ± 0.10b

20:1 n-9 2.7 ± 0.03ab 3.3 ± 0.30a 2.7 ± 0.29ab 2.2 ± 0.26b

22:1 n-7 0.8 ± 0.04ab 1.3 ± 0.17a 0.7 ± 0.11b 2.6 ± 0.32c

22:1 n-11 0.5 ± 0.07b 1.4 ± 0.10a 1.2 ± 0.22ab 1.5 ± 0.33a

P
Monounsaturatedb 30.4 ± 1.10b 22.3 ± 2.29a 18.6 ± 1.51a 20.5 ± 0.64a

18:2 n-6 5.6 ± 0.32b 1.6 ± 0.09a 1.5 ± 0.04a 1.7 ± 0.03a

18:3 n-3 1.3 ± 0.11b 0.5 ± 0.02a 0.2 ± 0.05a 0.5 ± 0.12a

20:2 n-6 2.9 ± 1.57 1.7 ± 1.22 0.7 ± 0.03 0.4 ± 0.04

20:3 n-6 2.4 ± 0.11c 0.3 ± 0.05ab 0.1 ± 0.02b 0.4 ± 0.04a

20:4 n-6 2.6 ± 0.23b 1.9 ± 0.08a 3.6 ± 0.19c 3.0 ± 0.04b

20:5 n-3 4.3 ± 0.28b 6.0 ± 0.67a 5.1 ± 0.47ab 18.6 ± 0.47c

22:4 n-6 ND ND 1.3 ± 0.03 ND

22:5 n-3 1.4 ± 0.10a 2.6 ± 0.56a 3.1 ± 0.22a 9.3 ± 1.60b

22:6 n-3 25.4 ± 1.77b 34.7 ± 1.10a 41.7 ± 1.27c 23.4 ± 0.89b

P
Polyunsaturatedc 46.0 ± 0.70a 49.9 ± 1.22a 58.2 ± 0.77b 58.3 ± 2.11b

P
n-3 32.4 ± 1.85b 44.3 ± 2.02a 50.9 ± 0.63c 52.5 ± 2.03c

P
n-6 13.6 ± 1.20b 5.6 ± 1.15a 7.3 ± 0.14a 5.8 ± 0.08a

EPA + DHA 29.8 ± 1.86b 40.7 ± 1.77a 46.7 ± 0.83c 42.0 ± 1.25ac
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cells was condensed, and the cellular contents seemed to

be released.

Discussion

Feeding Atlantic salmon diets having major differences in

the n-3 HUFA content affected the FA composition of the

liver. N-3 HUFA in the liver increased with increasing

dietary level of these FA. However, even though the level

of 22:6n-3 in the low n-3 diet was less than half of the

22:6n-3 level in the high n-3 EPA diet, the percentages of

22:6n-3 recovered in the liver lipids were the same in

these two dietary groups. One explanation for this rela-

tively low percentage of 22:6n-3 recovered in liver of fish

fed the high n-3 EPA diet may be explained by a lower

capacity to produce 22:6n-3 than in those fed a diet with

low levels of n-3 HUFA. In addition, the livers of the fish

fed the high n-3 EPA diet had significantly higher per-

centages of 22:5n-3, indicating that the further conversion

of 22:5n-3 to 22:6n-3, which involves a D6-desaturation

step, is inhibited. These findings are further supported by

the lower expression of genes for both D5-desaturase and

D6-desaturase in the liver tissue from fish fed the two

high-level n-3 HUFA diets. It has previously been shown

that Atlantic salmon fed diets containing plant oils have

significantly higher desaturation enzyme activity [10–13]

and higher expressions of hepatic D5-desaturase and D6-

desaturase genes than those fed FO diets [9, 14]. An

alternative explanation to the relatively high 22:6n-3 level

in the tissue of fish fed low n-3 diet could be selective

utilization of shorter chain, less unsaturated FA, and a

more highly conservation of 22:6n-3 in the liver PL of fish

fed low n-3 HUFA levels. This is in agreement with what

was found in fish fed an essential FA free diet [40]. We

have recently shown that feeding salmon diets rich in EPA

increases the number of mitochondria in the liver [8]. We

know that the shorter chained FA are mainly oxidized

within mitochondria [41], and that the longer chained FA,

like 22:6n-3, are very poor substrates for mitochondrial

FA b-oxidation [42]. The finding that several mitochon-

drial and peroxisomal genes, involved in FA b-oxidation,

were up-regulated in fish fed high levels of dietary 22:6n-3

may then support the last explanation. An unexpected

result was therefore that the mitochondrial b-oxidation

capacities were dramatically lower in isolated liver mito-

chondria from fish fed the diets with the high levels of n-3

HUFA, than they were in liver mitochondria from fish fed

low n-3 and intermediate n-3 diets. Though not well

studied in fish, the mitochondrial membrane is found to be

a very sensitive target for lipid peroxidation in mammals

[43]. The low FA b-oxidation capacity in our study, seen

in livers of fish fed the high n-3 HUFA diets may be the

result of an extensive lipid peroxidation of the mito-

chondrial membranes. This assumption is further

supported by the loss of cytochrome c oxidase activity and

mitochondrial membrane PL found in livers of fish fed

high levels on n-3 HUFA. The higher SOD levels found in

both high n-3 EPA and high n-3 DHA dietary groups

compared to the two groups with lower level of n-3 HUFA

further support the theory that the mitochondrial function

has been damaged due to oxidative stress. The decreased

percentages of PL, especially Ptd2Gro, in the high n-3

EPA mitochondrial membranes may also be consistent

with a higher level of apoptosis in this group. It has been

suggested in mammalian studies that Ptd2Gro is required

for the activity of cytochrome c oxidase [19], and that

the Ptd2Gro content in mitochondria decreases during

Fig. 1 Mitochondrial b-oxidation activity. b-oxidation was measured

in the mitochondrial fraction. Data are means ± SEM (n = 3).

Different letters indicate significant differences (P B 0.05)

Fig. 2 ACO enzyme activity. ACO activity was measured in the

peroxisomal fractions, and is displayed here as the total activity per

gram liver tissue. Data are means ± SEM (n = 3). Different letters
indicate significant differences (P B 0.05)
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apoptosis [44]. Oxidative stress in mitochondria is known

to mediate the apoptotic signalling pathway in mammals

[45], and caspases, in particular caspase-3, play a central

role. The activity of caspase-3 increased in the high n-3

EPA dietary group. These results are further confirmed by

our EM pictures showing abnormal morphology of hepa-

tocytes from fish fed the high n-3 EPA diet. Nuclear

chromatin was more highly condensed in these cells, and

cellular contents were released [46]. Although not studied

in such detail, similar results were found in grass carp

(Ctenopharyngodon idella), which show decreased growth

performance, increased blood lipid peroxidation, altered

lipoprotein synthesis and impaired FA b-oxidation

capacity when fed a diet with high lipid level, especially

high HUFA levels [47, 48]. These results led us to yet

another possible explanation for the lower level of 22:6n-3

found in the high n-3 EPA dietary group relative to the

level found in the low n-3 HUFA group. The cause could

be increased breakdown of 22:6n-3 due to peroxidation.

Fig. 3 Relative gene expressions of lipid-related genes. 3a Gene

expressions were measured using isolated mRNA from hepatocytes.

Genes involved in gene regulation (PPARs), peroxisomal b-oxidation

(ACO) and mitochondrial b-oxidation (ACAD, CPTI, CPTII) were

measured. 3b D6-desaturase and D5-desaturase activity. Data are

presented as means ± SD (n = 3). Different letters indicate

significant differences between dietary groups within each gene.

Significance level is set at P B 0.05. PPAR peroxisome proliferator-

activated receptor, ACO acyl-CoA oxidase, ACAD acyl-CoA dehy-

drogenase, CPT I, II carnitine palmitoyltransferase I, II, D6D delta 6

desaturase, D5D delta 5 desaturase

Fig. 4 Cytochrome c oxidase activity. The activity of cytochrome c

oxidase was measured in mitochondrial fractions with and without

dodecyl. The difference in activity between preparations with and

without dodecyl measured in the low n-3 HUFA group was set to 1,

and the differences in the other dietary groups are expressed relative

to this. Data are means ± SEM (n = 3). Different letters indicate

significant differences (P B 0.05)

Fig. 5 Enzyme activities.

Caspase-3 (5a) and SOD (5b)

activity was measured in total

homogenates. Data are

means ± SEM (n = 3).

Different letters indicate

significant differences

(P B 0.05)
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In the present study we fed fish with diets containing

high levels (55% of total FA) of n-3 HUFA, and these high

values of n-3 rich lipids clearly led to oxidative stress in the

liver. In our study, cases of damage were apparent despite

of added antioxidants (160 ppm Vitamin E and 150 ppm

BHT). This show the importance of protecting high n-3

HUFA feed with proper antioxidants and proper storage in

order to minimize the peroxidation of FAs both prior to

feeding and in fish after feeding. Stephan et al. [49] dem-

onstrated that a FO-enriched diet fed to turbot

(Scophthalmus maximus), increased the susceptibility to

FA peroxidation. They found that increased levels of die-

tary and tissue HUFA require increased dietary

supplementation with antioxidants to prevent the occur-

rence of oxidative damage. A correlation between

increased dietary HUFA and antioxidant requirement has

been found in other fish species as well [50–52], including

Atlantic salmon [53]. More research is needed in order to

increase the knowledge about suitable antioxidants and

concentrations of these in fish diets, in order to protect FA

from oxidative damages both in the feed and in the fish.

In this study, we have shown that the expressions of

genes encoding proteins involved in lipid metabolism differ

between the low n-3 HUFA group and the groups with the

highest n-3 HUFA levels. We do not know whether it is

peroxidative damage due to the increased level of HUFA, or

the HUFA themselves that are involved in the regulation of

these genes. Some studies have suggested that the inhibitory

effect of HUFA on lipogenic genes is linked to cytotoxic

effects, due to the peroxidative mechanism [54, 55]. On the

other hand, other studies have shown that lipid-related

genes are altered due to the direct transcriptional effect of

HUFA themselves, not to peroxidative damage [56, 57].

In conclusion, we have shown that the expressions of

several genes related to hepatic lipid metabolism in

Atlantic salmon change in response to changes in dietary

HUFA. These genes include those for D5-desaturase and

D6-desaturase and several genes whose gene products are

involved in mitochondrial functions such as FA b-oxida-

tion. The observed increased production of SOD and

caspases, and loss of cytochrome c oxidase and Ptd2Gro in

the membranes of fish fed high levels of n-3 HUFA may be

a result of increased dietary HUFA levels in the mem-

branes, and subsequent increased oxidative breakdown of

FA rich in double bonds. Clearly, the presence of lipids

vulnerable to oxidation may be involved in oxidation

processes that can have toxic consequences for fish, whe-

ther they arise from dietary input or from deficiencies in

essential antioxidant nutrients. These results reveal new

elements in favor of greater sensitivity of n-3 FAs to per-

oxidation in fish. Nevertheless, it is important to appreciate

that n-3 FA have both adverse and beneficial effects, to

adequately evaluate the consequences of membrane

enrichment with these lipids.

Acknowledgments We wish to thank Inger Ø. Kristiansen and
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Abstract Black Sea molluscs and gastropods are the

most studied organisms from the Romanian littoral zone. In

particular, those from the Mytilidae species are of great

interest because biochemical investigations have shown

that they can be sources of biological active substances

which can have different applications (e.g. food additives).

We report here the extraction of lipids from two different

species of molluscs (Mytilus galloprovincialis L., Medi-

terranean mussel) and gastropods (Rapana venosa, hard-

shell clam). The extracts were evaluated in terms of anti-

oxidant and composition properties and their healing

properties were tested on skin burns in Wistar rats. Our

studies proved that the two lipid extracts contained a rel-

atively complex distribution of compounds, in terms of

characteristic indices, polyunsaturated fatty acids (PUFA)

and vitamins E and D. The presence of such compounds

rendered the extracts very efficient in healing induced skin

burns in Wistar rats. The histological analysis showed a

reduction in the time of healing (12–13 and 13–15 days for

the Mytilus galloprovincialis (L.) Rapana venosa extracts,

respectively) compared to 20–22 for untreated animals,

based on results from tissues and blood samples. Our

investigations have been proved to be promising in terms

of future potential applications of the extracts as skin-care

products, cosmetics and/or pharmaceutical preparations

owing to their dermorestitutive properties.

Keywords Lipid extracts �
Mytilus galloprovincialis (L.) � Rapana venosa �
Neopreol � Wound healing

Introduction

Prospecting marine resources for biotechnological use,

particularly in drug discovery, is a relatively recent activity.

D. L. Badiu (&)

Department of Biology-Biochemistry,

Faculty of Natural and Agricultural Sciences, ‘‘Ovidius’’

University of Constanza, Constanza, Romania

e-mail: dianabadiu@yahoo.com

A. M. Balu

Institute of Physical Chemistry ‘‘Ilie Murgulescu’’,

Romanian Academy, Bucharest, Romania

L. Barbes

Department of Chemistry, Faculty of Physics, Chemistry,

Electronics and Petroleum Technology, ‘‘Ovidius’’

University of Constanza, Constanza, Romania

R. Luque (&)

Green Chemistry Centre of Excellence,

The University of York, Heslington, York YO10 5DD, UK

e-mail: rla3@york.ac.uk; q62alsor@uco.es

R. Nita

Laboratory of Physico-Chemical Analyses,

S�C. Biotehnos S.A., Bucharest, Romania

M. Radu

Department of Biology, Faculty of Natural and Agricultural

Sciences, ‘‘Ovidius’’ University of Constanza,

Constanza, Romania

E. Tanase

Histo-pathology Laboratory,

Veterinary and Health Centre, Constanza, Romania

N. Rosoiu

Department of Biochemistry, Faculty of Medicine,

‘‘Ovidius’’ University of Constanza, Constanza, Romania

123

Lipids (2008) 43:829–841

DOI 10.1007/s11745-008-3205-2



The ocean is a rich source of biological and chemical

diversity. It covers more than 70% of the earth’s surface and

hosts more than 300,000 described species of plants and

animals to date [http://blacksea.orlyonok.ru/e2-1.shtml].

This diversity has been the source of unique chemical

compounds with potential for industrial development as

pharmaceuticals, cosmetics, nutritional supplements,

molecular probes, enzymes, and agrochemicals [1–4].

Focussing on the Black Sea, molluscs are very important

species [http://blacksea.orlyonok.ru/e2-1.shtml]. These

marine resources have not been industrially exploited in

any form so far, with a few exceptions in the food industry

[5].

Many compounds can potentially be obtained from

marine organisms such as Mytilus galloprovincialis (L.)

(Mediterranean mussel) and Rapana venosa (hard-shell

clam) including polyunsaturated omega 3 (x-3) and

omega 6 (x-6) fatty acids (FA) and liposoluble vitamins

(A, D and E) [6–10]. However, few reports dealing with

applications of these lipid extracts can be found

(apart from supplements in nutrition) mainly due to the

low efficiency (in terms of quantities) in their extraction

and unknown effects that did not encourage further

investigations of these useful and promising extracts

[11–14].

Long chain x-3 and x-6 polyunsaturated fatty acids

(PUFA) including eicosapentaenoic (EPA, 20:5n-3), do-

cosahexenoic (DHA, 22:6n-3) and arachidonic acids (AA,

20:4n-6) have been recognised as effective compounds in

human health and nutrition, especially in the prevention of

cardiovascular diseases [15–17] and to alleviate various

inflammation conditions [18–23].

In addition to the reported anti-inflammatory effects of

x-3 and x-6, these compounds have been shown to have

immune enhancing benefits, improving resistance to

infection, inhibiting platelet function and reducing

thrombosis [24–26]. However, how these substances can

affect cutaneous wound healing is still under debate

[27–29].

In the present work, the physico-chemical character-

isation of two lipid extracts from Mytilus

galloprovincialis (L.) and Rapana venosa was carried out.

The two species were especially chosen as they have a

trophic relationship, being the gastropod Rapana venosa a

common predator of the mollusc Mytilus galloprovincialis

(L.)

Based on the rich polyunsaturated fatty acids content (in

particular x-3 and x-6) that is expected to be found on the

lipid extracts [8, 30, 31], this study aimed to investigate

their wound healing properties on skin burns and com-

paring them to those of a commercially available ointment

(Neopreol, Iasi Medicals) with fish oil as a bioactive

substance as the control sample.

Materials and Characterisation

Samples Characterisation

The samples (from different sizes ranging from 2 to 5 cm)

were collected from the Baia Mamaia zone–Park (Latitude,

44�100N, Longitude 28�410E, Romanian sector of the Black

Sea), from Constanza. We are aware of the variabilities due

to the sampling season as reported by other authors [8, 30,

31]. In this regard, molluscs were collected in May (2006

and 2007) as spring is ideal due to the accumulation of

bioactive (lipids) and structural compounds (proteins) as

the marine organisms prepare for reproduction as well as to

the maximum concentrations of organic substances in

plankton [30, 32].

The two Mytilus galloprovincialis (L.) and Rapana

venosa lipid extracts were obtained according to the

Christie method [33]. Total organ lipid content [13, 14]

and total body fatty acid contents [33] were determined.

The tissue was dried at 50 �C, homogenised and the

samples subsequently extracted in chloroform: methanol

1:2 (v/v). The mixture was then filtered off and the

organic phase was kept. The final extract was concen-

trated on a rotary evaporator under vacuum at room

temperature and lyophilised (-20 �C) to avoid any oxi-

dation due to thermal treatment.

Several physico-chemical properties of the lipid extracts

[34, 35] were investigated including the relative density,

refractive index, acidity, iodine, saponification indexes and

unsaponified substances [36]. Olive oil was also investi-

gated and analysed for comparison purposes following the

Reg CEE 796/2002 directive.

The relative density of the samples was determined

using a picnometer, and 1 mL of extract.

The refractive index was obtained using an ABBE

Refractometer (Carl Zeiss, Jena, 389820 type) from the

Physico-optics laboratory (Ovidius University of Cons-

tanza). The extracts were solubilised in ethanol (0.25 mg/

25 mL ethanol) and then the refractive index was

measured.

The acidity index was measured by titration of the lipid

extracts with KOH, after their solubilisation in ethanol/

ether mixture 1:2 (v/v).

The iodine index was determined as follows: 0.11 g

sample (Mytilus galloprovincialis (L.), Rapana venosa

lipid extracts and olive oil) were dissolved in 10 mL

CHCl3 and subsequently stirred in 25 mL of Hannus

solution [IBr in acetic acid], keeping the mixture in a dark

place for 1 h at room temperature. Then, 20 mL of a KI

solution in 100 mL water was added and 6 mL Na2S2O3 in

the presence of 1 mL starch solution until disappearance of

the blue colour. Blank samples were analysed in parallel

using the same quantities and procedure.
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The saponification index was also determined. A 2 g

sample were stirred in 25 mL KOH and the excess of the

mixture was then titrated with a HCl 0.5 N solution using

phenolphthalein as indicator.

The unsaponified substances were also analysed. 5 g lipid

extract, 2.5 g KOH and 40 mL ethanol were heated under

reflux for 2 h. The ethanol was then distilled and the residue

was extracted twice in a separating funnel with 50 mL hot

water (25 + 25 mL). Then, the organic substances were

extracted with 50 mL ether (twice) and after separation of

the organic phase, the extract was concentrated in a rotary

evaporator and subsequently dried. The quantity of the un-

saponified substances was reported for 100 g [27].

The extracts were characterised using different tech-

niques including Infrared (FTIR), UV-Vis spectroscopy

and Gas Chromatography-Mass Spectrometry (GC–MS).

FTIR spectra were recorded on a BRUKER-VEKTOR

33 instrument equipped with a liquid N2 cooled MCT

detector. Attenuation Total Reflectance (ATR) spectra

were obtained using a methodology devised by the

Romanian Spectroteam and Arena Group from Bucharest.

1 g extract was dissolved in n-hexane 1:2 (v/v) and then the

measurement was performed. The spectra were collected in

the 3,900–450 cm-1 range.

UV-Vis absorption measurements were performed on a

GBC CINTRA 5 Spectrophotometer, using a few drops of

sample diluted in n-hexane to a 1:2 (v/v), in 10 mm quartz

cells.

Lipid extracts were analysed by GC–MS using an Agi-

lent GC 6890N model (1 lL sample injected, split 1:50

column flow 1.6 mL/min., program temp. 100–290 �C

(rate 10 �C/min) coupled with a quadrupolar MS 5973.

Samples were injected after derivatisation for the complete

identification of all existing compounds in the lipid

extracts. The derivatisation of the extracts to investigate the

total body fatty acid content was carried out by methyla-

tion. Bis-(trimethylsilyl)-trifluoroacetamide (BSFTA) was

employed as derivatising agent to determine the quantities

of sterols present in the extracts.

The methylation comprises several steps: 1 g extract

(Mytilus galloprovincialis (L.), Rapana venosa lipid

extracts or olive oil) dissolved in 10 mL MeOH (0.2 ml

KOH were also added to the mixture) was heated under

reflux for 15 min, cooled down and extracted with 5 mL

heptane and 10 mL saturated NaCl solution. The organic

phase was dried on Na2SO4 and subsequently analysed by

GC and GC–MS.

The derivatisation using BSFTA was carried out as

follows: 0.5 mL BSFTA (per 0.055 g sample) after heating

the mixture of the sample and the BSFTA in heptane

(5 mL) at 90 �C for 1 h. The resulting solution was

allowed to cool down and subsequently analysed by GC

and GC–MS.

Animals and Experimental Design

The study was carried out on adult male Wistar rats,

weighing 250 ± 10 g. The animals were individually

housed in thermostated (22 ± 2 �C) windowless plexiglass

cages with constant humidity and controlled lighting con-

ditions (12 h of light and 12 h of darkness per day) as well

as with free access to tap water. They were fed under

standard laboratory conditions.

The experiment was carried out in accordance with the

Helsinki Declaration and guidelines of the Ethics Com-

mittee of the International Association for The Study of

Pain. They were approved by the Animal Care Committee

of the Faculty of Natural and Agricultural Sciences,

‘‘Ovidius’’ University, Romania.

Each animal was firstly anaesthetised with an intra-

peritoneal (IP) injection of 5% ketamine (Narkamon inj.,

Leciva, Czech Republic) in a dose of 90 mg/kg. The hair

of the dorsum (around 2.5 cm diameter skin area) was

deeply shaved with an electric razor and the wound

was subsequently induced with hot water (90 �C, 5 s)

on the shaved area, resulting in a clearly distinguished

burn.

Fifteen male Wistar rats were randomly divided into five

groups, according to the treatment, as follows:

Group 1 (control), (n = 3): Rats with an induced skin

burn without any treatment.

Group 2 (n = 3): Rats with an induced skin burn treated

with the Mytilus galloprovincialis (L.) lipid extract,

(0.2 mg/kg, twice a day).

Group 3 (n = 3): Rats with an induced skin burn treated

with the Rapana venosa lipid extract (0.2 mg/kg, twice a

day).

Group 4 (n = 3): Rats with an induced skin burn treated

with a mixture of the Mytilus galloprovincialis (L.):

Rapana venosa lipid extracts (1:1 ratio, w/w) (0.2 mg/

kg, twice a day).

Group 5 (n = 3): Rats with an induced skin burn treated

with the specific ointment Neopreol (Iasi Medicals,

Romania), (0.2 mg/kg, twice a day).

Experiments were terminated after 22 days, after

achieving comparable healed wounds between the

untreated animals (control) and the animals treated with

both Mytilus galloprovincialis (L.) and Rapana venosa

lipid extract, as observed from the histological results and

established through different scores.

Sample Preparation

Samples were periodically taken from tissues and blood to

be analysed. The animals were anaesthetised using IP

injections of 90 mg/kg ketamine and 15 mg/kg xylazine
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(Rometar inj., Leciva, Czech Republic) and blood and

tissue samples from the wounded area were taken.

Tissue samples were homogenised in 10% formalde-

hyde solution and lyophilised at -20 �C. Blood samples

were taken by aorta puncture and collected into tubes

containing ethylenediamine tetraacetic acid (EDTA), sub-

sequently frozen and stored -25 �C until analysis.

The microscope employed in the samples analysis was a

Leica DM L 32 and the visualisation was with 20 9 10 for

the tissues and 10 9 100 for the blood.

Tissue sections (5 lm) were stained with a Mayer hae-

matoxylin solution in ethanol (15 min) and an eosin

solution in ethanol (10 s) (H&E) for general histology [37].

After subsequent washing with ethanol and distilled water,

the tissues were eventually mounted in Canada balsam.

The blood was stained according to the May Grunwald

Giemsa protocol: the sections were covered with a certain

quantity of May Grunwald solution and subsequently

washed with distilled water for 1 min. The mixture was

then removed without washing and the sections were

immersed in a Giemsa solution ex tempore (20–30 min).

The sections were eventually washed with water and

mounted in Canada balsam [38].

Statistical Analysis

Statistical comparisons were performed by one-way anal-

ysis of variance (ANOVA). In the case of the identification

of statistical differences using ANOVA, the Student

Newmal-Keuls test was used to compare the groups.

Probability values \0.05 were considered to indicate sig-

nificant difference. Data in Fig. 7 are presented as mean

values ± standard deviation (SD, error bar depicted in the

figure).

Results and Discussion

Physico-Chemical Properties of the Extracts

The results of the physico-chemical characteristics of the

lipid extracts of Mytilus galloprovincialis (L.) (dark brown

colour) and Rapana venosa (orangish colour), compared to

those of olive oil, are summarised in Table 1.

Several interesting differences could be found between

the extracts. The two extracts had similar values of relative

density, refractive index and unsaponified substances

compared to olive oil, which demonstrates the purity of the

obtained extracts. Moreover, a significant difference was

showed for unsaponified substances (Table 1, entry 6)

when the olive oil was compared to Mytilus galloprovin-

cialis (L.) lipid extract (P = 0.005). It is worth mentioning

at this stage that the olive oil employed in all measure-

ments was commercially refined oil.

Interestingly, there were differences in density between

the two extracts, being the Mytilus galloprovincialis (L.)

more dense compared to Rapana venosa. This interesting

fact led us to think that there will be differences between

the two extracts in terms of compounds present in the

mixture, as we will see later on. The refractive index of the

lipid extracts were also within the XRF and EECC limits

established for food and pharmaceutical oils.

A remarkable difference was found in acidity index in

the lipid extracts compared to olive oil (Table 1, entry 3).

The molluscs’ extracts were close to 20 times higher in

acidity than olive oil. This suggested the presence of

important quantities of free fatty acids in the mixtures.

Nevertheless, the 5 mL KOH/g difference between the

Mytilus galloprovincialis (L.) and Rapana venosa extracts

suggested that there may not be major differences between

the two species in terms of quantities of free fatty acids

present in the extracts. A significant difference was

observed when olive oil was compared with Rapana ven-

osa lipid extract (P = 0.005).

The iodine index (Table 1, entry 4) is characteristic of

the content of (poly)unsaturated lipids/fatty acids [39] and

it is also an indicative of the physiological condition of the

marine organisms. The value of the iodine index is also

greatly influenced by the position of the double bond(s)

with respect to the carboxylic group. Interesting differences

were also found for the two lipid extracts compared to olive

oil. The higher iodine index in the Mytilus galloprovin-

cialis (L.) and Rapana venosa extracts (83 and 87 mL

Na2S2O3/g, respectively) compared to olive oil (66 mL

Table 1 Physico-chemical

characteristics of the Mytilus
galloprovincialis (L.) and

Rapana venosa lipid extracts

compared to olive oil

Entry Physical-chemical characteristics Mytilus galloprovincialis (L.) Rapana venosa Olive oil

1 Relative density (d20
20, g/mL) 1.03 0.83 0.91

2 Refraction index (n20D) 1.48 1.49 1.47

3 Acidity index (mL KOH/g) 44 39 2

4 Iodine index (mL Na2S2O3/g) 83 87 66

5 Saponification index (mL HCl/g) 281 140 112

6 Unsaponification substances (%g) 2.77 2.44 2.00
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Na2S2O3/g) suggested a higher content of (poly)unsatu-

rated lipids in our extracts, which is extremely important in

terms of nutritive value. Also, significant differences were

found when olive oil was compared with both lipid extracts

(P = 0.007 and 0.004 for Mytilus galloprovincialis (L.)

and Rapana venosa, respectively). The presence of these

unsaturated compounds is slightly higher in the Rapana

venosa species compared to Mytilus galloprovincialis (L.).

The saponification index (Table 1, entry 5) indicates the

average molecular weight of the fatty acids in fats/lipids,

which are related to their organoleptic properties (firmness,

taste and flavour) [39]. The measurements provided

extremely interesting results in the particular case of the

Mytilus galloprovincialis (L.) lipid extract which showed a

remarkably high saponification index (281 mL HCl/g)

compared to Rapana venosa (140 mL HCl/g, respectively).

This suggested the presence of a higher content of low

molecular weight fatty acids in the Mytilus galloprovin-

cialis (L.) extract compared to Rapana venosa. A

significant difference could also be observed when olive oil

was compared to the lipid extract from Rapana venosa

(P = 0.0007).

All values obtained for our lipid extracts were within the

allowed minimum-maximum range as established in the

XRF and EECC regulations (EEC/2568/91 and EEC/2472/

97) of the European Union Commission.

Identification of the Different Compounds Present in

the Extracts

UV-VIS Absorption Measurements

The UV-Vis spectra of the Mytilus galloprovincialis (L.)

and Rapana venosa lipids extracts compared to olive oil are

included in Fig. 1. The experiments were run after dilution

of the extracts in n-hexane. The most relevant data that can

be extracted from the UV-spectra is summarised in

Table 2.

The Mytilus galloprovincialis (L.) diluted extract UV-

spectra showed 4 significant bands at 271, 281, 412 and

670 nm. The bands were attributed to the presence of

different compounds as detailed in Table 2. The most

interesting chromophore in the mixture was the E-vitamin

(a-tocopherol), which was identified by its characteristic

absorption bands at 223 and 292 nm [40, 41]. Peaks at 223

and 292 nm, were found only in the concentrated extract

(UV-spectra not shown), although a slight shoulder could

be observed for the diluted spectra (Fig. 1). This shoulder

was also present (in a significantly higher concentration) in

the olive oil sample.

The UV-spectra of the Rapana venosa diluted extract

exhibited a similar profile to that of the Mytilus gallopro-

vincialis (L.) but various distinctive bands were present in

the spectra. The 200–350 nm range was pretty similar to

both species and may be attributed to the absorption of

unsaturated fatty acids in the extracts. The 400–600 nm

range (missing in the olive oil spectra) was significantly

different. In particular, the absence of the broad absorption

band at 400–450 nm was correlated to the absence of

various chromophores. The UV-Vis spectra of the Rapana

venosa concentrated extract (not showed) also revealed the

presence of an absorption band at 264 nm, characteristic of

different components/complexes of vitamin D and another

interesting band at ca. 1,100 nm that could be attributed to

trans-C6H5–(CH=CH)n-C6H5 poly-enes and/or carboxylic

organic compounds that absorbed at higher wavelengths. In

any case, UV results provided enough data to demonstrate

the presence of different characteristic chromophores.

IR Experiments

Figure 2 includes the IR spectra of the Mytilus gallopro-

vincialis (L.) (a) and Rapana venosa (b) lipid extracts

compared to olive oil (c). Interesting differences were

found in the spectra. The three mixtures showed a similar

IR profile in the 3,500–2,000 cm-1 range, that is, bands

below 3,000 cm-1 that are attributed to the saturated part

from the compounds and a small peak over 3,000 cm-1,

due to unsaturations. No alkyne bands were found at

3,300–3,500 cm-1. However, the Rapana venosa extract

had a very broad peak in the 3,400–3,600 cm-1 range that

Fig. 1 UV-VIS spectra of Mytilus galloprovincialis (L.) (solid line)

and Rapana Venosa (dashed line) lipid extract compared to olive oil

(dotted line)
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could be attributed to OH groups coming from alcohol

groups presumably from the fatty acids in the mixture and/

or water traces in the extract. The most interesting part of

the spectra is probably the 1,800–1,000 cm-1 range.

A very intense and sharp peak at ca. 1,744 cm-1 was

found for the Mytilus galloprovincialis (L.) sample

whereas there was no peak at 1,744 cm-1 in the Rapana

venosa extract. This peak is likely to be due to C=O bands

arising from a,b-unsaturated carboxylic acids. Only a small

peak at ca. 1,728 cm-1 was found for the Rapana venosa

extract, implying a significant difference in nature of the

fatty acids and compounds with C=O present in the sample.

Moreover, a peak at 1,646 and 1,656 cm-1 was found for

the Mytilus galloprovincialis (L.) and the Rapana venosa

extracts, respectively. These are likely to be due to C=O

bands in aromatic acids and/or compounds in which

intermolecular interactions are present. Peaks at 1,500–

1,300 cm-1 were attributed to CH3-CH2- alkyl chains and

were present in all samples. Moreover, the peaks at 971 and

973 cm-1 for the Mytilus galloprovincialis (L.) and the

Rapana venosa extracts have been attributed to specific c-

CH trans vibrational modes as they were not present in

olive oil.

Interestingly, a peak due to monosubstituted aromatics

(C–H bending, 828 cm-1, only one band) was found for the

Rapana venosa lipid extract, in good agreement with the

UV-Vis results that were indicating the potential presence

of monosubstituted aromatics in the extract.

Gas Chromatography–Mass Spectrometry (GC/MS)

Analysis

Qualitative and quantitative GC/MS analysis of the lipid

extracts were performed in order to identify the different

compounds in the extracts following a similar methodology

to that reported by Christie [42]. Some examples of the

chromatograms are shown in Figs. 3 and 4, respectively.

Table 2 Relevant UV-data of the two diluted lipid extracts (1:2 dilution in hexane) from Mytilus galloprovincialis (L.) and Rapana venosa lipid

extracts compared to olive oil

Mytilus galloprovincialis (L.) Rapana venosa Olive oil

k
(wavelength)

Chromophore k
(wavelength)

Chromophore k
(wavelength)

Chromophore

271 Poly-enes/sterol

derivatives

270.5 Poly-enes 271 Poly-enes/sterol

derivatives

281 E-vitamin (a-tocopherol) 281 E-vitamin (a-tocopherol) 281 E-vitamin (a-tocopherol)

412 C6H5(CH=CH)5–C6H5-

trans
412 C6H5(CH=CH)5–C6H5-trans

670 (CH3)3C–NO, n-p 608 R–NO, n-p

668 (CH3)3C–NO, n-p

Around 1,100 Organic acids C6H5–(CH=CH)n–C6H5 trans

Fig. 2 IR spectra of a Mytilus galloprovincialis (L.), b Rapana
venosa and c Olive oil
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Several products were identified and quantified. The rela-

tive proportions of the components in the extract were

obtained for both fatty acids (Table 3) and sterols (Table 4)

after derivatisations by methylation and using BSFTA,

respectively, as method of analysis. Cholesterol was found

to account for over 50% weight of the extracts. Data

included in Table 3 were recalculated removing such 50%

cholesterol contribution to further clarify future discussions

about the application of the lipid extracts.

Various saturated, mono-, di and polyunsaturated fatty

acids were present in the extracts. Saturated fatty acids

including 14:0, 16:0, 18:0 were found in different quanti-

ties in the lipid extracts but accounting for a similar

saturated fatty acid content (around 35% of the total FA

content). Similarly, monounsaturated acids (16:1n-7,

18:1n-9 and n-10, 20:1n-9) content was also analogous

(around 30% of the total FA content) for both marine

species.

Nevertheless, the differences between samples in terms

of content and distribution of PUFA were significant. Thus,

the Mytilus galloprovincialis (L.) extract had up to a 31%

(of the total FA content) by weight of PUFA with a 2:1

EPA:DHA ratio (Table 3, entries 13 and 14). The Rapana

venosa extract had a striking 40% by weight of PUFA

including a 17 and 20 wt% of x-3 and x-6 FA, respectively

(Table 3, entries 12–14). Interestingly, no x-6 FA were

found in the Mytilus galloprovincialis (L.) extract. The

unsaturated/saturated FA ratio in our extracts was close to

2:1 in good agreement with reported results for Mytilus

galloprovincialis (L.) [8, 30, 31] and Rapana venosa [9].

Furthermore, the sum of quantities of EPA and DHA was

similar to that of AA [9]. EPA and DHA inhibit competi-

tively the utilisation of AA [43].

Further investigations were performed to identify the

sterols distribution in the lipid extracts through derivati-

sation using BSFTA. Various sterols have been identified

in various species from marine invertebrates [9, 44, 45]. Up

to five different compounds in different quantities were

clearly identified in the lipid extracts (Table 4, entries 2–6),

accounting for about 30–35% in Mytilus galloprovincialis

(L.) and Rapana venosa, in agreement with previous

reports of identified sterols in molluscs [9, 45]. The dif-

ference to 100 corresponds to other compounds including 7

and 8-dehydrocholesterols, cholesterilene and related sub-

stances [9, 45].

a-tocopherol (14 lg mL-1 extract) and D-vitamin (40

U.I) were also found and quantified in the concentrated

samples.

Studies of Regenerative Properties of the Extracts

The potential healing activity of the lipid extracts was then

investigated in their application to induced skin burns in

rats. Table 5 summarises the main scoring employed for

the histological features of the wound tissue samples. A

summary of the main results is presented in Figs. 5, 6 and 7

and Table 6.

A summary of the microscopic properties of the differ-

ent blood and tissue samples extracted from the wounds are

presented in Figs. 6 and 7. Blood samples for treated rats

presented the normal constituents including leucocytes,

lymphocytes and so on (Fig. 5c–f, groups 2 to 5).

Fig. 3 GC–MS product distribution of the fatty acids from Rapana
venosa (top) and Mytilus galloprovincialis Lmk. (middle) lipid

extracts compared to olive oil (bottom) using the derivatisation by

methylation
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Untreated animals exhibited a leucocyte afflux with

increasing quantities of constituents (leucocytes, lympho-

cytes, eosinophyles and monocytes) compared to normal

blood (Fig. 5a, Group 1).

Microscope examination of the tissues of treated mice

disclosed moderate to complete re-epithelialisation, mini-

mal intercellular or subepithelial oedema, without crusting

(++ to +++ scoring, Table 6, Fig. 6). In general, gran-

ulation tissue was characterised by dense collagen matrix

deposition, slight oedema, and few scattered inflammatory

infiltrates mainly confined in deep dermis and to the wound

margins. The capillaries were significantly bigger than

those found in untreated Wistar rats with no evidence of

fibrin deposition, haemorrhage or vascular congestion.

Fig. 4 GC–MS product

distribution of the sterols

identified from Rapana venosa
(top) and Mytilus
galloprovincialis Lmk. (bottom)

lipid extracts using BSFTA as

derivatising agent

Table 3 GC–MS product distribution and relative proportions (wt% of total fatty acids) of the fatty acids from Mytilus galloprovincialis (L.) and

Rapana venosa lipid extracts compared to olive oil (in wt % dry weight lipid extract) using methylation as derivatisation method

Entry Fatty acid Mytilus galloprovincialis (L.) Rapana venosa Olive oil

1 10:0 (4,8,12-trimethyldecanoic acid) 1.30 – –

2 14:0 (myristic acid) 5.57 4.40 –

3 16:0 (palmitic acid) 22.71 16.45 9.84

4 16:1n-7 (palmitoleic acid) 17.9 4.57 0.88

5 17:0 iso 16-methyl (16-methyl-heptadecanoic acid) – 1.71 –

6 18:0 (stearic acid) 6.23 12.33 1.93

7 18:1n-9 (oleic acid) 5.28 10.98 60.12

8 18:1n-10 (10-octadecenoic acid) 7.00 – –

9 18:2n-6 (linoleic acid) 2.04 – 8.10

10 20:0 (arachidic acid) – – 18.81

11 20:1n-9 (cis-11-eicosenoic acid) – 13.51 –

12 20-4n-6 (arachidonic acid) – 18.90 –

13 20:5n-3 (all-cis-5,8,11,14,17-eicosapentaenoic acid, EPA) 20.65 8.19 –

14 22:6n-3 (all-cis-4,7,10,13,16,19-docosahexaenoic acid, DHA) 11.18 8.90 –

15 Others 0.14 0.06 0.32
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Skeletal muscle cells form a border zone between normal

and wounded tissue, notably in Groups 3 and 5 (Fig. 6d, f).

However, some scar tissue was still visible for groups 3, 4

and 5. In the particular case of the use of neopreol, the

epidermis was indeed not completely recovered (Fig. 6f).

Compared to most treated animals, those treated with

the lipid extracts from Mytilus galloprovincialis (L.). and

the mixture Mytilus galloprovincialis (L.)/Rapana venosa

exhibited an almost complete regenerated skin including

epidermis, dermis and hypodermis (Fig. 6c and e, Groups 2

and 4, +++ scoring). New epithelium was being laid

down and newly formed vessels, collagen fibres, and basal

membrane could be visualised in provisional fibrin matrix.

The inner epithelial layer was almost completely remod-

elled by day 12 and granulation tissue thickened close to

the base of the wound (Fig. 6c, e).

In contrast, untreated animals presented only a partially

recovered skin (Fig. 6b, Group 1) with abundant scar tis-

sue, oedematous and inflamated granulation tissue with

little epithelial covering (Fig. 6b, right side of the image).

Few newly and immature formed vessels along with fibrin

deposition, haemorrhage, interstitial oedema and evidence

of generalised vascular congestion were also observed.

Undeveloped collagenous connective tissue stroma and

moderate granulation tissue accumulation with minimal

adipose tissue substitution could also be seen.

The results pointed out the untreated wounds required a

time to heal of approximately 3 weeks (20–22 days) to

achieve a ++ score (Fig. 7, Table 6). The use of the lipid

extracts was found to remarkably reduce such time of

healing to 12–13 days (with a daily treatment with the

Mytilus galloprovincialis (L.) extract) and 13–15 days

(daily treatment with the Rapana venosa extract) to achieve

+++ and ++ score, respectively. Interestingly, the mix-

ture of the two lipid extracts did not significantly improve

the time of healing (14–15 days, Fig. 7, group 4), although

a better score was awarded due to the almost complete

regeneration of the skin (Table 6). The commercial oint-

ment neopreol also gave very similar results (Fig. 7, group

5, Table 6).

Discussion Along the Wound Healing Properties

of the Extracts

Wound healing is a complex and continuous sequence of

cellular and molecular processes including inflammation,

cell migration, angiogenesis, synthesis of provisional

matrix, collagen deposition and re-epithelialisation [27, 29,

46]. Nevertheless, the initial inflammatory phase has been

reported as the most critical [27]. In this regard, the proven

anti-inflammatory and immunomodulatory benefits of x-3

and x-6 FA seemed to have a positive effect on the wound

healing as demonstrated in Fig. 7. Our results are in con-

flict with those reported by Cardoso et al. that reported the

topical administration of x-3 and x-6 essential FA sig-

nificantly delayed the wound closure process [47], in a

Table 4 GC–MS product

distribution and relative

proportions (wt% of total sterol

content) of the sterols identified

from Mytilus galloprovincialis
(L.) and Rapana venosa dry

weight lipid extracts

Entry Sterols Mytilus galloprovincialis
(L.)

Rapana
venosa

1 Cholesterol 51.87 71.52

2 (22E)-24-norcholesta-5, 22-dien-3b-ol 7.89 6.11

3 (22E)-5a-ergosta-7,22-dien-3b-ol 11.12 7.75

4 25-hydroxy-24-methylcholesterol 12.93 5.20

5 5a-cholesta-8, 24-dien-3b-ol (zymosterol) – 3.77

6 5a-ergosta-7,24-dien-3b-ol – 4.29

7 Others (7 and 8 dehydrocholesterols, cholesterilene) 16.19 1.36

Table 5 Criterion to evaluate the histological features of the tissue samples

Score Epidermal and dermal regeneration Granulation tissue thickness Angiogenesis

+ Little epidermal and dermal regeneration Thin granular layer High degree of oedema, haemorrhage and

occasionally congestion and thrombosis

++ Moderate epidermal and dermal regeneration Moderate granulation layer Moderate degree of oedema and haemorrhage. Few

newly formed capillary vessels

+++ Complete regeneration of epidermis and dermis Thick granulation layer Moderate degree of perivascular and interstitial

oedema, absence of haemorrhage, newly formed

capillary vessels

Very thick granulation layer Well-structured capillary vessels at the wound

margins. Low degree of oedema
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similar way to results reported by Albina et al. that sug-

gested the use of a x-3 enriched diet might negatively

affect the wound healing process by altering the fibro-

blastic or maturational phases [48].

Despite our controversial findings, other authors have

observed that both x-3 and x-6 do not seem to have a

harmful effect on wound healing in mice [9].

With regards to the potentially active compounds

involved in the healing process, we believe the x-3 (EPA and

DHA) and x-6 (AA) essential FA actively take part possibly

via reduction of the initial inflammatory phase and conse-

quent facilitation of the subsequent wound healing steps

through stimulation of dermal and epidermal regeneration,

proliferation of fibroblasts and formation of new well-

structured capillary vessels. Furthermore, the higher content

of x-3 (EPA and DHA) essential FA and improved healing

properties of the Mytilus galloprovincialis (L.) and mixture

Mytilus galloprovincialis (L.)/Rapana venosa extracts

compared to those of Rapana venosa led us to infer the direct

involvement of EPA and DHA in the wound healing process.

In conclusion, we have investigated two different lipid

extracts from two molluscs species from the Black Sea.

The mixtures analysed were found to be very complex,

containing overall a high cholesterol content and interest-

ing quantities of several saturated and PUFA including x-3

(EPA and DHA) and x-6 (AA).

The activities of the lipid extracts were then investigated

on induced cutaneous burns in Wistar rats.

The extracts were found to accelerate the time of healing

in the wounds from 20–22 days (untreated animals) to 12–

16 days (treated animals), showing some improvements

with respect to results obtained using neopreol. We believe

the AA and, in particular, the EPA and DHA essential FA are

directly involved in the healing process, reducing the initial

inflammatory phase and promoting the recovery of the

damaged tissue.

Fig. 5 Microscopy images

(10 9 100, MGG) of the blood

sections of a healthy rats; b
untreated rats with skin burns

after 21 days (Group 1); c rats

with skin burns treated with the

Mytillus galloprovinciallis (L.)

lipid extract after 12 days

(Group 2); d rats with skin

burns treated with Rapana
venosa lipid extract after

14 days (Group 3); e rats with

skin burns treated with Mytilus
galloprovincialis Lmk.:Rapana
venosa lipid extracts after

13 days (Group 4); f rats with

skin burns treated with

Neoprenol after 14 days (Group

5)
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These results pointed out the lipid extracts have an

outstanding potential to be used as active compounds in

ointments and skin-care products with potential benefits on

burns, inflammations etc.

References

1. Biodiversity II: Understanding and protecting our biological

resources (1997) Reaka-Kudla ML, Wilson DE, Wilson EO (eds).

Joseph Henry Press, ISBN 0309055849

2. Borowitzka MA (1995) Microalgae as sources of pharmaceuticals

and other biologically active compounds. J Appl Phycol 7:235–242

Fig. 6 Microscopy images

(20 9 10, HE) of the tissue

sections of a healthy rats before

the skin burn was induced; b
untreated rats with skin burns

after 21 days (Group 1); c rats

with skin burns treated with the

Mytillus galloprovinciallis (L.)

lipid extract after 12 days

(Group 2); d rats skin burns

treated with Rapana venosa
lipid extract after 14 days

(Group 3); e rats skin burns

treated with Mytilus
galloprovincialis Lmk.: Rapana
venosa = 1:1 lipid extract after

13 days; f) rats with skin burns

treated with Neoprenol after

14 days (Group 5)

Fig. 7 Healing time (days) of the skin burns for the five groups of

Wistar rats: 1 untreated animals; 2 treated with Mytilus galloprovin-
cialis (L.); 3 treated with Rapana venosa; 4 treated with a Mytilus
galloprovincialis (L.):Rapana venosa 1:1 mixture; 5 treated with

neopreol

Table 6 The histological score

of the five groups of Wistar rats
Groups Histological score

1 (Control) ++

2 +++

3 ++

4 +++

5 ++

Lipids (2008) 43:829–841 839

123



3. Mayer AMS, Hamann MH (2005) Marine pharmacology in

2001–2002: Marine compounds with antihelmintic, antibacterial,

anticoagulant, antidiabetic, antifungal, antiinflammatory, anti-

malarial, antiplatelet, antiprotozoal, antituberculosis and antiviral

activities, affecting the cardiovascular, immune and nervous

systems and other miscellaneous mechanisms of action. Comp

Biochem Physiol C: Toxicol Pharmacol 3–4(140):265–286
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Abstract A previously unreported series of di- and tri-

methylated fatty acids, as well as saturated and monoun-

saturated diacids were identified in polar lipids isolated

from environmental subsurface sediment samples. Mech-

anisms are proposed for their formation, but their origin

and role in cell membranes remains unknown.

Keywords Branched fatty acids � Lipid analysis �
Environmental samples

Abbreviations

PLFA Polar lipid fatty acids

ECL Equivalent chain length

Introduction

Polar lipid fatty acid (PLFA) analysis is a powerful method

in microbial ecology, providing information on the bio-

mass, community structure, and metabolic status of the

viable microbial community [1, 2]. To extract the maxi-

mum information from environmental samples, it is

important to identify unusual PLFA, which may be of low

abundance, and for which there are often no standards

available.

As part of a study on biological immobilization of

uranium by reduction from soluble U6+ to insoluble U4+

[3, 4], sediment samples were analyzed for their PLFA

content. An unusually large number of unknown fatty

acid methyl esters were detected by gas chromatogra-

phy–mass spectroscopy, a few of which had been seen

previously in samples from other environments. Their

mass spectra were those of saturated fatty acid methyl

esters (74 and 87, or 88 and 101 for 2-methyl, or 74 and

101 for 3-methyl fatty acid methyl esters, M+, M-31,

and the alkyl loss series), but their retention times were

too early for straight-chain or singly branched fatty

acids. The pattern of their appearance in other samples

sets had been suggestive of some component of the

microbial community, but could not be proven not to be

a new contaminant. Their number and abundance in this

sample set presented the opportunity for their identifi-

cation, but the samples had already been analyzed and

the chance to use the more informative picolinyl or

DMOX derivatives was past. Using mass spectral and

equivalent chain length analyses, and relying heavily on

the lipid literature, 21 multiply branched saturated fatty

acids, 4 diacids, and 3 monounsaturated diacids were

identified as their methyl esters.
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Materials and Methods

Study Site

The Old Rifle site is a former uranium processing facility

near Rifle, CO, USA. Within the sampling area and near

the time of sampling, groundwater analysis found U6+

from 0.5 to 1.3 lM, nitrate 0.1–0.3 mM, Fe2+ 0.03–

0.05 lM, sulfate 5.3–6.8 mM, sulfide 6–33 lg/L, pH 6.7–

7.0, and oxygen from 0.2 to 0.5 mg/L. Sediment samples

were collected from the saturated zone of the aquifer,

between 4 and 5.2 m below land surface. Subsurface sed-

iment samples were collected aseptically using a rotosonic

drilling rig (Boart Longyear, Environmental Drilling

Division, Little Falls, MN, USA) and were kept frozen

until analysis, as described [4]. As part of the overall

experiment, 13C-labeled acetate was injected into the

aquifer, but only control samples collected before 13C-

labeled acetate injection were used for the identification of

unknowns.

Polar Lipid Fatty Acid Analysis

The total lipid was extracted from subsurface sediment

samples by the method of Bligh and Dyer [5] as modified

[6] utilizing a single-phase mixture of chloroform, metha-

nol, and phosphate buffer. The polar lipid fraction was

separated from neutral lipids and glycolipids by silicic acid

column chromatography, and transesterified to fatty acid

methyl esters by a mild alkaline methanolysis [7]. Gas

chromatography–mass spectroscopy was performed on an

Agilent 6890 series gas chromatograph with a 50 m HP-1

nonpolar column (0.2 mm I.D., 0.11 lm film thickness),

and a temperature program of 100 �C initial temperature,

10 �C/min to 150 �C, hold for a minute, 3 �C/min to

282 �C, and hold for 5 min. The injector and detector

temperatures were 270 and 290 �C, respectively. The car-

rier gas was hydrogen. Peak quantitation and mass spectral

acquisition was by an Agilent 5973 mass-selective

detector.

Equivalent Chain Length Analysis

Equivalent chain lengths (ECL) of fatty acid methyl esters

were calculated by linear interpolation between the normal

saturates, rather than the more commonly used linear or

non-linear regression across the entire chromatogram. The

untransformed retention times were regressed against car-

bon number for the 12 normal saturates, in order to test for

outlier retention times. Pearson’s R2 for the regression was

generally greater than 0.95. The high abundance of 16:0

gave non-ideal behavior in some samples. Due to the

method used, the ECLs of the normal saturates are by

definition equal to their chain lengths (Table 1).

Equivalent chain lengths for the multiply branched fatty

acid methyl esters identified by mass spectroscopy were

estimated by considering them as isomers of a normal

saturate, each methyl branch lowering the ECL by some

fraction, depending upon position and chain length (Fig. 1

of the Electronic Supplementary Material). This is expec-

ted to give reasonable estimates of the ECLs when the

methyls are well-separated on the carbon chain, so that

interaction between the methyl groups is not significant.

The fractional ECL for a fatty acid methyl ester X,

f(ECL)X, was calculated by

f ECLð ÞX¼ ECLX � ECLI þ 1

where ECLI is the ECL of the isomeric normal saturate.

Since a methyl branch nearer the carboxylate end of the

molecule affects the retention time more than one further

away, the calculated ECL is based on the ECL of the

isomeric mono-methyl FAME at the first position, and then

adjusted for the methyl closer to the aliphatic end. Using

the equation

ECL ¼ ECLn;1 þ f ECLð Þn;2�1

where n is the carbon number of the dimethyl fatty acid and

1 and 2 represent the methyl positions closer to and further

from the carboxylate, respectively. If the f(ECL) of the

second methyl branch varies strongly with chain length, the

following equation is more accurate.

ECL ¼ ECLn;1 þ f ECLð Þn�1;2

þ f ECLð Þn;1� f ECLð Þn�1;2 � f ECLð Þn;2
h in o

� 1

Results

Table 1 lists 86 polar lipid fatty acid methyl esters detected

in this microaerophilic microbial community and Fig. 1

gives some of the structures. The 12 normal saturates

detected from 14:0 to 26:0 showed a strong even carbon

number dominance and a bimodal distribution centered on

16:0 and 22:0. The 6 terminally branched fatty acids had

the even- and odd-numbered iso-branched and odd-num-

bered anteiso-branched fatty acids expected of bacterial

lipids [8]. Both the 15- and 17-carbon terminally branched

fatty acids had more of the anteiso- than iso-branched

isomer, as is often found in actinomycetes [9–11]. The

ECLs of the terminally branched fatty acids were consis-

tent internally and with published values [12].

The three 2-methyl fatty acid methyl esters (2Me16:0,

2Me17:0, and 2Me18:0) had fragments at m/z = 88, 101,

M+, and M –31. They showed the alkyl loss series (101,

115, … M – 15) similar to normal saturates but with lower

844 Lipids (2008) 43:843–851
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and more equal abundance [13]. The ECLs of all three are

consistent with 2Me fatty acids [12, 14]. Two 3-methyl

fatty acids were detected (3Me14:0 and 3Me16:0), with

major fragments at m/z = 74 and 101, and mass spectra

otherwise similar to 2-methyl fatty acids [13].

Table 1 Polar lipid fatty acid methyl esters, average of 11 subsurface

sediment samples

Fatty Acid MW ECL Percent

i14:0 242 13.64 0.26

14:0 242 14.00 0.74

neo15:0 256 14.18 –

3Me14:0 256 14.39 –

8Me14:0 256 14.46 0.16

9Me14:0 256 14.49 –

10Me14:0 256 14.52 0.38

11Me14:0 256 14.59 –

i15:0 256 14.63 3.14

a15:0 256 14.72 4.24

15:1 254 14.81 0.04

2,10diMe14:0 270 14.87 –

15:0 256 15.00 0.46

3Me-i15:0 270 15.03 0.20

8Me-i15:0 270 15.07 0.33

10Me-i15:0 270 15.10 0.36

3Me-a15:0 270 15.10

6Me-a15:0 270 15.14 0.02

neo16:0 270 15.19 –

i16:1w5c 268 15.41 0.13

10Me15:0 270 15.48 0.39

12Me15:0 270 15.58 0.31

i16:0 270 15.64 1.73

16:1w9c 268 15.72 0.71

16:1w7c 268 15.76 5.25

16:1w7t 268 15.81 0.43

16:1w5c 268 15.86 1.82

16:0 270 16.00 13.01

3Me-i16:0 284 16.03 –

10Me-i16:0 284 16.07 0.87

2Me16:0 284 16.35 0.22

i17:1 282 16.37 1.12

3Me16:0 284 16.38 –

10Me16:0 284 16.45 10.75

11Me16:0 284 16.48 1.26

12Me16:0 284 16.52 0.42

i17:0 284 16.64 1.58

a17:0 284 16.73 2.69

2,10diMe16:0 298 16.78 0.47

3,10diMe16:0 298 16.82 0.43

Cy17:0 282 16.84 3.09

2,12diMe16:0 298 16.86 0.01

3,12diMe16:0 298 16.91 0.07

2Me-i17:0 298 16.97 –

17:0 284 17.00 0.71

10Me-i17:0 298 17.06 1.92

10Me-a17:0 298 17.12 0.78

Table 1 continued

Fatty Acid MW ECL Percent

2Me17:0 298 17.36 0.06

2,10diMe-i17:0 312 17.39 0.31

10Me17:0 298 17.43 0.71

18:2w6 294 17.63 1.90

18:3w3 292 17.67 0.36

18:1w9c 296 17.72 4.25

18:1w7c 296 17.77 4.67

18:1w7t 296 17.81 0.71

18:1w5c 296 17.87 0.26

18:0 298 18.00 2.97

br19:1a 310 18.06 0.29

br19:1b 310 18.10 0.77

2Me18:0 312 18.35 0.15

10Me18:0 312 18.41 1.33

12Me18:0 312 18.44 0.84

10,12diMe-i18:0 326 18.62 0.36

16:1diacid 312 18.66 0.98

2,8diMe18:0 326 18.71 –

2,10diMe18:0 326 18.74 0.35

2,12diMe18:0 326 18.78 0.38

Cy19:0 310 18.86 5.34

19:0 312 19.00 0.17

16:0dioic 314 19.10 2.06

10Me-a19:0 326 19.16 0.10

9,10epox18:0 326 19.39 0.06

20:1w9c 324 19.71 0.31

20:1w7c 324 19.77 0.06

20:0 326 20.00 0.78

2oh19:1 326 20.06 0.17

18:0dioic 342 21.12 1.31

22:0 354 22.00 2.08

20:1dioic 368 22.74 0.32

23:0 368 23.00 0.58

20:0dioic 370 23.12 0.64

24:0 382 24.00 1.12

22:1dioic 396 24.78 0.46

25:0 396 25.00 0.23

22:0dioic 398 25.13 0.51

26:0 410 26.00 0.39

MW molecular weight of the methyl ester, ECL equivalent chain

length, and Percent average mole percent
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The 12 mid-chain branched fatty acid methyl esters

identified (Table 1) showed the expected order of elution

times 2Me \ 3Me \ 8Me \ 10Me \ 11Me \ 12Me \
iso-branched \ anteiso-branched [15], and the expected

decrease in fractional ECL with increasing carbon number.

Saturated mid-chain branched fatty acid methyl esters were

identified by comparison with the isomeric normal saturate

(Fig. 2), which is characterized by fragments at m/z = 74,

87, M+, M – 31, the alkyl loss series (87, 101, 115, … M –

15) [13]. A mid-chain branched fatty acid methyl ester

always has a retention time earlier than its iso-branched

isomer. Single mid-chain methyl groups were located by the

absence or lower abundance of the alkyl loss fragment at the

methyl position, and the enhanced alkyl loss fragments

from cleavage at either side of the methyl branch (Fig. 2).

Other characteristic fragments with much lower abundance

are the loss of methanol (loss of 32) from the alkyl loss

fragments at either side of the branch and metha-

nol + water (loss of 50) from the longer fragment [13]

(Fig. 2). Their ECLs were also consistent with earlier work

in this laboratory and with literature values [15, 16].

There were 21 multiply methyl-branched saturated fatty

acid methyl esters identified in these samples with frag-

mentograms as described above for 2-methyl, 3-methyl, or

mid-chain branched fatty acids, but ECLs less than the

isomeric 2-methyl fatty acid methyl esters (Table 2).

Nineteen of these were dimethyl fatty acids, and two had

three methyl groups.

Five fatty acids with mid-chain and terminal branches

were identified by the fragmentations typical of mid-chain

branched fatty acids (above), M – 29 [ M – 31 for anteiso-

branched fatty acids, ECLs much lower than possible for a

single methyl branch, and by eliminating all other possi-

bilities. The estimated ECLs were correct to within ±4% of

a methylene unit.

There were eight dimethyl fatty acids with a mid-chain

branch and the other methyl group on the second or third

carbon identified (Table 2).

Two trimethyl fatty acids were also identified in these

samples—10,12diMe-i18:0 and 2,10diMe-i17:0. There

were other multiply branched fatty acids seen in these

samples which could not be completely identified including

3Me-br14:0, ECL = 14.03; 8Me-br14:0, 14.09; 3Me-

br17:0, 17.03; 2Me-br19:0, 18.79; br20:0, 19.16; 2Me-

br21:0, 20.71; 2Me-br22:0, 21.02; 2Me-br23:0, 22.68; and

2Me-br24:0, 22.97.

Four long chain diacids and 3 monounsaturated diacids

were identified in these samples by their mass spectra

(NBS75K library, Hewlett-Packard, Palo Alto, CA, USA)

and retention times. An n-carbon saturated diacid dimethyl

ester elutes soon after the (n + 3)-carbon normal saturate

methyl ester [17]. For example, 16:0dioic elutes soon after

19:0 at an ECL of 19.10. The monounsaturated diacid

dimethyl esters eluted about as much earlier than the cor-

responding saturate as an x7c monounsaturated methyl

ester eluted earlier than its corresponding normal saturate.

Discussion

Mass Spectral and Equivalent Chain Length Analyses

The multiply branched fatty acids identified in this work

had mass spectra typical of saturated fatty acid methyl

Fig. 1 Some novel polar lipid

fatty acids

846 Lipids (2008) 43:843–851
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esters, as illustrated with the mass spectra of the isomers

16:0, 12Me15:0, and 10Me-i15:0 (Fig. 2). The two most

abundant peaks are at 74 and 87, or 88 and 101 for 2-methyl

fatty acids, or 74 and 101 for 3-methyl fatty acids. The

molecular ion, M+, and M – 32 (loss of methanol) are

usually apparent, though M – 32 may not be seen in longer-

chain fatty acid methyl esters. Consideration of the major

ions and molecular weight eliminated unsaturated,

hydroxylated, keto, or methoxyl fatty acids, as well as

various possible nitrogen, sulfur, or halogen substitutions.

Ethyl-branches would give rise to an M – 28 ion [18], which

was not observed. By similar arguments, larger alkyl

branches or cyclic saturates were eliminated as possibilities.

The effect of methyl substitution on the mass spectrum

of a fatty acid methyl ester is greatest at the two position,

and decreases as the position of the substitution proceeds

down the carbon chain, to the iso-branched fatty acid

which can rarely be distinguished from the normal saturate

isomer by its mass spectrum [13]. In multiply methyl

branched saturated fatty acid methyl esters, the methyl

nearer the carboxyl end of the molecule somewhat

suppresses ions due to the methyl further away. Identifi-

cation of these minor fatty acids by subtle differences in

their mass spectra required analysis of multiple chro-

matograms and extensive use of background subtraction

and extracted ion chromatograms.

ECL analysis can support a proposed structure, but is

not proof. The great power of ECL analysis is in elimi-

nating a proposed structure. Once a structure was deduced

from the mass spectral analysis, it was tested by ECL

analysis. All structures reported here were supported by

both methods.

Elimination of Known Multi-Methyl Fatty Acid Methyl

Esters

The mass spectra and ECLs of several other types of

multiply branched fatty acids were compared with these

multi-methyl branched fatty acids, but did not match. The

mycocerosates found in Mycobacteria have methyl groups

at the even-numbered carbons near the carboxyl terminus.

Examples include (with ECLs) 2,4diMe14:0 (14.56),

Table 2 Multiply branched polar lipid fatty acid methyl esters in subsurface sediment samples

Name % ECL Est. Err. Grp. IUPAC

Dimethyl branched

2,10diMe14:0 – 14.87 14.88 0.01 e 2,10-dimethyl-tetradecanoate

2,10diMe16:0 0.34 16.78 16.81 0.02 e 2,10-dimethyl-hexadecanoate

3,10diMe16:0 0.22 16.82 16.84 0.02 e 3,10-dimethyl-hexadecanoate

2,12diMe16:0 – 16.86 16.88 0.02 e 2,12-dimethyl-hexadecanoate

3,12diMe16:0 0.02 16.91 16.92 0.01 e 3,12-dimethyl-hexadecanoate

2,8diMe18:0 – 18.71 18.72 0.01 e 2,8-dimethyl-octadecanoate

2,10diMe18:0 0.34 18.74 18.74 0.00 e 2,10-dimethyl-octadecanoate

2,12diMe18:0 0.38 18.78 18.80 0.01 e 2,12-dimethyl-octadecanoate

3Me-i16:0 – 16.02 16.02 0.00 ei 3,14-dimethyl-pentadecanoate

10Me-i16:0 0.83 16.07 16.09 0.03 ei 10,14-dimethyl-pentadecanoate

3Me-i15:0 0.18 15.03 15.03 -0.01 oi 3,13-dimethyl-tetradecanoate

8Me-i15:0 0.28 15.07 15.07 0.01 oi 8,13-dimethyl-tetradecanoate

10Me-i15:0 0.34 15.10 15.11 0.01 oi 10,13-dimethyl-tetradecanoate

2Me-i17:0 – 16.97 17.00 0.03 oi 2,15-dimethyl-hexadecanoate

10Me-i17:0 1.84 17.06 17.06 0.00 oi 10,15-dimethyl-hexadecanoate

3Me-a15:0 – 15.10 15.11 0.01 a 3,12-dimethyl-tetradecanoate

6Me-a15:0 – 15.14 15.12 –0.02 a 6,12-dimethyl-tetradecanoate

10Me-a17:0 0.80 17.12 17.15 0.03 a 10,14-dimethyl-hexadecanoate

10Me-a19:0 0.11 19.16 19.14 –0.02 a 10,16-dimethyl-octadecanoate

Trimethyl branched

10,12diMe-i18:0 0.18 18.62 18.46 –0.16 ei 10,12,16-trimethyl-heptadecanoate

2,10diMe-i17:0 0.33 17.39 17.40 0.01 oi 2,10,15-trimethyl-hexadecanoate

Bold value indicates that it is the exception to the high accuracy of the ECL calculation, due the methyl groups being close to each other on the

carbon chain

% mole percent, ECL equivalent chain length, Est. estimated ECL, Err. Est.–ECL, Grp. fatty acid biosynthetic group (e even, ei even iso, oi odd

iso, a anteiso), and IUPAC fatty acid name according to the rules of the International Union of Pure and Applied Chemists
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2,4diMe16:0 (16.59), 2,4diMe20:0 (20.67), 2,4,6triMe22:0

(22.82), 2,4diMe24:0 (24.67) [14, 15]. None of these

compounds were found. Their retention times are earlier

than the multiply branched fatty acids found in this study

with the same molecular weight and degree of methylation

due to the crowding of their methyl groups near the car-

boxy-terminus. Their mass spectra are characterized by

major fragments at m/z = 88 and 101 (due to the 2-

methyl), and 129 (due to the 4-methyl) [19–21], which do

not match any compounds found in these samples. Certain

2-hydroxy-alkanes found in the membrane lipids of

Mycobacteria were also not found in these samples—2-

hydroxy-octadecane and 2-hydroxy-eicosane [14].

Another source of multiply branched fatty acids is the

degradation of isoprenoids from chlorophyll or archae-

bacterial ether lipids. However, the multiply branched

saturated FAME’s found in these samples do not appear at

the published retention times for these products, nor do the

mass spectra match [22–24]. For some of the isoprenoid

fatty acids, multiple ECLs were reported for a single

structure, which is most likely due to variation in the ste-

reochemistry of the methyl groups [25]. These include

3,7diMe-i13:0 (ECL = 13.44), 4,8diMe-i14:0 (14.16,

14.53), 5,9diMe-i15:0 (15.49), 2,6,10triMe-i16:0 (15.80,

16.61), 3,7,11triMe-i17:0 (17.04, 17.29, 17.72), and

4,8,12triMe-i18:0 (18.34) [25–31].

Another possibility is sub-terminal carboxylation

(addition of carboxylic acid to the second carbon of an

alkane to produce a 2-methyl fatty acid) which has been

seen in some anaerobic bacteria [32, 33]. However, for this

mechanism to be relevant requires abundant alkanes, which

were not reported in this environment. Also, the typical

distribution of alkanes from industrial or natural sources

would produce a large envelope of small overlapping

Fig. 2 Mass spectra of the isomers 16:0, 12Me15:0, and 10Me-i15:0
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peaks, which was not seen. And further, most of the mul-

tiply branched fatty acids found were iso- or anteiso-

branched, which would require unusually high levels of

iso- and anteiso-branched alkanes as substrate.

A similar series of multiply methyl branched fatty acids

have been found in a halophilic Bacillus, including

4,11diMe12:0, 4,10diMe12:0, 2,13diMe14:0,

2,12diMe14:0, and 4,13diMe14:0 [34]. While the 4-methyl

branched fatty acids from this Bacillus were not found in

these sediments, 2,12diMe14:0 is a shorter chain homolog

of 2,12diMe16:0 and 2,12diMe18:0 which were found in

these sediments.

Are These Membrane Fatty Acids?

There are several lines of evidence that these multiply

branched and dioic fatty acids are membrane fatty acids

produced by some organism, probably a bacterium, living

in these subsurface sediments.

When 13C-acetate was injected into the subsurface

sediment (as part of a test of a bioremediation program),

the label appeared in several of the multiply branched fatty

acids (A. D. Peacock et al. in preparation). This is very

strong support for biosynthesis of multiply branched fatty

acids in the subsurface environment.

Second, this is a well-studied site with an active pro-

gram of experimental bioremediation [3, 4; and references

therein], but there is no mention of organic contaminants at

this site which might be the source for these compounds.

Third, the total viable microbial biomass over these

samples averaged 238 pmol/g with a standard deviation of

102 pmol/g (n = 11), and the percent of multiply branched

fatty acids averaged 7.3% of the total with a standard

deviation of 1.3%, similar to other fatty acid groups. If

these compounds were independent of microbial biomass,

their percentage would be expected to be more variable

than the other fatty acid groups. Rather the amount of

multiply branched fatty acids closely followed the amount

of total PLFA. A similar pattern was seen for the diacids.

Fourth, some of these multiply methyl branched fatty

acids have been detected but not identified before in PLFA

from environmental samples, but not in procedural blanks.

However, due to their very low abundance and lack of

identification, they were not reported.

Fifth, the multiply branched fatty acids were detected as

methyl esters and the diacids as dimethyl esters. The mild

alkaline methanolysis used transesterified ester-bound

carboxylic acids, but does not efficiently form methyl

esters from free fatty acids. Therefore, these compounds

were ester-linked in some complex polar lipid in the

sample. Complex polar lipids are essential components of

all cellular membranes, but polar lipid anthropogenic

contaminants are very rare.

Sixth, while an extensive literature search revealed no

previous report of several of these compounds, this is

probably due to them not being recognized as authentic

membrane components. These multiply branched fatty

acids and diacids were minor components in these samples,

but more abundant in these samples than any others in our

experience. 2-Methyl or 3-methyl fatty acid methyl esters

might not be recognized if they were not expected, and if

the compounds were very minor components, because they

do not have the signature m/z = 74 and 87 typical of fatty

acid methyl esters. The mass spectra of diacid dimethyl

esters are similar to those of fatty acid methyl esters, and

may have been confused with the normal saturates or a

hydrocarbon contaminant series which elute near them.

Alternatively, the increasing background noise due to the

chromatographic temperature program could have

obscured the diacid peaks, or the temperature program

might not have been run long enough to elute the diacids.

And finally, seventh, these multiply branched fatty acids

and diacids could be synthesized by extension of known

microbial lipid biosynthetic pathways. For most of the

multiply branched fatty acids found, there are fatty acids in

this sample with a single methyl group at each of those

positions. A fatty acid can be converted into a diacid by the

same oxidation mechanisms that convert alkanes to acids

[35, 36].

The Origin of Multiply Branched Fatty Acids

While a strong argument can be made that these are bio-

synthesized membrane lipids, the organism(s) responsible

for their synthesis and their role in the cell are unknown. The

three main mechanisms for methyl group addition to bac-

terial fatty acids are (1) iso- and anteiso-branched fatty acids

synthesized by using a branched volatile fatty acid as the

primer in fatty acid biosynthesis in place of acetate [8], (2)

mid-chain branched fatty acids formed by addition of a

methyl group from S-adenosyl-methionine to an unsatura-

tion [37, 38], and (3) 2-methyl fatty acids and mycocerosates

are made by Mycobacteria by substituting methyl malonyl-

CoA for acetate in chain elongation [39]. The multiply

branched fatty acids found in these samples could have been

formed by the successive action of these 3 methylation

mechanisms, but the 2- and 3-methyl fatty acids found in

these samples do not match to those produced by

Mycobacteria.

Dioic Fatty Acids

In this sample set, 4 diacids and 3 monounsaturated diacids

of chain length from 16 to 22 carbons were found in the

polar lipid fraction (Table 1). The only example in the

literature of a long-chain diacid in membrane lipids is

Lipids (2008) 43:843–851 849

123



diabolic acid, found in a few eubacterial extremophiles

[40]. But diabolic acid has 30 carbons including 2 methyl

groups near the center of the molecule, while the diacids

found in this work were shorter and unbranched. Dembit-

sky found several dioics in methanolysates of total lipids

from a red alga [41], but they were only from 7 to 11

carbons long, and they could have been neutral or complex

lipids.

Diacids are major components of plant waxes such as

cutin. For example, diacids from 14 to 22 carbons long,

including a monounsaturated diacid, were found in samples

of pine, fig, and oak bark [42]. Diacids from 20 to 28 were

found in whole soil methanolysates, which probably orig-

inated from plant waxes [43]. While the diacids found in

this sample were most similar to plant wax diacids, there is

no source of plant waxes in this subsurface environment.

Furthermore, plant waxes would not appear in the polar

lipid fraction.

These multiply branched and dioic fatty acids are bio-

logically reasonable in terms of known lipid biosynthetic

pathways, and are unlikely to be anthropogenic contami-

nants esterified in the polar lipid fraction. They probably

have been unreported from earlier PLFA analyses of

environmental samples because they were unexpected,

minor components.

These multiply branched fatty acids are similar in

degree of methylation to fatty acids from bird preen gland

lipids [12, 18], and the dioics are like plant wax lipids in

chain-length distribution and the presence of a monoun-

saturation [42]. Bird preen gland lipids and plant waxes are

both protective hydrophobic barriers. Perhaps these unu-

sual membrane lipids are a defense against aqueous toxins,

such as sulfide and metals found at this site.
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Abstract Four groups of eight New Zealand hybrid rab-

bits were fattened with ad libitum access to the following

pelleted experimental diets: ryegrass meal or alfalfa meal

fed either alone or with oats meal in a ratio of 1:1. After

25 weeks they were slaughtered and dissected. Fatty acid

(FA) profiles of caecotrophs (re-ingested fermentation

products of the caecum), perirenal adipose tissue and

intramuscular fat in the Musculus quadriceps were deter-

mined. With high proportions of branched-chain FA (BFA)

and trans FA, and increased proportions of saturated FA

relative to the diets, the caecotroph FA profile showed a

clear fingerprint of anaerobe microbial lipid metabolism

including biohydrogenation. By contrast, the FA profiles of

adipose and lean tissue comprised high proportions of

polyunsaturated FA (PUFA), whilst BFA and trans FA

occurred in much lower proportions compared to the ca-

ecotrophs. Thus, coprophagy did not substantially modify

the FA composition of the tissues investigated. Use of

forage-only diets, compared to the oats supplemented diets,

led to extraordinary high proportions of n-3 PUFA

(including 18:3 and long-chain n-3) in the fat of adipose

(21.3 vs. 6.7%) and lean tissue (15.4 vs. 5.7%). The forage

type diet (grass vs. alfalfa) had smaller effects on the FA

profiles. Indications of diet effects on endogenous desatu-

ration, chain elongation and differential distribution of

functional FA between the two tissues investigated were

found.

Keywords Rabbit � Coprophagy � Caecum � Meat �
Microbial lipid metabolism � Branched chain fatty acids �
trans-Fatty acids � N-3 fatty acids � Forage � Oats

Abbreviations

ALA a-linolenic acid

BFA Branched chain fatty acids

CLA Conjugated linoleic acids

FA Fatty acids

FAME Fatty acid methyl ester

MUFA Monounsaturated fatty acids

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

TVA trans-Vaccenic acid 11trans-18:1

Introduction

The significance of microbial lipid digestion in rabbits and

other small herbivores with significant microbial fermen-

tation in the hindgut (caecum) [1], is not yet well known.

Information on the effect of the microbial influence on

lipids in the digestive tract mostly comes from ruminant

animals with their large forestomach [2, 3]. The microbial

fermentation of the ingested feed is associated with bio-

hydrogenation and isomerisation of unsaturated FA. This

results in the production of considerable amounts of several

trans-FA, conjugated linolenic acids (CLA) and stearic

acid [2, 4]. Another particularity of ruminal digestion is the

de novo synthesis of branched-chain FA [3]. Therefore,

microbial digestion results in characteristic FA profiles in
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the tissues of ruminants, which were subject to extensive

research work aimed to improve the nutritional quality of

animal products [2, 4–8]. In rabbits, digestive fermentation

takes place in the hindgut, namely the caecum. Ingesta

undigested so far—predominantly plant cell walls—are

fermented and relevant nutrients including B vitamins and

protein are anaerobically synthesised by the hindgut

microbes [1, 9]. Because nutrient absorption from the

hindgut is limited, these animals produce a particular kind

of soft feces in the caecum, the caecotrophs, which are re-

ingested [9, 10]. In wild living rabbits, the main part of the

unabsorbed ingesta is recycled by this way [9].

Lipids produced by bacteria in the caecum should share

the typical microbial FA profile as described for the foregut

of ruminants. Potentially, such lipids could reach the

duodenum and the blood via coprophagial re-ingestion.

High amounts of trans-FA and branched-chain FA (BFA),

as found in the tissues of beavers [11, 12], could be

explained by this behavior. However, in-depth research on

the FA profile of caecotrophs and an evaluation of its

influence on the endogenous FA metabolism of such ani-

mals has not yet been performed. This could be useful in

comparative physiological research on wild animals in

order to develop a marker for coprophagy [10]. It could

also elucidate the significance of coprophagy for the

endogenous metabolism of the animal and, consequently,

for the use of rodents and rabbits, as animal models in lipid

metabolism research. These species could, by coprophagy

alone, ingest an uncontrolled amount of these FA in

experimental studies, which may cause particular meta-

bolic responses [13], thus partially questioning their use to

simulate potential effects of trans FA and BFA in humans.

Finally, coprophagy could influence the nutritional value of

rabbit meat if the ingested hindgut microbe-derived FA

result in a substantial modification of the tissue lipids. This

context has not yet been investigated.

Another important question is how the diets fed to

rabbits interact with the microbial metabolism in the cae-

cum resulting in a specific pattern of FA supply. In

comparison, n-3 PUFA and 9c,11t-18:2 CLA in meat and

milk from ruminants increase when animals are fed diets

containing high proportions of forage and only low pro-

portions of cereal or legume grain crops [6–8], i.e. diets

which are relatively close to the natural feeding behavior

of these species. A similar situation might be found in

rabbits which are grazing animals as well [14]. Accord-

ingly, in the tissues of wild rabbits, concentrations of ALA

and long-chain n-3 PUFA were found [15] to be clearly

higher than those reported from rabbits fattened on farm

[16]. Rabbits in agricultural production systems are com-

monly fed diets which largely differ from that of wild

rabbits because they contain high cereal proportions [17–

19]. The question remains whether the nutritional quality

of the rabbit meat lipids could be increased with high-

forage diets which are closer to the natural diets, and to

which extent an interaction with coprophagy is relevant.

Although a number of publications on the fat quality of

rabbit meat exist [15–17, 19–23], no reports on controlled

studies of the effects of high-forage diets are available.

Diet type, especially the proportion of concentrate, was

shown to influence the amount of caecotroph formation

[18, 24] and, thus, indirectly the ingestion of microbially

modified FA. Finally, the forage type might be important

in this respect. From ruminant research, there are indica-

tions that legumes such as alfalfa, although having lower

ALA proportions in the lipids than ryegrass [25], could

inhibit microbial biohydrogenation [2, 5] and thus could

increase supply with ALA. In case caecotrophy substan-

tially influences FA intake, such an effect could be

important in rabbits, too.

The hypotheses to be tested by an experiment with

growing rabbits included: (1) that the profile of long-chain

FA in rabbit’s caecotrophs closely resembles the FA profile

of ruminant digesta, (2) that traces or larger amounts of

those FA which are typical for microbial fermentation can

be recovered in the body tissue of rabbits, (3) that high-

forage diets have a direct (more ALA) or caecotrophy-

mediated (more 9c,11t-18:2 CLA and TVA) influence on

tissue FA composition, and (4) that a leguminous forage

type has a significant influence in this respect.

Experimental Procedure

Four groups of eight New Zealand hybrid type rabbits were

fattened on different diets for 25 weeks. The four diets

were pelleted, consisting either of pure ryegrass meal (G),

pure alfalfa meal (A), grass meal and oats meal 1:1 (GO) or

alfalfa meal and oats meal 1:1 (AO). The composition of

the main dietary nutrients as analyzed according to Nau-

mann and Bassler [26] is given in Table 1, and their FA

profile in Table 2. The rabbits originated from one breed-

ing facility for meat rabbits. At the beginning of treatment

feeding, they were between 5 and 6 weeks old with a body

mass between 1,124 and 1,930 g. Groups proportionately

consisted of female and castrated male animals, and allo-

cation to treatment was balanced with respect to the

average of and variation in initial body mass. Animals of

each group were kept together on woodchips in enclosures

of 5.4 m2, fitted with a sleeping box of 0.59 m2. Feed and

water was provided with ad libitum access. Daily intake

was recorded as the average per group. Feed consumption

of the groups was monitored daily by weighing the feed

refusals before filling the troughs for the next day. No

measures were taken to prevent coprophagy in the animals.

The animals were also weighed before slaughter.

854 Lipids (2008) 43:853–865

123



Immediately after slaughter, the animals were dissected,

and samples of abdominal (perirenal) fat and of the central

quadriceps muscle of the left hind leg were taken. Addi-

tionally, the gastrointestinal tract was dissected, opened,

and controlled for the presence of caecotrophs. In the

colon, caecotrophs can be differentiated from hard faeces

based on their smaller size, and softer and moister con-

sistency [1]. Due to a tough mucoprotein membrane, which

resists digestion in the stomach for several hours [9],

re-ingested caecotrophs can be identified from shape, form

and consistency. Therefore, we assumed that caecotrophs

in the stomach that still were not disintegrated were equal

in composition to caecotrophs from the caecum and colon.

No caecotrophs were collected from the small intestine.

Samples of adipose and muscle tissue and caecotrophs

were immediately sealed in plastic bags and stored at

-20�C until analysis.

Lipid Extraction from the Samples

Lipids from feeds and caecotrophs were extracted by

accelerated solvent extraction (ASE 200; Dionex Corp.,

Sunnyvale CA) using hexane/isopropanol (2:1 vol/vol) and

transformed into FA methyl esters (FAME) according to

Wettstein et al. [27]. The FAME were dissolved in hexane

and purified on a silica gel column.

Lipid extraction from lean and adipose tissue was per-

formed after homogenisation of the samples. Lipids from

M. quadriceps were extracted by dissolving 1 g of ho-

mogenisate in 5 ml hexane-isopropanol (3:2). The lipids

from adipose tissue were extracted from 0.2 g homogeni-

sate with 12 ml hexane. Both solvents contained

triundecanin and phosphatidylcholin (Fluka Chemie,

Buchs, Switzerland) as internal standards. Subsequently,

the fatty acids in the extracts were converted to methyl

esters according to the official IUPAC method [28] with

slight modifications (2 ml 0.5 M methanolic NaOH boiled

for 3 min in a reaction tube, 3 ml 1.3 M boron trifluoride

boiled for 4 min). A cleaning step was carried out to pre-

vent artifacts caused by cholesterol when analyzing the

trans-FA isomers. The FAME were sprayed onto a thin

layer chromatography glass plate coated with silica gel 60

F254 (Merck KGaA, Darmstadt, Germany). Subsequently,

the plates were run in a chamber saturated with a solution

of hexane, diethylether and acetic acid in a ratio of

85:15:0.2 for 30 min until the solvent had reached the

upper border of the plate. The FAME were identified and

marked in UV light (440 nm) after having sprayed the plate

with a fluorescent dye (20,70-Dichlorofluorescein, Fluka,

Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). The

identified zone was scratched off, dissolved with a 1:1

mixture of chloroform and hexane and filtered through a

silica gel column.

Fatty Acid Analysis

All samples were analyzed for individual FAME on a gas

chromatograph (HP 6890, Agilent Technologies Inc.,

Wilmington, DE) equipped with an FID detector and a

SupelcowaxTM 10 capillary column (30 m 9 0.32 mm,

0.25 lm film thickness; Supelco, Bellefonte, PA). An

amount of 1 ll was injected by split injection (1:30, split

temperature 260�C). Hydrogen was used as a carrier gas at

a flow rate of 2.2 ml/min and a pressure of 55.8 kPa. The

initial oven temperature was 160�C for 0.5 min. The tem-

perature program was as follows; increase of 20�C/min up

Table 1 Nutrient composition of the experimental diets as well as food intake and body masses development in the experimental groups (means)

Dietsa G A GO AO

Dry matter (DM; g/100 g as fed) 89.5 90.4 90.8 89.4

Nutrients (g/100 g DM)

Organic matter 85.3 85.5 90.8 91.8

Crude protein 18.1 16.4 13.5 14.6

Ether extract 4.0 1.9 5.1 3.5

Neutral detergent fibre 45.8 46.3 33.3 38.2

Food intake (g as fed/animal/day)b 274 ± 60c 283 ± 58 210 ± 54 211 ± 46

Initial body mass (g) 1,493 ± 209d 1,525 ± 209 1,474 ± 233 1,482 ± 199

Body mass at slaughter (g) 4,776 ± 364d 4,637 ± 315 5,286 ± 425 5,206 ± 375

Dressed carcass mass (g)e 2,320 ± 258d 2,259 ± 165 2,517 ± 182 2,495 ± 131

a G grass only; A alfalfa only; GO grass and oats 1:1; AO alfalfa and oats 1:1
b Average over the complete feeding period; data obtained as total intake per group
c SD based on between day variation
d SD based on between animal variation
e Body mass minus feet, head, skin, internal organs, and discrete adipose tissue
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to 190�C; increase of 7�C/min up to 230�C; isotherm at

230�C for 5.3 min; increase of 20�C/min up to 250�C;

isotherm for 6 min. The detector temperature was 270�C.

For a clearer separation of trans and cis18:1 isomers,

extracts from caecotrophs, adipose and lean tissue were

further analyzed on a 200 m 9 0.25 mm size CP7421

capillary column (Varian Inc., CA, USA). An amount of

1 ll was split injected (1:50; split temperature 270�C).

Again hydrogen was used as a carrier gas, and gas flow was

1.7 ml/min for 59 min and, subsequently, 1.3 ml/min for

42 min. The initial temperature was 181�C for 60 min.

Subsequently the temperature was increased by 5�C/min up

to 230�C; isotherm for 32 min, then increase by 5�C/min

up to 250�C, then kept isothermic for 12 min. The detector

temperature was 300�C.

Statistical Evaluation

Linear multivariate ANOVA was carried out with the

SPSS� 14.0 software. Fixed factors were oats supplemen-

tation (- vs. + oats) and forage type (ryegrass vs. alfalfa),

and the model included the interaction of both factors.

Results

Alfalfa contained less lipids than the ryegrass. The SFA

were higher and MUFA were lower in alfalfa compared to

ryegrass. The PUFA proportions were similar in both for-

ages. (Tables 1, 2). By contrast, the addition of oats

increased the ether extract content of the diets and mas-

sively shifted the FA profile from ALA to monounsaturated

FA. BFA occurred for all diets only at the detection

threshold in feed and are therefore not given in Table 2.

trans18:1 FA occurred at a low level. Due to the higher

energy density (less fibre) in the oats supplemented diets,

voluntary food intake was lower while gains and dressing

percentage (48.2% on average) remained similar. Differ-

ences found in body mass at slaughter between the groups

were mostly due to variations of discrete adipose tissue.

Caecotrophs were found with similar frequency in all

groups (in 4, 4, 4 and 3 animals of groups G, A, GO and

AO, respectively).

Fatty Acid Profile of the Caecotrophs and Effects

of Diet

In the caecotrophs, the saturated FA (SFA) represented the

most abundant group of FA, followed by monounsaturated

FA (MUFA) and PUFA (Table 3). The proportion of the

branched-chain saturated FA (BFA) was also rather high,

ranging from 7 to 13 g/100 g FAME on average. The FA

15:0a (anteiso) and 16:0i (iso) contributed clearly more

than half of all BFA. Oats supplementation had significant

effects on proportions of various FA in the caecotrophs.

With diets GO and AO, total SFA were significantly higher

compared to diets G and A, due to higher proportions of

18:0, while BFA, trans18:1 FA and n-3 PUFA were lower.

Overall total MUFA, PUFA and n-6 PUFA were not

affected (P [ 0.05) by dietary oats. Among the two most

abundant 18:1 FA, 9c-18:1 was higher, while trans-vac-

cenic acid (11t-18:1; TVA) was lower (P \ 0.05) when

feeding oats. With diets GO and AO, the proportion of

9c,11t-CLA in the caecotroph FAME was reduced to below

0.1 g/100 g. The largest proportionate reduction with oats

was found in 18:3n-3 leading to a significant increase of the

n-6/n-3 ratio from about one to 2–4. The use of alfalfa

instead of grass meal led to significantly lower proportions

of 18:0 both in diets with and without oats. Most of the

Table 2 Total amount and individual proportions of FAME (g/100 g

FAME) in the experimental diets (means of duplicate analyses;

deviation always below 0.05)

Dietsa G A GO AO

FAME, g/100 g diet 3.34 1.55 4.35 3.20

Total SFA 19.3 27.0 21.4 24.8

12:0 0.18 0.27 0.07 0.11

14:0 0.45 0.82 0.44 0.71

15:0 0.11 0.20 0.07 0.18

16:0 13.7 18.2 16.7 18.7

17:0 0.14 0.34 0.13 0.19

18:0 2.78 3.58 2.87 3.67

20:0 0.49 0.86 0.37 0.39

22:0 0.73 1.06 0.33 0.36

24:0 0.63 1.41 0.38 0.47

Total MUFA 19.8 8.3 34.2 29.2

16:1n-7 0.44 0.65 0.33 0.61

17:1 0.13 0.19 0.09 0.10

9c-18:1 17.4 6.5 32.2 26.7

t18:1b 1.41 0.72 0.96 1.12

20:1n-9 0.39 0.23 0.63 0.65

Total PUFA 58.9 61.9 43.0 44.6

18:2n-6 25.5 21.8 29.4 31.9

18:3n-3 32.9 39.2 13.3 12.0

20:2n-6 0.11 0.33 0.07 0.14

20:3n-3 0.05 0.10 0.03 0.03

20:5n-3 0.16 0.26 0.13 0.31

22:6n-3 0.22 0.16 0.09 0.18

Total n-6 FA 25.6 22.1 29.4 32.0

Total n-3 FA 33.3 39.7 13.6 12.6

n-6/n-3 ratio 0.77 0.56 2.17 2.55

FAME fatty acid methyl esters; SFA saturated fatty acids; MUFA
monounsaturated fatty acids; PUFA polyunsaturated fatty acids
a G grass only, A alfalfa only; GO grass and oats; AO alfalfa and oats
b Not fully separated peaks of t10- and t11- 18:1
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Table 3 Concentration of total FAME (g/100 g wet weight) and fatty acid profile (g/100 g total FAME) in the caecotrophs of rabbits fed

different diets (n = 4 for groups G, A, GO; n = 3 for group AO)

Dietsa P levelsb

G A GO AO SEMc O F O 9 F

Total FAME 1.03 0.39 1.05 0.83 0.172 ns \0.05 ns

Total SFA 49.8 54.8 63.9 53.1 2.01 \0.05 ns \0.01

12:0 0.523 0.892 0.573 0.717 0.0549 ns \0.01 ns

13:0 0.180 0.406 0.215 0.235 0.0433 ns \0.05 \0.05

14:0 2.21 3.81 1.92 2.87 0.224 \0.05 \0.001 ns

15:0 4.35 5.37 2.84 3.08 0.377 \0.001 ns ns

16:0 18.5 22.2 21.2 22.7 1.554 ns ns ns

17:0 1.010 2.308 0.962 1.073 0.1345 \0.01 \0.001 \0.01

18:0 19.0 12.1 33.1 18.8 2.059 \0.001 \0.001 ns

19:0 0.177 0.343 0.084 0.117 0.0431 \0.01 \0.05 ns

20:0 0.998 2.188 0.994 1.108 0.1160 \0.01 \0.001 \0.01

22:0 1.53 2.66 1.05 1.18 0.131 \0.001 \0.01 \0.01

23:0 0.333 0.986 0.277 0.344 0.0624 \0.001 \0.001 \0.01

24:0 1.55 2.89 1.20 1.45 0.135 \0.001 \0.001 \0.01

Total BFA 9.18 13.06 6.64 9.48 0.757 \0.01 \0.01 ns

14:0i 1.31 1.85 1.05 1.28 0.158 \0.05 \0.05 ns

15:0i 1.137 1.824 0.863 1.302 0.1370 \0.05 \0.01 ns

15:0a 2.61 4.21 1.87 3.15 0.380 \0.05 \0.01 ns

16:0i 3.06 3.65 2.20 2.89 0.285 \0.05 ns ns

17:0i 0.650 0.813 0.269 0.360 0.0466 \0.001 \0.05 ns

17:0a 0.417 0.710 0.385 0.485 0.0682 ns \0.05 ns

Total MUFA 21.0 16.8 18.6 22.3 1.11 ns ns \0.01

15:1 0.896 1.871 0.496 0.948 0.1686 \0.01 \0.01 ns

16:1n-7 0.512 0.678 0.253 0.353 0.0902 \0.05 ns ns

17:1 0.430 0.632 0.367 0.407 0.0840 ns ns ns

5t -18:1 0.057 0.138 0.026 0.049 0.0063 \0.001 \0.001 \0.01

6t/8t-18:1d 0.191 0.130 0.135 0.151 0.0208 ns ns ns

9t-18:1 0.197 0.270 0.164 0.187 0.0123 \0.01 \0.01 ns

10t-18:1 0.157 0.137 0.129 0.121 0.0132 ns ns ns

11t-18:1 7.39 5.48 3.61 4.19 0.775 \0.05 ns ns

12t-18:1 0.312 0.283 0.260 0.279 0.0200 ns ns ns

13t/14t-18:1e 0.483 0.388 0.419 0.429 0.0233 ns ns ns

16t-18:1 0.234 0.249 0.136 0.167 0.0191 \0.01 ns ns

9c/15t-18:1e 7.15 4.63 10.06 11.77 0.940 \0.01 ns ns

11c-18:1 1.544 0.842 0.812 0.985 0.1299 ns ns \0.05

12c-18:1 0.639 0.350 0.886 1.362 0.0778 \0.001 ns \0.01

13c-18:1 0.073 0.172 0.067 0.073 0.0248 ns ns ns

14c-18:1 0.264 0.245 0.307 0.227 0.0313 ns ns ns

15c-18:1 0.113 0.156 0.032 0.064 0.0140 \0.001 \0.05 ns

20:1n-9 0.246 0.155 0.321 0.482 0.0586 \0.01 ns ns

22:1 0.063 0.004 0.067 0.029 0.0221 ns ns ns

24:1 0.030 0.000 0.043 0.011 0.0192 ns ns ns

Total PUFA 15.6 10.2 8.8 12.2 1.38 ns ns \0.05

18:2n-6 7.24 5.75 6.09 9.53 0.840 ns ns \0.05

9c11t-18:2 0.115 0.183 0.059 0.088 0.0302 \0.05 ns ns

18:3n-6 0.050 0.051 0.170 0.067 0.0445 ns ns ns
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BFA and some minor SFA were significantly higher with

the pure alfalfa diet, but this was reversed for the SFA in

the presence of the oats (O 9 F interaction, P \ 0.01).

Interactions among the two dietary factors were also found

for total MUFA and PUFA with the result that no clear

overall forage type effect remained. Alfalfa resulted in a

lower 18:3n-3 proportion than the grass (P \ 0.05), but

only in the non supplemented diets.

Fatty Acid Profile of the Body Tissues and Effects

of Diet

In the perirenal adipose tissue, total SFA, MUFA and

PUFA occurred at relatively similar levels. BFA, TVA and

CLA, indicative for microbial lipid sources, occurred at

very low proportions (Table 4). Most of the FA were sig-

nificantly influenced by oats supplementation. For the SFA,

this effect was marginal, while MUFA were clearly ele-

vated by oats. This resulted mainly from higher values of

the 9c-18:1/15t-18:1 peak (P \ 0.001); but also 16:1n-7

was considerably higher (P \ 0.01) with the oats diets.

Total PUFA declined with diets GO and AO compared to

G and A, exclusively resulting from a highly significant

drop in n-3 PUFA. Thus, the average n-6/n-3 ratio

increased from 0.7 with G and O to 2.7 with GO and AO

(P \ 0.001). The proportions of total and individual BFA

were lower by about half with oats diets (P \ 0.001). Total

SFA significantly increased and total MUFA and PUFA

significantly declined with the alfalfa compared to the grass

diet, but this effect occurred mainly in the diets without

oats. Total and some individual BFA were significantly

higher in proportion with alfalfa instead of the grass, while

18:3n-3 was lower (P \ 0.01). Alfalfa significantly

increased long chain n-3 PUFA; this, however, at a low

level.

The FA profile of the intramuscular fat and its variation

with diet were relatively similar in nature to those found in

the adipose tissue (Table 5). However, particularly for

individual PUFA, the effects of oats addition were not as

distinct, and significant effects of alfalfa were absent.

Intramuscular lipids proportion of 18:3n-3 was consider-

ably lower, and the long-chain PUFA ([3 double bonds)

occurred with five- to ten-fold higher proportions than in

the FAME of the adipose tissue. Particularly arachidonic

acid (20:4n-6) and docosapentaenoic acid (22:5n-3) made

up a considerable proportion of total PUFA in intramus-

cular fat, which was not the case in perirenal adipose tissue.

Differences in Fatty Acid Profiles of Food, Caecotrophs

and Body Tissues

In contrast to the body tissue lipids, caecotroph lipids

contained comparably high proportions of BFA and trans-

18:1 FA. These FA occurred only in traces or low amounts

in feeds and body tissues. Although the diet effects on BFA

were similar in direction in the caecotrophs and in the body

tissues, the relative proportions between the individual

BFA in caecotrophs differed. The relative proportions of

17:0i and 17:0a within BFA were clearly higher in the body

tissues than in the caecotrophs. A second property,

Table 3 continued

Dietsa P levelsb

G A GO AO SEMc O F O 9 F

18:3n-3 7.33 4.78 2.15 2.12 0.715 \0.001 \0.05 \0.05

20:3n-6 0.000 0.000 0.012 0.000 0.0061 ns ns ns

20:3n-3 0.036 0.014 0.012 0.010 0.0091 ns ns ns

20:4n-3 0.078 0.090 0.183 0.319 0.1836 ns ns ns

20:5n-3 0.040 0.021 0.022 0.015 0.0142 ns ns ns

22:6n-3 0.076 0.000 0.092 0.021 0.0460 ns ns ns

Total n-3 7.67 4.89 2.46 2.49 0.715 \0.001 ns ns

Total n-6 7.29 5.80 6.27 9.60 0.680 ns ns \0.05

n-6/n-3 0.95 1.18 2.55 3.86 0.203 \0.001 \0.001 0.0300

FAME fatty acid methyl esters; SEM standard error of means; SFA saturated fatty acids; BFA branched-chain fatty acids; MUFA monounsat-

urated fatty acids; PUFA polyunsaturated fatty acids
a G grass only; A Alfalfa only; GO grass and oats 1:1; AO alfalfa and oats 1.1
b O oats effect (with vs. without); F forage type effect (grass vs. alfalfa)
c Average SEM within groups
d These fatty acids are co-eluting
e Sum of two peaks containing unidentified 18:2 isomers
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Table 4 Concentration of FAME (g/100 g wet weight) and fatty acid profile (g/100 g total FAME) in the perirenal adipose tissue of rabbits fed

different diets (n = 8 per group)

Dietsa P levelsb

G A GO AO SEMc O F O 9 F

Total SFA 34.0 41.6 36.2 37.1 0.59 ns \0.001 \0.001

10:0 0.019 0.023 0.015 0.016 0.0020 \0.01 ns ns

12:0 0.066 0.075 0.053 0.057 0.0032 \0.001 ns ns

14:0 2.11 2.79 2.42 2.72 0.086 ns \0.001 \0.05

15:0 0.555 0.990 0.397 0.502 0.0248 \0.001 \0.001 \0.001

16:0 23.5 28.5 25.8 26.6 0.49 ns \0.001 \0.001

17:0 0.670 1.097 0.493 0.591 0.0154 \0.001 \0.001 \0.001

18:0 6.60 7.62 6.73 6.33 0.288 ns ns \0.05

19:0 0.205 0.247 0.140 0.150 0.0055 \0.001 \0.001 \0.01

20:0 0.183 0.185 0.134 0.111 0.0035 \0.001 \0.01 \0.01

22:0 0.022 0.028 0.008 0.008 0.0012 \0.001 \0.01 \0.01

24:0 0.048 0.049 0.027 0.022 0.0023 \0.001 ns \0.05

Total BFA 0.713 0.957 0.499 0.524 0.0219 \0.001 \0.001 \0.001

14:0i 0.051 0.065 0.036 0.032 0.0028 \0.001 ns \0.01

15:0i 0.097 0.136 0.072 0.062 0.0130 \0.01 ns ns

15:0a 0.117 0.168 0.065 0.080 0.0048 \0.001 \0.001 \0.01

16:0i 0.207 0.303 0.150 0.157 0.0103 \0.001 \0.001 \0.001

17:0i 0.064 0.067 0.043 0.043 0.0017 \0.001 ns ns

17:0a 0.170 0.208 0.127 0.143 0.0044 \0.001 \0.001 \0.05

Total MUFA 26.21 23.52 37.91 37.27 0.66 \0.001 \0.05 ns

15:1 0.136 0.419 0.066 0.119 0.0090 \0.001 \0.001 \0.001

16:1n-7 4.02 4.55 5.29 5.73 0.418 \0.01 ns ns

17:1 0.416 0.576 0.310 0.386 0.0080 \0.001 \0.001 \0.001

5t -18:1 0.000 0.009 0.000 0.000 0.0033 ns ns ns

6t/8t-18:1d 0.033 0.037 0.023 0.020 0.0033 \0.001 ns ns

9t-18:1 0.062 0.047 0.059 0.059 0.0044 ns ns ns

10t-18:1 0.046 0.023 0.017 0.018 0.0046 \0.01 \0.05 \0.05

11t-18:1 0.183 0.134 0.131 0.109 0.0092 \0.001 \0.001 ns

12t-18:1 0.025 0.021 0.021 0.024 0.0042 ns ns ns

13t/14t-18:1e 0.068 0.065 0.035 0.053 0.0041 \0.001 ns \0.05

16t-18:1 0.028 0.032 0.022 0.022 0.0014 \0.001 ns ns

9c/15t-18:1e 19.1 15.9 29.5 28.4 0.38 \0.001 \0.001 \0.05

11c-18:1 0.99 0.72 1.05 1.22 0.038 \0.001 ns \0.001

12c-18:1 0.095 0.093 0.089 0.084 0.0052 ns ns ns

13c-18:1 0.074 0.068 0.067 0.086 0.0051 ns ns \0.05

14c-18:1 0.015 0.019 0.014 0.016 0.0009 ns \0.01 ns

15c-18:1 0.008 0.008 0.004 0.004 0.0008 \0.001 ns ns

19:1 nd nd nd nd

20:1n-9 0.212 0.145 0.360 0.351 0.0053 \0.001 \0.001 \0.001

22:1 0.012 0.008 0.022 0.017 0.0011 \0.001 \0.001 ns

Total PUFA 38.48 33.51 24.89 24.47 0.77 \0.001 \0.01 \0.01

18:2n-6 15.8 12.6 17.5 17.8 0.42 \0.001 \0.01 \0.001

9c11t-18:2 0.072 0.060 0.056 0.066 0.0036 ns ns \0.01

18:2c 0.080 0.071 0.045 0.048 0.0021 \0.001 ns \0.01

18:3n-3 21.64 19.50 6.94 5.87 0.500 \0.001 \0.01 ns

20:3n-6 0.033 0.035 0.040 0.041 0.0015 \0.001 ns ns
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characterising the caecotrophs vs. the tissue lipids, was the

high proportion of SFA (including most individual SFA).

The proportion of SFA in total FAME was clearly above

50 g/100 g for caecotrophs and below 40 g/100 g for the

perirenal adipose and intramuscular fat. Complementary,

PUFA were distinctly higher in the investigated tissues

than in the caecotrophs.

Discussion

Characteristics of the Caecotroph Fatty Acid Profile,

and Effects of Diet Type

In general, comparing the FA profiles of the caecotroph

lipids with those of the corresponding feeds indicated an

active anaerobe microbial lipid metabolism. A first crude

indicator was the ratio of SFA, in particular 18:0, to PUFA,

being higher in caecotrophs than in the diets. As described

for the forestomach of ruminant animals [2], 18:0 is the

terminal product of microbial biohydrogenation of dietary

18:3 and 18:2. A second indicator was the high concen-

tration of trans FA, mainly 11trans18:1, found in the

caecotrophs. These FA are also the result of microbial lipid

metabolism in the digestive tract [2, 29]. Finally, the sub-

stantial proportions of BFA and odd-chain FA found in the

caecotroph lipids support the same conclusion [3].

High proportions of forages in the diet are known to

increase BFA formation in ruminant digestion [3]. In the

caecotrophs, the same effect was indicated by the elevated

proportions of BFA and odd-chain FA found in the rabbits

receiving the forage-only diets (G and A). Alfalfa diets

obviously did not have the inhibitory effect on ALA bio-

hydrogenation anticipated from replacing grass by legumes

[2, 5]. By contrast, when feeding the pure alfalfa diet the

reduction of the ALA proportion was even more

pronounced than with the ryegrass diet, suggesting

increased biohydrogenation and isomerisation. Higher BFA

proportions with the alfalfa diets suggest increased

microbial activity, too, contrasting to what is known from

ruminants [5, 30].

However, an increased biohydrogenation should not

only reduce ALA or linoleic acid proportions, but also

increase CLA, octadecanoic MUFA and 18:0 [2]. In this

respect, the results on the caecotroph FA profiles were

apparently inconsistent because neither 18:1 nor 18:0 were

higher with diet A compared to G. A confounding between

discriminating absorption in the duodenum and biohydro-

genation in the caecum cannot be excluded. The

interactions of the two dietary factors give no clear picture

for SFA, MUFA and PUFA in the caecotrophs, either.

Significant interactions of the sums of FA groups have no

corresponding counterpart in interactions in all single FA.

They appear rather to be artifacts. Thus, the clearest

information about diet effects on microbial activity in the

caecum apparently may be obtained from BFA which are

synthesised de novo. This is reflected by the fact that the

diet effects on all FA of this group were almost parallel.

Signature of the Caecotroph FA Profile as Found

in the Body Tissues

FA profiles typical for microbial fermentation are found in

both ruminating and non-ruminating foregut-fermenting

herbivores, e.g. kangaroos [2, 31–33]. By contrast, mono-

gastric herbivores have no forestomach with microbial

fermentation; instead, microbial digestion occurs in the

caecum and the colon of such species. In most aspects, the

bacterial fermentation in the hindgut is comparable to that

in the rumen [34] and similar effects of microbial lipid

metabolism were demonstrated in the hindgut and the

faeces, as e.g. by Hartman et al. [31] for horse faeces.

Table 4 continued

Dietsa P levelsb

G A GO AO SEMc O F O 9 F

20:3n-3 0.230 0.245 0.088 0.088 0.0090 \0.001 ns ns

20:4n-6 0.107 0.104 0.113 0.120 0.0035 \0.01 ns ns

20:4n-3 0.043 0.037 0.022 0.020 0.0014 \0.001 \0.01 ns

20:5n-3 0.086 0.106 0.037 0.055 0.0035 \0.001 \0.001 ns

22:4n-6 0.022 0.027 0.016 0.011 0.0008 \0.001 ns \0.001

22:5n-3 0.202 0.238 0.094 0.112 0.0114 \0.001 \0.05 ns

22:6n-3 0.070 0.072 0.017 0.051 0.0042 \0.001 \0.001 \0.001

Total n-3 22.13 20.44 7.19 6.20 0.457 \0.001 \0.01 ns

Total n-6 16.15 12.92 17.57 18.14 0.403 \0.001 \0.01 \0.001

n-6/n-3 0.73 0.63 2.45 2.93 0.036 \0.001 \0.001 \0.001

For footnotes see Table 3
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Table 5 Concentration of FAME (g/100 g wet weight) and fatty acid profile (g/100 g total FAME) in the intramuscular fat of the M. quadriceps
of rabbits fed different diets (n = 8 per group)

Dietsa P levelsb

G A GO AO SEMc O F O 9 F

Total FAME 2.15 2.93 3.15 2.56 0.302 ns ns \0.05

Total SFA 35.2 39.2 35.7 36.2 0.52 \0.05 \0.001 \0.01

10:0 0.032 0.036 0.029 0.028 0.0038 ns ns ns

12:0 0.059 0.067 0.060 0.058 0.0037 ns ns ns

14:0 2.02 2.47 2.51 2.52 0.111 \0.05 \0.05 ns

15:0 0.427 0.700 0.317 0.371 0.0217 \0.001 \0.001 \0.001

16:0 23.3 25.9 24.9 25.0 0.453 ns \0.01 \0.01

17:0 0.598 0.898 0.389 0.462 0.0217 \0.001 \0.001 \0.001

18:0 8.36 8.52 7.04 7.26 0.295 \0.001 ns ns

19:0 0.282 0.307 0.233 0.256 0.0120 \0.001 ns ns

20:0 0.116 0.132 0.089 0.083 0.0064 \0.001 ns ns

22:0 0.051 0.104 0.064 0.083 0.0135 ns \0.05 ns

24:0 0.023 0.027 0.021 0.015 0.0040 ns ns ns

Total BFA 0.477 0.622 0.351 0.362 0.0217 \0.001 \0.01 \0.01

14:0i 0.033 0.042 0.027 0.022 0.0028 \0.001 ns \0.05

15:0i 0.056 0.069 0.040 0.041 0.0026 \0.001 \0.05 \0.05

15:0a 0.072 0.102 0.045 0.051 0.0040 \0.001 \0.001 \0.01

16:0i 0.147 0.205 0.107 0.109 0.0089 \0.001 \0.01 \0.01

17:0i 0.048 0.053 0.037 0.040 0.0021 \0.001 ns ns

17:0a 0.122 0.152 0.095 0.099 0.0051 \0.001 \0.01 \0.05

Total MUFA 28.5 26.8 37.0 35.8 1.23 \0.001 ns ns

15:1 0.088 0.259 0.050 0.079 0.0082 \0.001 \0.001 \0.001

16:1n-7 5.28 5.58 7.49 7.42 0.568 \0.01 ns ns

17:1 0.405 0.557 0.330 0.374 0.0161 \0.001 \0.001 \0.01

5t -18:1 0.036 0.042 0.053 0.051 0.0100 ns ns ns

6t/8t-18:1d 0.006 0.018 0.005 0.011 0.0037 ns \0.05 ns

9t-18:1 0.063 0.039 0.039 0.037 0.0106 ns ns ns

10t-18:1 0.056 0.057 0.044 0.064 0.0137 ns ns ns

11t-18:1 0.121 0.107 0.090 0.062 0.0134 \0.05 ns ns

12t-18:1 0.047 0.022 0.017 0.027 0.0068 ns ns \0.05

13t/14t-18:1e 0.036 0.061 0.034 0.030 0.0040 \0.001 \0.05 \0.01

16t-18:1 0.110 0.165 0.191 0.181 0.0226 \0.05 ns ns

9c/15t-18:1e 20.3 18.3 26.4 24.6 0.741 \0.001 \0.05 ns

11c-18:1 1.23 0.95 1.39 1.58 0.058 \0.001 ns \0.001

12c-18:1 0.066 0.062 0.062 0.054 0.0038 ns ns ns

13c-18:1 0.046 0.068 0.082 0.089 0.0099 \0.01 ns ns

14c-18:1 0.042 0.018 0.011 0.009 0.0060 \0.01 \0.05 ns

15c-18:1 0.008 0.009 0.003 0.008 0.0018 ns ns ns

19:1 0.112 0.091 0.068 0.063 0.0033 \0.001 \0.001 \0.05

20:1n-9 0.141 0.099 0.242 0.221 0.0112 \0.001 \0.05 ns

22:1 0.017 0.020 0.022 0.018 0.0040 ns ns ns

Total PUFA 34.8 32.4 25.8 26.4 1.08 \0.001 ns ns

18:2n-6 14.9 12.8 15.2 15.7 0.46 \0.01 ns \0.05

9c11t-18:2 0.078 0.065 0.071 0.072 0.0038 ns ns ns

18:2c 0.071 0.067 0.047 0.063 0.0111 ns ns ns

18:3n-3 11.48 12.37 4.41 3.40 0.456 \0.001 ns \0.05
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However, as these processes in monogastric animals occur

after the digesta has passed the duodenum, the major site of

absorption for lipids, they do not have a major influence on

the lipid composition of body tissues. This is reflected by

higher proportions of PUFA in the tissues of horses, pigs

and other hindgut fermenters as compared to ruminants and

non-ruminant foregut fermenters [35–38].

Due to this dichotomy—absorption of ‘ruminant-spe-

cific’ FA in foregut fermenters, no absorption of such FA in

hindgut fermenters—the endogenous presence of ‘ruminant

specific’ FA has been considered as an indicator of foregut

fermentation [39]. Thus, Käkela et al. [11] interpreted the

endogenous presence of BFA and trans FA in tissue lipids

of beavers (Castor canadensis) as an indication of a

‘ruminant-like’ bacterial fermentation in the gastrointesti-

nal tract. However, the same research group [12] described

PUFA levels in beaver tissues exceeding those found in

ruminants by far. The beaver, therefore, shares similarities

with ruminants with respect to BFA and trans FA and with

hindgut-only fermenters concerning PUFA. This phenom-

enon could be explained by the digestive strategy of

coprophagy of rodents and other small herbivores [9].

Coprophagy has been studied particularly well in rabbits

[18, 24, 40, 41]. Hirakawa [9] describes that wild rabbits

recycle almost the entire undigested matter in the form of

caecotrophs. Based on the values published by Belenguer

et al. [24], coprophagy could have made up approximately

10% of nutrient intake in our study. The proportion of total

lipid absorption covered by coprophagy is not clear from

the literature.

One central question of the present study was to which

extent coprophagy can alter rabbit tissue FA composition.

If the microbial lipids contain functional FA like CLA,

even a proportion of 10% of the absorbed FA would be

valuable in terms of the nutritional quality of the meat. If,

on the other hand, with a more natural feeding strategy,

coprophagy would be intensified [9, 24], the related

increase of SFA might counterbalance such positive

effects. The results show that both were only marginally

the case. With its extraordinary high proportions of PUFA,

the rabbits’ tissues had nothing in common with those of

ruminants, which consistently comprise much lower pro-

portions of PUFA [4, 6–8, 29, 30]. It seems likely that a

high proportion of dietary FA was absorbed in the small

intestine before any biohydrogenation processes could take

place in caecum and colon. This is consistent with the

reduction found in total FAME from diets to caecotrophs,

which was in the magnitude of 2/3. In this respect, the

rabbits of this experiment were not only able to corroborate

some previous findings on tissue PUFA content in rabbits

[15, 19], but also the observations of the high PUFA con-

tent in beaver tissues [12].

However, certain amounts of BFA, odd-chain FA and

trans18:1 FA were still found in the rabbits’ tissues.

Although endogenous BFA synthesis cannot be excluded,

this is expected to take place to a low extent [3]. It seems

reasonable to assume that the majority of BFA found in the

tissues are of caecotroph origin. Compared to that reported

for sheep [42], the BFA content of intramuscular fat was

only approximately three times lower. Considering the high

impact of ruminal processes on the endogenous FA

metabolism in sheep [2], the amounts of BFA in the rab-

bits’ tissues indicate that the contribution of microbially

modified lipids to the total dietary lipids was not negligible.

The considerably higher BFA proportions in tissues of the

groups fed without oats are obviously a reflection of the

diet effects on caecotrophs. With increasing dietary fibre

proportions, the caecal microbial fermentation in rabbits

Table 5 continued

Dietsa P levelsb

G A GO AO SEMc O F O 9 F

20:3n-6 0.368 0.321 0.293 0.361 0.0351 ns ns ns

20:3n-3 0.185 0.216 0.079 0.076 0.0066 \0.001 ns \0.05

20:4n-6 3.60 2.78 3.14 4.10 0.437 ns ns ns

20:4n-3 0.056 0.061 0.032 0.030 0.0047 \0.001 ns ns

20:5n-3 0.596 0.604 0.156 0.205 0.0382 \0.001 ns ns

22:4n-6 0.186 0.167 0.381 0.532 0.0365 \0.001 ns \0.05

22:5n-3 2.10 1.83 1.16 1.30 0.170 \0.001 ns ns

22:6n-3 0.694 0.539 0.242 0.464 0.0493 \0.001 ns \0.001

Total n-3 15.11 15.62 6.07 5.39 0.379 \0.001 ns ns

Total n-6 19.2 16.3 19.2 20.5 0.87 \0.05 ns \0.05

n-6/n-3 1.28 1.04 3.16 3.79 0.098 \0.001 ns \0.001

For footnotes see Table 3
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and their intake of microbially fermented matter increases

[18, 24]. Based on what is known from ruminant digestion

[3], it seems likely that the increased BFA proportions in

the tissues are an indicator of increased coprophagial

activity by the rabbits fed forage-only diets. In this context,

the increase in SFA in the tissues of the forage-only groups

compared to the oats-groups could be explained by an

enhanced intake of caecotrophs as these contained pro-

portionately more SFA than the diets. By contrast, the low

and insignificant amounts of trans-FA found in the tissues

do not allow the same conclusion.

We conclude that, although on a low level, FA origi-

nating from the caecotrophs are traceable in the rabbits’

metabolism, but to a different degree for individual FA.

Provided these results are confirmed with other diets and

under different conditions, markers for the occurrence of

coprophagy in wild animals could be developed on the

basis of certain BFA and trans FA. Under free-ranging

conditions, on a less consistent supply of high-quality

forage, coprophagy might contribute even more to the

animal’s nutrient intake. This would lead to higher tissue

proportions of the discussed FA. For example, the higher

proportions of trans FA in free-ranging beavers [12], as

compared to the rabbits of the present study, could indicate

a higher proportionate intake of caecotrophs.

Influence of Excluding Concentrate on the FA Profile

of the Body Tissues

Feeding the forage-oats diets resulted in a recovery of the

characteristically high MUFA content of oats. It also led

to high concentrations of n-3 PUFA, particularly of 18:3n-

3, in the lipids of perirenal adipose and muscle tissue.

These concentrations were in the upper range of data

reported in the majority of other studies about rabbit meat

quality [16, 17, 21–23]. By feeding a high n-3 oil sup-

plement, Dal Bosco et al. [43] achieved n-3 PUFA

concentrations in the range found in the present study

with the oats diets. Cobos et al. [15] found such values in

wild rabbits and hares from central Spain. For long chain

n-3 PUFA in intramuscular lipids, comparable or higher

values were described by Forrester-Anderson et al. [19]

for grazing rabbits consuming an unknown amount of

additional concentrate. Comparably high n-3 FA propor-

tions in the rabbit meat had never been achieved in the

other studies reviewed. Those studies always used dietary

forage proportions of less than 50%, the lowest value

applied in the present investigation.

When increasing the forage proportion from 50 to 100%

in the present study, the 18:3n-3 proportions were signifi-

cantly higher and amounted to 15.4 and 21.3% of the

intramuscular and the adipose fat of the rabbits, respec-

tively. This reflects the favorably high 18:3n-3/18:2n-6

ratio in diets G and A, and illustrates the limited role

coprophagy played for the FA composition of the rabbits’

tissues. Positive effects of the forage-only diets were also

noted on the proportions of the long-chain n-3 PUFA,

particularly in the intramuscular lipids. This indicates

considerable chain elongation processes, converting

ingested 18:3n-3 into long-chain n-3 PUFA. Elongation of

18:2n-6 and 18:3n-3 competes for the same enzymes and

depends on the respective concentration of both substrates

[44]. Thus, the effects of diets G and A on n-3 PUFA

confirmed our anticipation. The expected decrease of

20:4n-6, however, was lacking. The efficiency of endoge-

nous elongation is crucial for the estimation of health

effects of dietary 18:3n-3 in human diets [45], and the

findings are controversial in this respect [46, 47]. The

present data show that the endogenous concentrations of

long-chain n-3 PUFA may depend considerably on the

intake of 18:3n-3, at least in rabbits. An open question is

whether the source of dietary 18:3n-3, other dietary factors

or both have a confounding influence on the elongation

processes.

In a broad range of animal species, body tissues were

found to have higher proportions of n-3 PUFA under free-

ranging conditions as compared to animals kept in cap-

tivity [48]. Our data, as well as data for cattle [8, 29],

suggest that this ‘wilderness effect’ can be mimicked in

domesticated herbivore species by high-forage diets.

Overall, the present data show that a forage-only diet

increases the sum of n-3 PUFA in rabbit meat to a level

similarly high as that found in free-ranging conspecifics

[15]. Compared to domesticated animals, including

ruminants [36], free-range grazing pigs [49] and the horse

[36], the enhancement of total of n-3 PUFA by a forage-

only diet was particularly high in the rabbits of the

present study. Even under extensive organic feeding

conditions neither pork [49, 50] nor beef [8] reached these

concentrations. Provided these results can be generalised

for various rabbit rearing conditions, meat from forage-

only fed rabbits could represent a particularly healthy

food. Although feed conversion efficiency is lower with

forage-only diets due to the high contents of indigestible

fibre [24], the economic success of forage-only feeding

systems could be substantial, if the nutritional value of

such a high n-3 meat is paid for.

Another significant effect of the forage-only compared

to the oats-supplemented diets was the lower proportion of

9c-16:1. Since this MUFA only occurred in traces in feeds

and caecotrophs, it is likely that the high tissue level was

caused by endogenous d-9-desaturation [51]. This would

imply that forage-only diets might reduce tissue desaturase

activity. One explanation for this phenomenon could be the

higher exogenous intake of dietary PUFA making endog-

enous desaturation less important.
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Influence of the Forage Type on the FA Profile of the

Body Tissues

The comparison of alfalfa versus grass as dietary forages

did not reveal substantial effects on tissue FA profiles.

Besides the influence on BFA, which was discussed

above, the most obvious effect of dietary alfalfa com-

pared to ryegrass was a small but significant reduction in

18:3n-3 and an increase in long-chain n-3 PUFA. This

suggests a positive effect of alfalfa on the endogenous

chain elongation. This effect only occurred in adipose

tissue. The distribution of n-3 PUFA across the entire

organism depends on several factors as described for

other small herbivores [46], pigs [47], and humans [45].

Thus, any explanation for the alfalfa effect on adipose

n-3 PUFA remains speculative. It is, however, interesting

to note that total n-3 PUFA did not differ much between

grass- and alfalfa-fed rabbits although total lipid and,

accordingly, total n-3 content of the alfalfa-containing

diets was lower by a factor of two than with the

grass.

Conclusion

1. The FA profiles of caecotroph lipids of rabbits showed

typical properties of an anaerobic microbial lipid

metabolism comparable to that occurring during ru-

minal digestion.

2. Small amounts of BFA and trans-FA from caecotrophs

are obviously ingested and metabolised. This could

have significance for the evaluation of FA digestion

and metabolism with small herbivore animal models. It

seems possible to develop markers for the occurrence

of significant levels of coprophagy in non-ruminant

herbivores particularly on the basis of BFA and

trans18:1 FA.

3. Considering the nutritive value of rabbit meat, the

contribution of coprophagy to the tissue FA profiles

appears to be marginal. This holds true for SFA

concentrations, which are more similar to horse meat

than to beef, as well as for CLA, which were nearly

absent in the tissues of the rabbits in the present study.

4. The endogenous FA metabolism, with respect to chain

elongation, desaturation and distribution between dif-

ferent tissues, to some extent depends on dietary

factors such as proportions and type of forage.

5. The effect of high dietary forage proportions on the n-3

contents of rabbit meat is so substantial that it seems

worthwhile confirming these data with various forages

and developing forage-based feeding strategies for

rabbit meat production.
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Abstract Previously we have shown that an alkylating

agent N-methyl-N0-nitro-N- nitrosoguanidine (MNNG) can

induce receptor clustering and the activation of a down-

stream signal molecule NF-jB, and that the receptor

clustering is associated with changes in sphingolipids

metabolism. On the other hand, the polyene antibiotic

nystatin can block MNNG-induced receptor clustering. In

this study, using a lipidomic approach, we further evalu-

ated whether nystatin influenced the effects of MNNG on

sphingolipids metabolism. It was found that nystatin itself

induced changes in the sphingolipids profile in human

amnion FL cells to a certain extent, including an increase

or decrease of some sphingolipid species. Interestingly,

nystatin can block, at least partially, the changes of

sphingolipids-induced by MNNG. In addition, nystatin can

also partially inhibit the activation of NF-jB induced by

MNNG. Neither MNNG nor nystatin affects the mRNA

levels of serine palmitoyltransferase, acid sphingomyeli-

nase (ASM), and sphingomyelin synthase, key enzymes in

the sphingolipids biosynthesis pathway. However, MNNG

can activate ASM and neutral sphingomyelinase, while

nystatin preincubation inhibits the activation. Taken toge-

ther, these data suggested that nystatin interferes with the

effects of MNNG, and might elicit its function through

altered sphingolipids metabolism.

Keywords Nystatin � Sphingolipids � Lipidomics �
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Introduction

Besides serving as structural materials to provide a physi-

cal barrier for cells and providing a platform (the so-called

lipid raft) for membrane protein–protein interaction, many

lipids also have distinct cellular functions. Sphingolipids

are the second largest group of membrane lipids as well as

the major components of the lipid raft. In the sphingolipid

metabolism pathway, ceramide is on the center stage; it can

be generated from simple molecules by a de novo synthesis

pathway, or from the hydrolysis of more complex sphin-

golipids (Fig. 1) [1, 2]. Now it is clear that sphingolipids

and their metabolites are involved in many important signal

transduction pathways which regulate many cellular events

such as cell cycle arrest or apoptosis, proliferation, calcium

homeostasis, cancer development, multidrug resistance, or

even viral or bacterial infection processes [1, 3]. Clearly,

the importance of this group of lipids should not be

underestimated.

However, the study of lipids goes far behind those of

genes and proteins, and the major problem is the lack of

high-throughput technologies for lipid analysis. Only after

the coming of ‘‘lipidomics’’, in which the individual lipid

components can be analyzed by the mass spectrometric

(MS) technique, have vast amounts of information been

generated regarding the changes of lipid metabolism under
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various conditions [3–5]. Compared with traditional

methods, such as thin-layer chromatography (TLC) and

high-performance liquid chromatography (HPLC), MS

analysis is more accurate, less labor-intensive and can

identify the molecular species of each class of lipids [6, 7].

For lipid studies, the ability to perturb lipid metabolism

is essential to understanding the metabolic pathways of

lipids. Nystatin is a polyene antibiotic that is routinely used

to interfere with cellular lipid rafts, by depleting choles-

terol from lipid rafts thus leading to their disruption [8–10].

Previously, we have found that an alkylating agent N-

methyl-N0-nitro-N-nitrosoguanidine (MNNG) can induce

the clustering of membrane receptors, including epidermal

growth factor receptor (EGFR) and tumor necrosis factor a
receptor (TNFR), as well as the activation of the down-

stream signal molecule NF-jB [11, 12]. By using TLC and

matrix-assisted laser desorption ionization-time of flight

(MALDI-TOF) MS techniques, it was further shown that

MMNG affected sphingolipid metabolism, including

changes in ceramide and sphingomyelin species, and that

sphingolipids are involved in MNNG-induced receptor

clustering [13–15]. On the other hand, nystatin can block

MNNG-induced receptor clustering [13]. Although the

disruption of the lipid raft by nystatin could contribute to

the inhibition of receptor clustering, however, it was not

clear whether nystatin had any other influence on MNNG-

induced changes in cells, such as altered sphingolipids

metabolism and the activation of NF-jB. Therefore, in the

present study, using the lipidomic approach, the effects of

nystatin on MNNG-induced sphingolipid changes were

evaluated. In addition, the effects of various treatments on

the activation of NF-jB and the expression of key enzymes

in sphingolipids metabolism were examined.

Experimental Procedures

Cellular Culture, Reagents, and Treatment

Human amnion FL cells were cultured in Eagle’s Mini-

mum essential medium (EMEM, Invitrogen, Carlsbad, CA)

containing 10% fetal bovine serum, and supplemented with

100 U/ml penicillin, 100 U/ml streptomycin and 0.03% L-

glutamine in a humidified incubator at 37 �C with 5% CO2.

MNNG (Sigma, St Louis, MO) was dissolved in dimeth-

ylsulfoxide (DMSO) as a 10 mM stock. Nystatin (Sigma)

was also dissolved in DMSO as a 1 mg/ml stock. To

evaluate the effects of nystatin on MNNG, cells were pre-

incubated with 100 lg/ml nystatin for 30 min, and then

treated with 0.2 lM MNNG for another 8 h. C2-ceramide

was purchased from Sigma, and cells were treated with 100

lg/ml for 8 h as positive control.

Sphingolipid Extraction and MALDI-TOF MS

Sphingolipids were extracted as described before [2]. In

short, approximately 4 9 107 cells were dissolved in 500 ll

chloroform:methanol (2:1, V/V). One milliliter H2O was

then added to each sample. The mixed samples were cen-

trifuged at 4,7709g for 15 min, and the lower phase was

dried by vacuum centrifugation in a centrifugal evaporator

(Speed-Vac, Thermo Savant, Holbrook, NY). Then, 500 ll

of methanol containing 0.1 M NaOH was added into each

tube and held at 55 �C for 1 h to decompose glycero-

phospholipids. After neutralization with 100 ll methanol

containing 1 M HCl, 500 ll hexane and one drop of water

were added to each sample. The mixture was then centri-

fuged again at 4,7709g for 15 min, and the lower phase

was dried in a centrifugal evaporator after the upper phase

was removed. The residue was mixed with 0.8 ml theo-

retical lower phase (chloroform:methanol:water, 86:14:1,

V/V) and 0.2 ml theoretical upper phase (chloro-

form:methanol:water, 3:48:47, V/V) for Folch partition,

and centrifuged in a centrifugal evaporator after removing

the upper phase to discard the salt. The residual crude

sphingomyelin was stored at -70 �C.

For MALDI-TOF MS analysis, each sample was dis-

solved in 5 ll chloroform:methanol (2:1, V/V), followed by

the addition of 5 ll matrix solution (ethyl acetate con-

taining 0.5 M 2,5-dihydroxyl-benzoic acid (2,5-DHB,

Sigma) and 0.1% TFA) in a 0.5 ml Eppendorf tube. The

tube was agitated vigorously on a vortex mixer then cen-

trifuged in a microcentrifuge for 1 min. One microliter of

mixture was directly applied to the sample plate and

Fig. 1 The metabolic pathways of sphingolipids
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rapidly dried under a moderately warm stream of air in

order to remove the organic solvent within seconds.

All samples were analyzed using a Voyager-DE STR

MALDI-TOF mass spectrometer (ABI Applied Biosystem,

Framingham, MA) with a 337 nm N2 UV laser. The mass

spectra of the sample were obtained in positive ion mode.

Mass/charge (m/z) ratios were measured in the reflector/

delayed extraction mode with an accelerating voltage of 20

kV, grid voltage of 67% and delay time of 100 ns.

C2-dihydroceramide (MW 343.6) was used to calibrate the

instrument. All sample lipid spectra were acquired using a

low-mass gate at 400 Da. For each sample 7 spectra were

obtained.

Establishment of Reference Mass Spectrum

and Relative Quantification

For analyzing sphingolipids, the ‘‘reference mass spec-

trum’’ (RMS) method established in this laboratory was

applied to deal with the problem of intra-sample variation,

as well as the problem associated with the poor quantifi-

cation capability of MALDI-TOF-MS [2]. The basic

principle is that only those peaks present in at least 5 mass

spectra collected from the same sample were chosen for

entry into the RMS. By doing so, the intra-sample variation

could be minimized. Since it is difficult to quantify the

amount of each sphingolipid species using MALDI-TOF-

MS, a relative quantification method was also created by

comparing the ratio of different sphingolipid species

instead of the absolute amount of each species. It was

found in all the mass spectra obtained, peak 506.9, was

always given the relative intensity of 100%. Thus, the

relative intensities of other peaks were calculated by

comparing to peak 506.9. Then the mean and standard

deviation of the relative intensity of each peak was com-

puted for each sample. Combining these data, a final RMS

was established for these samples, and the particular lipid

giving rise to the peak was identified by comparing their

validated masses in our database (http://lipid.zju.edu.cn).

All the comparisons were then conducted using the RMS.

NF-jB p65 Activity Analysis

Nuclear protein was extracted using the Nuclear Extract

Kit (Active Motif, Carlsbad, CA) following the manufac-

turer’s instructions. Briefly, cells in a 75 cm2 flask were

washed with ice-cold PBS, then scraped off the flask into

10 ml of ice-cold PBS and transferred into a pre-chilled 15

ml tube and spun at 3009g for 5 min at 4 �C. The pellet

was resuspended in 1 ml of ice-cold hypotonic buffer by

gentle pipetting and then transferred into a pre-chilled 1.5

ml tube. After swelling on ice for 15 min, 50 ll 10%

Nonidet P-40 was added and mixed by gentle pipetting.

The homogenate was centrifuged for 30 s at 4 �C in a

microcentrifuge. The nuclear pellet was resuspended in 50

ll complete lysis buffer and gently rocked on ice for 30

min on a shaking platform. The mixture was centrifuged

for 10 min at 14,0009g at 4 �C, and the supernatant

(nuclear cell extract) was then stored at -80 �C for further

analysis. The protein concentration was determined by

using the Bradford assay.

NF-jB activity was measured using the TransAM NF-

jB p65 Kit (Active Motif). In short, 30 ll of complete

binding buffer was added to each well of the 96-well plate

provided by the kit, and then 20 ll of the nuclear protein

extracts were added. After 1 h incubation at room tem-

perature, the wells were washed with buffer for three times,

and 100 ll NF-jB antibody (1:1,000) was added for

another 1 h incubation at room temperature. The plate was

then washed for three times, and HRP-conjugated sec-

ondary antibody (1:10,000) was added and incubated for

another 1 h. Finally, the chemiluminescent working solu-

tion was added, and chemiluminescence was read at 450

nm by the Infinite 200 multifunctional microplate reader

(Tecan, Austria).

RNA Isolation and RT-PCR

The mRNA levels of three enzymes, e.g., serine palmito-

yltransferase (SPT), acid sphingomyelinase (ASM), and

sphingomyelin synthase (SMS), were analyzed by RT-PCR

following various treatments. Total RNA was prepared

using TRIzol reagents (Invitrogen) according to the man-

ufacturer’s instruction. RNA samples were dissolved with

diethylpyrocarbonate (DEPC) -treated water and stored at

-80 �C. For reverse transcription, the complementary

DNA (cDNA) was generated using 5 lg of total RNA, N6

primer, and RevertAidTM M-MuLV Reverse transcriptase

(Fermentas, Glen Burnie, MD) following the manufac-

turer’s instructions. The subsequent PCR was carried out in

a 20-ll mixture containing 1 ll cDNA, 2 ll 109 PCR

buffer [100 mM Tris–HCl (pH 8.3), 500 mM KCl, 15 mM

MgCl2], 0.5 ll of 2.5 mM of each dNTPs, 0.5 ll of each

primer (20 mM), and 2.5 U Taq DNA polymerase (Takara

Biotech. Inc., Dalian, China). The following primers were

used in the PCR reaction:

1. SPT: sense 50-GGGCT TCATC ATCTA TGG-30 and

anti-sense 50-TCAGT AGCTG AGGCA ATGTC-30;
2. ASM: sense 50-CTCTG TCTGA CTCTC GGGTT C-30

and anti-sense 50-GCTTC GGCAC AGTAG GC-30;
3. SMS: sense 50-GTAAA CCCAA GAGCT TATCCA-

30 and anti-sense 50-GCCCA TTTCA CCCTA TCA-30;
4. b-Actin: sense 50-CATGT ACGTT GCTAT CCAGG

C-30 and anti-sense 50-CTCCT TAATG TCACG

CACGAT-30.
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Amplification was performed with an initial denatur-

ation step at 94 �C for 5 min followed by 30 cycles of

denaturation for 30 s, annealing at optimum temperature

(ASM and SMS at 60 �C, SPT at 55 �C) for 30 s and

extension at 72 �C for 45 s. A final extension was carried

out at 72 �C for 8 min. PCR amplification was performed in

an automated heat block thermal cycler (GeneAmp PCR

System 9700, ABI). The products were run on a 1% aga-

rose gel and stained with ethidium bromide. The gels were

then scanned with GelDoc-ItTM Imaging System (UVP

Inc., Upland, CA) and quantified using VisionWorksLS

Image Acquisition and Analysis Software (UVP). The

percentage of surface area under the peak of each band was

normalized to that of the corresponding b-actin band.

Sphingomyelinase Activity Measurement

Sphingomyelinase activity was measured by Amplex Red

sphingomyelinase assay kit (Molecular Probe, Invitrogen,

UK). In short, 106 cells were collected and resuspended in

40 ll ice-cold buffer (150 mM NaCl, 5 mM EGTA, 10 mM

Tris–HCl, pH 7.5, for neutral sphingomyelinase (NSM); 50

mM sodium acetate, 5 mM EGTA, pH 5.0, for ASM)

containing 1% Triton X-100 and 100 lg/ml phenylmeth-

ylsulfonyl fluoride. After shaking on ice for 30 min, cells

were frozen and thawed three times with liquid nitrogen.

Cellular debris was removed by centrifugation at 14,000

rpm for 30 min. Then the supernatant was diluted with

reaction buffer (pH 7.4, 100 mM Tris–HCl for NSM and

pH 5.0 NaAc for ASM), and the SMase activity was

measured according to the manufacturer’s instruction. The

samples were read in an Infinite M200 multifunctional

microplate reader (Tecan, Austria) with the excitation and

emission wavelength set at 530 and 585 nm, respectively.

Statistical Analysis

Each experiment was conducted at least three times. Sta-

tistical analysis was performed Student’s t-test. A

probability level of P \ 0.05 was considered significant.

Data are presented as mean ± SD.

Results

Nystatin Inhibits MNNG-induced Changes

in Sphingolipid Profiles

Previously, we have shown that MNNG can induce dra-

matic changes in ceramide and sphingomyelin [13, 14]. On

the other hand, although nystatin is routinely used to

interfere with the cellular lipid metabolism, little is known

about its effect on sphingolipids. Therefore, we first

analyzed the sphingolipid profile using MALDI-TOF MS

in cells treated with nystatin (Fig. 2). To establish the

RMS, peak 506.9 was chosen as the internal standard and

assigned a relative intensity of 100%. The final RMS

obtained was shown in Fig. 3, and the ions characterized,

as well as the values of their relative intensities, are listed

in Table 1.

As shown in Figs. 2 and 3, it was found that nystatin

could induce changes in sphingolipid profile, such as the

decrease of intensities of ions m/z 701.5 and 831.2, while

the intensity of m/z 617.7 was significantly increased. On

the other hand, nystatin had little effect on ceramide-

monohexoside (CMH). In contrast, the effects of MNNG

were more profound, including the generation of many new

sphingolipid species.

However, when cells were first incubated with nystatin

and then treated with MNNG, it was found that most of the

effects of MNNG on sphingolipids were suppressed. For

example, for ceramides, the intensity of m/z 645.6 was

returned to basal levels, while m/z 589.2 and 683.9 disap-

peared again as in controls. Similarly, MNNG-induced

increase of sphingomyelin and CMH were also inhibited.

Together, these data indicated that nystatin can reverse the

effects of MNNG on sphingolipid metabolism.

Nystatin Partially Inhibits the Activation of NF-jB

by MNNG

Previously, we have shown that MNNG can induce the

activation of NF-jB [11, 12], which is a downstream

molecule effector in both EGFR- and TNFR-mediated

signaling pathway [16, 17]. Since nystatin can influence the

effects of MNNG on sphingolipids, it was also of interest to

know whether nystatin can affect the activation of NF-jB

by MNNG. Therefore, cells were preincubated with nys-

tatin, followed by MNNG treatment, and the activation of

NF-jB was measured using the NF-jB activity kit. As

shown in Fig. 4, nystatin preincubation indeed, although

not completely, inhibited the MNNG-induced NF-jB

activation.

Neither Nystatin nor MNNG Affect the Expression

of mRNA of Key Enzymes in the Sphingolipid

Metabolism Pathway

Sphingolipid metabolism is regulated by various enzymes.

For example, serine palmitoyltransferase (SPT) is the rate-

limiting enzyme in the de novo synthesis pathway for

ceramide, while acid sphingomyelinase (ASM) and sphin-

gomyelin synthase (SMS) control the balance between

ceramide and sphingomyelin (Fig. 1). Since nystatin and

MNNG can both induce changes in sphingolipid profile, we

were interested to know whether these agents affected the
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Fig. 2 Representative MALDI-

TOF mass spectra of FL cells

following different treatments.

DMSO was used as solvent

control. M+N cells were

pretreated with nystatin (100

lg/ml) for 30 min followed by

MNNG (0.2 lM) treatment

for 8 h
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transcription of genes of these key enzymes. Therefore,

mRNA from cells with different treatments was extracted

and subjected to RT-PCR to examine transcription of SPT,

ASM, and SMS genes, with b-actin as an internal standard.

As shown in Fig. 5, neither nystatin or MNNG treatment

alone, nor nystatin plus MNNG treatment significantly

affects the expression of mRNA of these three enzymes.

MNNG Activates both ASM and NSM while

Preincubation with Nystatin Inhibits such Activation

Since neither MNNG nor nystatin affected the mRNA

levels of these enzymes, we were interested to know if they

can affect their activities. Thus, the activities of both ASM

and NSM were examined after different treatments. As

shown in Fig. 6, it was found that MNNG indeed can

increase the activities of both ASM and NSM. In contrast,

nystatin did not induce the activation of neither ASM nor

NSM. On the other hand, 30 min preincubation with nys-

tatin almost completely inhibited the activation of NSM,

but only partially inhibited the activation of ASM.

Discussion

In our laboratory MNNG is used as a model chemical to

investigate characteristics of DNA damage by environ-

mental toxins. However, during the study some phenomena

independent of nuclear DNA damage were also observed,

and one such phenomenon was the clustering of cell sur-

face receptors EGFR and TNFR that occur on lipid rafts

[12, 13]. Further analysis revealed that sphingolipids are

involved in this process, and that MNNG can induce

profound changes in sphingolipid metabolism [13, 14]. It

has also been demonstrated that nystatin, which can disrupt

lipid rafts, also inhibits receptor clustering [13].

The polyene antibiotics including nystatin and filipin have

long been used to interfere with lipid rafts due to their ability

to interact with cholesterol [10, 18]. However, to date there

had been no information regarding their effects on another

important class of lipid raft components, the sphingolipids.

Here for the first time, using a lipidomic approach, we have

shown that nystatin also influences sphingolipid metabolism,

although the effects were less profound than those of MNNG

(Table 1). More importantly, it is shown that nystatin could

partially inhibit the effects of MNNG. Therefore, we pos-

tulated that nystatin might also inhibit MNNG-induced, lipid

raft-mediated receptor clustering through perturbation of

sphingolipid metabolism.

Once receptor clustering is disrupted, it likely follows

that the downstream signaling would also be disrupted.

Thus, we further evaluated the activation of NF-jB, a

known downstream signaling molecule of both EGFR and

TNFR [16, 17]. Although nystatin itself did not affect the

activation status of NF-jB, it can inhibit the activation of

NF-jB by MNNG (Fig. 4). Hence, based on these data, it is

suggested that nystatin could target lipid raft, presumably

through the combined action of cholesterol depletion and

altered sphingolipid metabolism, and at least partially,

interfere with the function of MNNG (Fig. 7).

Sphingolipid metabolism is a very complex process,

involving the regulation of many enzymes (Fig. 1). As

nystatin and MNNG can both alter the sphingolipid profile,

we also examined the expression levels of some key met-

abolic enzymes in the sphingolipid synthesis pathway,

which might be responsible for the sphingolipid changes

Fig. 3 Reference mass spectra

of sphingolipids in cells

following different treatments.

M+N MNNG with nystatin

preincubation. * P \ 0.05,

compared to blank; # P \ 0.05,

compared to MNNG, student’s

t-test
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induced by these treatments. However, our results dem-

onstrated that the various treatments did not affect the

expression of these enzymes at the mRNA level (Fig. 5).

Therefore, it is more likely that changes in enzyme activity

rather than changes in enzyme quantity might be the reason

for altered sphingolipid metabolism. Indeed, our results

showed that MNNG can activate both ASM and NSM,

while nystatin can inhibit the effects of MNNG (Fig. 6).

Lipidomics is a fast growing research area, which has

already been applied in biomarker discovery, drug

development, signaling pathway analysis, as well as dis-

ease mechanistic studies [19–23]. MS has been adopted as

the instrumental platform of choice to investigate lipido-

mics by the lipid metabolites and pathways strategy (LIPID

MAPS) initiative [24]. Our study, in particular, has utilized

MALDI-TOF MS. Although MALDI-TOF MS has its own

advantages, however, compared to other types of MS such

as liquid chromatography-electrospray ionization-tandem

MS (LC-ESI-MS/MS), it suffers from the poor quantifi-

cation. To overcome this problem, we had developed the

Table 1 The average relative intensity of sphingolipids in blank and cells with different treatments

Characteristic sphingolipid ions (m/z) Blank

(mean ± SD)

DMSO

(mean ± SD)

MNNG

(mean ± SD)

Nystatin

(mean ± SD)

M+N

(mean ± SD)

589.2

Cer[d18:1C18:0+Na]+

Cer[d18:0C18:1+Na]+

4.55 ± 0.12

617.7

Cer[d18:1C19h:0+Na]+

Cer[d18:1C20:0+Na]+

8.77 ± 0.19 7.41 ± 1.46 7.54 ± 0.75 30.07 ± 6.39* 5.29 ± 0.76*#

645.6

Cer[d18:1C22:0+Na]+

Cer[d18:0C22:1+Na]+

Cer[d16:1C24:0+Na]+

13.77 ± 2.83 10.35 ± 1.77 5.87 ± 0.72* 18.15 ± 1.52 10.77 ± 3.41

683.9

Cer[d18:2C24:1+K]+

Cer[d18:1C25:1+Na]+

6.74 ± 2.18

701.5

SM[d18:1C16:1+H]+

SM[d18:2C16:0+H]+

25.83 ± 2.14 21.66 ± 2.81 36.37 ± 1.10* 15.77 ± 2.88* 19.57 ± 1.32*#

720.4

SM[d18:1C16h:0+H]+

SM[d18:0C26:0+H2O+Na]+

6.86 ± 0.48

723.3

SM[d18:1C16:1+Na]+

SM[d18:2C16:0+Na]+

34.42 ± 3.61 30.61 ± 4.31 44.07 ± 1.36* 27.27 ± 2.35* 25.49 ± 2.35*#

750.9

CMH[d18:1C18:0+Na]+ 4.06 ± 1.03

776.9

CMH[d18:1C20:1+Na]+ 4.6 ± 0.79

818.8

CMH[d18:1C22h:0+H2O+H]+

CMH[d18:1C23:1+Na]+

6.69 ± 0.96

831.2

SM[d18:1C24h:0+H]+ 11.88 ± 1.61 7.97 ± 0.21 12.25 ± 1.47 7.66 ± 0.70* 6.25 ± 0.70*#

832.8

CMH[d18:1C24:1+Na]+ 16.27 ± 3.04 15.11 ± 0.43 21.54 ± 2.02* 16.38 ± 2.48 14.25 ± 1.79#

Cer ceramide; SM sphingomyelin; CMH ceramide-monohexoside; d dihydroxy-sphingosine; h hydroxyl group in side chain, n = 7; M+N MNNG

with nystatin

* P \ 0.05 (compared with blank)
# P \ 0.05 (compared with MNNG); student’s t-test
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RMS method to quantify the sphingolipids relative to a

single, commonplace sphingolipid and, thus to facilitate

comparisons among separate experiments [2]. In this study,

RMS was also established for the sphingolipid profile

of human FL cells, although the defined internal reference

(m/z 506.0) was not the same as that for mice brain tissues

(m/z 753.6) [2]. This could be the result of different

sphingolipid composition of different species. Nonetheless,

this poses a problem when comparing results from different

samples/experiments, especially across species. Recently,

Fujiwaki et al. [25] used sphingosylphosphorylcholine

(SPC) as an internal standard to quantitatively evaluate

sphingolipids in human patients. As SPC is physiologically

nonexistent in normal human tissues or body fluids except

as an artifact [25], it is believed that SPC might be a better

choice as externally added standard for quantification

purpose.

There are also problems faced by the lipidomic study.

For example, during the extraction of sphingolipids, there

is the possibility of potential degradation of sphingolipids

and artifact during base methanolysis, which should be

recognized. Also, the assignments for sphingolipid mole-

cule solely based on the mass determined by MALDI-TOF/

MS may not be accurate, and only by further MS/MS

analysis could the definite molecular structures be

assigned. Still, in the present study, we first demonstrated

that the polyene antibiotic nystatin can affect sphingolipid

metabolism. In addition, it can inhibit the biological effects

of MNNG (such as the activation of NF-jB), probably

through the altered sphingolipid metabolism.
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Abstract Ozone treatment of commercially available

vegetable oils gives rise to the formation of chemical

species that are responsible for the therapeutic properties of

ozonated oil derivatives in dermatological diseases. In the

last years, these products have been successfully used as a

topical disinfectant in a number of serious skin affections.

The medical application of empirically prepared ozonated

oil has yielded striking improvements with unexpected and

rapid healing, compelling us to begin a long-range study

aiming first to define the main characteristics of the most

common ozonated vegetable oils, about which there is

usually no medical consensus because of the lack of stan-

dardization of their technological parameters. Sesame oil

was selected because of its great amount of polyunsatu-

rated acyl groups, as well as natural antioxidants.

Moreover, we have determined the kinetics and optimal

conditions of ozonation (e.g., ozone concentrations, time of

exposure, temperature) for obtaining an ozonated oil

characterized by well-established technological and phys-

ico-chemical properties, namely an accurate peroxide value

determination. On the basis of the results, we have gained

an understanding of the modifications of the vegetable oils

during the ozonation process.

Keywords Oxidized lipids � PUFAs �
Analytical techniques

Abbreviations

4-HNE 4-Hydroxynonenal

AV Acid value

IV Iodine value

PV Peroxide value

OE Ozonation efficiency

PUFAs Polyunsaturated fatty acids

SO Sesame oil

TAG Triacylglicerides

Introduction

From many years the medical use of ozone has represented

a challenging topic [1–5]. The parenteral autohemo-

therapy—namely the method of exposing ex vivo human

blood to oxygen–ozone for a few minutes in an ozone-

resistant glass bottle and successive, prompt reinfusion in

the donor patient—is still the object of controversial find-

ings [6]. It has been reported that ozonetherapy is very

useful in many pathologies, such as chronic osteomyelitis,

pleural empyema, abscesses with intractable fistulae,

infected wounds, bed sores, chronic ulcers and initial

gangrene, necrotizing fasciitis, diabetic foot, skin, mouth,

vaginal and rectal bacterial as well as viral infections and

burns [7], especially when in combination with topical

therapy by ozonated oils [8, 9]. Rapid healing is attribut-

able to the disinfectant properties of ozone and to an

enhanced cell proliferation allowed by an improved oxy-

genation and metabolism [10]. Thus, the antimicrobial

properties of ozone derivatives like ozonated oils represent

an interesting pharmaceutical approach to the management

of a variety of dermatological pathologies [10, 11].

Unsaturated vegetable oils react with ozone at the level of
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double bonds to form ozonoid compounds that have sus-

tained germicidal actions, as well as retaining the

properties of stimulating tissue regeneration and repair.

The chemical reactions of ozone when bubbled into an

oil are very complex. The analyses of these reactions

provide information on the functional group changes dur-

ing ozonation as well as the identification of the products

without prior separation techniques, according to the well-

known Criegee mechanism regarding the formation of

ozonides from alkenes and ozone [12]. The peroxidic

species are one of the most important products formed.

This group includes hydroperoxides, hydrogen peroxides,

polymeric peroxides, and other organic peroxides [13–15].

The yield of ozonated derivatives from unsaturated oils

depends on reaction conditions (e.g., temperature, time,

ozone generator, reactor type, stirring conditions, applied

ozone dose). Therefore, an understanding of the physico-

chemical properties of ozonated vegetable oils has great

importance for their characterization and identification. For

determining the quality of ozonated products, analytical

methods such as peroxide, acidity, and iodine values are

usually carried out [10, 13, 15].

Referring to ozonation of vegetable raw materials,

theobroma fats [16] as well as olive, soybean and sun-

flower oils have been the most investigated [17–19]. The

aim of the present study was to extend knowledge of

pharmaceutical interest to other vegetable oil products,

with particular emphasis on sesame oil (SO). It is

expressed from the seeds of Sesamum indicum. SO is used

in the pharmaceutical, cosmetic, and food industries. The

major use of SO in pharmaceutical formulations is as a

solvent in the preparation of sustained-release intramus-

cular or subcutaneous injections [20, 21] as well as an

auxiliary substance in the preparation of oral capsules,

disperse systems, and topical ointments [22, 23]. SO has

been selected for our investigation because it is a conve-

nient starting material, with a high concentration of

olefinic double bonds. SO is composed principally of

triacylglicerides (TAG). The predominant unsaturated

fatty acids in SO are oleic acid (45.4%) and linoleic acid

(40.4%). However, these acyl groups are not distributed

randomly across the glycerol positions. The saturated acyl

groups are almost exclusively in the 1 and 3 positions, and

unsaturated acyl groups are predominantly in the 2 posi-

tion [24]. Furthermore, SO presents significant proportions

of natural antioxidants, which protect it against natural

oxidation [25, 26] and could play a significant role during

the ozonation process. Our goal is to investigate the doses

of ozone, which, at appropriate experimental conditions,

can react with oils leading to biologically active deriva-

tives without any deleterious effect in terms of toxicity

and stability. Moreover, attention should be paid to a

correct quantification of the peroxide value, because of the

great number and stability properties of the various per-

oxidic species generated during ozone treatment [14] as

well as the underestimated values obtained using official

methodology.

We consider our results useful to determine technolog-

ical aspects that are necessary for the optimization of

ozonated oil quality.

Experimental Procedure

Materials

Chemicals were purchased from Sigma-Aldrich and used

without further purification. In particular, the SO was

obtained from the seeds of S. indicum (batch number

S3547). 4-Hydroxynonenal (4-HNE) was obtained from

Cayman Chemical Co. and stored at -80�C.

Ozonation Method

Ozone was generated by the O3 generator (Model Ozono-

san PM 100 K, Hansler GmbH, Iffezheim, Germany) from

medical-grade oxygen (O2) as feed gas using electrical

corona arc discharge. The gas flow rate and O3 concen-

tration have been controlled in real time by both

photometric and iodometric determinations, as recom-

mended by the Standardization Committee of the

International O3 Association. The O3 flow rate was kept

constant at 1.5 l/min in all experiments, and ozone con-

centration was 55 mg/l. The ozone/oxygen mixture was

bubbled in Drechsel bottles containing 40 ml of SO for

different times comprising between 15 and 120 min (SO15,

SO30, SO60, SO90 and SO120), and corresponding to

about 1,240, 2,480, 4,950, 7,450 and 9,900 mg of O3 dose,

respectively. Gas inlet was performed by using a Drechsel

bottle with a sintered filter at the bottom (porosity 145–174

lm), unless otherwise stated. Furthermore, we have carried

out blank tests under the same conditions bubbling only

oxygen for the same time (see above).

FT–IR Spectroscopy

Ozonated SO samples were used for FT–IR spectroscopy

measurement (Perkin–Elmer Spectrum BX). About 2 ll of

sample were deposited between two disks of KBr, avoiding

air bubble formation [27], then the transmittance % was

measured in the range 4,000–800 cm-1. Spectra were

obtained using a 16-scan summation at a minimal resolu-

tion of 4 cm-1.
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NMR Spectroscopy

1H and 13C NMR spectroscopy was performed on a Bruker

Avance 400-MHz Spectrometer; 100 ll of each sample was

placed into 5-mm tubes and dissolved in CDCl3 (750 ll).

To obtain information on the production of toxic aldehydes

like 4-HNE as by-products of ozonation, a neat SO sample

was cured with 5 ll of 4-HNE, and the 1H NMR was

recorded.

Iodine Value

The iodine value (IV) is a measure of the total number of

double bonds present in the sample. It represents the

quantity of iodine (in grams) that will react with the double

bonds in 100 g of sample. IV was determined according to

the European Pharmacopoeia [28]. The IV was calculated

by means of the following equation:

IV ¼ 1:269� ðn1 � n2Þ
m

ð1Þ

where n1 is the volume in ml of thiosulphate solution used

for carry out a blank test, n2 is the volume in ml of thio-

sulphate solution used for the titration, and m the quantity,

in grams, of substance.

Acid Value

The acid value (AV) is the number that expresses, in mg,

the quantity of potassium hydroxide required to neutralize

the free acids present in 1 g of the substance [29]. The AV

was calculated by means of the following equation:

AV ¼ 5:610� n

m
ð2Þ

where n is the volume in ml of titrant and m the quantity, in

grams, of substance.

Peroxide Value and Method Evaluation

The peroxide value (PV) represents the quantity of per-

oxide expressing in milliequivalents of active oxygen

contained in 1,000 g of the sample.

PV was determined introducing changes, unless other-

wise stated, into the method described in the official

monograph [30], as recently evidenced by some authors in

the case of materials characterized by a high peroxide

content and slow iodide reactivity with dialkylperoxides

[14, 31]. In particular, we are able to obtain reproducible

and/or realistic results only by modifying both the tem-

perature and the reaction time with respect to the

monograph conditions. Briefly, 2 g of SO were weighed in

a 250-ml conical flask, and 30 ml of chloroform/glacial

acetic acid (2:3) were added. Then, 3.0 ml of saturated

potassium iodide solution was added. The flask was stirred

at reflux temperature (60� C) for various times (0–180

min). After this time, the solution was cooled, and 25 ml of

water was added. Solutions of sodium thiosulphate at the

appropriate concentration (0.0001–0.1 M) were used for

the titration. The PV was calculated by means of the fol-

lowing equation:

PV ¼ 1; 000� ðV1 � V0Þ � c

m
ð3Þ

where V1 is the volume in ml of thiosulphate solution used

for the titration, V0 is the volume in ml of thiosulphate

solution used for carry out a blank, c the thiosulphate

concentration, and m the quantity of substance.

All samples carried out by peroxide value titration were

treated in order to evaluate the reaction process. Briefly, the

organic layer of titrated mixture was dried over sodium

sulfate and evaporated under reduced pressure to give a

yellow oil, which was analyzed by both FT–IR and
1H-NMR spectroscopies (see above).

Moreover, the ozonation efficiency (OE%) was calcu-

lated. It represents the % ratio of the amount of peroxidation

due to the ozonation process, as estimated by PV value, to

the amount of total ozone applied to the system.

Viscosity Measurements

Viscosity measurements were carried out with an innova-

tive torsional-oscillation viscometer [32] (Viscomate VM-

10AL, CBC Europe). Briefly, this instrument measures

viscosity by sensing a change in oscillation amplitude of a

liquid-immersed detector, based on constant input voltage.

The detector oscillation amplitude with no resistance is 1

lm. Angular acceleration of the detector is measured and

reported as dynamic viscosity with a declared range of

0.400–1,000 mPa s and a precision equal to ±5%. All the

determinations were conducted in polystirene Technicon�

sample cups (Kartell, nominal capacity 2 ml). Temperature

control was accurately monitored during the experiments

(22.0 ± 0.1 or 35.0 ± 0.1 C). Viscosity values were

recorded until equilibrium (data collection every 5 s) by PC

connection through a RS-232 port.

In the present study all the physico-chemical charac-

terizations were repeated at least three times.

Results

FT–IR Spectroscopy

For the IR spectroscopy of SO we have focused our attention

on the wave numbers characterizing the double bond, C=C

Lipids (2008) 43:877–886 879
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stretching (1,654 cm-1) and =C–H stretching (3,009 cm-1)

[33], as well as the ozonide CO stretching (the 1,105 cm-1)

by unsaturated fatty acid moieties [34, 35]. As expected, the

intensity of the bands corresponding to the double bond

decreases and the band identifying the formation of the

ozonide increases with respect to time of ozone treatment

(Fig. 1). Apparently, when we have the maximum ozone

dose, all double bond signals disappeared. As can be seen,

the peaks reported above reveal the chemical changes

occurring in the fatty acid chain during the reaction.

NMR Spectroscopy

The 1H NMR and 13C NMR assignment to principal peaks

of SO are listed in Table 1. The proton and carbon reso-

nances were assigned according with literature data, as

obtained for similar vegetable oils [25, 34]. The 1H NMR

spectrum of SO is shown in Fig. 2, top. NMR analyses

confirmed the structural changes undergone by oil during

the ozonation (Fig. 2, bottom). The new signals found in

ozonated oil are summarized in Table 2. In 1H NMR

spectra of ozonated SO, new signal at 5.15 ppm appears,

attributed to the ring proton of 1,2,4-trioxolane. Such evi-

dence was confirmed by the appearance of signal in 13C

NMR spectra at 104.33 ppm assigned by Wu et al. [36] as

the ring carbon in the same structure. Moreover, the

decrease of multiplet at 5.20–5.38 ppm and of signals at

128.06–130.16 ppm was observed in the 1H and 13C NMR

spectra, respectively, due to olefinic moiety. Furthermore, a

new signal at 5.56 ppm, assigned as protons directly bon-

ded to sp2-hybridized carbons, appeared at the early stage

of ozonation (until 60 min) to gradually decrease, in

agreement with previous results obtained for transesterified

sunflower oil [34].

The protons of the methylene group a to the sp2–

hybridized carbons resonated at 2.00 and 2.71 ppm before

the ozonation and shifted to 1.36 and 1.65 ppm after for-

mation of 1,2,4-trioxolane [37]. 1H NMR spectra of

ozonated SO showed peaks at 9.69 and 2.42 ppm attrib-

utable to the aldehydic proton and the methylene proton a
to the carbonil carbon, respectively. In 13C NMR, the

carbonil carbon, and the carbon a to it, resonated at 202.58

and 44.02 ppm, respectively.

Iodine, Acid and Peroxide Values

In Table 3 the IV, AV, PV as well as the ozonation effi-

ciency are reported. As far as IV is concerned, it decreases

as the insufflated ozone dose increases, leaving from the

value of 113.65 (according to certificate of analysis limits,

103–116) to 13.39 with the greater ozone dose used (9,900

mg). Such a value is indicative that about all of the

unsaturated group in SO reacted with ozone, according to

the double bond disappearance.

Fig. 1 FT–IR spectroscopy of

the samples after exposure to

progressively increasing ozone

amounts
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An increase in both acidity and peroxidation values was

observed. In detail, about 18- and 34-fold grow-up with

respect to the initial value and ozonation time was obtained,

respectively (see Table 3). In the first ozonation phase

(SO30, 2,480 mg of ozone) the increase was fast, followed

by a decrease in rate, until the plateau of about 3,800 was

obtained in terms of peroxide value (SO120, 9,900 mg of

ozone). These results were expected because, in preliminary

experiments, we noted only a partial reaction of ozone in the

oil compartment, as evidenced by an increased amount of

ozone recovered in a suitable iodide trap that was posed

after the vessel. Such a phenomenon is justified if we con-

sider that a substantial portion of the unsaturation became

slow reacting with time, because of probabilistic and steric

conditions [38]. This behavior might be due to formation of

polymeric peroxides, which are responsible for viscous

mass achieved after massive ozonation.

In Table 3, ozonation efficiency was also reported. It

represents an estimation of the amount of ozonated com-

pound, evaluated by PV, to the amount of the applied

ozone. As expected, the reaction yield decreases because of

the double bond disappearance with time.

Table 1 1H and 13C NMR assignments of neat sesame oil (SO)

Chemical shift (ppm) Functional group

1H 13C

0.83 14.28 –CH3

1.27 29.15–31.89 –(CH2)n–

1.60 24.84 –CH2–CH2–OCO–

2.00 27.18 –CH2–CH=CH–CH2–

2.30 34.08 –CH2–OCO–

2.71 25.62 –CH=CH–CH2–CH=CH–

4.05–4.35 173.07 –CH2–OCOR

5.20–5.26 172.73 [CH–OCOR

5.20–5.38 128.06–130.16 –CH2–CH=CH–CH2–

– 172.98 –OCO–

Fig. 2 1H NMR spectra: neat

sesame oil (before ozone

treatment) and ozonated sesame

oil (after ozone treatment, 90

min)
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Method Evaluation of the Peroxide Value

The PV determination according to the European Phar-

macopoeia [30] leads to an underestimation of O3 reacting

with unsaturated substrates. In fact, these values are very

low with regard to the O3 dose insufflated (PV \ 350, see

Fig. 3). The difference between values among the various

treatment times is minimal, even if statistically significant

(P\0.001), in all cases except between SO90 and SO120.

FT–IR spectra of titrated samples confirm this assumption:

ozonide CO stretching (1,105 cm-1) was unchanged

between the control sample and the sample titrated

according to Pharmacopoeia (Fig. 4). Such a result was

also validated by the signal at 5.15 ppm in NMR spectra

(data not shown).

The behavior is different if the sample was stirred at

reflux temperature: PV considerably increases already after

10 min (about 2,800 for SO120), corresponding to a

decrease in the CO stretching band. The full titration was

carried out for 180 min at reflux. The plateau, defined as

the absence of statistically significant differences between

two successive points, was reached after 120 min for SO15,

SO30, and SO60, whereas the samples SO90 and SO120

required minor reflux times (30 min).

The data were confirmed by NMR spectroscopy analysis

carried out on oil recovered from the titration, where the

5.15 ppm signal disappears.

It should be noted that the heat treatment does not

change the FT–IR transmittance band of the SO control

sample (Fig. 4, left side).

Table 3 Iodine value (IV), acid value (AV) and peroxide value (PV) of the samples after exposure to progressively increasing ozone amounts

Sample Ozone dose (mg) IV (g/100 g) AV (mg KOH/g) PV (mEq/1,000 g) OE (%)

SO 0 113.65 (±1.50) 0.70 (±0.01) 104 (±3) –

SO15 1,240 92.20 (±1.60) 2.30 (±0.08) 1,480 (±70) 96

SO30 2,480 79.65 (±4.80) 3.19 (±0.08) 2,503 (±101) 84

SO60 4,950 52.65 (±1.10) 7.40 (±0.18) 3,100 (±93) 52

SO90 7,425 37.10 (±1.00) 9.80 (±0.30) 3,440 (±89) 38

SO120 9,900 13.90 (±0.50) 12.6 (±0.35) 3,800 (±179) 31

Table 2 1H and 13C NMR new signals of ozonated sesame oil

Chemical shift (ppm) Functional group

1H 13C

5.15 104.33 1,2,4-trioxolane

1.36 – –CH2–CH=CH–CH2–

1.65 – –CH=CH–CH2–CH=CH–

2.42 44.02 a-Methylene group

9.69 202.58 Aldehyde

Fig. 3 Peroxide values at the

different conditions adopted

(see text for explanation)
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As expected, the OE% is almost quantitative ([96%) and

anyhow high ([80%) for SO15 and SO30, respectively.

After this time, it is possible to observe a reduction in the

ozone yield (until 31%, SO120) due to a lack in the number

of available double bonds for the reaction (Table 3).

Viscosity Measurement

An increase of the ozonation time leads to an exponential

trend in the increase of the sample viscosity, as shown in

Fig. 5. Ozonated SO reached viscosity values up to 900 and

400 mPa s, depending to the temperature of determination

(22 and 35 �C, respectively).

It is noteworthy that when ozone inlet was performed by

using a Drechsel bottle with Drechsel bottle heads in the

absence or in the presence of a sintered filter disk,

Fig. 4 FT–IR spectroscopy of

titration samples (SO, SO30 and

SO60): a control, b titration in

agreement with the European

Pharmacopoeia monograph, c
reflux time 10 min, d reflux time

60 min

Fig. 5 Viscosity measurements of the samples after exposure to

progressively increasing ozone amounts: open circle and solid circle

refer to 35 �C and room temperature, respectively
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analogous results in terms of IV, PV NMR and FT–IR

characterization as well as viscosity determination were

always obtained. Moreover, when oxygen inlet instead of

ozone was performed as control, no differences were

observed with respect to the native SO characteristics.

Eventually, the stability of the ozonated oil was moni-

tored over a period of at least 1 year. No appreciable

changes in the physico-chemical profile of the derivatives

was observed if they were stored at room temperature in

the dark.

Discussion

SO represents a valuable matrix to obtain derivatives useful

in treating dermatological affections. SO was selected

because this vegetable product is often used in pharma-

ceutical formulations, but it was never characterized in

terms of its reactivity with ozonation processes. Our pro-

posed accurate methods to check the oxidative processes

and status are important factors in terms of sample

stability.

Specific bibliographic information on the spectroscopic

characterization (FT–IR and NMR) of SO derivatives

generated by ozonation is absent. Ozone concentration and

time of reaction are important for the ozonation reaction.

The appreciable change in the FT–IR spectra between

3,300 and 3,600 cm-1 broad peak, indicating the presence

of hydroxyl groups in the ozonated oil different from SO

[35], was not evidenced in our study.

The extent of ozonation had very little effect on the

aldehyde-to-ozonide ratio obtained from NMR spectra.

These results indicate that, as expected, also for SO the

NMR spectroscopy can provide valuable information about

the amount of reaction compounds during ozone treatment.
1H-NMR spectra of neat oil samples and ozone-treated oil

showed peaks due to methyl protons from fatty acids. It

was also evidenced from NMR spectra that the double

bond peak decreased in intensity after ozonation. More-

over, the appearance of new peaks at 2.42 and 9.69 ppm for

the ozonated oils is comparable with analogous derivatives

obtained for similar substances (2.50 and 9.75 ppm). These

results can be explained by the decomposition of all the

peroxidic compounds present in the different equilibriums

into the same reaction system. One example of these is the

formation of carboxylic acid from peroxidic compounds.

Besides, SO has a high proportion of unsaturated fatty acid,

leading to a very complex ozonated system where the

peroxidic compound decomposition to acid is very high.

As far as formation of several secondary oxidation

products is concerned, aldehydes are of peculiar concern in

terms of their cytotoxic and genotoxic potentiality [39]. In

particular, among the reactive species produced upon lipid

peroxidation, 4-HNE is one of the most abundant alde-

hydes when ozone reacts with olefins in the presence of

water [40]. In the overall spectra, it was observed that the

specific region of this compound (9.57–9.59 ppm) was free

of signals, leading us to conclude that 4-HNE is not a

secondary product of SO ozonation.

During ozonation reaction, ozone reacted with the veg-

etable oils that have high levels of polyunsaturated fatty

acids (PUFAs). This aspect was evidenced by the IV

decrease in relation to applied ozone dosage, representing a

measure of the residual double bonds. Almost all unsatu-

rated groups reacted with ozone, even if the condensation

of peroxides led to a thickening of the system that could

limit the whole double bond accessibility [19, 24].

The reaction of ozone with PUFAs present in SO, as

well as in other unsaturated substrates, produces different

types of peroxidic compounds as described by the Criegee

mechanism, and the peroxide value represents the method

generally employed to determine total peroxidic com-

pounds formed. However, the official monographs report

standard methods based on iodometric characterization

with a reaction time of 1 min to analyze the samples. It

should be observed that these assays apply well only to

samples at low content of peroxidic compounds. In fact,

ozonated SO as well as other unsaturated oils contains a

great amount and diversity of peroxides. For these reason,

different conditions could be necessary to determine its

correct peroxide content. In particular, the prescribed

reaction time of 1 min is insufficient for determining all

kinds of long-chain peroxides [14, 31].

Acids are directly formed both during ozonation and

because of peroxide decomposition. However, at these

conditions, a high acidity value does not directly indicate

that the oil quality has diminished and is at risk of

becoming rancid.

Viscosity represents an evaluation of the peroxides

species that are generated during the SO ozonation process,

giving information about: (1) the increase of the van der

Waals interactions due to the disappearance of the double

bonds, indicating that the double bonds in the oil molecules

reacted with ozone to form a more bulky molecule; (2) the

modification of the unsaturated acyl chains ozonation

kinetic, affecting the mobility and the reactivity of the

species involved in the reaction. This aspect is of particular

importance in terms of product characterization and eval-

uation of the ozonation reaction. Furthermore, our

proposed method represents a useful online instrumentation

that doesn’t require periodic recalibration or frequent

maintenance while providing continuous data logging

during both ozonation reaction and storage time.

It could be considered that, when ozone inlet was per-

formed by using the Drechsel bottle with Drechsel bottle

heads in the absence or in the presence of sintered filter
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disk, a large vortex is always formed, resulting in signifi-

cant mixing of the liquid phase and high ozone dispersion

and reactivity, leading to a high efficiency of the various

systems.

In conclusion, these results suggest that physico-chem-

ical properties can provide valuable information about the

ozonation level of SO and its potential applicability in

dermatological infective pathologies. The evaluation of the

oxygenated compound derived by ozonation processes is

necessary in order to deepen the mechanism of action of

these products. The future objectives will be the ongoing

preclinic studies of both their antimicrobial properties and

in vivo assessment of nontoxicity/allergenicity as well as

the therapeutic activity of ozonated SO at different con-

centrations in a variety of chronic skin ulcers of patients

with peripheral obstructive arterial diseases.
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5. Stübinger S, Sader R, Filippi A (2006) The use of ozone in

dentistry and maxillofacial surgery: a review. Quintessence Int

37:353–359

6. Travagli V, Zanardi I, Silvietti A, Bocci V (2007) A physico-

chemical investigation on the effects of ozone on blood. Int J Biol

Macromol 41:504–511

7. Bocci VA (2006) Scientific and medical aspects of ozone therapy.

State of the art. Arch Med Res 37:425–435
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Abstract The present review is focused on the metabo-

lism and the emerging roles of oleoylethanolamide (OEA)

with emphasis on its effects on food intake control and

lipid metabolism. The biological mechanism of action,

including a non-genomic effect mediated through peroxi-

some proliferator-activated receptor alpha (PPAR-a) and

transient receptor potential vanilloid type 1 (TRPV1)

receptor, is discussed. The research related to fatty acid

ethanolamides has been focused until recently on ananda-

mide and its interaction with cannabinoid receptor subtype

1. The roles of other N-acyl ethanolamine fatty acid

derivatives have been neglected until it was demonstrated

that OEA can modulate food intake control through inter-

action with PPAR-a. Further investigations demonstrated

that OEA modulates lipid and glucose metabolism, and

recent study confirmed that OEA is an antagonist of

TRVP1. It has been demonstrated that OEA has beneficial

effects on health by inducing food intake control, lipid

b-oxidation, body weight loss and analgesic effects. The

investigation of the mechanism of action revealed that

OEA activates PPAR-a and stimulates the vagal nerve

through the capsaicin receptor TRPV1. Pre-clinical studies

showed that OEA remains active when administered orally.

Keywords N-acyl fatty acid ethanolamine � Food intake �
Oleoylethanolamide � Energy metabolism �
Lipid metabolism

Introduction

Fatty acid ethanolamides belong to a family of lipids nat-

urally found in both plant and animal tissues. These fatty

acid derivatives appear to have biological properties.

Indeed, palmitoylethanolamide (PEA, derived from pal-

mitic acid) has anti-nociceptive and anti-inflammatory

properties [1]. Within this family, anandamide (derived

from arachidonic acid) has been of great interest. In the last

decade, it was discovered that anandamide is an endoge-

nous ligand for cannabinoid receptor subtype 1 (CB1).

Activating CB1, anandamide increases food intake.

Another interesting fatty acid amide is oleoylethanolamide

(OEA), formed from oleic acid and phosphatidylethanol-

amine. Biological functions of OEA, such as anorexigenic

or body fat loss properties, have been extensively studied

over the past decade. This molecule is naturally present at

low concentrations in food products, such as cocoa powder

(up to 2 lg/g), oatmeal or nuts [2, 3]. Biologically, the

OEA function is to regulate food intake via a synthesis/

degradation balance, which occurs mainly in the entero-

cytes (brush border). The present review is focused on

these recently discovered biological functions of OEA, its

metabolism and analysis.
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Biological Functions of Oleoylethanolamide

Effect of Oleoylethanolamide on Food Intake Control

Oleoylethanolamide is synthesized in the small intestine of

various vertebrate species, where its level decreases during

food deprivation and increases upon re-feeding [2, 4, 5].

The increased level of plasmatic OEA after feeding could

be due to the presence of OEA in food [2, 3], but OEA

concentrations in food products are really low (under 2 lg/

g of food), suggesting that one part of the increased level of

OEA is linked to an activated endogenous synthesis.

Indeed, food intake may stimulate N-acyltransferase (NAT)

activity, and biosynthesized OEA can trigger satiety signals

[2, 4, 5]. In brain, the anandamide concentration signifi-

cantly increases upon severe food restriction. The level of

this endocannabinoid is modulated in the brain structures

according to the feeding status and depending on specific

localization in the brain. Anandamide levels do not change

in the hypothalamus, but increase in the limbic forebrain

[6]. Anandamide and OEA were shown to be active

through two distinct pathways. Thus, anandamide activates

cannabinoid receptor CB1 mainly in the mesolimbic sys-

tem [6], leading to an increase of food intake, whereas

intestinal OEA induces a satiety signal, leading to a

decrease of food intake. Similarly to anandamide, the

natural levels of OEA change with respect to the nutritional

status, leading to a precise control of food intake. This

control is central to induce food intake and peripheral to

induce satiety [5].

Pharmacological studies have been performed to better

understand how a very simple fatty acid derivative can

control food intake. A significant decrease of food intake

was observed for 4 h after intraperitoneal (ip) injection of

OEA at 5 mg/kg of body weight and for all of the 9 days of

the experiment in rats [7]. The same treatment also lowered

the body weight gain compared to the control [7]. Intra-

cerebroventricular administration of OEA did not induce

any effects underlying the peripheral action of OEA [4].

Various OEA doses have been tested with ip administration

from 5 to 20 mg/kg of body weight, always leading to a

dose-dependent decrease of food intake. Compared to the

control (animals injected with vehicles), the percentages of

food intake decrease were 32, 24 and 14%, respectively, for

20, 10 and 5 mg of OEA/kg bw on the 24 h following the

injection [8, 9]. These measures were performed in a 24-h

experiment. The effects of OEA on food intake were

reproducible for 14 days. Indeed, subchronic intraperito-

neal administration of 5 mg OEA/kg bw induced a global

diminution of food consumption. Cumulative food intake

was significantly decreased over the 14 days of the

experiment, but the daily food intake was not significantly

lower compared to controls among these experimental

periods. Nevertheless, the subchronic OEA administration,

with a daily injection of 5 mg OEA/kg bw, induced a 3%

significant decrease of body weight for all of the experi-

ment [10].

Further studies looking at the oral administration effect

of OEA confirmed that OEA acts peripherally [11]. When

OEA was administrated by gavage at different concentra-

tions, a significant decrease of food intake on 24 h was

observed at 200 mg/kg of oral OEA [11]. When OEA was

administrated in pH-protective capsules (releasing OEA at

pH 6), a similar effect was observed at a fourfold lower

level (50 mg/kg bw) [12]. The effects of OEA capsules

were significantly different from controls 5 h after

administration, which corresponds to the time for the

capsules to go from the stomach to the small intestine. All

together, these results suggest that OEA reduces food

intake by acting at a local site within the small intestine

[12]. Several meal parameters have also been monitored

and demonstrated that OEA induced a delay of the first

meal, a decrease of the size of the first meal and an increase

of the post-meal intervals [12]. It has been shown that

ethanolamine and oleic acid, the degradation products of

OEA, did not have any influence on food intake when

administrated orally [11]. A bioavailability study, using

radiolabeled OEA administrated to rats by gavage (10 mg/

kg of body weight), has been performed to assess OEA

degradation in the gastrointestinal tract [11]. This treatment

increased the OEA level to about 11 times in intestinal

tissue. However, only 0.48% of the given dose was found

unchanged in the tissue. The ratio of intact OEA to

hydrolyzed OEA decreased along the gastrointestinal tract,

showing that OEA is progressively catabolized [11].

In parallel, studies have been performed to establish

whether OEA has any influence on the synthesis of satiety

signaling biomarkers, such as glucagon-like peptide-1

(GLP-1), cholecystokinin (CCK) and peptide YY (PYY),

which have satietogenic effects, and ghrelin, which stim-

ulates appetite. These molecules act along the

gastrointestinal tract and are secreted separately depending

on the nutritional status. The satietogenic peptides GLP-1,

CCK and PYY are released during the post-prandial period,

whereas the ghrelin plasma level is increased under star-

vation. The alternative release of these different

biomarkers contributes strongly to food consumption reg-

ulation. Intraperitoneal injection of OEA was shown to

reduce the ghrelin level, but not the GLP-1 concentration in

rats [13], whereas CCK and PYY remained unaffected [8].

The anorectic effects of OEA do not imply the modulation

of the secretion of satiety signals [8, 13].

Satietogenic properties of OEA can also be partially

explained by its action on the gastrointestinal tract itself.

Indeed, OEA delays gastric emptying [14] and slows down

intestinal motility [15]. The delay of these parameters has a
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strong influence on nutrient absorption and thus on food

intake control. All together, these results suggest that OEA

plays a role in the peripheral control of food intake that has

to be integrated with the nervous and hormonal control of

satiety. Nevertheless, more studies are necessary to confirm

that OEA properties that were observed in in vitro studies

or in animal models are applicable to humans for thera-

peutic metabolic health.

Effects of Oleoylethanolamide on Lipid Metabolism

The modulation of lipid metabolism by OEA was initially

demonstrated by Rodriguez de Fonseca et al. [4]. Indeed,

OEA treatment induced a higher reduction of body weight

gain than the one observed in the pair-fed group, demon-

strating that the effect on body weight is not only due to the

decrease of food intake, but also to a direct effect on lipid

metabolism [4]. Intraperitoneal administration of 5 mg/kg

of OEA in rats increased the expression of FAT/CD36

(fatty acid translocase) in adipose tissues [4]. Following

this observation, the OEA effect was tested on cell cultures

of enterocytes and adipocytes. In adipocytes, OEA induced

an increase of the FAT/CD36 expression and of the fatty

acid release, suggesting an increased lipolysis [7]; it is also

an agonist of the capsaicin receptor transient receptor

potential vanilloid type 1 (TRPV1) that is expressed in

preadipocytes. Once activated, this receptor inhibits dif-

ferentiation of preadipocytes and adipogenesis [16]. In

enterocytes, an increase of FAT/CD36 expression and of

fatty acid uptake was demonstrated after OEA treatment

[7]. These observations suggest that the increased fatty acid

uptake in enterocytes is due to the decreased food intake

and body weight gain. OEA would enhance the utilization

of nutrients in the small intestine. These findings support

the fact that OEA would play an important role in lipid

metabolism by increasing the lipolysis in adipocytes and,

simultaneously, increasing fatty acid uptake in the intes-

tine, partially implicating the modulation of FAT/CD36

expression [7]. These results on lipolysis were previously

demonstrated in vivo, suggesting a role of peroxisome

proliferator-activated receptor alpha (PPAR-a) in fatty acid

b-oxidation in muscle through a study performed on

PPAR-a null mice [17], but also in obese rats, as OEA

treatment can reduce the accumulation of lipid droplets in

the liver and significantly decrease plasma cholesterol and

triglyceride levels [10].

These results suggest that OEA has lipolytic properties

through the inhibition of adipogenesis in adipose tissue

[16] and the activation of lipid b-oxidation in muscle [17].

Nevertheless, OEA concentration was not decreased during

preadipocyte differentiation after the negative control of

leptin or PPAR-c, contrary to the level of its anti-inflam-

matory analogue PEA [16]. These last findings do not favor

the local action of OEA on preadipocyte differentiation

through the activation of TRPV1 [18]. Consequently, the

major action of OEA on lipid metabolism would be

essentially an increased lipid b-oxidation in muscle and a

better fat utilization through a higher lipolysis in mature

adipocytes. These results would have to be confirmed in

humans through clinical trials.

Oleoylethanolamide Acts Peripherally

It has been demonstrated that in some of the OEAs

observed, peripheral anorexic effects [4] are mediated by

the activation of peroxisome proliferator-activated receptor

alpha (PPAR-a) [19] with a relatively high affinity

(Kd = 37.4 nM) compared to other potential endogenous

ligands of PPAR-a present in partially digested food, such

as free fatty acids [20]. A study has been performed in

wild-type and PPAR-a knock-out mice to understand how

OEA, which is a potent endogenous PPAR-a agonist, can

regulate food intake and body weight gain [10]. This study

showed that OEA reduces food intake, inhibits body-

weight gain and lowers plasma cholesterol levels in wild-

type mice, whereas it does not have such effects in PPAR-a
mutant mice [10]. This implication of PPAR-a in the OEA

mechanism of action has also been confirmed with some in

vitro gene reporter assays on cell cultures [21].

In addition to its interaction with PPAR-a, OEA has been

shown to be an agonist of TRPV1. At submicromolar

concentrations, OEA activates native TRPV1 in rodents on

perivascular sensory nerves and elicits whole cell currents

and fluorometric calcium response in human cell lines

expressing TRPV1 [22]. TRPV1 activation leads to the

excitation of peripheral vagal sensory nerves involved in the

nervous control of food intake [23]. TRPV1 is expressed in

both nociceptive neurons, where it is involved in the

detection of noxious chemicals and thermal stimuli, and in

visceral sensory neurons and brain, where it could have a

role on food intake control. OEA was shown to indirectly

regulate the activity of TRPV1 and the excitation of sensory

nerves expressing TRPV1. Indeed, if TRPV1 is phosphor-

ylated by the protein kinase C, it becomes more sensitive to

OEA activation [23]. To confirm TRPV1 involvement in

OEA effects on food intake, normal mice and TRPV1-null

mice were injected with OEA (12.5 mg/kg bw). Short-term

feeding was significantly reduced in the control group, but

not in the TRPV1-null group, showing the role of this

receptor in feeding regulation [22, 24]. Another study was

performed in vivo and in vitro to establish the relationship

between the rat TRPV1 receptor and OEA, employing

measurement of 45Ca2+ uptake in TRPV1 receptor-trans-

fected cells. OEA showed agonist properties on TRPV1

receptor by stopping 45Ca2+ uptake in cells expressing

TRPV1 [25]. The mechanism of action of OEA on TRPV1
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is linked to a Ca2+ concentration modulation inside the cell,

inducing an effect on vagal sensory nerves and, conse-

quently, on food intake regulation.

Furthermore, a protein-G coupled receptor (GPR119)

having affinity with OEA (OEA activates GPR119 with an

EC50 superior to 30 lM) has been recently identified in

intestinal and pancreatic cells [26, 27]. This receptor is

mainly expressed in the gastrointestinal tract and in the

pancreas. A specific agonist of GPR119, named

PSN632408, has been identified. The satietogenic effi-

ciency of PSN632408 was investigated in vivo through

intraperitoneal administration (100 mg/kg bw). It induced a

30% decrease of food intake, strongly associated to

GPR119 activation. As GPR119 is activated by OEA, it

could partially participate in OEA satietogenic effects [26].

However, although the implication of GPR119 in food

intake regulation has been demonstrated, it is still uncertain

whether it can be activated in vivo by OEA [28].

In Fig. 1, a tentative mechanism of action of OEA on

the control of food intake is proposed. Fatty acids and

derivatives such as OEA are PPAR-a ligands

(Kd = 37.4 nM for OEA) [19, 29]. OEA can activate

intestinal PPAR-a, inducing the activation of other nuclear

receptors such as RXR. Indeed, PPAR-a and RXR can

form a heterodimer that can bind to response elements,

leading to the activation of target gene transcription [29,

30]. These expression modulations would be involved in

food intake and lipid metabolism regulation. In addition to

this intestinal effect, circulating OEA could block TRPV1

receptors on neuronal cells. This mechanism would modify

the electrical status of the Ca2+ channel, inducing small

depolarization [24]. Thus, the vagal sensory nerves would

be excited, directly influencing food intake regulation.

Effects of Oleoylethanolamide on Glucose Metabolism

Rats, intraperitoneally treated with OEA, showed a glucose

intolerance compared to control without decreasing the

insulin level [31]. The effects of OEA on the plasma glu-

cose management were tested in vivo by performing

glucose tolerance tests [31]. OEA-treated animals had

significantly higher plasma glucose after 30 min of glucose

load, but no other significant differences in any other time

points have been noticed, indicating an impairing effect on

glucose tolerance in the short term rather than a diabeto-

genic effect [31].

Some experiments performed on isolated adipocytes

showed that OEA induces a 30% inhibition of insulin-

stimulated glucose uptake and inhibits insulin action [31].

These observations cannot totally explain the glucose

intolerance observed in rats in vivo [31], because, on one

hand, the glucose transport inhibition due to OEA in adi-

pocytes is really low, and, on the other hand, only part of

the glucose clearance from the blood happens in adipo-

cytes; the liver and the skeletal muscles strongly contribute

to this phenomenon. Moreover, in another study, OEA

administration did not induce modification of blood glu-

cose levels at any time point [10], and it has been reported

that OEA can trigger phosphorylation of the glucose

transporter GLUT4, which could counterbalance the

observed OEA inhibition of insulin-stimulated glucose

transport [31]. Indeed, glucose transport activity has been

reported to be mediated by phosphorylation and dephos-

phorylation of transporters such as GLUT4.

Oleoylethanolamide effects on glucose metabolism

seem to depend on the tissue; further studies need to be

performed, including a glucose tolerance test on hepatic

cells.

Metabolism of Oleoylethanolamide in Animals

In mammalian tissue, the synthesis/degradation of OEA

occurs mainly in specific cells, such as enterocytes (brush

border) [32–40]; nevertheless, OEA biosynthesis has also

been observed in adipose tissue and in insulinoma b-cells

[41]. OEA biosynthesis involves two steps, which are

catalyzed by two different enzymes called NAT and N-

acyl-phosphatidylethanolamine phospholipase D (NAPE-

PLD) (Fig. 2) [42, 43]. The first step, catalyzed by NAT,

consists of the N-acylation of an oleic acid residue from

membrane phosphatidylcholine (PC) to a phosphatidyl-

ethanolamine (PE). Different pathways have been proposed

for the formation of N-acyl-phosphatidylethanolamine

(NAPE) by inter- or intra-molecular N-acylation from PE,

PC, lyso-PC or cardiolipin (Fig. 3) [43]. OEA, together

with a phosphatidic acid molecule, is released from the

Fig. 1 Mechanism of action of oleoylethanolamide. PPAR-a and

TRPV1 stand respectively for peroxisome proliferator-activated

receptor a and transient receptor potential vanilloid 1

890 Lipids (2008) 43:887–894

123



NAPE formed by NAPE-PLD-catalyzed hydrolysis.

Alternatively, hydrolysis can be catalyzed by phosphodi-

esterase. OEA can be broken down into oleic acid and

ethanolamine by two different hydrolases: fatty acid amide

hydrolase (FAAH) or N-acylsphingosine amidohydrolase-

like protein (ASAH like-protein) [44]. FAAH is specific for

fatty acid amides and mainly responsible of OEA degra-

dation according to high levels of plasma OEA in FAAH-

null mice [15], and ASAH like-protein is a more ubiquitous

amidase (Fig. 4) [42].

Fig. 2 Metabolism of oleoylethanolamide (adapted from LoVerme et al. [42] and Schmid [43])

Fig. 3 Inter- and intra-molecular N-acylation of PE from PC (adapted from Schmid [43])
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Moreover, the link between OEA and food intake reg-

ulation has been shown by Fu et al. [45]; indeed, feeding

stimulates OEA mobilization in the mucosal layer of rat

duodenum and jejunum by increasing NAPE-PLD activity

and expression and by decreasing amido-hydrolase

(FAAH) activity and expression. Nutrient availability

regulates OEA mobilization in the mucosa of the proximal

intestine through a concerted regulation of OEA biosyn-

thesis and degradation [45].

Astarita et al. [2] examined whether feeding-induced

OEA mobilization can be observed in Burmese pythons

(Python molurus), which consume huge meals after months

of fasting. Their way of feeding seems to depend on

changes in gastrointestinal hormonal release and gut mor-

phology. A nearly 300-fold increase in OEA levels in the

small intestine of fed compared to fasted animals has been

observed [2]. NAPE species increase simultaneously with

OEA in situ; therefore, NAPEs can be considered as

potential biosynthetic precursors for OEA.

OEA synthesis in the intestinal mucosa has been

extensively studied; less is known about the regulation of

OEA synthesis in other tissues. In adipocytes, OEA levels

do not vary during differentiation, contrary to PEA levels

[41], whereas in insulinoma b-cells, OEA levels are

decreased under ‘‘high glucose’’ conditions [41]. In ‘‘high

glucose’’ conditions, OEA biosynthesis is activated by

glucose and insulin [41]. In addition, diabetes type II

patients are characterized by a higher OEA level in their

plasma after food consumption [41]. All together, these

results suggest that OEA biosynthesis is downregulated

under transient hyperglycemia [41].

Conclusion and Perspectives

Oleoylethanolamide is a very promising molecule; the

simple derivative of oleic acid is a transient endogenous

signaling lipid formed from PE and PC through the actions

of NAT and NAPE-PLD. After ingestion, OEA has a short

lifetime and is cleaved into acid oleic and ethanolamine by

the FAAH or the ASAH-like protein in many tissues,

including the gastrointestinal tract. The core biological

functions of OEA are (1) to control food intake through

activation of peripheral PPAR-a, (2) to promote lipid uti-

lization and (3) to modulate lipid storage in liver and

circulating plasma lipids (triglycerides and cholesterol).

However, the effects of chronic oral administration of OEA

on lipid metabolism and satiety have not been extensively

studied to date. The gap between the science and the

potential applications in weight management is important,

and studies evaluating long-term effects and safety are

necessary.
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Abstract An important enzyme involved in phospholipid

turnover is the acyl-CoA: lysophosphatidylcholine acyl-

transferase (LPCAT). Here, we report characterization of a

newly discovered human LPCAT (LPCAT3), which has

distinct substrate preferences strikingly consistent with a

role in phosphatidylcholine (PtdCho) remodeling and

modulating fatty acid composition of PtdCho. LPCAT3

prefers lysophosphatidylcholine (lysoPtdCho) with satu-

rated fatty acid at the sn-1 position and exhibits acyl donor

preference towards linoleoyl-CoA and arachidonoyl-CoA.

Furthermore, LPCAT3 is active in mediating 1-O-alkyl-sn-

glycero-3-phosphocholine acylation with long chain fatty

acyl-CoAs to generate 1-O-alkyl-phosphatidylcholine,

another very important constitute of mammalian membrane

systems. These properties are precisely the known attri-

butes of LPCAT previously ascribed to the isoform

involved in Lands’ cycle, and thus strongly suggest that

LPCAT3 is involved in phospholipids remodeling to

achieve appropriate membrane lipid fatty acid

composition.

Keywords LPCAT � Phospholipid � Arachidonic acid �
PtdCho turnover

Abbreviations

DAG Diacylglycerol

CDP-choline Cytidine 50-diphosphocholine

CDP-DAG Cytidine 50-diacylglycerol

EUROSCARF European Saccharomyces cerevisiae

archive for functional analysis

LPCAT3 Human acyl-CoA:

lysophosphatidylcholine acyltransferase

LCA1 Yeast lysophosphatidylcholine

acyltransferase

LysoPA Lysophosphatidic acid

LPCAT Acyl-CoA: lysophosphatidylcholine

acyltransferase

LysoPtdCho Lysophosphatidylcholine

LysoPtdEtn Lysophosphatidylethanolamine

LysoPtdGro Lysophosphatidylglycerol

MBOAT Membrane-bound O-acyltransferase

PAF Platelet-activating factor

PtdCho Phosphatidylcholine

Introduction

Phosphatidylcholine (PtdCho) is one type of glycerolipid

molecule that is present in almost all cellular membrane

systems. An important aspect of PtdCho metabolism first

discovered by Lands almost a half century ago was that

PtdCho synthesized through the de novo pathways

undergoes extensive remodeling [1–4]. The remodeling

process, which concerns the turnover of about half of the

PtdCho molecules, involves the deacylation of PtdCho
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to lysophosphatidylcholine (lysoPtdCho), followed by

reacylation of lysoPtdCho to PtdCho. It has since become

apparent that the process of PtdCho remodeling concerns

a wide range of cellular activities because fatty acids

derived from PtdCho can be precursors for the biosyn-

thesis of other lipid-related molecules, and that any

change in the balance of the deacylation/reacylation pro-

cesses may have a direct consequence to membrane lipid

composition. One key enzymatic component involved in

PtdCho remodeling is acyl-CoA: lysophosphatidylcholine

acyltransferase (LPCAT), which is detected in many dif-

ferent types of mammalian cells [4].

Fatty acyltransferases are integral membrane proteins

recalcitrant to purification, and often exhibit promiscuity in

regards to substrate specificity. Recently, identifications of

several LPCAT enzymes have been reported; they all

mediate the sn-2 acylation of lysoPtdCho, but also have

their own distinct functionalities. For example, LPCAT1

identified from lung alveolar type II cells was responsible

for lung surfactant PtdCho production [5, 6]. An isoform

with lyso-platelet-activating factor (lysoPAF) and lys-

oPtdCho dual substrate acyltransferase was reported as

involved in inflammatory process in inflammatory cells [7].

Another isoform particularly important for PtdCho bio-

synthesis in human red blood cells was also identified [8].

With regard to structure, all these enzymes exhibit high

sequence similarity to the previously identified sn-2 lyso-

phosphatidic acid acyltransferase family, which is

characterized by four highly conserved motifs [9].

We and others have recently reported a new lyso-

phosphatidylcholine acyltransferase (LCA1) from yeast

that is predominant in mediating lysoPtdCho acylation [2,

10–13]. Structurally, the yeast LPCAT is closely related

to the membrane-bound O-acyltransferase (MBOAT)

family and does not possess the conserved motifs of the

previously studied sn-2 acyltransferases [9]. The present

study was conducted to examine the biochemical function

of LCA1 close homologs from mammals. Data presented

in this report extend the latest reports from Zhao et al.

[14] and Hishikawa et al. [15] on the LPCAT activity of

this class of enzyme, but we conducted our study through

heterologous expression in a yeast LPCAT knockout

mutant that had a very low LPCAT background, and

hence ideal for substrate specificity characterization. Our

results serve to emphasize the properties that draw

attention to its role in PtdCho remodeling and modulating

the fatty acid compositions of PtdCho. We also show that,

in addition to acylating lysoPtdCho, this enzyme is active

in mediating 1-O-alkyl-sn-glycero-3-phosphocholine (also

known as lyso-platelet-activating factor, lysoPAF) acyla-

tion to generate 1-O-alkyl-phosphatidylcholine. Its

distinct substrate preferences and wide distribution of

transcript strongly suggest that this isoform is a key

component of the Land’s cycle, and hence important in

modulating the fatty acid composition of membrane

lipids.

Materials and Methods

Strains and Reagents

Yeast strains: BY4741 (WT, MATa hisD1 leuD0 metD0

uraD0) and Y02431 (lca1D, MATa his3D1 leu2D0

met15D0 ura3D0 YOR175c::KanX4) were purchased from

European Saccharomyces cerevisiae archive for functional

analysis (EUROSCARF). Various lysophospholipids and

acyl-CoAs were obtained from Avanti Polar Lipids (Ala-

baster, AL). [14C] oleoyl-CoA, [14C] palmitoyl-CoA, [14C]

arachidonoyl-CoA, [14C] palmitoyl lysoPtdCho were pur-

chased from American Radiolabeled Chemicals Inc. and

Moravek Biochemicals, Inc. Yeast extract, Yeast Nitrogen

Base, Bacto-peptone, and Bacto-agar were purchased from

DifcoTM, D-glucose, D-galactose and D-raffinose were from

Sigma. SC minimal medium and plates was prepared

according to Invitrogen’s recipe described for the pYES2.1

TOPO TA Cloning Kit.

Gene Expression Vector Construction and Yeast

Transformation

Full-length cDNAs of human genes (NM_005768,

NM_024298) and mouse genes (NM_145130, NM_029934)

were purchased from Openbiosystem (Huntsville, USA).

The cDNAs were PCR amplified with primer pairs listed in

Table 1 and cloned into yeast expression vector pYES2.1

using pYES2.1TOPO TA Expression Kit. Correctly-ori-

ented plasmids were identified by mini-prep and further

verified through DNA sequencing. The plasmid was subse-

quently introduced into yeast strain Y02431, of which the

MBOAT lysophosphatidylcholine acyltransferase-encoding

gene LCA1 was disrupted.

Microsomal Preparation

Yeast strains were first grown in 15 ml of SC-Ura medium

containing 2% glucose. Protein expression induction was

carried out as described in the manufacturer manual

(Invitrogen). After 24 h of growth in SC ? 2% galact-

ose ? 1% raffinose, the cells were washed sequentially

with distilled water and homogenization buffer [50 mM

Tris–HCl, 1 mM EDTA, 0.6 M sorbitol, pH 7.4, 1 mM

dithiothreitol (DTT)]. After centrifugation at 4,000 rpm

(Eppendorf centrifuge 5145C), the cells were resuspended

in 1 ml homogenization buffer containing 10 ll yeast

protease cocktail (Sigma), and shaken vigorously
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(1 min 9 2 times) in the presence of acid-washed glass

beads (diameter 0.5 mm). The resultant homogenate was

centrifuged at 12,000 rpm for 10 min at 4 �C. The dec-

anted supernatant was further centrifuged at 100,0009g for

90–120 min at 4 �C. The supernatant was discarded, and

the pellet was resuspended in homogenization buffer con-

taining 20% glycerol and frozen at -80 �C until use.

Protein concentration was measured using a Bio-Rad Pro-

tein Assay Kit for final enzyme activity calculation.

In Vitro Assay of LPCAT Activity

LPCAT substrate specificity was determined by measuring

incorporation of [14C] lysoPtdCho or [14C] Acyl-CoA into

PtdCho. All assays were performed at least twice. In order

to reduce the influence of endogenous acyl-CoAs two

different concentrations of microsomal proteins were used.

For lysophospholipid substrate specificity assessment,

1.0 ml HEPES (pH 7.4, 0.1 M) buffer contained 0.5 lg

microsomal protein, 5.6 lM of lysophospholipid substrates

and 13.5 lM [14C] arachidonoyl-CoA (20 nCi/nmol). For

acyl-CoA substrate selectivity analysis, 1.0 ml HEPES

reaction buffer (pH 7.4, 0.1 M) contained 20 lg micro-

somal proteins, 11.25 lM acyl-CoA and 5.6 lM [14C]

palmitoyl lysoPtdCho (1.35 nCi/nmol). Reaction was

allowed to proceed for 10 min at 30 �C with 100 rpm

shaking. For determination of Km and Vmax, 20 lg micro-

somal protein was used in a 0.8 ml HEPES reaction buffer

(pH 7.4, 0.1 M) with different concentrations of acyl-CoA

and 5.6 lM [14C] palmitoyl-lysoPtdCho (1.35 nCi/nmol).

All reactions were linear in 1 h range. The reaction prod-

ucts were extracted with chloroform/methanol (2/1, v/v)

and separated with Merck silica G60 TLC plates. Spots

corresponding to different phospholipid species products

were scraped off and 14C incorporation were scintillation

counted.

1-O-Alkyl-sn-Glycero-3-Phosphocholine Sensitivity

Yeast strains Y02431 expressing NM_005768 cDNA or

harboring empty vector were first grown in 15 ml of SC-

Ura medium containing 2% glucose then transferred to SC-

Ura ? 2% galactose and 1% raffinose. After 12 h gene

expression induction, the culture was diluted to correspond

to OD600 value of 0.5, 1, 2 and 4. A measure of 5 ll of each

dilution was spotted to YPD plate supplemented with

varying concentrations of 1-hexadecyl-sn-glycero-3-phos-

phocholine. The plates were incubated at 28 �C for 2 days.

Northern Blot

The premade human Northern blot (Cat.#:HN-MT-1) was

purchased from ZYAGEN laboratories. A 1.5 kb fragment

of LPCAT3 (NM_005768) cDNA was PCR amplified with

primer pairs described in Table 1 and purified for probe

preparation. The 32P-labeled probe was purified with NICK

column (Amersham), denatured by incubation at 100 �C

for 5 min and then added to the hybridization tube con-

taining 25 ml hybridization solution (0.5 M Sodium

Phosphate buffer pH 7.5, 7% SDS, 1 mM EDTA, 1%

BSA). After overnight hybridization at 60 �C, the mem-

brane was washed twice using 40 mM sodium phosphate

buffer and 1% SDS and exposed to X-ray film in Saran

wrap for 1 week.

Results

Identification of LPCAT3

We previously established that the yeast MBOAT protein

YOR175cp (LCA1) is a LPCAT and plays a significant role

in PtdCho turnover. A BLAST [16] search using

YOR175cp identified several homologs from human

(MBOAT1 NP_001073949, XP_001131044, MBOAT2

NP_620154, MBOAT4 XP_001125855, MBOAT5

NP_005759, MBOAT7, NP_077274) and mouse

(MBOAT1 NP_705774, XP_134120, MBOAT2 isoform b

NP_001076810, MBOAT2 isoform a NP_080313,

MBOAT5 NP_660112, MBOAT7 NP_084210). Sequence

alignment indicated that human proteins NP_077274,

NP_005759, and mouse proteins NP_660112, NP_084210

had the highest sequence similarity to YOR175p (Fig. 1).

Consequently, these four proteins were selected as human

and mouse LPCAT candidates in this study.

The cDNAs of the four candidate genes were cloned into

the yeast expression vector pYES2.1 and subsequently

introduced into the yeast host strain lca1D. The lca1D
strain has a very low LPCAT background activity, and thus

functionality of LPCAT orthologs can be readily tested in

Table 1 Primer pairs used in

PCR amplification of cDNAs of

human and mouse LPCAT

candidate genes

Protein Gene Forward primer Reverse primer

NP_005759 NM_005768 GGGGGTGAAGCGATAGCGTT GCACAGGCCACCAGGGAAAT

NP_077274 NM_024298 TCATACACATACGATTTAGGT CTGGCAGAGGGAGCGTCGT

NP_660112 NM_145130 GGGGGCGCCCGCAGTTA CTCGGCCACCAGGGAAAGA

NP_084210 NM_029934 CGAAAAGGAGCTCCGCAGTT CAAACAAAAACCCCAAACAAACA
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this host strain. The calculation of the enzyme activity was

based on the difference between the lca1D strain harboring

the human cDNAs and that of an empty vector. Preliminary

enzyme assays using microsomal fractions with palmitoyl-

lysoPtdCho as acyl acceptor, and either oleoyl-CoA (18:1)

or arachidonoyl-CoA (20:4) as acyl donor, showed that

lca1D expressing NP_005759 and NP_660112 displayed

LPCAT activity (Fig. 2). But repeated assays failed to

detect significant increase of LPCAT enzyme activity in

lca1D strains expressing the other two closely related

homologs, NP_077274 and NP_084210. NP_077274 was

recently shown to have LPIAT activity [17]. Since both

NP_005759 and NP_660112 appeared to have similar

enzyme property, we subsequently conducted detailed

biochemical characterization on the human protein

NP_005759. We followed the nomenclature proposed by

Zhao et al. [14], and designated this enzyme as LPCAT3.

LPCAT3 Displays Acyl-Acceptor Preference Towards

18:0-lysoPtdCho

In light of observations that acyltransferases are often pro-

miscuous in substrate specificity [5, 7, 18], we performed

acyltransferase assays with various lysophospholipid sub-

strates to assess acyl acceptor preference of LPCAT3.

Based on previous reports that selective acylation of lyso-

phospholipids tends to occur only at very low concentration

of substrates [19] and enzyme activity could be inhibited by

high levels of acyl acceptors [3], the concentration of

lysophospholipid substrate in our assays was provided at

5.6 lM. Based on existing literature showing that PC in

many tissues was predominant by 20:4 at the sn-2 position

[20], we used [14C] arachidonoyl-CoA (20:4-CoA) as acyl

donor at 11.25–13.5 lM, a concentration much lower than

reported level (50–130 lM) of long chain acyl-CoA known

to be present in human tissue [19]. As shown in Fig. 3, the

yeast strain expressing LPCAT3 exhibited a dramatic

increase in acylation activity with lysoPtdCho. Efficient

LysoPtdEtn acylation was also evident. But no significant

activity of acylation was detected when 16:0-lysoPtdGro

was used as substrate. Acylation rate for lysoPA was less

than 1% of the LPCAT activity. Thus, similar to the yeast

LCA1[2] LPCAT3 exhibited the highest activity with

lysoPtdCho.

Fig. 1 Unrooted phylogenetic tree based on yeast LPCAT

(YOR175cp) and its related proteins in human and mouse. An

alignment analysis of all the selected protein sequences was

performed with ClustalW of Molecular Evolutionary Genetics

Analysis software (Mega 4) with default parameters: gap opening

penalty = 10; gap extension penalty = 0.2. The phylogenetic tree

was constructed by neighbor-joining method using default settings

Fig. 2 LPCAT activity of selected human and mouse LPCAT

orthologs. Assays were performed with 5.6 lM [14C] palmitoyl-

lysoPtdCho (1.35 nCi/nmol), 11.25 lM acyl-CoA (18:1/20:4) and

20 lg microsomal protein prepared from lca1D strains expressing

human proteins NP_077274, NP_005759, mouse proteins NP_660112

and NP_084210. Empty vector transformant (EV) was used as

control. The enzyme reactions were allowed to proceed for 15 min at

30 �C. The results were presented as means ± SD of differences

between empty vector and LPCAT3 transformants

Fig. 3 LysoPtdCho substrate preference assessment of LPCAT3.

Assay mixture contained 13.5 lM [14C] arachidonoyl-CoA (20 nCi/

nmol), 5.6 lM lysophospholipid and 0.5 lg microsomal protein

extracted from lca1D harbouring empty vector or expressing

LPCAT3. The reaction mixture was incubated for 1 h at 25 �C. The

results were presented as means ± SD of differences between empty

vector and LPCAT3 transformants
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To investigate if the sn-1 fatty acid species of the lyso-

phospholipid acceptor affected LPCAT3 activity, assays

were also performed using 1-palmitoyl-lysoPtdCho (16:0-

lysoPtdCho), 1-stearoyl-lysoPtdCho (18:0-lysoPtdCho),

1-oleoyl-lysoPtdCho (18:1-lysoPtdCho), 1-arachidonyl-

lysoPtdCho (20:0-lysoPtdCho), as well as the ether-linked

lysoPtdCho analog of 1-hexadecyl-sn-glycero-3-phospho-

choline, arachidonoyl-CoA (20:4-CoA) was provided as

acyl donor. The LPCAT3 could efficiently use 16:0-lys-

oPtdCho, 18:0-lysoPtdCho and 20:0-lysoPtdCho, but

apparently not the 18:1-lysoPtdCho (Fig. 3). LPCAT3 could

also efficiently mediate 16:0-lysoPAF acylation. Based on

our assay using arachidonoyl-CoA as acyl donnor, LPCAT3

exhibited substrate preferences in the order of 18:0-lys-

oPtdCho [ 20:0-lysoPtdCho & 16:0-lyso-PAF [ 16:0-

lysoPtdCho. It must be noted, however, as we show later in

Fig. 4 that 18:2-CoA is the most preferable acyl donor, the

question of whether 18:2-CoA would affect the order of

acyl acceptor preferences requires future investigation.

LPCAT3 is Most Active in Utilizing 18:2-CoA

as Acyl Donor

To characterize LPCAT3 acyl-CoA substrate preference,

we incubated yeast microsomal fraction with 16:0-lys-

oPtdCho and acyl-CoAs of different chain length and

various degrees of unsaturation (Fig. 4). LPCAT3 exhib-

ited activity with all acyl-CoAs tested. However, the

activity with linoleoyl-CoA (18:2) at a concentration of

11.25 lM was several folds higher than that with other

acyl-CoAs. The degree of unsaturation seemed not to be

the only determinant of lysoPtdCho acylation activity,

since the utilization rate of other acyl-CoAs was found in

the order of 16:0-CoA & 20:4-CoA [ 18:1-CoA [ 18:0-

CoA. The effect of increasing concentrations of two acyl

donors, 18:1-CoA and 20:4-CoA, on LPCAT activity is

shown in Fig 5. At lower acyl-CoA concentrations the

enzyme was more active with 18:1-CoA. However, at

concentrations higher than 3 lM, the enzyme was more

active with 20:4-CoA. The Vmax was calculated as

7.4 pmol/min/lg protein for 18:1-CoA and 12.4 pmol/min/

lg protein for 20:4-CoA. The apparent Km was

0.45 ± 0.01 lM and 5.1 ± 1.2 lM for 18:1-CoA and

20:4-CoA, respectively. Since the reported physiological

acyl-CoA concentration was 5–160 lM [21, 22], our

results suggest that under physiological conditions the

LPCAT3 could effectively acylate lysoPtdCho into

PtdCho, especially using 20:4-CoA as acyl donor.

LPCAT3 Acylates 1-O-Alkyl-sn-Glycero-3-

Phosphocholine with Arachidonyl-CoA

but not Acetyl-CoA

Since LPCAT3 could efficiently acylate 1-O-alkyl-sn-gly-

cero-3-phosphocholine with long chain fatty acid,

particularly 20:4-CoA (Fig. 4), we then tested if LPCAT3

could acylate this ether lipid with acetyl-CoA, which would

generate the platelet-activating factor (PAF). Our result

showed that acetylation of 1-O-alkyl-sn-glycero-3-phos-

phocholine was negligible (Fig. 6). It is known that 1-O-

alkyl-sn-glycero-3-phosphocholine can be effectively taken

up and reacylated by yeast [23], and that the lca1D yeast

strain was hypersensitive to 1-O-alkyl-sn-glycero-3-phos-

phocholine [2], likely caused by the detergent effect of this

ether lipid when it is not reacylated. To examine if

LPCAT3 could detoxify 1-O-alkyl-sn-glycero-3-phospho-

choline when expressed in yeast, the LPCAT3 transformant

and vector-only transformant of lca1D yeast strain were

spotted onto media supplemented with varying concentra-

tion of 1-O-alkyl-sn-glycero-3-phosphocholine. Both

strains could grow reasonably well with 5 lg/ml 1-O-alkyl-

sn-glycero-3-phosphocholine but failed to grow at a con-

centration beyond 20 lg/ml. However, when transferred to

Fig. 4 Acyl-CoA substrate preference assessment of LPCAT3.

Assays were preformed with 5.6 lM [14C] palmitoyl-lysoPtdCho

(1.35 nCi/nmol), 11.25 lM acyl-CoA as indicated and 20 lg

microsomal protein from lca1D yeast cells harbouring empty vector

or expressing LPCAT3. The reaction mixtures were incubated for

10 min at 30 �C. Results were presented as means ± SD of

differences between empty vector and LPCAT3 transformants

Fig. 5 LPCAT3 activity dependence on acyl-CoA concentration.

Assays were performed with 5.6 lM [14C] palmitoyl-lysoPtdCho

(1.35 nCi/nmol), 18:1-CoA or 20:4-CoA of various concentrations,

20 lg microsomal proteins prepared from lca1D yeast cells harbour-

ing empty vector or expressing LPCAT3. The enzyme reaction was

allowed to proceed for 10 min at 30 �C
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media supplemented with 10 lg/ml 1-O-alkyl-sn-glycero-

3-phosphocholine, LPCAT3 transformant evidently grew

better as compared with the vector-only transformant

(Fig. 7). This result further corroborated our in vitro assay

data that LPCAT3 possessed the ability to transfer an acyl

group to sn-2 position of 1-O-alkyl-sn-glycero-3-

phosphocholine.

Transcript of LPCAT3 Is Widely Distributed

We examined the LPCAT3 gene expression profile in dif-

ferent human tissues through Northern blot hybridization.

LPCAT3 was highly expressed in lung and thymus but also

expressed at a significant level in testis, heart, kidney and

pancreas (Fig. 8a). Since Northern blot analysis would not

allow an accurate quantitative assessment of the transcript

level, we also retrieved LPCAT3 expression pattern

from Genevestigator (https://www.genevestigator.ethz.ch),

which contained LPCAT3 expression data from many tis-

sues and cell cultures not included in our northern blot. A

considerable high expression level was detected in adipo-

cyte cell (Fig. 8b). Taken together, these results indicated a

wide distribution of LPCAT3 transcript in human tissues.

Discussion

There is usually an asymmetric distribution of acyl groups

in phospholipids, with saturated fatty acids esterified at the

sn-1 position of the glycerol backbone, whereas the

unsaturated fatty acids are normally found at the sn-2

position. It has been accepted as truism that the appropriate

fatty acid composition in membrane systems is achieved

through extensive PtdCho remodeling after de novo syn-

thesis [3, 4], and that the Lands cycle represents a major

route through which ‘‘tailoring’’ of the PtdCho takes place.

However, understanding of the mechanistic details has

been hindered by the lack of a molecular handle.

Upon testing different lysoPtdCho substrates we found

that LPCAT3 had a lysoPtdCho species preference in the

order of 18:0-lysoPtdCho [ 20:0-lysoPtdCho [ 16:0-lys-

oPtdCho. Strikingly, lysoPtdCho with unsaturated fatty

acid residue (18:1-lysoPtdCho) was not able to sustain

Fig. 6 Comparative assessment of LPCAT3 substrate preference

towards lysoPtdCho and lyso-PAF. Assays were performed with

5.6 lM lysophospholipids, 13.5 lM [14C] radiolabeled acyl-CoA (20

nCi/nmol) and 0.5 lg microsomal protein extracted from lca1D
harbouring empty vector or expressing LPCAT3. The reaction mixture

was incubated for 1 h at 25 �C. Results were presented as

means ± SD of differences between empty vector and LPCAT3

transformants

Fig. 7 1-O-alkyl-sn-glycero-3-phosphocholine sensitivity test of

lca1D harbouring empty vector and lca1D strain expressing LPCAT3.

Cells were grown first in SC-Ura ? 2% glucose media overnight then

in protein expression induction media for 6 h. Cultures were diluted

to OD600 = 0.5, 1, 2, 4, respectively. A measure of 5 ll of each

dilution was inoculated (from left to right) onto YPD plate containing

16:0-lysoPtdCho and 1-hexadecyl-sn-glycero-3-phosphocholine of

varying concentration. The plates were incubated at 28 �C for 36 h

Fig. 8 LPCAT3 expression profile in different human tissues a
Northern blot hybridization b relative expression in different cells and

tissues based on Genevestigator human gene expression data
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detectable acylation by this enzyme. Such an acyl acceptor

preference is remarkably consistent with the stereo-specific

distribution of fatty acids in PtdCho because 18:0 and 16:0

fatty acyl moieties occupy the sn-1 position in more than

80% of PtdCho molecules in most tissues [24–26]. In this

respect, this mammalian LPCAT is different from that

reported for a plant LPCAT, which was shown to display

equal utilization rate to 16:0, 18:0 and 18:1-lysoPtdCho

[27]. With regard to acyl donors, LPCAT3 is very active in

incorporating unsaturated 18:2-CoA. Indeed, in animal

cells, the most prevalent fatty acid found at the sn-2

position of the PtdCho is 18:2 [24–26]. LPCAT in Lands’

cycle is also believed to play a role in mediating the

replacement of the fatty acid at the sn-2 position of PtdCho

with arachidonic acid, which is stored until it is required

for the generation of signal molecules including prosta-

glandins, prostacyclins, thromboxanes and leucotrienes.

Depending on tissues, PtdCho containing an arachidonoyl

moiety at the sn-2 position represents as much as a third of

total PtdCho. Interestingly, we found that LPCAT3 was

very efficient in incorporating 20:4 into PtdCho. Taken

together, these substrate preferences, presumably reflecting

its properties in vivo, strongly suggest that LPCAT3 is a

key enzymatic agent controlling the fatty acid composition

of PtdCho in membrane systems [28].

It was also significant that LPCAT3 was capable of

acylating 1-O-alkyl-sn-glycero-3-phosphocholine. The

substrate specificity of this LPCAT leads to the expectation

that it is a radyl-lysophosphocholine acyltransferase that

does not distinguish the type of bond at the sn-1 position of

phospholipids. A minimal interpretation of these results is

that LPCAT3 may play a role in generating 1-O-alkyl-

phosphatidylcholine, which, depending on tissues, can rep-

resent a significant portion of membrane lipid constituent.

However, different from the recently identified lysoPtdCho/

lysoPAF dual substrate enzyme [15], it is clear that LPCAT3

is not directly involved in PAF biosynthesis because

LPCAT3 did not display any activity in mediating acetyla-

tion of lyso-PAF with acetyl-CoA to generate PAF [29]

(Fig. 6).

It must be noted that it is enzyme substrate specificity

and supply of acyl donor substrates that collectively

account for the phospholipid profiles of membrane sys-

tems. Concentrations of different fatty acyl-CoAs under

physiological condition are at about 5–150 lM in a variety

of the tissues [21, 22]. Moreover, different tissues may

have variable intracellular acyl-CoA concentrations that

can be fluctuating within a wide range [30]. The Km of

LPCAT3 for acyl-CoAs was found to be well below

physiological levels. Thus, LPCAT3 may mediate a met-

abolic step that allows changes in acyl-CoA pool size to

influence PtdCho composition. Another aspect of LPCAT3

being able to potentially exert regulatory input to PtdCho

composition is the observation that higher 18:1-CoA con-

centration could in fact inhibit its acylation activity. The

curve of the substrate dependence for 18:1-CoA exhibited a

typical shape of an enzymatic reaction with substrate

inhibition. It is unclear if this inhibitory effect has any

significance in vivo, but clearly it was not caused by

micelle formation since micelle formation would typically

require fatty acyl-CoAs in a range of 10–30 lM [31, 32].

Intriguingly, 20:4-CoA did not appear to exert inhibitory

effects to LPCAT3.

Our assessment on the transcript distribution from both

RNA blot analysis and the public available microarray data

indicated that LPCAT3 was widely distributed in different

tissues. This finding is somewhat different from the results

of a previous report in which LPCAT3 was shown to be

primarily expressed in metabolic active tissues [14]. We

are unable to explain this apparent discrepancy, but tissue

conditions and/or physiological conditions may have con-

tributed to this. It should be noted that the mouse

mLPCAT3 was also found in a wide range of tissues.

Conclusions

The turnover of phospholipids and the remodeling of fatty

acid composition have direct effects on membrane struc-

ture and intracellular trafficking in the secretory and

endocytic pathways. The different kinetics mechanisms,

substrate selectivity of LPCAT3 for both acyl acceptors

(lysoPtdCho species) and acyl donors (acyl-CoAs) may

play an important role in modulating the fatty acid com-

position of PtdCho in mammalian membrane systems. Our

results also show that LPCAT3 is sensitive to acyl-CoA

level and thus this enzyme provide a basis for metabolic

variables to influence fatty acid compositions of PtdCho.

That the LPCAT3 gene is widely expressed in different

tissues offers the prospect of it being a novel platform for

studying Lands’ cycle and PtdCho remodeling.
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Abstract Production of dairy products with increased

amounts of nutraceutic FA such as conjugated linoleic acid

(CLA) represents a recent approach for dairy producers and

processors to increase the value of their products. The

effect of CLA and other FA on the expression of diacyl-

glycerol acyltransferase-1 (DGAT-1) and DGAT-2, and

DGAT activity were investigated in bovine mammary

gland epithelial (MAC-T) cells. DGAT gene expression

analyses were also conducted using bovine mammary

gland tissue from dairy cows. In the studies with MAC-T

cells, there were no significant effects of CLA isomers or

other FA on DGAT1 expression, whereas all FA tested

showed enhanced DGAT2 expression (P \ 0.05 to

P \ 0.001), with a-linolenic acid (a-18:3) having the

greatest effect. Additionally, DGAT2 expression was co-

ordinated with expression of lysophosphatidic acid acyl-

transferase (LPAAT), an observation that was also apparent

in mammary gland from lactating dairy cows. In contrast,

treatment of MAC-T cells with trans-10, cis-12 18:2 or

a-18:3 resulted in a significant (P \ 0.05) decrease in

overall DGAT enzyme activity, although the mechanisms

resulting in these effects are unclear. Competition assays

using microsomes from bovine mammary gland tissue and

1-[14C]oleoyl-CoA suggested that DGAT activity was

more selective for oleoyl (cis-9 18:1)-CoA than cis-9,

trans-11 18:2-, trans-10, cis-12 18:2- or cis-9, cis-12 18:2-

CoA. Collectively, the results suggest the relationship

between trans-10, cis-12 18:2 and reduced TAG produc-

tion in bovine milk is not linked to the production of

DGAT1 or DGAT2 transcripts, but probably involves

effects of this CLA isomer at events beyond transcription,

such as post-translational and/or enzyme activity effects.

Keywords Conjugated linoleic acid �
Diacylglycerol acyltransferase � Gene expression �
Milk fat depression � Cattle � Dairy

Abbreviations

ACAT Acyl-CoA:cholesterol acyltransferase

DGAT Diacylglycerol acyltransferase

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

GPAT sn-glycerol-3-phosphate acyltransferase

LPAAT Lysophosphatidic acid acyltransferase

MFD Milk fat depression

QRT-PCR Quantitative real-time polymerase chain

reaction

SCD Stearoyl-CoA desaturase

Introduction

Conjugated linoleic acid (CLA) is a naturally abundant

component in ruminant milk fat. These positional and

geometric isomers of octadecadienoic acid occur as inter-

mediates during the biohydrogenation of dietary fatty acids

(i.e., linoleic and linolenic acid) by rumen microbes. Sev-

eral isomers, most notably cis-9, trans-11 18:2 and trans-

10, cis-12 18:2, have demonstrated nutraceutic properties,
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including decreased cancer incidence [1] and body weight

[2]. Endogenous synthesis in the mammary gland is esti-

mated to account for up to 78% of cis-9, trans-11 18:2 in

milk from cows on total mixed ration diets [3, 4] and for up

to 91% of milk CLA from pasture-fed cows [5].

Dairy producers wish to market products enriched in

CLA so that consumers may benefit from these properties.

The content of CLA isomers can be readily increased in

milk fat by supplementing cattle diets with oilseeds or plant

oils enriched in linoleic acid (cis-9, cis-12 18:2) [6, 7].

Another strategy is to supplement cattle with synthetic

mixtures of CLA isomers protected from the rumen

microflora by abomasal infusion [8]. The ionophore

monensin may also be supplemented to the diet to prevent

CLA isomers from being altered through rumem biohy-

drogenation [9].

In many cases, strategies resulting in elevated milk CLA

content have also been shown to result in net milk fat

depression (MFD). Trans-10, cis-12 18:2 has been sug-

gested as the isomer responsible for this phenomenon [10,

11]. Cattle fed diets resulting in increased milk trans-10,

cis-12 18:2 content coinciding with MFD also had

decreased mRNA levels representing lipogenic genes,

including those encoding sn-glycerol-3-phosphate acyl-

transferase (GPAT, EC 2.3.1.15), and lysophosphatidic

acid acyltransferase (LPAAT, EC 2.3.1.51) [12]. GPAT

and LPAAT catalyze the first and second acyl-CoA-

dependent acylations of the glycerol backbone, respec-

tively, in the Kennedy pathway leading to TAG [13].

Diacylglycerol acyltransferase (DGAT, EC 2.3.1.20)

catalyzes the transfer of an acyl moiety from acyl-CoA to

sn-1,2 diacylglycerol to form triacylglycerol (TAG) [13].

cDNAs encoding two isoforms of this enzyme (DGAT1

and DGAT2), which do not share amino acid sequence,

have been isolated [14, 15]. An early study suggested that

the level of DGAT activity in fat-forming tissues may have

a substantial effect on the flow of carbon into TAG [16].

Indeed, over-expression of DGAT1 and DGAT2 in mouse

liver has been shown to result in a 2.0- and 2.4-fold

increase, respectively, in tissue TAG content [17]. In

contrast, female mice with an inactivated DGAT1 gene

(DGAT-/-) are unable to lactate [18] and have impaired

mammary gland development [19]. Additionally, a mis-

sense mutation in DGAT1 has been shown to result in

decreased milk fat content in dairy cows [20]. Hamsters

supplemented with CLA isomers in the diet have been

shown to display decreased intestinal acyl-CoA: choles-

terol acyltransferase (ACAT EC 2.3.1.26) activity [21],

suggesting that CLA may act to down regulate ACAT

activity. Since DGAT1 shares some sequence homology

with ACAT [14], CLA might regulate both enzymes in a

similar fashion. In another study, murine primary prea-

dipocyte cultures (3T3-L1) treated with arachidonic acid

(all-cis-5,8,11,14 20:4) has been shown to result in

repressed DGAT activity [22]. In addition, rats fed mix-

tures of CLA have been shown to display decreased hepatic

DGAT activity compared with control rats fed the same

amount of FA [22]. Earlier studies had found no difference

in DGAT activity in rats fed similar amounts of cis-9 18:1

versus 18:0 [23].

Given the association of trans-10, cis-12 18:2 with

MFD, we hypothesized that DGAT expression and/or

DGAT activity might be affected by this CLA isomer.

The effect of CLA isomers, including cis-9, trans-11 18:2

and trans-10, cis-12 18:2, and other FA, on DGAT1,

DGAT2, and LPAAT expression levels, and DGAT

activity were examined in cultured bovine mammary

gland epithelial cells (MAC-T cells). Other FAs tested

included trans-11 18:1, a substrate of mammalian D-9

desaturase, and FA commonly found in dietary plant oils

ingested by dairy cattle. In addition, expression of

DGAT1, DGAT2, and LPAAT were examined in mammary

gland tissue from lactating dairy cows. Furthermore, the

direct effects of CLA isomers on DGAT activity were

investigated using microsomes prepared from bovine

mammary gland tissue.

Materials and Methods

Animals

All procedures involving the use of animals were approved

by the University of Alberta Animal Policy and Welfare

Committee. Cows were housed in tie-stalls with water

available at all times. The diets were fed once per day at

09:00 as total mixed rations consisting of 60% (w/w) for-

age and 40% (w/w) concentrate. Feed intake was recorded

daily and adjusted to maintain 5–10% orts (feed remain-

ing). Diets for the primiparous and multiparous lactating

Holstein cows are described elsewhere [24]. Samples of

mammary gland tissue were taken from six cows supple-

mented with safflower oil and monensin and six cows not

receiving this treatment using a method adapted from

Knight et al. [25]. The animals were sedated by adminis-

tration of xylazine hydrochloride (10 mg/50 kg body

weight) and ketamine (2 mg/kg body weight) via jugular

catheter. The animals were maintained in a state of seda-

tion with an intravenous drip of glycerol guaiacolate and

ketamine [50 g glycerol guaiacolate, 1,000 mg ketamine,

1,000 ml 50% (w/v) dextrose and 900 ml sterile water].

The drip rate was set at 20 ml/min and maintained during

surgery. The udder was shaved around the biopsy site and

swabbed with iodine and 70% (v/v) ethanol. A region of

the basal portion of the udder free of major subcutaneous

blood vessels was chosen for the biopsy site. The area was
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anesthetized locally by injection of lidocaine (10–30 ml of

2% v/v lidocaine with epinephrine). An 8-cm incision was

made in the skin; a 5–10-g piece of mammary gland tissue

was excised using a scalpel and snap frozen in liquid

nitrogen and then stored at -80�C.

Chemicals

Both cis-9, trans-11 18:2 and trans-10, cis-12 18:2 were

obtained from Matreya (Pleasant Gap, PA). [1-14C] cis-9

18:1 was from GE Healthcare (Baie d’Urfé, Quebec,

Canada). Fatty acyl-CoA was prepared from the above FA

as described by Taylor et al. [26]. Silica gel 60 H was from

VWR Canlab (Missisauga, Ontario, Canada). Solvents

(HPLC grade) were from Fisher Scientific (Ottawa,

Ontario, Canada). Ecolite(+) biodegradable scintillation

cocktail was from ICN Biomedicals (Irvine, CA). sn-1,2

Diolein was from Nu Chek Prep Inc. (Elysian, MN). Dul-

becco’s Modified Eagle Media (DMEM), fetal bovine

serum (FBS), TRIzol� reagent, M-MLV reverse trans-

criptase, oligo (dT)12–18 primer, Rnase OUT Rnase

inhibitor, dNTPs, 5X first strand buffer, and custom

primers were from Invitrogen (Burlington, Ontario, Can-

ada). rDNase, 10X buffer, and DNase inactivation agent

were included in the Ambion DNA-freeTM kit (catalog no.

1906, Austin, TX). FAM and VIC labeled probes and

TaqMan� Universal PCR Mastermix were from Applied

Biosystems (Foster City, CA). All other chemicals were

from Sigma (Oakville, Ontario, Canada).

Maintenance and Treatment of Cultured Mammary

Gland Epithelial Cell Line

MAC-T cells were originally established by Huynh et al.

[27] and were kindly provided by Nicholas Lemee of

Nexia Biotechnologies, Inc. (Montreal, Quebec, Canada).

Cells were maintained essentially as described by Keat-

ing et al. [28]. The cells were cultured in high glucose

(4.5 g/l) DMEM containing L-glutamine, sodium pyru-

vate, and pyroxidine-HCl and supplemented with 10%

(v/v) FBS and 5 lg bovine insulin/ml. FAs used to treat

MAC-T cells were complexed to BSA as potassium salts.

Twelve milligrams of FA was treated with 1 ml of 0.1 M

KOH. The solution was vortexed and incubated at 50�C,

and then added dropwise to 9 ml of 7.5% (w/v) BSA.

The resulting FA-BSA stock solution was incubated at

room temperature for 3 h and then overnight at 4�C, and

finally stored in small aliquots at -20�C. FA-BSA stock

solution was added to DMEM to produce the final FA

concentration used in FA treatment experiments. Cells

were maintained in a humidified incubator at 37�C and

5% CO2.

RNA Isolation, Reverse Transcription, and Quantitative

Real-Time Polymerase Chain Reaction (QRT-PCR)

Total RNA was extracted from confluent MAC-T cells

treated for 24 h with various exogenous FA and from the

mammary gland tissue using TRIzol� reagent as described

in the manufacturer’s protocol. The total RNA was then

treated with DNAase using the DNA-freeTM kit from

Ambion. cDNA was synthesized from 1 lg of total RNA in

a 20-ll reaction volume with a final concentration of

0.5 mM dNTP mix, 0.5 lg Oligo (dT)12–18, 5 lM DTT,

4 ll 5X first strand buffer, 40 U RNase out RNase inhib-

itor, and 200 U of M-MLV reverse transcriptase. The

reaction mixture was incubated at 37�C for 60 min and

then at 70�C for 15 min.

QRT-PCR was performed using the ABI Prism�

7900HT FAST QRT-PCR system with 9600 Emulation

(Applied Biosystems) in a total volume of 25 ll reaction

mixture following the manufacturer’s protocol, using

TaqMan� 2X Universal PCR Mastermix, 0.1 lM each of

forward and reverse primer, and 0.2 lM of probe. Primers

and TaqMan–MGB probes were designed against mRNA

sequences specific for DGAT1 (GenBank NM_174693),

DGAT2 (NM_205793), LPAAT (NM_177518), and glyc-

eraldehyde-3-phosphate dehydrogenase (GAPDH)

(NM_001034034) from Bos taurus using Primer Express�

3.0 Software (Applied Biosystems; Table 1).

Relative gene expression for DGAT1, DGAT2, or

LPAAT was normalized to a calibrator that was chosen to

be the basal condition (BSA control) for each treatment.

Results were calculated with the 2�DDC
T method [29] where

DDCT = (CT, Target - CT, GAPDH)Time x - (CT, Target –

CT, GAPDH)Time 0 and expressed as n-fold differences in

gene expression relative to GAPDH mRNA and calibrator

(BSA). Standard errors of the average CT, Target and aver-

age CT, GAPDH were pooled. CT is defined as the number of

cycles required until the specific dye-reporter emission

reached the defined intensity threshold.

Extraction of Lipid from MAC-T Cells and Analysis

of FA Composition

MAC-T cells were grown in 75-cm2 flasks in DMEM

containing 20 lM FA-BSA and incubated at 37�C. Upon

confluence, cells were treated with trypsin-EDTA and

harvested and transferred to acid-washed glass tubes. The

vials were centrifuged at 1,5009g. The supernatant was

removed, and the cells were resuspended in 1 ml phosphate

buffered saline. The resuspended cells were probe soni-

cated for 30 s, and a sample was removed for protein

determination. Lipids were extracted using a modified

Folch [30] protocol. The following were added in sequence

to the cell suspension, mixing by vortex for 30 s after each
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addition: 0.1 M KCl to bring suspension to total volume of

1.6 ml, 0.8 ml methanol, 2 ml chloroform/methanol (1:1,

v/v), 2.7 ml chloroform, and 2.5 ml chloroform/methanol

(2:1, v/v). The samples were incubated overnight at 4�C.

Phase separation was achieved by centrifugation, and the

chloroform layer was transferred to a glass vial and dried

under N2 (g). Prior to extraction, 100 lg of tritricosanoin

(tri-23:0) was added to the cell suspension as an internal

standard.

Production and GC analysis of FAME was based on

methods described by Cruz-Hernandez et al. [31]. To the

dried extract was added 100 lg of trinonadecanoin (tri-

19:0), 1.7 ml of hexane, 40 ll of methyl acetate, and

100 ll of NaOCH3 (0.5 M in methanol) followed by

mixing for 2 min and incubation at room temperature for

20 min. The vial was then cooled at -20�C for 20 min, and

60 ll of oxalic acid (saturated in diethyl ether) was added.

The vials were centrifuged to collect the oxalate precipi-

tate, and the supernatant was spotted to a TLC plate. The

plate was developed in one ascension of hexane/diethyl

ether (80:20, v/v) using methyl-oleate as a standard. The

plates were then visualized by spraying with 0.2% (w/v)

2,7’ dichlorofluorescein. The area corresponding to methyl-

oleate was scraped and transferred to a column containing

sodium sulfate. The FAMEs were eluted using 2 ml of

chloroform, and 50 lg of methyl-hexacosanoate (methyl-

26:0) was added.

FAMEs were analyzed by GC with a Varian 3800 GC

(Varian Inc., Mississauga, Ontario, Canada), equipped with

splitless injection port flushed after 0.3 s, a flame ioniza-

tion detector (FID), autosampler (Model 8200, Varian

Inc.), 100-m CP-Sil 88 fused capillary column (Varian

Inc.), and a Hewlett-Packard ChemStation software system

(version A.07). Operating conditions included: injector and

detector temperatures both at 250�C; H2 as carrier gas

(1 ml/min) and for the FID (40 ml/min), N2 (g) as makeup

gas (100 ml/min), and purified air (250 ml/min). The initial

temperature of 45�C was held for 4 min, increased at a rate

13�C/min to 175�C, and held for 27 min, and finally

increased at a rate 4�C/min to 215�C and held for 35 min.

FAMEs were identified by comparison with a reference

standard.

Assay of DGAT Activity in MAC-T Cells

DGAT activity was measured in MAC-T cells based on the

protocol described by Geelen [32]. MAC-T cells were

grown in DMEM containing 20 lM FA-BSA. Confluent

cells were treated with trypsin-EDTA and centrifuged for

10 min at 1,500 9 g. The pelleted cells were incubated in

96 mM MES (pH 6.5) containing 9.6 mM EDTA, 1.9 mM

DTT, 125 mM NaCl, 15 lM [1-14C]cis-9 18:1-CoA, 30 lg

BSA, and 18 lg of digitonin for 10 min at 37�C. The

reaction was quenched with 10 ll of 12.4 M HCl, and

lipids were extracted as described by Bligh and Dyer [33].

Lipids were spotted to silica gel 60 H TLC plates, which

were developed with a single ascension of hexane/diethyl

ether (80:20, v/v) using triolein as a standard. Standards

were visualized using iodine vapor, and corresponding

areas were scraped into vials followed by the addition of

scintillant and the determination of [1-14C] cis-9 18:1

incorporated into TAG. The protein content of sonically

disrupted cells was determined using the Bio-Rad protein

microassay based on the method of Bradford [34] using

BSA as a standard.

Assay of DGAT Activity in Microsomes

from Mammary Gland Tissue

Microsomes were prepared from bovine mammary gland

tissue as previously described for muscle and adipose tissue

[35], and DGAT was assayed as described in Lozeman

et al. [36] with a final concentration of 15 lM [1-14C] cis-9

18:1-CoA (56 Ci/mol) in the reaction mixture. Reactions

Table 1 Primer and probe

sequences for real-time

polymerase chain reaction

Primers/detection probes Sequence

DGAT1 forward primer 50-GAACTCCGAGTCCATCACCTACTT-30

DGAT1 reverse primer 50-TCTGATGCACCACTTGTGAACA-30

DGAT1 detection probe 50-6FAM-TGGCAGAACTGGAACAT-MGBNFQ-3

DGAT2 forward primer 50-GCCCTGCGCCATGGA-30

DGAT2 reverse primer 50-TACACCTCATTCTCCCCAAAGG-30

DGAT2 detection probe 50-6FAM-CCTGGTTCCCACCTAC-MGBNFQ-3

LPAAT forward primer 50-GGACGCAACGTCGAGAACA-30

LPAAT reverse primer 50-CCGTACAGGTATTTGATGTGGAGTA-30

LPAAT detection probe 50-6FAM-AAGATCTTGCGTCTGATG-MGBNFQ-3

GAPDH forward primer 50-TGCCGCCTGGAGAAACC-30

GAPDH reverse primer 50-CGCCTGCTTCACCACCTT-30

GAPDH detection probe 50-6FAM-CCAAGTATGATGAGATCAA-MGBNFQ-3
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were allowed to proceed for 10 min at 30�C in the presence

of increasing concentrations (0–20 lM) of unlabeled cis-9,

trans-11 18:2-; trans-10, cis-12 18:2-; cis-9, cis-12 18:2- or

cis-9 18:1-CoA.

Statistical Analysis

For effect of exogenous FA treatment on expression of

genes encoding lipogenic enzymes in cultured MAC-T

cells, statistical analysis was performed using the mixed

procedure in SAS (version 9.1), with variance components

covariance structure and Kenward-Roger adjustment for

the denominator degrees of freedom. The statistics are

based on duplicates from three independent trials. Gene

and FA treatments were considered fixed effects, and the

trial was considered as a random effect in the mixed model

analysis. For the effect of various FA treatments on the

mole percentages of various FA in the acyl lipid of MAC-T

cells, the mixed procedure (SAS) was used, with FA

treatment as fixed effect. Spearman’s rho correlation

coefficients (JMP� IN statistical software, version 4,

Duxbury Press, Toronto, ON, Canada) were generated for

DGAT1, DGAT2, and LPAAT expression data for mam-

mary gland tissue obtained from lactating Holstein cows.

For the experiment measuring the effect of increasing

concentrations of various unlabeled acyl-CoA species on

the incorporation of radiolabeled-18:1 (from radiolabeled-

18:1-CoA) into TAG using bovine mammary gland

microsomes, statistical analysis was performed using the

mixed procedure in SAS using a diagonal covariance

structure and residual degrees of freedom method, con-

sidering substrate and substrate concentration as fixed

effects in the model.

Results

Effect of Exogenous FA on Expression of Genes

Encoding Lipogenic Enzymes in MAC-T Cells

Results from QT-PCR of DGAT1, DGAT2, and LPAAT

expression are shown in Fig. 1. None of the FA isomers

had a substantial effect on DGAT1 expression relative to

the control, and none resulted in significant change in the

expression of DGAT1. Treatment with oleic acid (cis-9

18:1), vaccenic acid (trans-11 18:1); linoleic acid (cis-9,

cis-12 18:2); cis-9, trans-11 18:2; trans-10, cis-12 18:2; or

a-linolenic acid (a-18:3), however, resulted in increases in

DGAT2 expression (P \ 0.01, P \ 0.001, P \ 0.01,

P \ 0.05, P \ 0.05, and P \ 0.001, respectively). CLA

isomers, cis-9, trans-11 18:2 and trans-10, cis-12 18:2 did

not have a differential effect on DGAT1 versus DGAT2

expression, but trans-11 18:1 treatment resulted in more

enhanced DGAT2 expression (P \ 0.05) than for treatment

with cis-9, trans-11 18:2. All FA tested for enhanced

LPAAT expression (P \ 0.001) in the MAC-T cells.

Expression of Genes Encoding Lipogenic Enzymes

in Mammary Gland

Spearman rho coefficients for DGAT1, DGAT2, and

LPAAT expression in mammary gland samples from 12

lactating cows are shown in Table 2. Expression of DGAT2

demonstrated significant positive correlation to that of

LPAAT.

Effect of Exogenous FA on Lipid Accumulation

and DGAT Activity in MAC-T Cells

None of the exogenous FA tested affected lipid accumu-

lation in MAC-T cells (Fig. 2). The FA composition of

lipid extracted from treated MAC-T cells is shown in

Table 3. SFA, MUFA, and PUFA proportions are shown

Fig. 1 Expression of genes encoding lipogenic enzymes in MAC-T

cells treated with exogenous FA. Data points were calculated using

the 2�DDCT
T method [30]. Duplicates from three separate trials were

used. Error bars represent upper and lower intervals. *, **, ***

represent significant differences between treatment and control

*(P \ 0.05), **(P \ 0.01), ***(P \ 0.001)

Table 2 Spearman q coefficients for expressiona of genes encoding

lipogenic enzymes from mammary gland tissue of lactating Holstein

cows (n = 12)

DGAT2 LPAAT

DGAT1 0.37 0.37

DGAT2 0.59*

DGAT-1 diacylglycerol acyltransferase-1, DGAT-2 diacylglycerol

acyltransferase-2, GAPDH glyceraldehyde-3-phosphate dehydroge-

nase, LPAAT lysophosphatidic acid acyltransferase

*P \ 0.05
a DCT value (i.e., CT Target - CT GAPDH)
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along with specific proportions for C18 FA. In each case,

there was an enhanced incorporation of exogenous FA into

the cellular lipid. Treatment of the cells with trans-10, cis-

12 18:2 resulted in increased proportions of saturated FA

and stearic acid (18:0) (P \ 0.01) and a decreased pro-

portion of cis-9 18:1.

The effect of exogenous FA on DGAT-specific activity

in MAC-T cells is shown in Fig. 3. Compared to control

cells (treated only with BSA), the DGAT-specific activities

of cells treated with trans-10, cis-12 18:2, and a-18:3 were

decreased (P \ 0.05).

Competition Assays of DGAT Activity Using

Mammary Gland Microsomes

The effect of increasing concentrations of unlabeled

molecular species of acyl-CoA on the incorporation of

[1-14C] cis-9 18:1 from radiolabeled cis-9 18:1-CoA is

shown in Fig. 4. Incorporation of [114-C]18:1 into

TAG was decreased at all concentrations of cis-9, trans-11

18:2-; trans-10, cis-12 18:2- or cis-9, cis-12 18:2-CoA

into TAG was decreased (P \ 0.001) compared to cis-9

18:1-CoA.

Fig. 2 Acyl lipid content of MAC-T cells treated with exogenous

FA. Esterified lipid (fatty acyl lipid) content was obtained from the

FA composition. Mean values are presented for the results of two

experiments

Fig. 3 DGAT activity of MAC-T cells treated with exogenous FA.

Values represent means ± SEM (n = 6). *Values are significantly

different from control (P \ 0.05)

Table 3 FA composition (mole %) of acyl lipid extracted from MAC-T-cells treated with exogenous FA

Treatment

BSA cis-9 18:1 cis-9, cis-12 18:2 a-18:3 trans-11 18:1 cis-9, trans-11 18:2 trans-10, cis-12 18:2

SFA 38.4 ± 1.1 38.5 ± 0.7 39.9 ± 0.4 45.7 ± 2.7* 37.8 ± 2.0 40.6 ± 0.8 52.2 ± 1.1***

MUFA 42.2 ± 2.4 43.9 ± 0.7 19.9 ± 1.1*** 26.5 ± 2.6** 45.5 ± 1.8 34.9 ± 1.2* 25.4 ± 1.5**

PUFA 19.3 ± 1.7 17.7 ± 1.0 40.2 ± 0.7*** 27.8 ± 0.6** 16.6 ± 1.2 24.6 ± 0.8* 22.4 ± 2.1

18:0 12.3 ± 1.0 10.0 ± 0.5 12.0 ± 0.5 14.6 ± 1.2 10.6 ± 1.9 11.6 ± 0.3 17.7 ± 0.4**

cis-9 18:1 25.0 ± 1.4 32.1 ± 0.3** 10.9 ± 0.5*** 14.7 ± 1.0** 21.4 ± 1.0 20.0 ± 0.5* 15.6 ± 1.4**

cis-9, cis-12 18:2 4.2 ± 0.6 4.0 ± 0.3 24.1 ± 0.2*** 4.4 ± 0.4 3.4 ± 0.1 3.9 ± 0.1 3.1 ± 1.0

a-18:3 0.4 ± 0.3 0.1 ± 0.0 0.1 ± 0.0 9.2 ± 1.7*** 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

cis-9, trans-11 18:2 0.4 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 0.4 ± 0.2 1.9 ± 0.7 3.6 ± 1.7 0.3 ± 0.0

trans-10, cis-12 18:2 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 3.0 ± 1.5

Values represent means ± SEM (n = 4)

*, **, *** Represent significant differences between treatment and control (BSA) within a row, *(P \ 0.05); **(P \ 0.01); ***(P \ 0.001)
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Discussion

In an early study, Hansen and Knudsen [37] found that the

addition of long chain FA, namely 18:0 and cis-9, cis-12

18:2, inhibited the incorporation of FA into the TAG of

mammary gland epithelial cells. Peterson et al. [12]

reported that treating MAC-T cells with trans-10, cis-12

18:2 resulted in reduced lipid synthesis. In the current

study, this CLA isomer had no effect on lipid accumulation

in cultured MAC-T cells (Fig. 2). Peterson et al. [12],

however, measured lipid synthesis by monitoring the

incorporation of [14C] acetate into total lipid and noted

inhibition of lipid accumulation at increasing concentra-

tions of trans-10, cis-12 18:2. The effects of other isomers

of CLA were not investigated. Our studies of lipid accu-

mulation in MAC-T cells were based on the methods used

in the recent report by Keating et al. [28] to study bovine

mammary cell growth, apoptosis, and stearoyl-CoA (SCD)

gene expression. In this recent report, various concentra-

tions of CLA and other FA were applied to MAC-T-cells

for 48 h. CLA (cis-9, trans-11 18:2 and trans-10, cis-12

18:2) concentrations of 30 lM or greater resulted in MAC-

T-cell apoptosis. Twenty micromolar CLA was the highest

concentration that could be applied before the cells began

to do poorly. In the current study, a 20-lM FA treatment

for 24 h was used to minimize the chances of apoptosis.

The MAC-T cell line presents limitations for the study of a

functioning mammary gland as it has abnormal character-

istics in vitro. The in vitro data of Keating et al. [28],

however, may help to clarify the effect of relatively high

doses of fatty acids in vivo on the mammary gland.

Eventually these investigations could be extended to

evaluate the effects of CLA on differentiated mammary

gland cells in vitro, such as the bovine mammary epithelial

cell collagen cell culture system [38].

In the current study, treatment of MAC-T-cells with

trans-10, cis-12 18:2 resulted in an increased proportion of

18:0 and decreased proportion of cis-9, 18:1 in total lipid

compared to the control treatment (Fig. 3). This is con-

sistent with evidence that this CLA isomer results in

decreased expression and activity of SCD [39]. The

decreased production of cis-9 18:1 and ultimately cis-9

18:1-CoA, a readily utilized substrate of DGAT, might be a

factor in the MFD effect. The ability of DGAT to effec-

tively utilize cis-9 18:1-CoA is confirmed in our

competition studies using mammary gland microsomes

where radiolabeled cis-9 18:1-CoA was incubated sepa-

rately with unlabeled cis-9 18:1-; cis-9, trans-11 18:2-;

trans-10, cis-12 18:2- or cis-9, cis-12 18:2.-CoA (Fig. 4).

Degrace et al. [40] have reported that feeding trans-10,

cis-12 18:2 to mice increases the abundance of hepatic

DGAT1 mRNA. All mice received control diet for 1 week

and then control verus CLA isomer diets for 4 weeks. In

the current study, treating of MAC-T-cells with various

FA, however, had no effect on the expression of DGAT1.

Peterson et al. [12] reported that cattle fed a MFD-inducing

diet (i.e., high concentrate/low forage) resulted in

decreased expression of LPAAT, whereas our data indicate

that that trans-10, cis-12 18:2 increased expression of this

gene to the same extent as any other FA tested. In the

current study, incubation of MAC-T cells with trans-10,

cis-12 18:2 or a-18:3 resulted in decreases (P \ 0.05) in

DGAT activity. In the competitive assay, however, the

addition of cis-9 18:1-CoA decreased the incorporation of

radiolabeled [1-14C] cis-9 18:1 into TAG more than for

other acyl-CoA tested. Although cis-9 18:1 may be pref-

erentially used by DGAT, it is possible that one or more of

the other molecular species of acyl-CoA tested is inhibi-

tory. For example, trans-10, cis-12 18:2 might inhibit

microsomal DGAT activity and not serve as an effective

substrate for the enzyme. Berge et al. [41] incubated rat

liver microsomes in the presence of various acyl-CoA

derivatives, including cis-9, cis-12 18:2-CoA in the pres-

ence of 20 lM cis-9 18:1-CoA, and demonstrated that

TAG synthesis was decreased. Eicosapentaenoyl-CoA (all

cis-5,8,11,14,17 20:5-CoA) has also been shown to cause a

substantial decrease in hepatic DGAT activity, but other

acyl-CoAs tested were not inhibitory [42].

Although DGAT activity was decreased in the MAC-T

cells as a result of incubation with trans-10, cis-12 18:2 or

a-18:3, it is unclear how DGAT production may have been

affected. Application of all FA types led to increased

expression of DGAT2 (Fig. 1), suggesting that the effect of

trans-10, cis-12 and a-18:3 in decreasing DGAT activity

production was post-transcriptional in nature. Exogenous

application of a-18:3 did not influence lipid accumulation

Fig. 4 Effect of increasing concentrations of various unlabeled acyl-

CoA species on the incorporation of [1-14C] cis-9 18:1 from [1-14C]

cis-9 18:1-CoA into TAG using bovine mammary gland microsomes.

Values represent mean ± SEM (n = 3). ***Represents significant

differences between cis-9 18:1-CoA and other acyl donors at all

concentrations, ***(P \ 0.001)
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in the MAC-T cells (Fig. 1), even though treatment of the

cells with this FA appeared to have the greatest effect on

enhancing DGAT2 expression (Fig. 2).

Furthermore, treatment with a-18:3 resulted in a

decrease in microsomal DGAT-specific activity (Fig. 3).

A number of studies have shown that dietary a-18:3 leads

to enhanced b-oxidation and reduced fat accumulation

[43–46]. The increased DGAT2 expression brought about

by treatment of MAC-T cells with a-18:3 and other FAs

suggests that DGAT2 mRNA levels probably do not

reflect the activity of this isoenzyme of DGAT in pro-

moting fat accumulation in this system. The occurrence of

DGAT2 transcript in the bovine mammary gland, how-

ever, is consistent with the previous discovery of this

transcript in human mammary gland [15]. CLA may not

directly affect the activity of DGAT, but rather the

apparent trans-10, cis-12 18:2-mediated decrease in

DGAT activity may be the result of the action of this

isomer on other lipogenic enzymes that generate sub-

strates for DGAT. Cattle treated by abomasal infusion of

purified trans-10, cis-12 18:2 emulsified in skim milk

have been shown to exhibit a decrease in the expression

of SCD [47]. In SCD-/- mice, decreased SCD activity has

been shown to result in the accumulation of saturated FA,

which had an inhibitory effect on acetyl-CoA carboxylase

[48]. In turn, decreased acetyl-CoA carboxylase activity

has been shown to result in a decrease in the production

of malonyl-CoA, and ultimately a decrease in FA syn-

thesis would result in less acyl-CoA available for DGAT.

In cattle fed a MFD-inducing diet (i.e., high concentrate/

low forage), Peterson et al. [12] also noted a decrease in

the abundance of mRNA encoding FA binding protein. In

another study, Brown et al. [49] have shown that treat-

ment of human primary preadipocytes with trans-10, cis-

12 18:2 results in a decrease in the expression of acyl-

CoA binding protein. Thus, a decrease in the cellular

content of these proteins might affect the availability of

substrate for DGAT.

It is also possible that trans-10, cis-12 18:2 may influ-

ence the splicing of DGAT mRNA. Indeed, Grisart et al.

[50] have shown using a baculovirus expression system

that a K232A mutation in DGAT1 increases the occurrence

of an alternative splicing variant of DGAT1 that produces a

DGAT1 isoform that is devoid of DGAT activity.

In addition, trans-10, cis-12 may have caused alterations

in the phospholipid composition of the ER of the MAC-T

cells leading to changes in the physical properties of the

membrane. Ma et al. [51] have shown that trans-10, cis-12

18:2 is rapidly incorporated into the membrane phospho-

lipid of MDA-MB-123 cells. Changes in SCD activity

induced by trans-10 cis-12 18:2 also resulted in altered

membrane composition. Since DGAT is membrane-bound,

changes in the membrane environment may affect the

activity of the enzyme. Indeed, Mathur et al. have shown

that varying the phospholipid composition in incubations

of rat liver microsomes alters ACAT activity [52].

In the present study, the fact that DGAT2 and LPAAT

showed similar expression patterns in response to the

application of various exogenous FAs (Fig. 1) suggests that

the two acyltransferases may be coordinated at the tran-

scriptional level. As well, the expression of DGAT2 and

LPAAT showed a significant positive correlation in mam-

mary gland tissue obtained from 12 dairy cows (Table 2).

A similar association was observed by Kazala et al. [53]

who previously reported a significant positive correlation

between microsomal DGAT and LPAAT activity in bovine

pars costalis diaphragmitis muscle tissue. The results

reported here suggest this relationship is also reflected at

the transcript level. Although Cases et al. [15] were able to

differentiate between the activity of murine DGAT1 and

DGAT2 by altering the concentration of MgCl2 in the

reaction mixture, we were unable to replicate this tech-

nique using MAC-T cells or bovine mammary gland tissue.

At this point, it remains unclear to which extent DGAT2

contributes to the overall DGAT activity.

In conclusion, trans-10, cis-12 18:2 does not appear to

mediate MFD by decreasing the expression of either

DGAT1 or DGAT2. Instead, the results of this study suggest

that, upon exposure to trans-10, cis-12 18:2 or a-18:3,

DGAT activity in MAC-T-cells is decreased, but the

mechanism is unclear. Trans-10, cis-12 18:2 may inhibit

DGAT activity either directly or indirectly as a result of

altered substrate pools that in turn are a result of the action

of trans-10, cis-12 18:2 on enzymes that are located

upstream of DGAT in the lipid biosynthetic pathway. MFD

caused by the trans-10, cis-12 CLA isomer probably

affects a number of lipogenic enzymes including possible

effects on DGAT production and/or activity.
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Abstract Synthetic activators of peroxisome proliferator-

activated receptors (PPAR)-a and -c are capable of

reducing macrophage foam cell cholesterol accumulation

through the activation of genes involved in cholesterol

homeostasis. Since conjugated linoleic acids (CLA) were

also demonstrated to activate PPARa and PPARc in vivo

and in vitro, we tested the hypothesis that CLA are also

capable of reducing macrophage foam cell cholesterol

accumulation. Thus, mouse RAW264.7 macrophage-

derived foam cells were treated with CLA isomers, c9t11-

CLA and t10c12-CLA, and linoleic acid (LA), as reference

fatty acid, and analyzed for the concentrations of free and

esterified cholesterol, cholesterol efflux and expression of

genes involved in cholesterol homeostasis (CD36, ABCA1,

LXRa, NPC-1, and NPC-2). Treatment with c9t11-CLA

and t10c12-CLA, but not LA, lowered cholesterol accu-

mulation, stimulated acceptor-dependent cholesterol efflux,

and increased relative mRNA concentrations of CD36,

ABCA1, LXRa, NPC-1, and NPC-2 (P \ 0.05). In con-

clusion, the present study showed that CLA isomers reduce

cholesterol accumulation in RAW264.7 macrophage-

derived foam cells presumably by enhancing lipid accep-

tor-dependent cholesterol efflux.

Keywords Conjugated linoleic acid �
Peroxisome proliferator-activated receptors �
Cholesterol accumulation � Cholesterol efflux �
Macrophage foam cell � Atherosclerosis

Abbreviations

ABCA1 ATP-binding cassette transporter A1

AcLDL Acetylated LDL

CLA Conjugated linoleic acid

HDL High-density lipoprotein

LA Linoleic acid

LDL Low-density lipoprotein

LXRa Liver X receptor a
NPC Niemann Pick type C

PPAR Peroxisome proliferator-activated receptor

Introduction

Atherosclerosis, the principle cause of coronary heart dis-

ease and stroke, is responsible for more than 40% of all

deaths in Europe and the US [1]. Macrophages are centrally

involved in the initiation and progression of atherosclerosis

and are the predominant cellular component of athero-

sclerotic lesions [2]. When concentrations of low-density

lipoprotein (LDL) are elevated, macrophages accumulate

lots of LDL-derived cholesterol through scavenger recep-

tor-dependent pathways, and, then transform into

cholesterol-enriched foam cells. Development of macro-

phage-derived foam cells is considered to be a critical step

in atherogenesis, since foam cells account for the devel-

opment of fatty streaks which represent the initial stage of

atherosclerosis [3].

Recent in-vitro studies indicated that synthetic activators

of PPARa and PPARc induce cholesterol removal from

macrophage foam cells through the induction of genes

involved in cholesterol homeostasis [4, 5]. Although

PPARc ligands increase expression of CD36 scavenger

receptors [6, 7], which mediate uptake of modified LDL,
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concomitant induction by PPARa and PPARc ligands of

liver X receptor a (LXRa) and cholesterol exporters of the

ATP-binding cassette (ABC) family, ABCA1 and ABCG1,

results in a net increase in cholesterol efflux from macro-

phage foam cells [4, 5, 8, 9]. ABCA1 in particular plays a

key role in cellular cholesterol efflux from macrophages to

apo-AI, the first step in reverse cholesterol transport. This

has been demonstrated in patients with a mutated ABCA1

gene, where cholesterol efflux and reverse cholesterol

transport are impaired and development of atherosclerosis

is accelerated [10–12]. Recent studies also demonstrated

that PPARa activators up-regulate proteins involved in

intracellular cholesterol trafficking, namely Niemann Pick

type C (NPC) proteins-1 and -2 [13], which mediate cho-

lesterol transport from the lysosome to the plasma

membrane [14, 15]. Increased expression of NPC-1 and

NPC-2 by PPARa activators increases cholesterol content

of the plasma membrane, and, the efflux of cholesterol to

extracellular acceptors such as apo-AI [13]. These in vitro-

effects of PPARs also explain, at least partially, that

treatment with PPARa and PPARc ligands exerts anti-

atherogenic effects in vivo [16, 17]. Similarly to synthetic

agents, conjugated linoleic acids (CLA), a group of posi-

tional and geometric isomers of linoleic acid naturally

occurring in food derived from ruminants such as milk and

milk products, were also demonstrated to activate PPARa
and PPARc [18–20], and inhibited atherosclerosis in ani-

mal feeding experiments [21–23]. Although the effects of

CLA on plasma lipid concentrations as a surrogate marker

of atherosclerosis in human studies are very inconsistent

[24], there is at least some evidence that specific CLA

isomers exert beneficial effects on plasma lipids in humans

as well [25]. This suggests that CLA might stimulate

cholesterol removal from macrophage foam cells through

activation of PPARa and PPARc, but a recent study by

Weldon et al. [26] revealed no effects of CLA on molecular

markers of cholesterol homeostasis in human THP-1

macrophage-derived foam cells. Although the lack of effect

might be explained by the relatively poor accumulation of

CLA isomers in THP-1 cells [26] when compared to other

cell types [27–29], cell type-specific actions of CLA, e.g.

on PPARc expression [30, 31], might also account for this.

Thus, in the present study we aimed to test the

hypothesis that CLA isomers have an impact on cholesterol

homeostasis in RAW264.7 macrophage-derived foam cells.

These cells have been reported to show pronounced bio-

logical activities, partially mediated by a PPARc-

dependent mechanism, in response to treatment with CLA

[19, 28]. Moreover, these cells are a widely used model to

study macrophage foam cell cholesterol homeostasis [32].

RAW264.7 macrophages were transformed to foam cells

by treatment with acetylated LDL (acLDL). AcLDL is a

well-recognized ligand for multiple scavenger receptors

(SR) including CD36 and SR-A [33–36], and causes

excessive uptake of lipoprotein-associated cholesterol in an

unregulated fashion, leading to foam cell formation in vitro

[37]. Kunjathoor et al. [36] have demonstrated that CD36

and SR-A account for 75–90% of the total amount of

acLDL degraded by macrophages. Cholesterol loading by

acLDL is further increased because acLDL dramatically

increases CD36 expression in macrophages [38, 39]. In

contrast, other SR involved in the uptake of acLDL such as

SREC-I play only a minor role for acLDL uptake in both

non-stimulated as well as stimulated macrophages [40];

according to [40] the contribution of SREC-I to the overall

uptake and degradation of acLDL is only 5% in the non-

stimulated and 6% in the stimulated condition. As param-

eters of cholesterol homeostasis, we considered the

concentrations of free and esterified cellular cholesterol,

and mRNA and/or protein expression levels of PPARa and

PPARc as well as important genes involved in the regu-

lation of cholesterol homeostasis (CD36, ABCA1, LXRa,

NPC-1, and NPC-2) in acLDL-induced macrophage foam

cells. Cholesterol removal from macrophage foam cells

was estimated by measurement of high-density lipoprotein

(HDL)-dependent cholesterol efflux. As isomers cis-9,

trans-11 (c9t11)-CLA, which contributes to more than 90%

of total CLA in natural foods such as milk, dairy products,

and meat of ruminants [41], and trans-10, cis-12 (t10c12)-

CLA, which is a minor isomer in natural foods but one of

the main isomers in chemically produced CLA mixtures,

were used. Linoleic acid (LA) was used as reference fatty

acid.

Experimental Procedure

Materials and Reagents

The CLA isomers c9t11-CLA (C96% pure) and t10c12-

CLA (C98% pure) were purchased from Cayman Chemi-

cals (Ann Arbor, MI). LA (C99% pure) was obtained from

Sigma-Aldrich (Taufkirchen, Germany).

Cell Culture and Treatments

Mouse RAW264.7 cells, obtained from LGC Promochem

(Wesel, Germany), were grown in DMEM medium (Gibco/

Invitrogen, Karlsruhe, Germany) supplemented with 10%

fetal calf serum, 4 mmol/L L-glutamine, 4.5 g/L glucose,

1 mmol/L sodium pyruvate, 1.5 g/L sodium bicarbonate

and 0.5% gentamicin. For experiments RAW264.7 cells

were plated in 24-well plates at a density of 2 9 105/well.

After reaching 80% confluence, cells were treated with

50 lmol/L of either c9t11-CLA, t10c12-CLA or LA for

24 h. To induce foam cell transformation, cells were
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incubated with fatty acids and 50 lg/mL human acLDL for

an additional 24 h, as established in the literature [42].

Cells treated without additional fatty acids but with the

vehicle (ethanol) were used as controls. Incubation media

containing fatty acids were prepared by diluting the fatty

acid stock solutions (100 mmol/L fatty acid in ethanol)

with DMEM medium to the concentration indicated.

Incubation media of control cells contained the same

vehicle (ethanol) concentration of 0.05% (v/v). Preliminary

experiments revealed no differences between vehicle

controls and non-vehicle controls (data not shown).

Experiments were performed between passages 5 and 20.

Cell Viability

The viability of cells after treatment with fatty acids was

examined by the MTT assay [43].

Fatty Acid Analysis of Cell Total Lipids

After treatment of cells as indicated above, cells were

washed with PBS and total lipids were extracted with

hexane/isopropanol (3:2 v/v). Aliquots of the lipid extracts

were dried under nitrogen, and total lipids of the extracts

were transmethylated with trimethylsulfonium hydroxide

as recently described in detail [44]. In brief, fatty acid

methyl esters (FAME) were separated by gas chromatog-

raphy using a gas chromatographic system (Hp 5890;

Hewlett Packard, Waldbronn, Germany) fitted with an

automatic split injection system, a flame ionization detector

and a FFAP fused silica capillary column (30 m 9

0.53 mm i.d.; Macherey and Nagel, Düren, Germany).

FAME were identified by comparing their retention times

with those of individual purified standards.

Isolation and Acetylation of LDL

LDL was isolated from fresh human serum by sequential

gradient ultracentrifugation [45]. Afterwards LDL was

dialyzed for 24 h at 4 �C against a buffer containing

0.15 mol/L NaCl and 0.3 mmol/L EDTA, pH 7.4. Acety-

lation of LDL was performed according to the method of

Fraenkel-Conrad [46]. In brief, 1 mL of 0.15 mol/L NaCl

containing 3 mg LDL protein was added to 1 mL of a

saturated sodium acetate solution, and stirred in an ice

water bath. Acetic anhydride (Sigma) was added slowly in

small aliquots (2 lL/2 min) equal to 1.5 times the mass of

LDL protein, and the mixture was stirred for an additional

30 min. Subsequently, the acLDL was dialyzed for 24 h at

4 �C against a buffer containing 0.15 mol/L NaCl and

0.3 mmol/L EDTA, pH 7.4, filter-sterilized, and stored

at 4 �C.

Cholesterol Analysis

After treatment of cells as indicated above, cells were

washed twice with PBS, cellular lipids extracted with a

mixture of hexane and isopropanol (3:2 v/v), and lipid

extracts dried under a stream of nitrogen. Total cholesterol

and free cholesterol concentrations were determined using

enzymatic assays (Wako Chemicals GmbH, Germany).

The concentration of esterified cholesterol was determined

by subtraction of the concentration of free cholesterol from

that of total cholesterol. Cholesterol concentrations were

related to cellular protein as determined by the BCA pro-

tein assay kit (Pierce, Rockford, IL). Cellular protein was

obtained by lysis of cells in 0.2 mol/L NaOH after

extraction of cellular lipids. Results are expressed as lipids/

mg cellular protein.

RNA Isolation and Real-Time RT-PCR

After treatment of cells as indicated above, total RNA of

the cells was extracted using Trizol reagent (Invitrogen,

Karlsruhe, Germany) according to the manufacturer’s

instructions. RNA concentration and purity were estimated

from the optical density at 260 and 280 nm, respectively.

cDNA synthesis and real-time RT-PCR were performed as

described recently in detail [47]. Mouse-specific primer

sequences were as follows (forward, reverse): b-Actin

(50-ACG GCC AGG TCA TCA CTA TTG-30, 50-CAC

AGG ATT CCA TAC CCA AGA AG-30), CD36 (50-GAA

CCT ATT GAA GGC TTA CAT CC-30, 50-CCC AGT

CAC TTG TGT TTT GAA C-30), PPARa (50-CGG CCC

CAT ACA GGA GAG CAG-30, 50-GGG TGG CAG GAA

GGG AAC AGA C-30), PPARc (50-GGC GAG GGC GAT

CTT GAC AG-30, 50-GGG CTT CCG CAG GTT TTT

GAG-30), ABCA1 (50-TGC CAG CAA GAC GAA ACA

GAC G-30, 50-GAC CAG GGC AAT GCA AAC AAA

GAC-30), LXRa (50-GTA CAA CCC CGG CAG TGA

GAG C-30, 50-GCA GGC GAA GGG CAA ACA C-30),
NPC-1 (50-GGG GCA TCA GTT ACA ATG CT-30,
50-AAA CAC CGC ACT TCC CAT AG-30), NPC-2

(50-GAA ATC AGA CCC GAA ATG GA-30, 50-CAT CCT

GTC TGG TGG AAC CT-30).

Western Blot Analysis

After treatment of cells as indicated above, cells were lysed

with RIPA lysis buffer (50 mmol/L Tris pH 7.5,

150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100,

1% sodium deoxycholate, 0.1% SDS) containing protease

inhibitor cocktail (Sigma), and protein concentrations of

lysates determined by the BCA assay. Equal amounts of

protein were electrophoresed by 7.5% SDS-PAGE for

ABCA1 and 10% SDS-PAGE for LXRa, PPARc, and
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b-Actin, and transferred to a nitrocellulose membrane. The

membranes were blocked overnight at 4 �C in blocking

solution (5% skim milk in Tris buffered saline with Tween-

20 [TBS-T]: 50 mmol/L Tris, 150 mmol/L NaCl, pH 7.5,

0.1% Tween-20), and then incubated with primary anti-

bodies against PPARc (1:1,000, Upstate), ABCA1

(1:1,000, Novus Biologicals), LXRa (1:500, Affinity

Bioreagents), and b-Actin (1:1,000, Novus Biologicals) for

1.5 h at room temperature. The membranes were washed

with TBS-T, and incubated with a horseradish peroxidase

conjugated secondary anti-mouse IgG antibody (1:2,000,

Amersham Biosciences) or anti-rabbit IgG antibody

(1:10,000, Amersham Biosciences) for 1.5 h at room

temperature. Afterwards blots were developed using ECL

Plus (Amersham Biosciences). The signal intensities of

specific bands were detected with a Bio-Imaging system

(Biostep) and quantified using TotalLab TL100-Quick Start

analysis software (nonlinear dynamics).

Cholesterol Efflux Measurement

Cholesterol efflux assays were performed as described with

minor modifications [32]. Twenty-four hours after plating,

RAW264.7 macrophages were pre-treated with medium

containing 10% low density lipoprotein-deficient serum for

24 h. Subsequently, RAW264.7 cells were incubated with

fatty acids in the absence or presence of acLDL (50 lg/

mL) and 1 lCi 3H-cholesterol (Amersham-Biosciences)

per well in a medium containing 0.2% bovine serum

albumin for 24 h. After incubation, the medium was aspi-

rated, cells were washed two times with PBS, and

incubated with fatty acids in a medium containing 0.2%

bovine serum albumin for a further 8 h. Cells were washed

again with PBS, and incubated in the presence or absence

of 50 lg/mL HDL as cholesterol acceptor for 4 h. After

incubation, the medium was collected and cells were lysed

using 0.2 M NaOH, and the medium and lysates were

checked for 3H-activity. Cholesterol efflux was calculated

as the percentage of 3H-activity in the medium from the

total 3H-activity in the medium and lysate as described in

[48].

Statistical Analysis

Data were subjected to one-way ANOVA using the

Minitab Statistical Software (Minitab, State College, PA,

USA). For statistically significant F values, individual

means of the treatment groups were compared by Fisher’s

multiple range. Means were considered significantly dif-

ferent for P \ 0.05. Significant effects are denoted with

superscript letters. Bars marked with different superscript

letters significantly differ.

Results

Effects of Treatment on Viability of RAW264.7

Macrophage-Derived Foam Cells

Treatment with 50 lmol/L of either c9t11-CLA, t10c12-

CLA or LA had no affect on the viability of RAW264.7

cells compared to vehicle control treatment; cell viabilities

after treatment with c9t11-CLA, t10c12-CLA or LA were

in the range between 97 and 103% relative to vehicle

controls (=100%).

Effects of Treatment on Fatty Acid Composition

of RAW264.7 Macrophage Total Lipids

Incubation of RAW264.7 macrophages with 50 lmol/L of

either c9t11-CLA, t10c12-CLA or LA resulted in a marked

incorporation of the respective fatty acids into the total cell

lipids compared to vehicle controls (Table 1). However, the

increase in the proportion of C18:2c9t11 after treatment with

c9t11-CLA was less pronounced than the increase in the

proportions of C18:2t10c12 and C18:2(n-6) after treatment

with t10c12-CLA and LA, respectively. The incorporation of

the respective fatty acids was accompanied by a concomitant

marked decrease in the proportions of C16:1 and C18:1 when

compared to vehicle controls. Other major fatty acids such as

C16:0 and C18:0 were similar between treatment groups.

The proportion of C14:0 was slightly increased by treatment

with c9t11-CLA and t10c12-CLA relative to vehicle con-

trols. Moreover, the proportion of C22:6(n-3) was decreased

by treatment with c9t11-CLA and t10c12-CLA, whereas the

Table 1 Fatty acid composition (g/100 g total FAME) of total lipids

of RAW264.7 macrophages cultured in the absence (control) or

presence of 50 lmol/L of c9t11-CLA, t10c12-CLA or LA for 24 h

Treatment Control c9t11-CLA t10c12-CLA LA

Fatty acid

C14:0 2.5 ± 0.1 3.1 ± 0.1 3.1 ± 0.1 2.5 ± 0.1

C16:0 22.6 ± 0.2 24.3 ± 0.1 24.9 ± 0.1 22.3 ± 0.2

C16:1 10.2 ± 0.1 5.3 ± 0.1 3.9 ± 0.1 3.3 ± 0.1

C18:0 15.4 ± 0.1 14.8 ± 0.1 15.3 ± 0.1 15.0 ± 0.1

C18:1 32.6 ± 0.5 23.1 ± 0.2 18.8 ± 0.2 17.5 ± 0.3

LA (C18:2n-6) 1.4 ± 0.1 2.2 ± 0.3 2.1 ± 0.1 13.0 ± 0.6

c9t11-CLA \0.1 9.2 ± 0.5 0.1 ± 0.1 \0.1

t10c12-CLA \0.1 0.1 ± 0.1 13.3 ± 0.5 \0.1

C20:4(n-6) 4.5 ± 0.1 4.2 ± 0.1 4.2 ± 0.1 8.4 ± 0.3

C20:5(n-3) 2.9 ± 0.1 2.4 ± 0.1 2.9 ± 0.1 2.7 ± 0.1

C22:4(n-6) 0.5 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 3.1 ± 0.1

C22:6(n-3) 2.8 ± 0.1 2.3 ± 0.1 2.3 ± 0.1 2.4 ± 0.1

a Values are mean ± SEM of two independent experiments (n = 2).

Data were not subjected to statistical analysis due to the low amount

of experiments
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proportion of C20:5(n-3) was only decreased by treatment

with c9t11-CLA compared to vehicle controls. Treatment

with LA increased the proportions of C20:4(n-6) and

C22:4(n-6) when compared to vehicle controls.

Effects of Treatment on Cholesterol Concentrations

in RAW264.7 Macrophage-Derived Foam Cells

Treatment of acLDL-induced RAW264.7 macrophage-

derived foam cells with either c9t11-CLA or t10c12-CLA

lowered concentrations of esterified cholesterol but not of

free cholesterol compared to vehicle control cells

(P \ 0.05; Fig. 1). Treatment with LA had no effect on the

concentrations of free or esterified cholesterol in acLDL-

induced RAW264.7 macrophage-derived foam cells when

compared to vehicle controls. However, the effect of CLA

isomers on the concentration of esterified cholesterol did

not differ from that of LA.

Effects of Treatment on Relative mRNA

Concentrations of Genes Involved in Cholesterol

Homeostasis in RAW264.7 Macrophage-Derived

Foam Cells

Relative mRNA concentrations of CD36, ABCA1, and

LXRa were significantly increased by both c9t11-CLA and

t10c12-CLA compared to vehicle control cells and LA

(P \ 0.05; Fig. 2), whereas those of NPC-1 and NPC-2

were only increased by t10c12-CLA compared to vehicle

control cells and LA (P \ 0.05). Treatment of RAW264.7

macrophage-derived foam cells with LA did not alter

mRNA concentrations of the genes investigated compared

to vehicle controls (P \ 0.05). Relative mRNA concen-

tration of PPARa in RAW264.7 macrophage-derived foam

cells was not altered by treatment with either fatty acid.

Relative mRNA concentration of PPARc in RAW264.7

macrophage-derived foam cells was significantly elevated

by incubation with c9t11-CLA compared to vehicle con-

trols and LA (P \ 0.05). Incubation with t10c12-CLA or

LA had no effect on the relative mRNA concentration of

PPARc in RAW264.7 macrophage-derived foam cells

compared to vehicle controls.

Effects of Treatment on Relative Protein

Concentrations of ABCA1, LXRa and PPARc
in RAW264.7 Macrophage-Derived Foam Cells

Since mRNA data indicated an induction of genes involved

in cholesterol efflux by CLA we also determined relative

protein concentrations of ABCA1 and its transcriptional

activator LXRa in western blot experiments. PPARc pro-

tein was also considered because of the marked effect of

c9t11-CLA on its mRNA concentration. Our western blot

experiments revealed that the protein concentration of

ABCA1 was significantly increased by t10c12-CLA com-

pared to vehicle controls and LA (P \ 0.05; Fig. 3a, b),

whereas c9t11-CLA tended to increase the protein con-

centration of ABCA1. Relative protein concentration of

LXRa was not altered by treatment with either CLA iso-

mers or LA. The relative protein concentration of PPARc
was significantly increased by c9t11-CLA compared to

vehicle controls and LA (P \ 0.05). Treatment with LA

even decreased the relative protein concentration of PPARc
compared to vehicle controls (P \ 0.05).

Effects of Treatment on Cholesterol Efflux

from RAW264.7 Macrophage-Derived Foam Cells

In the presence of HDL, cholesterol efflux from acLDL-

induced RAW264.7 macrophage-derived foam cells was

significantly increased by c9t11-CLA and t10c12-CLA

compared to vehicle control treatment (P \ 0.05; Fig. 4),

but not by LA. The effect of c9t11-CLA and t10c12-CLA,

however, did not differ from that of LA. In the absence of

HDL, cholesterol efflux was not different between vehicle

control cells and cells treated with fatty acids.

Discussion

Pharmacological PPARa and PPARc ligands have

been demonstrated to induce cholesterol removal from

Fig. 1 Effect of treatment with 50 lmol/L of either c9t11-CLA,

t10c12-CLA or LA on free and esterified cholesterol concentrations in

acLDL-induced RAW264.7 macrophage-derived foam cells. Cells

treated without fatty acids were used as controls. Data represent

mean ± SEM of at least three independent experiments (n C 3).

Results from statistical analysis (one-way ANOVA followed by

Fisher’s test) are indicated: Significant effects are denoted with

superscript letters. Bars marked without a common superscript letter

significantly differ (P \ 0.05)
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macrophage foam cells through alterations in the expres-

sion of genes involved in cholesterol homeostasis [4, 5, 8,

9, 13]. Since CLA are also well-known activators of

PPARa and PPARc [18–20], the present study aimed to test

the hypothesis that CLA isomers have an impact on cho-

lesterol homeostasis in RAW264.7 macrophage-derived

foam cells. For the incubation experiments, we used con-

centrations of CLA of 50 lmol/L. This concentration is

similar to what has been typically used in cell culture

studies dealing with CLA’s mechanisms of action [20, 26–

31]. However, based on the observation that incubating

RAW264.7 cells with 50 lmol/L of CLA resulted in con-

centrations of CLA in cell lipids of up to 13 g/100 g of

total fatty acids, this concentration of CLA must be con-

sidered as rather high. In contrast, humans supplemented

with 3 g per day of a CLA mixture for 6 weeks had plasma

concentrations of c9t11-CLA of only about 0.8 g/100 g

total fatty acids [49]. Nevertheless, our study shows that

the concentration of CLA isomers in macrophage cells can

be extremely elevated as also observed in several other cell

lines [20, 29] while the cells still have normal morpho-

logical appearance and growth characteristics. This opens

up the possibility of studying the influence of high con-

centrations of CLA on diverse functional properties of cells

and of addressing mechanistic questions. This cell culture

study, thus, must be considered as a model study that

cannot be directly extrapolated to humans. As expected, the

incorporation of the CLA isomers into macrophage total

lipids was accompanied by concomitant changes in the

proportions of other fatty acids. Most important, the pro-

portions of C16:1 and C18:1 were markedly reduced by

treatment with CLA isomers, and the proportions of poly-

unsaturated fatty acids (PUFA) like C22:6(n-3) and

C20:5(n-3) were slightly decreased by CLA isomers. This

indicates that the effects observed in the present study

cannot solely be ascribed to the incorporation of CLA

isomers but also, at least partially, to changes in fatty acid

composition. However, since the proportions of PUFA,

which are known PPAR ligands [50], were even decreased

by treatment with CLA isomers, we are confident that

activation of PPARs in response to CLA treatment was

primarily caused by the added CLA isomers.

The present study clearly demonstrated that c9t11-CLA

and t10c12-CLA lowered concentrations of esterified

cholesterol, the storage form of cholesterol in macrophage-

foam cells, and stimulated HDL-dependent cholesterol

efflux in mouse RAW264.7 macrophage-derived foam

cells when compared to control cells treated without

additional fatty acids. The reduction of cholesterol accu-

mulation by CLA isomers in RAW264.7 macrophage-

derived foam cells was evidenced by a decline in the

concentration of esterified cholesterol. Thus, the finding

that lowering of macrophage cholesterol accumulation and

induction of HDL-dependent cholesterol removal could be

observed with CLA isomers, which has also been reported

in response to pharmacological PPAR ligands [4, 5, 8, 9,

13], strengthens our hypothesis that CLA isomers are

capable of affecting macrophage foam cell cholesterol

Fig. 2 Effect of treatment with

50 lmol/L of either c9t11-CLA,

t10c12-CLA or LA on relative

mRNA concentrations of genes

involved in cholesterol

homeostasis in acLDL-induced

RAW264.7 macrophage-

derived foam cells. Cells treated

without fatty acids were used as

controls. Data represent

mean ± SEM of at least three

independent experiments

(n C 3) and are expressed as

percentage of mRNA

abundance of controls

(=100 ± 0%). Results from

statistical analysis (one-way

ANOVA followed by Fisher’s

test) are indicated: Significant

effects are denoted with

superscript letters. Bars marked

without a common superscript

letter significantly differ

(P \ 0.05)
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homeostasis through their potential to activate PPARs. In

connection with recent findings that treatment with CLA

isomers failed to reduce cholesterol accumulation in human

THP-1 macrophage-derived foam cells [26], the results

from the present study may indicate that the effect of CLA

on macrophage cholesterol accumulation is cell type- or

species-specific. The reason for these divergent effects of

CLA cannot be definitely ruled out, but differences in the

cellular uptake and incorporation of CLA isomers between

RAW264.7 and THP-1 cells might be causative. Whereas

in THP-1 macrophages only a poor incorporation of CLA

isomers in total cell lipids after treatment with CLA iso-

mers has been reported [26], treatment of RAW264.7

macrophage foam cells with CLA isomers in the present

study resulted in a marked incorporation of CLA isomers.

However, since up-regulation of CD36 by CLA isomers

has been observed in that recent report [26] other reasons

such as differences in the expression pattern of PPAR-

subtypes between these two cell lines might also apply [18,

51]. Nevertheless, to resolve these contradictory results

between RAW264.7 and THP-1 cells with certainty further

research is required.

On the molecular level, reduction of cholesterol accu-

mulation in cultured macrophages by PPARa and PPARc
activators has been explained by increased expression of

LXRa, which in turn activates expression of LXRa target

genes such as macrophage cholesterol exporters, namely

ABCA1 and ABCG1, and, thereby, stimulates cholesterol

efflux to extracellular acceptors for reverse cholesterol

transport [4, 5, 8, 9]. A recent study further demonstrated

that PPARa activation stimulates postlysosomal mobili-

zation of cholesterol by induction of gene expression of

NPC-1 and NPC-2 [13]. Both proteins control intracellular

trafficking of cholesterol from the late endosomal com-

partment and lysosome, respectively, to the plasma

membrane [14, 15]. It has been suggested [13] that this

results in an enrichment of cholesterol in the plasma

membrane and an enhanced availability of cholesterol at

the cell membrane, which also contributes to increased

macrophage cholesterol efflux and reverse cholesterol

transport by PPARa activators. Hence, the increased

mRNA abundance of ABCA1, LXRa, NPC-1, and NPC-2

in response to CLA isomers as observed in the present

study is associated with the reduced cholesterol accumu-

lation in RAW264.7 macrophage-derived foam cells. The

induction of ABCA1 by CLA isomers could also be

observed at the protein level although this effect was only

significant for t10c12-CLA whereas c9t11-CLA only

showed a tendency towards an increased ABCA1 protein

concentration. However, this observation is in the line

Fig. 3 Effect of treatment with 50 lmol/L of either c9t11-CLA,

t10c12-CLA or LA on relative protein concentrations of ABCA1,

LXRa, and PPARc in acLDL-induced RAW264.7 macrophage-

derived foam cells. Cells treated without fatty acids were used as

controls. a Representative immunoblots specific to ABCA1, LXRa,

PPARc, and b-Actin which was used for normalization are shown. b
Graphs represent data from densitometric analysis and represent

mean ± SEM of at least three independent experiments (n C 3). Data

are expressed as percentage of protein concentration of controls

(=100 ± 0%). Results from statistical analysis (one-way ANOVA

followed by Fisher’s test) are indicated: significant effects are denoted

with superscript letters. Bars marked without a common superscript

letter significantly differ (P \ 0.05)
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with the more pronounced effect of t10c12-CLA on the

elevation of ABCA1 mRNA concentration compared with

c9t11-CLA. We have no explanation for the slightly

stronger effect of t10c12-CLA on ABCA1 mRNA con-

centration compared with c9t11-CLA. However, this

might be related to the slightly higher incorporation of

t10c12-CLA into the macrophage total lipids when com-

pared to c9t11-CLA, which in turn resulted in an increased

PPAR ligand availability, thereby, causing a stronger

LXRa and ABCA1 induction. Surprisingly, we could not

detect an increased protein concentration of LXRa in

response to t10c12-CLA or c9t11-CLA although both

CLA isomers elevated the mRNA concentration of this

transcription factor. Although we do not know the exact

reason for this discrepancy it has to be considered that the

elevation of LXRa mRNA concentration by CLA isomers

was only about 50%, a degree that can hardly be dem-

onstrated in western blot experiments. In addition, it

should be kept in mind that CLA isomers might have also

stimulated LXRa transactivation without influencing pro-

tein levels of this transcription factor. This, however, has

to be elucidated in further studies. Nevertheless, collec-

tively the present data suggest that reverse cholesterol

transport is presumably stimulated by natural PPAR

ligands deriving from food like CLA. The observation

from a recent study that plasma HDL cholesterol con-

centrations and ABCA1 gene expression were increased in

the aorta of hamsters fed c9t11-CLA is indeed indicative

of the potential of CLA to increase the capacity for reverse

cholesterol transport [52].

We cannot exclude the possibility that CLA isomers

might also had an effect on genes regulating cholesterol

esterification in macrophage-derived foam cells such as

acyl-CoA:cholesterol acyltransferase (ACAT), which cat-

alyzes cholesteryl ester formation from cholesterol and

fatty acyl-CoA, and cholesteryl ester hydrolase (CEH),

which is responsible for hydrolysis of stored cholesterol

esters in macrophage foam cells and release of free cho-

lesterol for high-density lipoprotein-mediated efflux.

Indeed, Hirakata et al. [53] have demonstrated that reduc-

tion of cholesteryl ester accumulation by pharmacological

PPARc ligands in THP-1 macrophages was accompanied

by enhanced CEH mRNA expression and inhibited ACAT-

1 mRNA expression. Since free cholesterol mobilized from

hydrolysis of cholesteryl esters by increased expression of

CEH is also partially diffusing through the plasma mem-

brane as shown by the cholesterol efflux observed in the

absence of added HDL, we suggest that this stimulation of

‘‘passive’’ cholesterol efflux is at least in part responsible

for the reduced cholesteryl ester levels observed during

incubation without extracellular cholesterol acceptors

(Fig. 1). Therefore, downregulation of ACAT-1 and

upregulation of CEH by CLA isomers might have also

contributed to the reduced cholesteryl ester concentrations

as observed in the present study. However, this deserves

further investigation.

The present study revealed that the inhibitory effect of

CLA isomers on macrophage foam cell cholesterol accu-

mulation was only significant when compared to vehicle

control cells treated without additional fatty acids. How-

ever, when compared to LA, a frequently used reference

fatty acid when studying the effects of CLA [26, 54], the

inhibitory effect of CLA isomers on cholesterol accumu-

lation was not significant. In part, this might be due to the

fact that the standard variation of measured values in the

LA group (e.g. esterified cholesterol) was quite high

whereas that in the vehicle control group was compara-

tively low, therefore, explaining that the effect of CLA was

not different from LA. Since the present study further

shows that treatment with LA had no effect on mRNA

abundance of genes involved in cholesterol homeostasis in

RAW264.7 macrophage-derived foam cells, we suggest

that LA had no effect on macrophage foam cell cholesterol

accumulation and, thus, clearly differs from CLA in its

action on the parameters investigated herein. This indicates

that the inhibitory effect of CLA isomers on macrophage

foam cell cholesterol accumulation is dependent on the

specific conjugated dienoic structure of CLA. In part the

lack of effect of LA might be explained by the fact that LA

is a weaker PPARa and PPARc activator than c9t11-CLA

or t10c12-CLA [18]. Consistent with this finding is the

Fig. 4 Effect of treatment with 50 lmol/L of either c9t11-CLA,

t10c12-CLA or LA on cholesterol efflux in acLDL-induced

RAW264.7 macrophage-derived foam cells in the presence and

absence of HDL. Cells treated without fatty acids were used as

controls. Efflux is expressed as counts media/(counts media ? counts

lysate) 9 100. Data represent mean ± SEM of at least three

independent experiments (n C 3). Results from statistical analysis

(one-way ANOVA followed by Fisher’s test) are indicated: signif-

icant effects are denoted with superscript letters. Bars marked without

a common superscript letter significantly differ (P \ 0.05)
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observation that LA, in contrast to c9t11-CLA or t10c12-

CLA, did not induce the PPARc target gene CD36 in

RAW264.7 and THP-1 macrophage-derived foam cells

[26]. Similar observations have been reported from Yu

et al. [19] using RAW264.7 macrophages.

In conclusion, the present study shows that c9t11-CLA

and t10c12-CLA reduce cholesterol accumulation in

RAW264.7 macrophage-derived foam cells probably by

stimulating HDL-dependent cholesterol efflux. The CLA-

induced increase in cholesterol efflux from macrophage

foam cells is presumably explained by the up-regulation of

ABCA1, which operates on cholesterol export to extra-

cellular acceptors such as apo-AI/HDL. Up-regulation of

NPC-1 and NPC-2 as evidenced by increased transcript

levels of NPC-1 and NPC-2 in response to treatment with

CLA isomers probably also contributes to the observed

lowering of cholesterol accumulation in RAW264.7 cells,

since both proteins mediate intracellular cholesterol trans-

port to the plasma membrane and increase the availability

of cholesterol for efflux through extracellular acceptors.

Since treatment with CLA isomers also caused an increase

in the transcript levels of CD36, which mediates choles-

terol uptake from modified LDL particles [55], we suggest

that the concomitant up-regulation of ABCA1, which

mediates cholesterol removal from cells, was probably

more pronounced leading to a net efflux of cholesterol.

Because extensive accumulation of cholesterol by macro-

phage foam cells in the arterial wall leads to

atherosclerosis, the present findings in connection with

other beneficial effects of CLA in macrophages [19, 26, 56,

57] might in part explain the anti-atherogenic actions of

CLA as observed in animal models of experimental ath-

erosclerosis [21–23].
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Abstract F2-Isoprostanes (F2-IsoPs), regio- and stereo-

isomers of prostaglandin F2a (PGF2a), and urinary F2-IsoP

metabolites including 2,3-dinor-5,6-dihydro-8-iso-PGF2a

[2,3-dinor-8-iso-PGF1a (2,3-dinor-F1)] and 2,3 dinor-8-iso-

PGF2a (2,3-dinor-F2), have all been used as biomarkers of

oxidative stress. A novel method was developed to measure

these biomarkers using a single solid phase extraction (SPE)

cartridge, separation by HPLC, and detection by negative

mode selected reaction monitoring (SRM) mass spectrom-

etry (MS), using authentic standards of PGF2a; 8-iso-PGF2a;

2,3-dinor-F1 and 2,3-dinor-F2 to identify specific chro-

matographic peaks. The method was validated in a

population of healthy, college-aged nonsmokers (n = 6 M/

8F) and smokers (n = 6 M/5F). Urinary F2-IsoP concen-

trations were *0.2–1.5 lg/g creatinine, 2,3-dinor-F1 was

*1–3 lg/g and 2,3-dinor-F2 was *3–5 lg/g. Additional

F2-IsoPs metabolites were identified using SRM. The sum of

all urinary F2-IsoP metabolites was 50–100 lg/g creatinine

indicating their greater abundance than F2-IsoPs. Women

had higher F2-IsoP metabolite concentrations than did men

(MANOVA, main effect P = 0.003); cigarette smokers had

higher concentrations than did nonsmokers (main effect

P = 0.036). For men or women, respectively, smokers had

higher metabolite concentrations than did nonsmokers

(P \ 0.05). Thus, our method simultaneously allows

measurement of urinary F2-IsoPs and their metabolites for

the determination of oxidative stress.

Keywords Oxidative stress � LC–MS � F2-Isoprostanes �
F2-Isoprostane metabolites � Prostaglandin F2a (PGF2a) �
Cigarette smoking � Gender difference �
2,3-dinor-5,6-dihydro-8-iso-PGF2a � 2,3 dinor-8-iso-PGF2a

Abbreviations

CE Collision energies

F2-IsoPs F2-Isoprostanes

GC–MS Gas chromatography-mass spectrometry

LC–MS Liquid chromatography-mass

spectrometry

SPE Solid phase extraction

SRM Selected reaction monitoring

2,3 dinor-F1 2,3-dinor-5,6-dihydro-8-iso-PGF2a, or

2,3-dinor-8-iso-PGF1a

2,3 dinor-F2 2,3-dinor-8-iso-PGF2a

Introduction

F2-Isoprostanes (F2-IsoPs, Fig. 1) are regio- and stereoiso-

mers of prostaglandin F2a (PGF2a) formed by the free

radical-mediated oxidation of arachidonic acid [1]. Thus, F2-

IsoPs, particularly the 15-series regioisomer, 8-iso-PGF2a,

are often used as biomarkers of oxidative stress [2, 3], and

have been measured using well-established GC–MS and

ELISA methods [4]. Recent advances in LC–MS methods

have allowed faster and simpler sample preparation [4, 5].

Plasma or tissue F2-IsoPs concentrations provide a

‘‘snap-shot’’ assessment of oxidative stress. However,

concerns have arisen due to the potential for artifacts
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arising from in vitro lipid oxidation changes during sample

preparation [6]. Thus, measurement of urinary F2-IsoPs

was proposed to be more reliable and less prone to arti-

factual increases in measured products thereby allowing for

the more reliable assessment of oxidative stress in vivo.

[6]. Urine also contains appreciable levels of F2-IsoP

metabolites [4, 6, 7], which could be measured simulta-

neously to bolster urinary F2-IsoP results. Additionally,

urine can be collected non-invasively from humans. Thus,

urinary F2-IsoPs may provide a better assessment of oxi-

dative stress than samples from other biological materials,

such as plasma.

Potentially, urinary F2-IsoP metabolites may be better

biomarkers of oxidative stress [4, 6, 7]. Roberts et al. [6]

determined that 2,3-dinor-5,6-dihydro-8-iso-PGF2a (2,3-

dinor-F1, Fig. 1) was the major metabolite of 8-iso-PGF2a.

Chiabrando et al. [4] also identified 2,3-dinor-8-iso-PGF2a

(2,3-dinor-F2) as an additional urinary 8-iso-PGF2a

metabolite. Interestingly, both 2,3-dinor-F1 and -F2 were

present in similar urinary concentrations. Although both

groups developed GC–MS procedures for the identification

of these compounds [4, 8], the GC–MS methodology

described by Nourooz-Zadeh et al. [7] facilitated the

simultaneous measurement of these metabolites along with

the parent compound, 8-iso-PGF2a. Importantly, there is

consensus among these investigators that the F2-IsoPs

metabolites, 2,3-dinor-F1 and -F2, are present in signifi-

cantly greater urinary concentrations than is 8-iso-PGF2a,

suggesting that the metabolites may be more easily mea-

sured biomarkers. Moreover, F2-IsoP metabolism may be

important in decreasing adverse consequences of oxidative

stress and increasing removal of oxidatively damaged lip-

ids [9].

LC–MS methodologies for the determination of these

metabolites have been developed [5, 10]. These methods

stressed high sample throughput by using short HPLC

columns (e.g. rocket method) and reported a single value

for the F2-IsoP metabolites. However, the metabolites from

the 64 possible isomers of F2-IsoPs are likely to be

numerous. Moreover, it is unlikely that all species from a

biological sample having the same molecular-ion-to-prod-

uct-ion reaction are derived from a single parent

compound. Thus, the evaluation of F2-IsoP metabolites

resolved by prolonged HPLC separation, as we described

for plasma F2-IsoPs [11], may be more advantageous than

existing rocket methods because quantitation of specific

biomarkers could potentially provide information con-

cerning metabolism of specific precursors.

To this end, we developed a method that uses one solid

phase extraction (SPE) cartridge, followed by prolonged

gradient HPLC–MS-MS, to identify and quantitate urinary

F2-IsoPs and their metabolites, specifically including 2,3-

dinor-F1 and -F2. Additionally, we have identified several

other potential F2-IsoP metabolites using selected reaction

monitoring (SRM). The procedure was validated by

assessing urinary F2-IsoPs and their metabolites from a

cohort of otherwise healthy nonsmokers and smokers,

described previously [12]. Free F2-IsoPs were measured

previously in the plasma from these individuals [12], as

were total (free ? esterified) 15-series F2-IsoPs [11]. While

mean F2-IsoP concentrations were numerically higher

among smokers compared to nonsmokers, the differences

were not statistically significant for any measured analyte

due to large within-group variation. Thus, the simultaneous

quantitation of urinary F2-IsoPs and their metabolites from

this same cohort will assess the utility of measuring F2-

IsoPs in urine versus plasma as well as measuring F2-IsoP

metabolites versus parent F2-IsoPs in urine.

Experimental Procedures

Materials

HPLC grade solvents and reagents were obtained from

VWR (West Chester, PA). Purified water was obtained

Fig. 1 Structures of F2-Isoprostanes (F2-isoPs) and metabolites
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from a Millipore Milli-Q apparatus (Billerica, MA).

Authentic samples of 8-iso-prostaglandin F2a (8-iso-

PGF2a), PGF2a, PGE2, 2,3-dinor-8-iso-PGF1a, and 2,3-

dinor-8-iso-PGF2a, and the deuterated internal standards 8-

iso-PGF2a-d4 and PGE2-d4 were obtained commercially

(Cayman Chemical; Ann Arbor, MI).

Study Design and Sample Collection

The study protocol for assessing vitamin E pharmacoki-

netics and oxidative stress markers in smokers and

nonsmokers was reported previously [12]. The protocol

was approved by the Institutional Review Board for the

protection of human subjects at Oregon State University.

At the time of the study, participants consented to the use

of archived specimens for the continued assessment of

oxidative stress biomarkers.

In brief, healthy, 18–35-year old male and female non-

smokers (n = 6 M/8F) and smokers (n = 6 M/5F; 10–20

cigarettes/day) were recruited from the university area [12].

Participants were not nutritional supplement users ([6-

months) and they maintained normal exercise patterns

(\7 h/week aerobic exercise). The study was designed as a

randomized, double-blind, placebo-controlled vitamin C

intervention study in which participants received vitamin C

(500 mg; twice daily) or matching placebo for 17 days. On

day 14, participants received an equimolar mixture of

deuterium-labeled a- and c-tocopherols (*50 mg each d6-

a- and d2-c-tocopheryl acetates) on a single occasion and

blood was collected in regular intervals from 0 to 72 h

following labeled-tocopherol administration. Urine was

collected in 8-h intervals from 0 to 24 h, aliquoted, and

subsequently stored at -20 �C. The last 8 h collection (16–

24 h) contained the first void on the second day of the trial.

At the completion of the trial, all participants underwent a

3-month washout period, and subsequently returned to the

study center to complete the alternate arm of the study as

described. During each supplementation period, partici-

pants were instructed to follow a low ascorbic acid diet;

plasma ascorbic acid was reported previously [12].

Plasma unesterified F2-IsoPs were measured previously

using GC–MS [12]. Plasma samples were analyzed previ-

ously for total (free ? esterified) F2-IsoPs by HPLC–MS-

MS [11]. The data reported herein from 24 h urine col-

lections are limited to those participants who completed the

vitamin C intervention and respective placebo trial and

provided complete urine samples from each 8 h collection

period. Thus, the present investigation is limited to non-

smokers (n = 6 M/8F) and smokers (n = 6 M/5F).

Smokers had lower body mass indexes (BMI) than non-

smokers and higher cotinine concentrations; women had

higher high density lipoprotein (HDL) cholesterol con-

centrations (Table 1). Otherwise, there were no major

differences between genders or smoking status groups.

Sample Preparation

Urine was thawed at room temperature, mixed by inver-

sion, and centrifuged (200g, 5 min). The supernatant

(600 ll) was mixed with 500 ll methanol, internal stan-

dards (IS, 12 ng 8-iso-PGF2a-d4 and 3 ng PGE2-d4 in 24 ll

1:1 methanol:water) added, followed by addition of buffer

(2.0 ml 0.02 M bis-tris-HCl) with mixing at each step. The

diluted sample pH was then adjusted using H3PO4 or KOH

to pH 6.0 ± 0.05.

Strata X-AW cartridges (100 mg/3 ml, Phenomenex,

Torrance, CA) were each pre-conditioned with 2 ml 98:2

methanol:formic acid (v:v) and subsequently equilibrated

Table 1 Participant characteristics

Gender Group Age (years) BMI (kg/m2) Serum lipids Cotinine

(ng/ml)

Cigarettes/

day
TG

(mg/dl)

Cholesterol

(mg/dl)

HDL-cholesterol

(mg/dl)

Women Non-smoker 22.4 ± 0.7 24.3 ± 1.0a 71 ± 12 164 ± 4 76 ± 5a 28 ± 5b 0c

Smoker 20.2 ± 0.7 23.4 ± 2.2a,b 92 ± 18 161 ± 13 72 ± 15a,b 1,473 ± 263a 8 ± 1b

Men Non-smoker 23.0 ± 0.7 26.6 ± 0.9a 81 ± 17 160 ± 18 48 ± 5b 23 ± 5b 0c

Smoker 22.5 ± 1.3 20.9 ± 0.4b 84 ± 18 155 ± 9 64 ± 5a,b 3,037 ± 708a 14 ± 2a

Statistical summary (MANOVA)

Gender NS NS NS NS 0.03 NS 0.022

Smoking NS 0.014 NS NS NS \0.0001 \0.0001

Interaction NS NS NS NS NS NS 0.022

Participant characteristics (mean ± SE) were analyzed using MANOVA and Tukey’s post hoc where appropriate for pair-wise comparisons.

Main effects are listed in the table and pair-wise comparisons not sharing the same superscript are significantly different (P \ 0.05)

BMI body mass index (body weight (kg)/height (m2)
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with 2 ml water. Diluted urine samples were loaded, the

cartridges washed with 2 ml water, followed by 4 ml 25%

methanol, 2 ml acetonitrile, and cartridges dried under a

gentle vacuum (*5 mm Hg, 30 s). Cartridges were then

eluted 3-times with 1 ml methanol, and the eluants from

each cartridge pooled and collected into glass tubes.

Samples were dried under nitrogen gas, reconstituted in

200 ll methanol containing 0.1% formic acid (v:v), and

injected onto the LC–MS-MS.

Chromatography and Mass Spectrometry

Separation was carried out using a Shimadzu HPLC system

(Columbia, MD) consisting of two LC-10ADvp pumps, a

DGU-14A degasser, a SIL-HTc autosampler-system con-

troller maintained at 10 �C, and a CTO-10Avp column oven

(35 �C) with a Synergi Hydro-RP column (250 9 2 mm

i.d., 4 lm) equipped with a SecurityGuard C18 guard car-

tridge (4 9 2 mm; both from Phenomenex; Torrance, CA).

Mobile phases A (water) and B (methanol) contained 0.01%

acetic acid (v/v) and were delivered at a total flow of 200 ll/

min using the following gradient scheme: 5 min equilibra-

tion at 30% B prior to injection, 30% B from 0–0.5 min,

followed by a linear gradient over 1 min to 58% B, a linear

gradient over 13.5 min to 66% B, a linear gradient over

7 min to 69% B, then to 100% B over 2 min which was held

until the completion of the run at 32 min.

The HPLC system was coupled to a triple quadrupole

mass spectrometer with TurboIon Spray source operated

with both mass analyzers set at unit resolution in negative

mode (Applied Biosystems/MDS Sciex API 3000, Foster

City, CA). Nebulizer, curtain, and collision (CAD) gas

parameters were set at 12, 10, and 7, respectively. Heater

gas was supplied at 6 l/min at 425 �C. All gases were high

purity nitrogen supplied by a custom liquid nitrogen system

(Polar Cryogenics, Portland, OR). The ionizing voltage

was -4,000 V, and the declustering, focusing, entrance,

and exit potentials were -50, -250, -8, -35, and -11 V,

respectively.

To identify chromatographic peaks, product ion spectra of

authentic standards of 8-iso-PGF2a, PGF2a, 2,3-dinor-F1,

and 2,3-dinor-F2 were acquired at collision energies (CE, see

below) that produced a molecular ion intensity of 30–80% of

the most abundant fragment ion. Then, each standard was

analyzed by gradient HPLC and detected by selected reac-

tion monitoring (SRM) experimentation based on the major

fragment ions in the corresponding product ion spectrum,

thereby creating a multi-trace profile for each compound.

Next, a human urine sample was analyzed similarly to

identify corresponding chromatographic peaks eliciting

identical SRM characteristics to each specific standard.

Analytes were detected and quantified using SRM of

seven reactions:

15-series PGFs, m/z 353–193, CE -35 V.

8-iso-PGF2a-d4 internal standard, m/z 357–197, CE

-35 V.

PGE2, m/z 351–189, CE -27 V; PGE2-d4, m/z 355–193,

CE -27 V.

2,3-dinor-F1, m/z 327–283, CE -28 V.

2,3-dinor-F2, m/z 325–237, CE -22 V.

Standard curves were constructed at 8 concentrations for

8-iso-PGF2a, PGF2a, PGE2 (100–4,000 pg/ml), 2,3-dinor-

F1 (1,250–50,000 pg/ml), and 2,3-dinor-F2 (2,500–

100,000 pg/ml). 8-iso-PGF2a-d4 was used as the IS for all

analytes with the exception that PGE2-d4 was used for

PGE2. Quantitation was performed using the Analyst 1.41

software (Applied Biosystems/MDS Sciex). The Analyst

software calculated signal to noise (S/N) ratios for 2,3-

dinor-F1 (m/z 327–283) ranging from 6 to 50 (15–20 as the

mode values), when a representative, non-zero background

region of a urine sample chromatogram (at 4–6 min) was

chosen as the reference background.

Accuracy and Precision

Assay accuracy was evaluated by standard addition

experiments conducted in urine and methanol. Known

quantities of 8-iso-PGF2a, PGF2a, PGE2, 2,3-dinor-F1, and

2,3-dinor-F2 were spiked, in duplicate, into urine or

methanol. Spiked urine was extracted as described above

and spiked methanol was analyzed by LC–MS without

prior extraction. Intra-day- and between-day precision was

determined by analyzing five aliquots of urine on five

separate occasions throughout a month.

Statistical Analysis

Data are expressed as mean ± SE. Repeated measures

MANOVA was performed using JMP Statistical Discovery

Software (SAS Institute, Cary, NC) to evaluate effects

attributed to smoking status, gender, and with-in subject

vitamin C treatment effects and time effects from urine

samples collected in three 8-h intervals over 24 h (0–8, 8–

16, and 16–24 h). For the analysis of repeated measures

(multiple samples from the same subject), the natural

logarithm of the dependent variables (urine concentration

at the three time points in each study period, or vitamin C

treatment) was used to minimize the correlation between

the mean and variance of the data. Results were considered

to be statistically significant at P \ 0.05. Vitamin C had no

effect on the oxidative stress parameters studied, as has

been observed previously [13], so data from time points

were averaged, as indicated. Similarly, when other

parameters did not reach statistical significance, the values

from each subject were averaged and the statistical analysis
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was repeated using matched pairs or MANOVA with

repeated measures, as appropriate. It should be noted that

as the numbers of data points decreased the statistical

power decreased.

Results

Precision and Accuracy of the SPE Extraction

and LC–MS Analyses

The intra-day and inter-day precision of the SPE extraction

and LC–MS analyses were evaluated from five aliquots of a

single urine specimen analyzed over one month on five

separate occasions. For the five analytes for which standards

are available (8-iso-PGF2a; PGF22a; PGE2; 2,3-dinor-F1

and 2,3-dinor-F2), the intra-day coefficients of variation

(CV) for each of the standards ranged from 6 to 9%, while

the inter-day CVs for each ranged from 10 to 14%.

Assay accuracy was determined by comparing the ratio

of the slopes of the line determined from measured

amounts recovered from spiked human urine samples

(standard addition) with the slope generated from spiked

methanol. Standard addition experiments indicated that the

accuracy of the assay was 101% for 8-iso-PGF2a, 104% for

PGF2a, 102% for PGE2, 59% for 2,3-dinor-F1, and 86% for

2,3-dinor-F2. Because the measured concentrations of 2,3-

dinor-F1 and F2 were within the quantitative range of the

standard curves, the lower accuracy for these analytes was

apparently the result of lower extraction recoveries.

Therefore, the extraction protocol was optimized for

maximum recovery of 2,3-dinor-F1 and -F2.

The standard addition regression estimates were linear

in the range of 0, 20, 50, and 100% of standard mix added

(equivalent to a urinary concentration of 8-iso-PGF2a,

1,000 pg/ml; PGF2a and PGE2, 2,000 pg/ml; 2,3-dinor-F1,

5,000 pg/ml, and 2,3-dinor-F2 10,000 pg/ml at 100%). The

standard curves used for quantitation were linear from 0 to

4,000 pg/ml for 8-iso-PGF2a, PGF2a, and PGE2; 0–40 ng/

ml for 2,3-dinor-F1; and 0–80 ng/ml for 2,3-dinor-F2.

Identification of Metabolites with SRM Patterns Similar

to 2,3-dinor-F1 and 2,3-dinor-F2

Identification of biomarkers of lipid peroxidation is diffi-

cult due to the variety of lipid oxidation products, which

potentially may be metabolized to an even greater variety

of products. In addition, few authentic standards are

available commercially. To circumvent these potential

limitations, we used a prolonged HPLC gradient to separate

multiple peaks from human urine samples and identified

those peaks with product ion spectra matching those of

available standards.

F2-IsoPs in human urine were identified tentatively as 8-

iso-15(R)-PGF2a, 8-iso-PGF2a, and PGF2a because they

had retention times identical to those of the standards and

they had SRM profiles matching the authentic standards, 8-

iso-PGF2a and PGF2a (data not shown).

Product ion spectra of the 2,3-dinor-F1 and -F2 stan-

dards (Figs. 2A, 3A, respectively) were similar to those

reported previously by others [5, 10]. The retention times

shown from the HPLC-SRM tracings of the 2,3-dinor-F1

and -F2 standards were 11.7 and 11.9 min, respectively

(Figs. 2B, 3B, respectively). However, when urine sample

extracts were analyzed, additional, sometimes larger, peaks

had the same SRM profiles as these standards. Three peaks

(identified as 2, 3 and 4 in Fig. 2C), had SRM profiles that

matched 2,3-dinor-F1 (Fig. 2B, identified as 1 in Fig. 2C).

Similarly, three peaks (identified as 1, 3 and 4 in Fig. 3C)

had SRM profiles that matched 2,3-dinor-F2 (Fig. 3B,

identified as 2 in Fig. 3C).

Peaks are named according to their metabolite class and

retention time (e.g. F1-12 from a 2,3-dinor-F1 SRM match

eluting at 12 min).

F2-IsoPs in Urine from Smokers and Nonsmokers

The method described herein allows the simultaneous

measurement of both F2-IsoPs and F2-IsoP metabolites in a

single extraction and LC/MS separation. Urinary F2-IsoPs

(Fig. 4), specifically 8-iso-PGF2a, 8-iso-15(R)-PGF2a and

PGF2a, were measured in three separate urine specimens

collected in 8 h intervals over 24 h from smokers and

nonsmokers who completed placebo and vitamin C sup-

plementation trials [12]. Thus, six samples were analyzed

for each subject. Remarkably, neither the time of day, nor

vitamin C supplementation had any effect on the urinary

excretion of any of the three F2-IsoPs measured (P [ 0.05,

MANOVA). The consistency of the methodology descri-

bed herein is readily apparent in that the urinary

concentrations for each of the subjects did not vary widely

for any of the three F2-IsoPs measured (Fig. 4).

In contrast to our expectation that cigarette smoking

would increase all of the urinary F2-IsoPs identified, we

found that only 8-iso-PGF2a concentrations were signifi-

cantly increased in smokers (P = 0.012, MANOVA, main

effect of smoking). However, women compared with men

(MANOVA, main effect of gender) excreted significantly

greater 8-iso-PGF2a (P = 0.02), 8-iso-15(R)-PGF2a

(P = 0.04), and PGF2a (P = 0.015) concentrations.

Given the lack of statistical significance in the F2-IsoP

concentrations between time points, or with vitamin C

supplementation, the concentrations for each of the six

samples were then averaged for each subject (three

collections for each of the two supplements) and the sta-

tistical analyses repeated. Nonsmoking men had the lowest
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F2-IsoP concentrations, while women smokers had the

highest concentrations (Table 2). In general, urinary PGF2a

concentrations were approximately double those of either

8-iso-PGF2a or 8-iso-15(R)-PGF2a. Although PGF2a is the

largest of the 15-series peaks in our samples, it is likely a

mixture of PGF2a and ent-PGF2a that we cannot resolve,

based on the findings by Yin et al. [14], who used a chiral

column and showed that the major portion of PGF2a in

human urine is the enantiomer (ent) form of PGF2a. Thus,

this peak is called PGF2a ? ent-PGF2a.

2,3-dinor-F1 and 2,3-dinor-F2 in Urine from Smokers

and Nonsmokers

The urinary F2-IsoPs metabolites, 2,3-dinor-F1 and -F2,

were measured in the same extract and during the same

HPLC analyses as described above for the urinary F2-IsoPs.

Similar to the F2-IsoPs data, no significant effects of vitamin

C supplementation on urinary 2,3-dinor-F1 or -F2 concen-

trations were observed (data not shown). The consistency of

the 2,3-dinor-F1 and 2,3-dinor-F2 measurements is readily

apparent in the concentrations (averages for each time point

Fig. 2 LC–MS identification of 2,3-dinor-PGF1a. A Fragmentation

pattern of 2,3-dinor-PGF1a standard, m/z 327–283 (a), 265 (b), 183

(c), 193 (d) or 221 (e). B LC–MS chromatogram of 2,3-dinor-PGF1a

standard showing tracings of each of the fragments (a–e) identified in

A. C LC–MS chromatogram of a urine extract with tracings of peaks

identified with SRM profiles showing each of the fragments (a–e,

identified in A) that matched those of 2,3-dinor-PGF1a (2,3-dinor-F1,

retention time same as the standard, labeled 1; F1-12, labeled 2; F1-

13, labeled 3, and F1-14 labeled 4)

Fig. 3 LC–MS identification of 2,3-dinor-PGF2a. A Fragmentation

pattern of 2,3-dinor-PGF2a standard, m/z 325–237 (a), 137 (b), 183

(c), 219 (d) or 145 (e). B LC–MS chromatogram of 2,3-dinor-PGF2a

standard showing tracings of each of the fragments (a–e) identified in

A. C LC–MS chromatogram of a urine extract with tracings of peaks

identified with SRM profiles showing each of the fragments (a–e,

identified in A) that matched those of 2,3-dinor-PGF2a (2,3-dinor-F2,

retention time same as the standard, labeled 2; F2-12, labeled 1; F2-

13, labeled 3, and F2-15 labeled 4)
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obtained during the vitamin C and placebo trials) shown for

the three time points for each group (Fig. 5a, b).

Women excreted more 2,3-dinor-F1 than did men

(MANOVA, main effect of gender, P = 0.025); cigarette

smokers also excreted more 2,3-dinor-F1 than did non-

smokers (main effect of smoking P = 0.039, Fig. 5a).

When 2,3-dinor-F1 concentrations were averaged over the

six time points for each subject, women smokers had sig-

nificantly higher concentrations (P \ 0.05, 2.3 ± 0.3 lg/g

creatinine) than did nonsmokers (women 1.6 ± 0.3, or men

1.2 ± 0.1), or male smokers (1.5 ± 0.3).

Women also excreted more 2,3-dinor-F2 than did men

(MANOVA, main effect of gender P = 0.0012). Similarly,

cigarette smokers excreted more 2,3-dinor-F2 than did

nonsmokers (main effect of smoking P = 0.013, Fig. 5b).

However, 2,3-dinor-F2 concentrations varied with time

(main effect, P = 0.006). When the 2,3-dinor-F2 data were

analyzed separately for men and women, interesting dif-

ferences were apparent. Women smokers excreted more

2,3-dinor-F2 (4.6 ± 0.5 lg/g creatinine) than did non-

smokers (3.2 ± 0.4 lg/g, P = 0.036), but concentrations

did not vary significantly with the time of day. In contrast,

cigarette smoking had no significant effect on the 2,3-

dinor-F2 excretion in men. However, men excreted greater

2,3-dinor-F2 concentrations (3.0 ± 0.3 lg/g creatinine)

during the overnight collection (16–24 h) compared with

8–16 h (2.3 ± 0.2, P = 0.001). The collections taken

during the day 0–8 h (2.6 ± 0.3 lg/g creatinine) were also

greater than during 8–16 h (P = 0.03). These latter data

suggest that men may have increased F2-IsoPs metabolism

and excretion overnight into morning.

Additional Urinary F2-IsoPs Metabolites in Smokers

and Nonsmokers

In addition to 2,3-dinor-F1 and -F2, we identified using

SRM several other potential urinary F2-IsoP metabolites

(Figs. 2, 3, respectively). Pair-wise correlations between all

data (n = 144) showed that F1-12 and F1-13 concentra-

tions were correlated with 2,3-dinor-F1 (r [ 0.9,

P \ 0.0000); F2-12, F2-13 and F2-15 concentrations were

correlated with 2,3-dinor-F2 (r = 0.7–0.9, P \ 0.0000);

while F1-14 had lower correlation coefficients with con-

centrations of either 2,3-dinor-F1 or -F2 (r \ 0.4, Table 3).

Of particular interest, F1-14 was not correlated (P [ 0.05)

with 8-iso-15(R)-PGF2a suggesting that it has a different

precursor than do the other metabolites.

Given that all of the ‘‘identified’’ urinary F2-IsoPs

metabolite concentrations (except F1-14) were correlated,

the concentrations calculated for each metabolite were

summed for each subject at each time point and then

Fig. 4 Urinary F2-isoPs determined over 24 h in smokers and

nonsmokers. The urinary F2-isoPs: 8-iso-PGF2a, 8-iso-15(R)-PGF2a

and PGF2a, were quantified both during placebo and vitamin C

supplementation in smokers and nonsmokers from three separate

urine collections (0–8, 8–16, and 16–24 h after taking deuterated a-

tocopherol during a vitamin E kinetics study [12]). Neither the time of

day, nor the supplementation with vitamin C had any effect on the

urinary excretion of each of the three F2-isoPs measured (P [ 0.05,

MANOVA). 8-iso-PGF2a concentrations were significantly increased

in smokers (P = 0.012, MANOVA, main effect of smoking). Women

compared with men excreted significantly (MANOVA, main effect of

gender) higher concentrations of 8-iso-PGF2a (P = 0.02), 8-iso-

15(R)-PGF2a (P = 0.04), and PGF2a ? ent-PGF2a (P = 0.015)
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averaged for the six time points within each subject.

Women had higher F2-IsoPs metabolite concentrations than

did men (MANOVA, main effect P = 0.0033), while

cigarette smokers had higher concentrations than did non-

smokers (main effect P = 0.036, Fig. 6). Women smokers

had higher metabolite concentrations than did men

(P \ 0.05); nonsmoking men had lower concentrations

than did women (P \ 0.05).

Although F1-14 concentrations were not used in the

above estimation of F2-IsoPs metabolites, the SRM char-

acteristics of the peaks were consistent with the F2-IsoPs

metabolite standards, 2,3-dinor-F1 and -F2. F1-14 con-

centrations (averaged over the six time points for each

subject) showed that smokers had higher F1-14 concen-

trations than did nonsmokers (P = 0.025, Fig. 7). Unlike

all of the other biomarkers of lipid peroxidation that were

evaluated and reported herein, there was no statistically

significant effect of gender on F1-14 concentrations even

when all six data points per subject (rather than averages)

were evaluated.

Discussion

The strategy used in the current study was to identify

multiple biomarkers of oxidative stress in human urine.

Rather than using a rapid passage through the HPLC col-

umn to obtain a single peak containing various F2-IsoPs or

their metabolites, the separation was prolonged to resolve

individual peaks of interest. Our hypothesis was that some

biomarkers may be more sensitive to oxidative stress than

others. Our strategy has been effective in that significant

differences in urinary F2-IsoPs were detected between

women and men, nonsmokers and smokers (*10 ciga-

rettes/day); differences that our plasma F2-IsoP assay was

unable to detect in these same subjects [11]. Perhaps more

Table 2 Urinary F2-isoprostanes in smokers and nonsmokers

Gender Group 8-iso-PGF2a (lg/g creatinine) 8-iso-15(R)-PGF2a (lg/g creatinine) PGF2a ? ent-PGF2a (lg/g creatinine)

Women Nonsmoker 0.43 ± 0.06a 0.61 ± 0.09a,b 1.27 ± 0.16a

Smoker 0.52 ± 0.03a 0.65 ± 0.09a 1.24 ± 0.08a

Men Nonsmoker 0.28 ± 0.01b 0.39 ± 0.03b 0.74 ± 0.09b

Smoker 0.43 ± 0.06a 0.54 ± 0.09a,b 1.12 ± 0.15a

Statistical summary (MANOVA) P-value

Gender 0.019 0.04 0.015

Smoking 0.012 NS NS

Interaction NS NS NS

No significant differences were observed for vitamin C supplementation or for each 8-h collection interval; therefore, urinary F2-IsoPs were

averaged within each participant over time and vitamin C supplementation. Urinary F2-IsoPs were analyzed using MANOVA and Tukey’s post

hoc where appropriate for pair-wise comparisons. Main effects are listed in the table and pair-wise comparisons within a column not sharing the

same superscript are significantly different (P \ 0.05)

Fig. 5 Urinary isoprostane metabolites excreted by smokers and

nonsmokers. Urinary 2,3 dinor F1 (a) and 2,3 dinor F2 (b)

concentrations, respectively, were averaged for the vitamin C and

placebo supplementation trials at each of the three time points. a
Women excreted higher 2,3-dinor-F1 concentrations than did men

(MANOVA, main effect of gender P = 0.025); cigarette smokers

excreted higher concentrations than did non-smokers (main effect of

smoking P = 0.039). b Women excreted more 2,3-dinor-F2 than did

men (MANOVA, main effect of gender P = 0.0012); cigarette

smokers excreted higher concentrations than did non-smokers (main

effects of smoking P = 0.013). 2,3-dinor-F2 concentrations also

varied with time (main effect, P = 0.006)
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importantly, we have identified a series of metabolites that

have mass spectral characteristics of the relatively low

abundance 2,3-dinor-F1 and -F2, but when summed toge-

ther, these apparent metabolites are excreted in quantities

50–100 times greater than the two metabolites for which

we have commercially available standards. The urinary F2-

IsoPs were found at concentrations of about 0.2–1.5 lg/g

creatinine (Fig. 4), while urinary 2,3-dinor-F1 was about

1–3 lg/g and 2,3-dinor-F2 was about 3–5 lg/g (Fig. 5). In

contrast, the sum of the various F2-IsoP metabolites was in

the range of 50–100 lg/g (Fig. 6). Thus, these urinary F2-

IsoPs metabolite concentrations are supportive of rapid F2-

IsoP metabolism [15] and the excretion of the metabolites

as potentially important in ameliorating the adverse effects

of oxidative stress.

To identify F2-IsoPs and F2-IsoPs metabolites, we first

acquired product ion spectra of the individual standards.

We then used these results to design an SRM program for

each class of analyte. For example, authentic 2,3-dinor-F1

had a molecular ion of m/z 327 (negative mode), and major

products ions, in order of abundance, of m/z 283, 265, 209,

183, 193, and 221 (Fig. 2). The SRM program detected

these ions as m/z 327 products during an HPLC separation

of authentic 2,3-dinor-F1 and also during analysis of a

human urine extract. The peaks in the urine extract chro-

matogram that had SRM profiles resembling those of

authentic 2,3-dinor-F1, were likely to have a similar

chemical structure, but perhaps with stereochemical dif-

ferences. Once specific peaks were identified based on

SRM profiles as likely members of a particular analyte

Table 3 Pair-wise correlations between F2-IsoPs and their putative metabolites

8-iso-

PGF2a

8-iso-15(R)-
PGF2a

PGF2a ? ent-
PGF2a

2,3-dinor-

F1

F1-12 F1-13 F1-14 2,3-dinor-

F2

F2-12 F2-13 F2-15

8-iso-PGF2a 1.0000 0.9066 0.7938 0.6008 0.5641 0.5797 0.2407 0.6317 0.6360 0.5143 0.4448

8-iso-15(R)-
PGF2a

1.0000 0.7263 0.4304 0.3834 0.4474 0.1090 0.4629 0.4678 0.4286 0.3674

PGF2a ? ent-
PGF2a

1.0000 0.3280 0.3307 0.3458 0.3046 0.4434 0.4372 0.4294 0.4987

2,3-dinor-F1 1.0000 0.9292 0.9399 0.4010 0.8555 0.8552 0.6641 0.4483

F1-12 1.0000 0.9367 0.5028 0.8336 0.8192 0.6879 0.4841

F1-13 1.0000 0.3794 0.8628 0.8729 0.7539 0.4982

F1-14 1.0000 0.2894 0.2636 0.2343 0.3642

2,3-dinor-F2 1.0000 0.9700 0.8790 0.7298

F2-12 1.0000 0.8763 0.7129

F2-13 1.0000 0.8767

F2-15 1.0000

All pair-wise correlations are statistically significant (P \ 0.0001) with the exception of the correlation of F1-14 with 8-iso-PGF2a (P = 0.0037),

8-iso-15(R)-PGF2a (not significant), PGF2a ? ent-PGF2a (P = 0.0002), 2,3-dinor-F2 (P = 0.0004), F2-12 (P = 0.0014), and F2-13

(P = 0.0047)

Fig. 6 Urinary total isoprostane metabolites excreted by men and

women smokers and nonsmokers. Urinary F2-isoP metabolite con-

centrations (identified as shown in Figs. 2 and 3, except F1-14) were

individually calculated, summed for each subject at each time point

and then averaged for the six time points for each subject. Women

had higher F2-isoP metabolite concentrations than did men (MANO-

VA, main effect P = 0.0033), while cigarette smokers had higher

concentrations than did nonsmokers (main effect P = 0.036). Bars
not sharing the same letter are significantly different by Tukey’s pair-

wise comparisons (P \ 0.05)

Fig. 7 Urinary F1-14 excreted by smokers and nonsmokers. F1-14

(identified in Fig. 2C) concentrations were averaged over the six time

points for each subject. Smokers had higher F1-14 concentrations

than did nonsmokers (P = 0.025). There were no significant effects

of gender on F1-14 concentrations
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type, we integrated only those peaks. Note that that

Figs. 2C and 3C also show peaks in the urine extract that

did not have the appropriate SRM profile, thus, were not

included in our analyses.

Previous methods have utilized mass spectrometry to

identify and quantify components with the same single

molecular ion-to-product ion reaction as that of available

standards with minimal HPLC separation. We found that

human urine chromatograms contained a peak, F1-14, with

a product ion spectrum similar to that of 2,3-dinor-F1;

however, the amounts were not correlated with F2-IsoP

concentrations (Table 3). These findings suggest that peak

F1-14 is not derived from the F2-IsoPs that we quantitated.

Moreover, analyses based solely on tandem MS detection

with minimal or no HPLC separation may not provide

accurate results. Importantly, unlike every other F2-IsoP

and metabolite we detected, there was no gender effect, just

increased F1-14 concentrations in smokers (Fig. 7). With-

out the prolonged HPLC separation we used, this very

interesting biomarker would have escaped discovery. F1-

14 likely has a molecular structure similar to that of 2,3-

dinor-F1, but with perhaps different stereochemistry.

Clearly, further investigation is needed to characterize this

molecule(s).

The SPE method described is a new innovation com-

pared with previously published methods by others. We

sought to extend our LC–MS-MS assay for plasma 15-

series F2-IsoPs [11] for use with urine samples and to

simultaneously measure urinary F2-IsoPs metabolites.

However, our initial efforts using liquid-liquid extraction

or published SPE protocols [5, 10] yielded poor recoveries

(*25–50% of spiked internal standard) from urine sam-

ples. A generic anion exchange SPE protocol (including a

methanol wash, then elution with acidified methanol) using

mixed-mode weak anion exchange-reverse phase cartridges

gave satisfactory recovery of the internal standard, 8-iso-

PGF2a-d4, when added to water, but not when added to

urine. Moreover, when the internal standard was added to

an extracted urine sample, only half the expected increase

in peak area was observed, suggesting a matrix effect,

possibly ion suppression in the mass spectrometer. In the

course of developing a new F2-IsoP extraction method, we

observed that when urine samples were loaded on mixed-

mode reverse phase-weak anion exchange cartridges at *1

pH unit above the typical carboxylic acid pKa (e. g., n-

butyric, pH 4.81), the protic solvent, methanol (but not

acetonitrile) was capable of eluting F2-IsoPs and F2-IsoP

metabolites, indicating ionic forces still contributed to F2-

IsoP binding to the cartridge at the lower pH. Acetonitrile

could then be used to wash any neutral, nonpolar com-

pounds from the cartridge, as well as any residual water.

Good recoveries of F2-IsoPs and F2-IsoP metabolites were

achieved with neutral methanol elution, while agents that

caused ion suppression in the MS were eluted with acidi-

fied solvents. These findings explain the low recoveries of

urinary F2-IsoPs and F2-IsoP metabolites when we used

conventional anion exchange methods, in which samples

are usually loaded at greater than or equal to 2 pH units

higher than the pKa of the analyte of interest, which in turn,

is eluted with acidified solvents.

Intra- and inter-day precision of the final assay compare

satisfactorily with previously published methods, and the

accuracy of measurements of the F2-IsoPs was nearly

100%. However, the accuracies of 2,3-dinor-F1 and -F2

were lower. We believe the lower accuracy is due to lower

rates of recovery of these analytes from urine. The SPE

procedure was more robust for variations in the loading pH

and elution volumes when determining recoveries of 8-iso-

PGF2a, PGF2a, and PGE2 than for 2,3-dinor-F1 and -F2. As

a consequence, attention was focused on achieving as good

recovery as possible of the latter without compromising the

recovery of the F2-IsoPs. Our accuracy of 59% for 2,3-

dinor-F1 and 86% for 2,3-dinor-F2 is not as high as the

80% reported for the former [5] or the 98–99% reported for

the latter [10]. Nevertheless, the recoveries were repro-

ducible and were linear over a large range, allowing the use

of our protocol in analyzing a set of samples collected from

college-age subjects, some of them light smokers and

others nonsmokers. Bohnstedt et al. [16] previously

reported that reverse phase SPE was unsatisfactory for

urine sample preparation; they then developed a liquid-

liquid extraction method for F2-IsoPs. Herein we report a

SPE procedure using a different stationary phase chemistry

that was satisfactory for both F2-IsoPs and their metabo-

lites. Bohnstadt et al. [16] reported urinary concentrations

of iPF2a from control subjects (216 pg/mg creatinine) that

were similar to those we observed of 8-iso-PGF2a (the

same compound) from nonsmoking male subjects (280 pg/

mg creatinine), while we report higher concentrations in

female smokers (530 pg/mg creatinine). Welsh et al. [17]

also report satisfactory recoveries of F2-IsoPs and their

metabolites using SPE technology.

In the present study, we observed that smokers had

greater urinary 8-iso-PGF2a concentrations than did non-

smokers, but cigarette smoking did not significantly

increase urinary 8-iso-15(R)-PGF2a or PGF2a concentra-

tions. We previously reported plasma F2-IsoPs measured

from a similar cohort of otherwise healthy college-aged

nonsmokers and smokers. Utilizing GC–MS [12] or LC–

MS [11] approaches, smokers had numerically higher

plasma F2-IsoPs but without statistical significance

between the groups. In a separate study, plasma F2-IsoPs

were significantly higher among smokers, but their smok-

ing history and frequency ([30 cigarettes/day) were

substantially greater than observed in the participants from

the present study [18, 19]. Also, proposed biomarkers of
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oxidative stress are often tested with a strong stress such as

CCl4 poisoning [20]. Thus, significantly greater urinary 8-

iso-PGF2a in smokers supports the well-established litera-

ture indicating that smoking enhances oxidative stress [21,

22] and supports the hypothesis of the present work that

specific F2-IsoPs may be more sensitive biomarkers of

oxidative stress in vivo. The latter is important for studies

conducted in populations that are otherwise healthy, young,

and with a limited history (\5 years) and frequency (*10

cigarettes/day) of smoking, that is, subjects with a rela-

tively low magnitude of oxidative stress, where decreased

variability in the methodology would allow increased

sensitivity to detect differences between subjects.

It should be noted that our method also allows quan-

titation of PGE2. In general, PGE2 is formed

enzymatically [23], but there is evidence that non-enzy-

matic generation can also occur [24]. Given our interest in

oxidative stress markers, and the non-specific origin of

PGE2, this molecule was not quantitated for smokers and

non-smokers.

Of particular interest is that plasma F2-IsoP turnover is

rapid [15]; therefore, blood levels may vary widely over

time with transient oxidative stress. Thus, urinary F2-IsoPs

and their metabolite concentration would be expected to

provide a more reliable index of systemic oxidative stress

with less variability than that of circulating concentrations.

Indeed, our measurements confirmed this notion (Table 2)

and demonstrated the significance of measuring these

biomarkers in urine.

Consistent with the notion of enhanced oxidative stress

in smokers, we observed significantly higher urinary 2,3-

dinor-F1 and -F2 concentrations in smokers compared with

nonsmokers (Fig. 5), as were urinary total F2-IsoP metab-

olites (Fig. 6). However, to our surprise, we observed that

women compared with men had higher urinary concen-

trations of all F2-IsoPs measured (Table 2; Fig. 4), as well

as urinary F2-IsoP metabolites (Figs. 5, 6) despite men and

women having similar characteristics (Table 1). Gender

effects on lipid peroxidation or oxidative stress biomarkers

have been addressed in clinical studies only to a limited

extent and the results have been equivocal. Men had higher

urinary F2-IsoPs and plasma thiobarbituric acid-reactive

substances (TBARS) than did women [25], as well as

higher plasma malondialdehyde (MDA) [26]. However, in

a study with nearly 300 men and women, Block et al. [27]

demonstrated that women had significantly higher plasma

MDA and F2-IsoPs than did men. Moreover, the gender

effect was maintained despite efforts to adjust for BMI

which would potentially control for differences in adipos-

ity. In the present study, F2-IsoPs and F2-IsoP metabolite

concentrations were not correlated with any parameter

shown in Table 1, including BMI (data not shown).

Coudray et al. [28] also observed significantly greater

evidence of lipid peroxidation in women compared with

men in a cohort of nearly 1,400 participants. Clearly,

additional study is needed to further characterize gender

differences on oxidative stress as well as to potentially

unravel the mechanism leading to such effect.
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Abstract Glucose-sensitive liposomes were prepared by

incorporating hydrophobically modified glucose oxidase

(EC 1.1.3.4.) into the liposomal bilayer of dioleoylphos-

phatidylethanolamine and cholesteryl hemisuccinate. For

the release test, calcein, a fluorescence marker, was

entrapped in the liposomes. The liposomes were stable

under neutral conditions in terms of calcein release but an

extensive release was observed under acidic conditions. In

the experiment of glucose concentration-dependent calcein

release, no release was observed for 180 min when the

suspension of liposome was free of glucose. With a glucose

concentration of 50 mg/dL, no appreciable amount of

calcein was released for the first 20 min, and then the

release rate was accelerated. At 200 mg/dL glucose

concentration which is diagnostic and indicative for insu-

lin-dependent diabetes, the lag time of calcein release

became shorter and a faster response was obtained. When

glucose concentration further increased to 400 mg/dL, the

calcein release rate and the degree of release in 180 min

were almost the same as the values when the glucose

concentration was 200 mg/dL. The glucose concentration-

dependent release is due to pH change, since the suspen-

sion of liposomes became acidic during the release

experiments.

Keywords Glucose oxidase � Liposomes �
Glucose-sensitive release

Introduction

Much attention has been paid to stimuli-sensitive drug

delivery systems, since they can control drug release in

response to environmental stimuli such as change in pH [1,

2], temperature [3–8] and biochemical concentration [9].

One of extensive research areas is glucose-sensitive sys-

tems for the treatment of type I diabetes. Glucose-sensitive

polymer membranes were prepared using immobilized

glucose oxidase (GOD; EC 1.1.3.4.) in pH-sensitive poly-

mers [10–15]. Glucose was converted to gluconic acid and

hydrogen peroxide by the enzymatic reaction of GOD. In

turn, the pH of release medium decreased with time, since

the concentration of gluconic acid increases as the enzy-

matic reaction progresses. Accordingly, release is triggered

by the swelling and the deswelling of the pH-sensitive

hydrogels. Other glucose-sensitive systems were based on

the competitive binding of glycosylated insulin and free

glucose to concanavalin A (Con A). One example is that

glycosylated insulin bound to Con A was immobilized

either in polymer beads or in membranes [16–21]. When

the concentration of free glucose is abnormally high, gly-

cosylated insulin is detached from Con A and is released

from the beads or the membranes. Another example takes

advantage of the competitive binding of glucose attached to

a polymer and free glucose to Con A [16–21]. Depending

on the concentration of glucose, a sol–gel transition of the

polymer system occurs and the insulin release is controlled.

In previous studies, synthetic polymers were used for

insulin carriers. However, the synthetic polymers are, in

general, toxic and not tolerated in the human body.

In this study, liposomes were designed as a glucose-

sensitive carries. A liposome is defined as a phospholipid

bilayer vesicle and it is known to be non-toxic and

non-immunogenic in human body [22]. Liposomes can be
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functionalized by modifying the surface with environment-

responsive molecules. The specific functions of liposomes

are induced by direct interaction with targets sites [23, 24],

environmental pH [1, 2] and temperature changes [3–8].

Target-sensitive liposomes were proposed by modifying

the surface of dioleoylphosphatidylethanolamine (DOPE)

liposomes with an antibody [23, 24]. Specific interaction

between a ligand immobilized on the liposomal membrane

and a receptor on a target cell leads to the destabilization

of DOPE liposomes. On the other hand, pH-sensitive

liposomes were prepared by combining DOPE with

N-succinyl-1,2-phosphatidylethanolamine, cholesteryl hemi-

succinate (CHEMS), fatty acid and its derivatives, and

palmitoyl homocysteine [26, 27]. Since the molecule of

DOPE is conical and its packing parameter is greater than

one, the phospholipids tend to form a non-bilayer structure

in a physiological condition [26, 27]. In order to form a

bilayer, it needs complementary molecules which fill the

space among the head groups of DOPE [25–27]. It is a

weakly acidic amphiphile and could stabilize DOPE

bilayers at neutral pH. Among pH-sensitive complemen-

tary molecules, CHEMS has been the most frequently used

[28–33]. It is also a weakly acidic amphiphilic molecule

and could stabilize DOPE bilayers at physiological pH.

In this study, a novel glucose-sensitive liposome was

developed by modifying the surface of pH-sensitive lipo-

somes with hydrophobically modified glucose oxidase

(HmGOD). As the concentration of glucose increases, the

pH of the liposomal suspension decreases due to the

increased amount of gluconic acid, which is produced by

the enzymatic reaction. Accordingly, release is triggered by

pH change of the liposomal suspension. Our idea was to

develop a glucose-sensitive liposome. DOPE and CHEMS

were used as the lipid components of the pH-sensitive

liposome. To immobilize GOD onto the surface of the

liposome, GOD was hydrophobically modified by cova-

lently attaching alkyl chains to the amino groups of the

enzyme. The DOPE/CHEMS liposome incorporating

HmGOD was prepared by a detergent removal method

and the glucose-sensitive release of the liposome was

investigated.

Experimental

Materials and Methods

DOPE was purchased from Fluka (Buchs, Switzerland).

Deoxycholate (DOC), CHEMS, GOD from Aspergillus

niger Type X, palmitic acid N-hydroxysuccinimide ester,

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),

calcein, sodium phosphate, sodium acetate trihydrate,

sodium citrate, citric acid, horseradish peroxidase,

b-D-glucose, o-dianisidine dihydrochloride, sodium lauryl

sulfate (SLS), Bradford reagent and amino acid standard

were purchased from Sigma Chemical Co (St. Louis, MO,

USA). Trinitrobenzene sulfonic acid (TNBS, 5% methanol

solution) was provided by PIERCE (Rockford, IL, USA). All

other reagents were of analytical grade.

Modification of GOD

GOD was hydrophobically modified as described in a

previous report [34]. First of all, 0.24 g of DOC was dis-

solved in 12 mL of phosphate buffer (pH 8.8, 0.16 M) and

then, 0.081 g of GOD was added to the solution. In par-

allel, 0.0228 g of palmitic acid N-hydroxysuccinimide

ester was dissolved in 2 mL of dry dioxane. The 0.4 mL of

ester solution was added to the GOD solution by adding

one of four portions of 0.1 mL every 2 h. Therefore, the

molar ratio of GOD to the palmitic acid ester was 1:40. The

reaction was done at 30 �C for 10 h with gently stirring. To

remove insoluble byproducts, the reaction mixture was

filtered through a syringe filter (0.45 lm) and then, the

filtrate was dialyzed against 1 L of phosphate buffer (pH

8.0, 0.02 M) for 12 h with four exchanges of the buffer.

Further dialysis was performed for 12 h with two

exchanges of phosphate buffered saline (pH 7.4, 0.15 M).

Finally, the dialyzed solution was filtered through a syringe

filter (0.22 lm) and lyophilized for 3 days.

Determination of the Number of Palmitic Acid

Residues Conjugated to GOD

The number of palmitic acid residues conjugated to GOD

was determined by the TNBS method [34, 35]. A measure of

0.025 g of SLS was dissolved in 50 mL of phosphate buffer

(pH 8.9, 0.01 M). A TNBS solution (0.03%) was prepared

by adding 0.5 mL of TNBS to 83 mL of the SLS solution.

One milliliter of each SLS and TNBS solution were mixed

with 0.5 mL of HmGOD solution (3.55 mg/mL) in a 10 mL

vial and the reaction was carried out at 50 �C for 1 h. Then,

1.9 mL of HCl solution (0.21 M) was added to the reaction

mixture and the vial was kept at room temperature for

30 min. Finally the absorbance of the reaction was mea-

sured at 335 nm. A standard curve was prepared following

the same procedure as described above except various

concentrations of amino acid standard solutions were used

instead of HmGOD. The number of palmitic acid residues

conjugated to GOD was determined by comparing the

absorbance of enzyme solutions with the standard curve.

Determination of Enzymatic Activity

A measure of 0.173 mL of 10% glucose solution in HEPES

buffer (pH 7.5, 10 mM HEPES and 150 mM sodium
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chloride) and 0.827 mL of o-dianisidine dihydrochloride

solution (0.21 mM) in HEPES buffer were mixed together.

And then, 0.033 mL of horseradish peroxidase solution in

HEPES buffer (0.33 mg/mL, 60 purpurogallin units/mL)

was added to the solution. Finally, 0.1 mL of enzyme

solution in distilled water (0.0488 mg/mL) was added to

the previous solution. The concentration of the enzyme was

determined using Bradford method [36]. The products of

the enzymatic reaction are gluconic acid and hydrogen

peroxide. Hydrogen peroxide oxidizes o-dianisidine dihy-

drochloride to the oxidized form with the aid of the

catalytic action of horseradish peroxidase. The character-

istic wavelength of the oxidized form is around 500 nm.

Thus, the absorbance is a measure of the enzymatic

activity. Since the amount of hydrogen peroxide increases

with reaction time, the absorbance was proportional to time

elapse. The absorbance value was converted to units/mg

enzyme by using the millimolar extinction coefficient of

oxidized o-dianisidine dihydrochloride at 500 nm. HEPES

buffer of free enzyme was used as a control.

Preparation of DOPE/CHEMS Liposome Incorporating

HmGOD

DOPE (10 mg/mL) and CHEMS (6.53 mg/mL) solutions

in chloroform were put into a 50 mL round bottom flask so

that the molar ratio of DOPE to CHEMS is 7:3 and the total

amount of lipids is 18 mg. The solvent was evaporated in a

rotary evaporator at reduced pressure to obtain a mixed dry

film of DOPE and CHEMS. The dry film was dispersed

into 2 mL of HEPES buffer (pH 8.2) containing calcein

(50 mM), and DOC (0.09%). HmGOD was added to the

dispersion so that the molar ratio of lipid to HmGOD is

10,000:1. The mixture was sonicated for 20 min with a

bath-type sonicator (Ultrasonic processor, VCX 500,

SONIX, USA). The liposomal suspensions were allowed to

stand at room temperature for 4–5 h. DOC, unentrapped

calcein and unbound enzyme were removed by gel per-

meation chromatography using a Sephadex G-75 column

(1.6 cm 9 40 cm). The final concentrations of lipids were

adjusted to 2 mg/mL.

pH-Dependent Calcein Release

The calcein-containing liposome suspensions of 0.1 mL,

2 mg lipid/mL in HEPES (pH 8.2), were injected into a

fluorescence cell containing 2.9 mL of HEPES buffer or

sodium citrate buffer, pre-adjusted to pH ranging from 5.0

to 8.0. The change in fluorescence was monitored at

524 nm with excitation at 494 nm. The percentage release

of calcein was determined as follows.

% Release ¼ ðFt � FiÞ=ðFf � FiÞ � 100

where Ft is the intensity of fluorescence at a given pH and

Fi is the initial intensity at pH 8.2. Ff is the total fluores-

cence after adding DOC so that the final concentration is

0.2%. The fluorescence intensity at various pHs should be

converted to the intensity at pH 8.2, since the release

experiment was performed at various pHs, which is dif-

ferent from the pH of liposome preparation (pH 8.2). The

calibration curves of calcein fluorescence were obtained at

various pHs, where the degree of release was observed.

The slope of each curve decreased with decreasing pH. It

means that the intensity of fluorescence is suppressed at

acidic pHs. Using these curves, fluorescence intensities

were corrected.

Glucose-Dependent Calcein Release and Change in pH

by Enzymatic Reaction

The 1.724 mL of liposome suspension was put into 50 mL

of glucose solution in isotonic saline (adjusted to pH 7.5

with 0.001 M NaOH). The final concentrations of glucose

were 0, 50, 200 and 400 mg/dL. The percent release of

calcein was determined as described in the section of pH-

dependent calcein release. In parallel, the change in pH of

the liposomal suspensions containing varying amounts of

glucose was measured during the release experiment.

Results and Discussion

Determination of Number of Palmitic Acid Residue

Conjugated to GOD

The amino acid standard curve was expressed as

A335 = 0.572 M ? 0.0062 (R2 = 0.9994), where A335 is

absorbance at 335 nm and M is lmol of amino acids. Since

the TNBS method detects reactive amino groups, the

absorbance of enzyme solutions is directly related to the

number of reactive lysine residues of the enzymes. Under

our experimental conditions, the absorbance of native GOD

was 0.165, corresponding to 25.02 reactive amino groups

per native GOD molecule. On the other hand, the absor-

bance of HmGOD was 0.127, calculated to be 19.03

reactive amino groups per the modified GOD molecule.

This means that six palmitic acids were covalently attached

to one GOD molecule by amide bonds formation with

reactive lysine residues. In a previous report where GOD

from Aspergillus niger (Type VII-S) was hydrophobized

using palmitic acid N-hydroxysuccinimide ester, the num-

ber of reactive amino groups in native GOD was reported

to be around 24 and the average number of covalently

attached alkyl chains per GOD molecule was around 5 ± 1

[34].
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Determination of Enzymatic Activity

Figure 1 shows the enzymatic activities of native GOD,

HmGOD and HmGOD incorporated into liposomal mem-

branes. According to the data, the activity of HmGOD was

60–65% of that of native GOD. The covalent attachment of

alkyl chains to lysine residues has a great effect on the

enzymatic activity, possibly because of the enzyme

deformation caused by the modification. In addition,

HmGOD is likely to aggregate since it has six alkyl chains

attached. In this circumstance, active sites could be

sequestered, resulting in an attenuated enzymatic activity.

In the case of HmGOD immobilized in the liposomal

membrane, the activity is slightly less than that of free

HmGOD. The mobility of HmGOD immobilized in lipo-

somal membranes would be less than that of free HmGOD.

Accordingly, the formation of a substrate/enzyme complex

would be somewhat restricted, resulting in reduced activ-

ity. Another reason is that some of HmGOD would be

entrapped in the inner aqueous phase of liposome and the

amount of HmGOD available for the enzymatic reaction

might decrease.

pH-Dependent Calcein Release

Figure 2a shows the pH-dependent calcein release from the

liposome composed of DOPE/CHEMS/HmGOD (7/3/

0.0007 in molar ratio). There was no significant release in

60 s at pH 8.2 and pH 7.0 whereas, the release became

extensive at pH 5.6 and pH 6.0, and the degrees of release

in 60 s were 51 and 73%, respectively. Almost 100% of

release was observed at pH 5.0. Several studies have been

done on the pH-dependent fluorescent dye release from

DOPE/CHEMS (6/4–7/3 in molar ratio) [33, 37–39].

According to their results, no significant release was

observed in neutral pH range, whereas almost 100% of

release was observed around pH 4.5–5.0. These previous

results are in a good agreement with results obtained in this

study. Since the pK value of carboxylic acid of CHEMS is

5.8, the carboxylic acid would be ionized above the pH,

such as pH 7.0 and 8.2, so that the head group was large

enough to stabilize DOPE bilayers. On the other hand,

when pHs were below the pK value, such as pH 5 and pH

5.6, carboxylic acid would be deionized and the size of

head group of CHEMS could decrease. Accordingly, the

DOPE bilayer would be destabilized into non-bilayer

structures, giving a rise to a higher release. At pH 5.6 and

6.0, a fast release was observed for the first 5 s and then

subsequently a slow release. Those pHs are the values

around pK and accordingly the deionization of CHEMS

would occurs gradually at those pHs. This may account for

the slow release at the latter stage. At pH 5.0, the initial

rate of release was faster [see initial slope of plot (a)], so

the release was completed in 5 s. Because pH 5.0 was less

than pK, CHEMS could be deionized at a burst. This may

explain the earlier completion of the release at pH 5.0.
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Glucose-Triggered Calcein Release and Change in pH

Caused by the Enzymatic Reaction

Figure 2b shows glucose-triggered calcein release from

liposomes incorporating HmGOD. In case of the suspension

of liposome without glucose, there was no release observed

for 180 min. When the concentration of glucose was 50 mg/

dL, no appreciable amount of calcein released for the first

20 min, and then the release rate accelerated for the next

70 min. Thereafter, the rate of acceleration was reduced and

the degree of release was approximately 80% in 180 min.

Glucose is converted to gluconic acid and hydrogen perox-

ide by the enzymatic reaction of HmGOD. Thus, the pH of

liposomal suspension would decrease with time because the

concentration of gluconic acid increases as the enzymatic

reaction goes on. Thus, it is believed that the release was

triggered by the pH change of liposomal suspension. When

the concentration of glucose was 50 mg/dL, the concentra-

tion of gluconic acid was thought not to be high enough to

trigger the release for the first 20 min. That is, the lag time of

20 min is possibly due to the lower concentration of glucose

and gluconic acid. When the concentration of glucose

increased to 200 mg/dL, which is diagnostic and indicative

for insulin-dependent diabetes, the release pattern was

similar to that of 50 mg/dL. But the lag time became shorter,

and a faster response was obtained. This is because higher

concentration of glucose produces more gluconic acid. In

addition, the rate of release was higher and the degree of

release within 180 min was more extensive (about 95%).

When glucose concentration further increased to 400 mg/

dL, the release rate for the first 40 min and the degree of

release within 180 min were almost the same as the values

when the glucose concentration was 200 mg/dL. The release

was, however, completed in 60 min and the completion of

release was earlier than in case of 200 mg/dL. On the other

hand, liposomes without HmGOD exhibited only 2% of

release over 180 min even at a glucose concentration of

400 mg/dL. Therefore, the calcein release from liposomes

incorporating HmGOD was not due to osmotic pressure but

due to the acidification caused by the enzymatic reaction. To

investigate whether the glucose-dependent release is trig-

gered by pH change or not, the pH of liposomal suspension

was measured with time (Fig. 3). When glucose was not

added, the pH remained almost constant. When the glucose

concentration was 50 mg/dL, pH decreased steadily for the

first 60 min and the decreasing rate of pH was accelerated

for the next 30 min. Thereafter, the rate of the decrease in pH

was reduced. The pH of the liposomal suspension was

around 4.3 after 180 min had elapsed.

When the glucose concentration was 50 mg/dL, it took

about 20 min to reach pH 7 (Fig. 3). In 20 min when pH was

7, there was no appreciable amount of calcein released at the

same concentration of glucose (Fig. 2b). At pH 7, no

appreciable amount was released (Fig. 2a). For another

example, when the glucose concentration was 50 mg/dL, it

took about 70 min to reach pH 6 (Fig. 3). In 70 min when pH

was 6, the degree of release was about 45% at the same

concentration of glucose (Fig. 2b). At pH 6, the degree of

completed release was about 50% (Fig. 2a), not significantly

different from 45%. In similar manner, the comparisons of

Figs. 2a, b and 3 were also applicable when the glucose

concentrations are 200 and 400 mg/dL. Therefore, it is rea-

sonable that the release could be caused by pH change, which

is due to the conversion of glucose to gluconic acid.

Insulin might be encapsulated in the liposomes incor-

porating HmGOD for the treatment of type I diabetes.

Unfortunately, the release from liposomes occurred when

the glucose concentration was less than the indicative

concentration for diabetes. That is one of the handicaps to

be overcome. In order to use the liposome as an insulin

carrier for diabetes, the carrier should retain its content

when glucose concentration is in the normal range (80–

140 mg/dL) and it should release timely when the glucose

concentration is more than 200 mg/dL. In addition, calcein

release from the liposome in this study was achieved in

distilled water. Hence, the glucose-induced release of cal-

cein would be irrelevant in a pH-buffered medium.

However, the pH near the location of the enzyme immo-

bilization on the liposome surface could be changed for an

instant even in a pH-buffered medium. Hence, the glucose-

induced release would also occur even in buffer solution. In

fact, Traitel and his coworkers prepared glucose-sensitive

hydrogel using GOD and poly(2-hydroxyethyl methacry-

late-co-N,N-dimethylaminoethyl methacrylate), and they

investigated the release of insulin in phosphate-buffered

saline (pH 7.4) at glucose concentrations of 0, 100, and

500 mg/dL [40]. According to their results, a significant
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insulin release occurred at the concentration of 500 mg/dL.

Although the concentration triggering the release was

higher than in the present study, the results obviously

showed a possibility that the glucose-sensitive system

would work in a buffered milieu. On the other hand, an on–

off type of release could hardly be observed under our

experimental conditions. It might be obtained by varying

the amounts of CHEMS and HmGOD in the liposomal

membrane. However, it would be hard to avoid the leakage

at normal glucose concentrations (80–140 mg/dL) because

the amount of deionized CHEMS at those concentrations

might be already enough to destabilize DOPE bilayers. One

of more practical approaches to suppress the undesirable

release is to shift the triggering glucose concentration. For

that purpose, other complement molecules could be used

instead of CHEMS. Their titratable groups pK values should

be quite different from that of carboxylic acid of CHEMS.

The most important thing for practical use is that com-

pounds involved in the glucose-sensitive liposomes should

be non-toxic in the human body. CHEMS is believed to

increase immunogenicity of tumor cells and no toxicity

profiles about CHEMS have been reported [41]. GOD is

known to be antibiotic because hydrogen peroxide, pro-

duced by the enzymatic reaction of GOD, exhibits

antibacterial activity [42]. Hydrogen peroxide causes oxi-

dative stress in the human body. As a result, degeneration of

DNA, membrane lipid and protein, and enzyme may occur,

leading to various pathological conditions [43]. To cir-

cumvent the side effect of hydrogen peroxide, catalase has

been frequently used when GOD is included in glucose-

sensitive insulin delivery systems [44].

Conclusion

Glucose-sensitive release was obtained by incorporating

hydrophobically modified GOD into the membrane of pH-

sensitive liposomes. Although a clear-cut release pattern

could hardly be obtained, the degree and the rate of release

from DOPE/CHEMS liposomes incorporating HmGOD

were strongly dependent on the concentration of glucose.

The liposome is thought to have a potential as a carrier for

diabetes treatment.
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Abstract Lectin-like oxidized-low-density lipoprotein

receptor-1 (LOX-1) is increasingly linked to atheroscle-

rotic plaque formation and the soluble form of this receptor

may reflect activities of disease. We investigated the

associations among levels of sLOX-1, oxidized-low-den-

sity lipoprotein (ox-LDL), cytokines and the extension of

atherosclerosis in patients with coronary artery disease

(CAD). Lipid, TNF-a, IL-6, C reactive protein (CRP), ox-

LDL, peroxy radical and sLOX-1 levels were measured in

29 controls and 60 patients with CAD, 30 of which with

one or two vessels involved (group 1), and 30 patients with

three or four vessels involved (group 2). The serum levels

of sLOX-1 were significantly and progressively higher in

group 1 [611 (346–1,313) pg/ml, median (interquartile

range)] and in group 2 [2,143 (824–3,201) pg/ml] than in

control subjects [268 (111–767) pg/ml]. LOX-1 levels

positively correlated with IL-6 (r = 0.38, P = 0.0042),

TNF-a (r = 0.38, P = 0.0037), CRP levels (r = 0.32,

P = 0.027) and age (r = 0.25, P = 0.048). In the multi-

variate analysis TNF-a resulted the only independent

determinant of LOX-1 serum levels (b-value = 0.304,

P = 0.017). These findings suggest that sLOX-1 levels are

up-regulated during CAD progression and are associated

with inflammatory markers. The measurement of the cir-

culating soluble form of this receptor may be potentially

useful in predicting CAD progression in humans.

Keywords Cytokines � Lipoprotein receptors �
Cholesterol oxidation � Coronary artery disease �
Inflammation

Introduction

Lectin-like oxidized-low-density lipoprotein receptor-1

(LOX-1) was initially identified as the major receptor for

ox-LDL (oxidized low-density lipoprotein) in endothelial

cells and was later found also to have an inducible

expression in macrophages and smooth muscle cell [1, 2].

Besides ox-LDL, LOX-1 can recognize apoptotic/aged

cells, activated platelets, and bacteria, implying versatile

physiological functions as a ‘‘scavenger’’ receptor. LOX-1

activation by ox-LDL binding stimulates intracellular sig-

nalling, gene expression and production of superoxide

radicals [3, 4]. In vivo, its expression is enhanced in pro-

atherogenic settings including, hypertension, hyperlipid-

emia, diabetes, and atherosclerosis. Transgenic mouse

models for LOX-1 overexpression or gene knockout sug-

gests that LOX-1 contributes to atherosclerotic plaque

formation and progression [5, 6]. Besides being involved in

the activation of endothelial cells, LOX-1 is also involved

in the transformation of smooth muscle cells, and accu-

mulation of lipids in macrophages, resulting in cell injury

that facilitates the development of atherosclerosis.

Like many cell-surface receptors with a single trans-

membrane domain, LOX-1 can be cleaved at the

juxtamembrane region, most likely by serine proteases,

and secreted in a soluble form [7]. Since elevated levels

of soluble receptors in plasma may reflect increased

expression of membrane-bound receptors and disease

activities, circulating soluble LOX-1 (sLOX-1) is

increasingly viewed as a vascular disease biomarker and
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a potential therapeutic target in heart attack and stroke

prevention [8].

Serum sLOX-1 have been shown to be increased early in

patients with acute coronary syndrome, suggesting that it

may reflect vulnerable unstable atherosclerotic plaques

with enhanced proinflammatory and protease activities [9].

Recently, it has been shown that sLOX-1 correlated with

oxidative stress markers in stable coronary artery disease

[10]. However, the association of circulating sLOX-1 with

the extension of CAD and inflammatory markers has not

been properly addressed. We therefore attempted to clarify

the link between sLOX-1 with plasma ox-LDL, cytokines

and the extension of coronary atherosclerosis in patients

affected by CAD.

Methods

The study included 60 patients admitted to our Institute

because of documented or suspected ischemic heart disease

and who, after undergoing coronary angiography, were

diagnosed as being affected by coronary artery disease

(CAD). Our controls were 29 healthy subjects who had not

undergone coronary angiography. Physical examination

and routine laboratory tests excluded the presence of other

major disease (e.g. diabetes, hypertension, renal or liver

diseases, infectious, chronic inflammatory or immunologic

diseases, or malignancies). Exclusion criteria were any

acute cardiovascular events during the last 3 months before

hospitalization, and assumption of statins, other hypolipe-

mic therapy, vitamins or antioxidant dietary supplements.

Prior to drawing blood, patients were taken off antianginal

medication, while sublingual nitrates were allowed only in

the case chest pain were to persist for more than 3 minutes.

Of the initial patients, 4 required sublingual nitrates and

were therefore excluded from the study. All other medi-

cation, except antiplatelets, was suspended 7 days before

taking the blood sample.

All subjects gave written informed consent for their

participation in the study which was approved by the local

ethics committee and conforms to the principles outlined in

the Declaration of Helsinki.

Of the 60 patients enrolled, 17 had a reduced lumen

diameter in one coronary artery, 14 patients had two

arteries involved, 15 patients had three arteries involved

and 14 patients had four arteries involved; in each case the

mean reduction lumen was at least about 50%.

Analytical Methods

All blood samples were collected at 4 �C the day before the

cardiac catheterization and were immediately centrifuged.

Plasma or serum samples were stably stored at -80 �C for

no more than 15 days. Plasma concentrations of TC, HDL

and Triglycerides (Tg) were determined by standard labo-

ratory methods. The concentration of LDL was calculated

using the Friedewald equation.

To measure the generation of peroxy radicals—the

initial products of the reaction between free radicals and

oxygen—a colorimetric method (D-Roms test, Diacron

international, Italy) was used as previously described [11].

This test is based on the ability of transition metals to

catalyze in the presence of peroxides with the generation of

free radicals that are trapped by an alchilamine whose

reaction yields a colored radical detectable at 505 nm.

The results are expressed as Carratelli Units (UC) (1

UC = 0.08 mg H2O2/dl).

High sensitivity (hs)-IL-6 and hs-TNFa were quantified

using sandwich ELISA kits (Biosource International, CA)

according to the manufactures’ instructions. Inter-assay

coefficients of variation was 7.8%.

High sensitivity C reactive protein (hs-CRP) was mea-

sured by the Immulite System (Diagnostic Products

Corporation, CA).

Ox-LDL was assessed by a sandwich ELISA kit

(Mercordia AB, Sweden) according to the manufactures’

instructions. The inter-assay coefficient of variation was

4.7%.

Serum LOX-1 levels were measured by an in-house

double-sandwich ELISA kits. Briefly, 96-well microplates

(Nunc-Immuno Plates Maxisorp, Nunk, Roskilde, Den-

mark) were coated with monoclonal anti-human LOX-1

antibody (R & D systems, Minneapolis, MN) (0.25 lg/

ml) in coating buffer (10 mmol/l PBS, pH 7.2) and

incubated overnight at room temperature (RT). The serum

specimens were initially inactivated at 56 �C for 30 min

to block non-specific protein binding sites. Four rinses

with washing buffer (PBS containing 0.05% Tween 20,

PBST) followed each incubation step. After blocking

with reagent buffer (1% BSA in PBS) at RT for 1 h,

100 ll of heat-inactivated sample (diluted 1:2 in reagent

diluent) was added, and incubated at RT for 2 h.

Recombinant human LOX-1 (R & D systems) was used

as the standard in a concentration range of 100–

10,000 pg/ml. Then, 100 ll of polyclonal goat anti-

human LOX-1 antibody (R & D systems) (0.25 lg/ml)

was added and incubated at RT for 2 h. Next, 100 ll of

rabbit antigoat-HRP antibody (Santa Cruz Biotechnology,

Inc., CA) (diluted 1:400) was added and incubated for

1 h at RT. Finally, 100 ll of tetramethylbenzidine sub-

strate (Sigma-Aldrich, St. Louis, MO) was added. After

5–15 min, 50 ll of 2 mol/l sulphuric acid was added to

stop the reaction, and optical density at 450 nm deter-

mined by an ELISA plate reader. The inter-assay

coefficient of variation value was 7.2%. The lower limit

of detection for LOX-1 was 30 pg/ml.
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Statistical Analysis

Data are given as the mean ± SD. Variables with a skewed

distribution are expressed as median and interquartile

range. Appropriate variable transformations were made to

reduce the skewness of the data, such as natural logarith-

mic transformation for sLOX-1, TNF-a, IL-6 etc.

Differences among different groups of patients and controls

were evaluated by one-way ANOVA followed by Bonfer-

roni post hoc test for continuous variables and by V2 test

for noncontinuous variables. Relationships between serum

sLOX-1 and other factors were assessed by Pearson cor-

relation analysis. In order to evaluate the factors affecting

sLOX-1 levels, all variables significantly associated with

sLOX-1 were included in the multiple regression analysis,

plus gender and BMI as confounding factors. A P value

lower than 0.05 was considered statistically significant.

Results

To determine whether the circulating parameters varied

with the severity of the disease, we divided the patients

into two groups. Patients with one or two vessels involved

were clustered in group 1, while patients with three or

four vessels involved were clustered in group 2. Table 1

summarizes age, gender and lipid profiles in each group

of patients and controls. Controls and patients were

comparable for sex, age, BMI, pressure, glycemia and

triglycerides, while HDL values were more elevated in

controls than in patients. Instead, total cholesterol and

LDL values resulted significantly lower in the group 2

compared to the controls (Table 1).

Circulating sLOX-1, as well as peroxy radical, CRP,

TNF-a, IL-6 levels resulted significantly higher in patients

than controls and tended to increase with the severity of

CAD (values of group 2 were higher than values of group

1) (Table 2). Instead, ox-LDL values were significantly

higher in group 1, while those of the group 2 resulted

comparable to control values (Table 2).

As shown in the Fig. 1a–d, LOX-1 serum levels posi-

tively correlated with TNF-a (r = 0.38, P = 0.0037), IL-6

(r = 0.38, P = 0.0042), CRP levels (r = 0.32, P = 0.027)

and age (r = 0.25, P = 0.048), and did not correlate with

peroxy radicals, ox-LDL, and with all the other parameters

reported in Table 1. The multivariate analysis revealed

that, after correction for confounding factors, TNF-a was

the only determinant of LOX-1 levels (b-value = 0.304,

P = 0.017).

Discussion

Atherosclerosis is associated with oxidative stress,

inflammation, and upregulation of LOX-1. We found that

sLOX-1 is significantly more elevated in patients affected

by CAD than in controls and that this increase correlated

with the number of affected vessels.

This increase raises the question of the cell source and

the triggers for this soluble receptor. Although we do not

know whether the measured sLOX-1 levels in serum are

related to tissue LOX-1 values, some studies have high-

lighted that circulating concentrations of this receptor are

indicative of endothelial-surface bound receptor levels [9,

12]. In vitro, the cell-surface expression of LOX-1 is

induced by many inflammatory cytokines, oxidative stress,

Table 1 Biochemical and clinical features of study subjects

Controls Patients P

Group 1 Group 2

Age (years) 62.0 ± 13.6 65.8 ± 13.0 67.9 ± 12.5 n.s.

Gender (female, male) 8/21 7/24 4/25 n.s.

BMI (kg/m2) 26.3 ± 0.9 26.8 ± 4.2 25.0 ± 5.7 n.s.

Systolic pressure 130.0 ± 19.8 127.7 ± 23.9 121.6 ± 21.5 n.s.

Diastolic pressure 85.0 ± 9.5 68.7 ± 10.6 70.9 ± 8.5 n.s.

Glycemia (mg/dl) 98.96 ± 30.9 86.6 ± 11.7 107.4 ± 34.4 n.s.

Triglycerides (mg/dl) 90.8 ± 41.9 117.6 ± 43.2 111.3 ± 62.8 n.s.

Total cholesterol (mg/dl) 194.0 ± 24.6 186.6 ± 33.2 155.1 ± 45.8*,§ 0.0007

HDL (mg/dl) 50.7 ± 15.9 38.3 ± 8.9§ 35.4 ± 11.7** 0.0001

LDL (mg/dl) 124.1 ± 18.2 124.5 ± 28.7 97.4 ± 36.7#, � 0.0017

Group 1 patients with one- or two-vessel coronary artery disease; Group 2 patients with three- or four-vessel coronary artery disease; BMI body

mass index; HDL high density lipoprotein; LDL low density lipoprotein

* P \ 0.01 versus Group 1; § P \ 0.001 versus controls; ** P \ 0.0001 versus controls; # P \ 0.05 versus controls; � P \ 0.01 versus Group 1
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hemodynamic stimuli [13, 14]. Expression of LOX-1 can

be induced after macrophage-like differentiation in vitro in

human peripheral blood monocytes [15]. In endothelial

cells activated by TNF-a, the cell-surface expression of

LOX-1 precedes soluble LOX-1 production [7], suggesting

that the regulation of LOX-1 cleavage is correlated to

LOX-1 cell expression. Our present study clearly shows a

positive correlation between circulating sLOX-1 and TNF-

a plasma concentrations, indicating this latter as indepen-

dent determinant and possible trigger of the s-LOX-1

increase. Likewise, CRP and IL-6 enhance, in a dose- and

time-dependent manner, endothelial LOX-1 mRNA and

protein expression [14]. In line with this finding, we found

a significant relationship between circulating sLOX-1 and

CRP or IL-6. However, our results do not agree with those

of other authors [9, 10] who have reported no correlation

between sLOX-1 and CRP or IL-6. This discrepancy with

our results probably stems from a difference in the selec-

tion of patients. Contrary to them, we excluded patients

with diabetes, hypertension, and/or under the respective

therapy that could influence the results. Another explana-

tion for this discrepancy could be the higher sensitivity of

our method (10-fold more sensible) that is able to reveal

correlations with the other parameters which could have

remained hidden with the less sensitive methodology used

in the above-mentioned studies.

Similarly to other studies [16, 17], our data confirm the

link between CAD and elevated plasma concentrations of

peroxy radicals, cytokines, and CRP, and between their

levels and the severity of the disease.

Table 2 Oxidative and inflammatory parameters of study subjects

Controls Patients P

Group 1 Group 2

LOX-1 (pg/ml) 268 (111–767) 611 (346–1,313)* 2,143 (824–3,201)§,** 0.0015

Peroxy radicals (UC) 315 ± 92 345 ± 90 410 ± 110§,# 0.0018

CRP (mg/dl) 0.09 (0.06–0.29) 0.25 (0.12–0.53)* 0.43 (0.18–1.57)§,** 0.0038

TNF-a (pg/ml) 1.07 (0.09–1.8) 1.74 (0.62–3.52)* 2.00 (0.91–3.97)§ 0.032

IL-6 (pg/ml) 0.18 (0.04–0.61) 0.79 (0.23–2.17)� 1.2 (0.4–3.0)§ 0.0059

ox-LDL (U/l) 72.5 (58.6–154.1) 143 (79.7–272.3)* 77.7 (32.8–157.2)# 0.0073

Group 1 patients with one or two diseased vessels; Group 2 patients with three or four diseased vessels; LOX-1 lectin-like oxidised lipoprotein

receptor-1; CRP C reactive protein; TNF-a tumor necrosis factor; IL-6 Interleukin-6; ox-LDL oxidized low density lipoprotein

* P \ 0.05 versus controls; § P \ 0.001 versus controls; ** P \ 0.05 versus Group 1; # P \ 0.01 versus Group 1; � P \ 0.01 versus controls

Fig. 1 Correlations between

serum sLOX-1 concentrations

and TNF-a (a), IL-6 (b), CRP

(c) and age (d) in all subjects of

the study
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However in our study, contrary to expectations, ox-LDL

plasma levels were higher in less severe patients (group 1)

and lower in more severe patients (group 2).

We can assume that, the reduced levels of ox-LDL in more

severely affected patients, could be due to increased uptake

of ox-LDL by sLOX-1 which are present in high levels in this

group. In support to this hypothesis, some studies have

shown that soluble membrane receptors can modulate dis-

ease activity by binding to its ligand and preventing ligand

uptake by the receptor at the cell-surface [18–20]. For

instance, the soluble TNF receptors, whose shedding is

induced by TNF itself as well as other cytokines [18], have

extracellular regulatory functions affecting local or systemic

TNF bioavailability. Circulating sLOX-1 could hence be an

important regulator of plasma ox-LDL levels. To explore

whether the antibodies used in our ELISA could bind the

complex ox-LDL $ sLOX-1 in serum as well, we per-

formed a sLOX-1 assay in the presence of exogenously

added high levels of ox-LDL; no interference of this ligand

was observed in sLOX-1 detection (data not shown). Alter-

natively, we performed an ox-LDL assay in the presence of

high levels of sLOX-1. Also in this case, the adding of sLOX-

1 did not interfere with the assay (data not shown). Thus, we

can speculate that, cytokines, ox-LDL and the soluble form

of its receptor constitute a complex network, which inter-

actively influence the development of the atherosclerotic

vascular lesion. However, unlike the inflammatory cytokines

and ox-LDL that have a clear pathogenetic role in the ath-

erosclerotic process, little is known about the regulation of

sLOX-1 shedding, the biological mechanisms underlying the

kinetics of sLOX-1 production and removal and the complex

interaction between the soluble receptor and its ligands in

health and disease states.

Conclusion

The measurement of sLOX-1 in serum may be potentially

useful in predicting atherosclerotic disease progression in

humans. Nevertheless, in order to have a clear picture of

the pathophysiological roles of sLOX-1 and establish the

diagnostic value of sLOX-1 in atherogenesis and vascular

diseases, further studies are required.

Acknowledgments The authors thank Manuela Walker for the

reviewing of the English language.

References

1. Sawamura T, Kume N, Aoyama T, Moriwaki H, Hoshikawa H,

Aiba Y, Tanaka T, Miwa S, Katsura Y, Kita T, Masaki T (1997)

An endothelial receptor for oxidized low-density lipoprotein.

Nature 386:73–77

2. Yoshida H, Kondratenko N, Green S, Steinberg D, Quehenberger

O (1998) Identification of the lectin-like receptor for oxidized

low-density lipoprotein in human macrophages and its potential

role as a scavenger receptor. Biochem J 334(Pt 1):9–13

3. Khan BV, Parthasarathy SS, Alexander RW, Medford RM (1995)

Modified low density lipoprotein and its constituents augment

cytokine-activated vascular cell adhesion molecule-1 gene

expression in human vascular endothelial cells. J Clin Invest

95:1262–1270

4. Inoue M, Itoh H, Tanaka T, Chun TH, Doi K, Fukunaga Y,

Sawada N, Yamshita J, Masatsugu K, Saito T, Sakaguchi S, Sone

M, Yamahara K, Yurugi T, Nakao K (2001) Oxidized LDL

regulates vascular endothelial growth factor expression in human

macrophages and endothelial cells through activation of peroxi-

some proliferator-activated receptor-gamma. Arterioscler

Thromb Vasc Biol 21:560–566

5. Inoue K, Arai Y, Kurihara H, Kita T, Sawamura T (2005)

Overexpression of lectin-like oxidized low-density lipoprotein

receptor-1 induces intramyocardial vasculopathy in apolipopro-

tein E-null mice. Circ Res 97:176–184

6. Mehta JL, Sanada N, Hu CP, Chen J, Dandapat A, Sugawara F,

Satoh H, Inoue K, Kawase Y, Jishage K, Suzuki H, Takeya M,

Schnackenberg L, Beger R, Hermonat PL, Thomas M, Sawamura

T (2007) Deletion of LOX-1 reduces atherogenesis in LDLR

knockout mice fed high cholesterol diet. Circ Res 100:1634–1642

7. Murase T, Kume N, Kataoka H, Minami M, Sawamura T, Masaki

T, Kita T (2000) Identification of soluble forms of lectin-like

oxidized LDL receptor-1. Arterioscler Thromb Vasc Biol

20:715–720

8. Dunn S, Vohra RS, Murphy JE, Homer-Vanniasinkam S, Walker

JH, Ponnambalam S (2008) The lectin-like oxidized low-density-

lipoprotein receptor: a pro-inflammatory factor in vascular dis-

ease. Biochem J 409:349–355

9. Hayashida K, Kume N, Murase T, Minami M, Nakagawa D,

Inada T, Tanaka M, Ueda A, Kominami G, Kambara H, Kimura

T, Kita T (2005) Serum soluble lectin-like oxidized low-density

lipoprotein receptor-1 levels are elevated in acute coronary syn-

drome: a novel marker for early diagnosis. Circulation 112:812–

818

10. Kamezaki F, Yamashita K, Tasaki H, Kume N, Mitsuoka H, Kita

T, Adachi T, Otsuji Y (2008) Serum soluble lectin-like oxidized

low-density lipoprotein receptor-1 correlates with oxidative stress

markers in stable coronary artery disease. Int J Cardiol. doi:

10.1016/j.ijcard.2007.12.069

11. Lubrano V, Vassalle C, L’Abbate A, Zucchelli G (2002) A new

method to evaluate oxidative stress in humans. Immunoanalyse

Biologie Specialisée 17:172–175

12. Tan KC, Shiu SW, Wong Y, Leng L, Bucala R (2008) Soluble

lectin-like oxidized low density lipoprotein receptor-1 in type 2

diabetes mellitus. J Lipid Res 49(7):1438–1444

13. Kume N, Murase T, Moriwaki H, Aoyama T, Sawamura T,

Masaki T, Kita T (1998) Inducible expression of lectin-like

oxidized LDL receptor-1 in vascular endothelial cells. Circ Res

83:322–327

14. Li L, Roumeliotis N, Sawamura T, Renier G (2004) C-reactive

protein enhances LOX-1 expression in human aortic endothelial

cells: relevance of LOX-1 to C-reactive protein-induced endo-

thelial dysfunction. Circ Res 95:877–883

15. Moriwaki H, Kume N, Kataoka H, Murase T, Nishi E, Sawamura

T, Masaki T, Kita T (1998) Expression of lectin-like oxidized low

density lipoprotein receptor-1 in human and murine macro-

phages: upregulated expression by TNF-alpha. FEBS Lett

440:29–32

16. van der Wal AC, Becker AE, van der Loos CM, Das PK (1994)

Site of intimal rupture or erosion of thrombosed coronary ath-

erosclerotic plaques is characterized by an inflammatory process

Lipids (2008) 43:945–950 949

123

http://dx.doi.org/10.1016/j.ijcard.2007.12.069


irrespective of the dominant plaque morphology. Circulation

89:36–44

17. Levine GN, Frei B, Koulouris SN, Gerhard MD, Keaney JF Jr,

Vita JA (1996) Ascorbic acid reverses endothelial vasomotor

dysfunction in patients with coronary artery disease. Circulation

93:1107–1113

18. Aderka D (1996) The potential biological and clinical signifi-

cance of the soluble tumor necrosis factor receptors. Cytokine

Growth Factor Rev 7:231–240

19. Huang L, Wang Z, Li C (2001) Modulation of circulating leptin

levels by its soluble receptor. J Biol Chem 276:6343–6349

20. Ge H, Huang L, Pourbahrami T, Li C (2002) Generation of

soluble leptin receptor by ectodomain shedding of membrane-

spanning receptors in vitro and in vivo. J Biol Chem 277:45898–

45903

950 Lipids (2008) 43:945–950

123



ORIGINAL ARTICLE

Brain Mitochondrial Lipid Abnormalities in Mice Susceptible
to Spontaneous Gliomas

Michael A. Kiebish Æ Xianlin Han Æ Hua Cheng Æ
Jeffrey H. Chuang Æ Thomas N. Seyfried

Received: 9 April 2008 / Accepted: 19 May 2008 / Published online: 17 June 2008

� AOCS 2008

Abstract Alterations in mitochondrial function have long

been considered a hallmark of cancer. We compared the

lipidome and electron transport chain activities of non-

synaptic brain mitochondria in two inbred mouse strains,

the C57BL/6J (B6) and the VM/Dk (VM). The VM strain

is unique in expressing a high incidence of spontaneous

brain tumors (1.5%) that are mostly gliomas. The incidence

of gliomas is about 210-fold greater in VM mice than in B6

mice. Using shotgun lipidomics, we found that the mito-

chondrial content of ethanolamine glycerophospholipid,

phosphatidylserine, and ceramide was higher, whereas the

content of total choline glycerophospholipid was lower in

the VM mice than in B6 mice. Total cardiolipin content

was similar in the VM and the B6 mice, but the distribution

of cardiolipin molecular species differed markedly between

the strains. B6 non-synaptic mitochondria contained 95

molecular species of cardiolipin that were symmetrically

distributed over 7 major groups based on mass charge. In

contrast, VM non-synaptic mitochondria contained only 42

molecular species that were distributed asymmetrically.

The activities of Complex I, I/III, and II/III enzymes were

lower, whereas the activity of complex IV was higher in

the mitochondria of VM mice than in B6 mice. The high

glioma incidence and alterations in electron transport chain

activities in VM mice compared to B6 mice could be

related to the unusual composition of mitochondrial lipids

in the VM mouse brain.

Introduction

Mitochondria are necessary for the maintenance of brain

metabolism supporting neurological function. Alterations

in brain mitochondria can impair bioenergetic efficiency

resulting in disease pathology or neurological impairment

[1–3]. Although such alterations can exist at the DNA or

protein level, little attention has been focused on the role of

mitochondrial lipids in neurological function. Mitochon-

drial membrane lipids can regulate numerous functions to

include electron transport chain (ETC) activities, mem-

brane fluidity, mitochondrial protein import, and ATP

synthesis [4–8]. Non-synaptic (NS) brain mitochondria are

derived from the cell bodies of neurons and glia and rep-

resent the predominant mitochondrial population in brain

[9]. Alterations in the NS mitochondrial lipid composition

could influence ETC activities resulting in a change in

neural cell metabolism.

Shotgun lipidomics, using electrospray ionization mass

spectrometry (ESI/MS), can now determine the total con-

tent and composition mitochondrial lipids (the lipidome)

[10]. Using this approach, we recently characterized the

lipid composition of mouse brain mitochondria [11]. The

mitochondrial specific lipid cardiolipin (1,3-diphosphat-

idyl-sn-glycerol, Ptd2Gro), contains nearly 100 different

molecular species in the C57BL/6J (B6) mouse brain [11].
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Moreover, these molecular species are symmetrically dis-

tributed in seven major groups when arranged according to

mass to charge ratios [11]. This distribution in B6 mice is

similar to that in several other mammalian species and

reflects a conserved cardiolipin remodeling process for

brain [12].

Our objective was to compare and contrast the lipidome

of NS mitochondria and ETC activities in mice of the B6

and the VM/Dk (VM) strains. B6 mice are often used as a

control strain for many existing neurological mutations that

alter CNS function [13, 14]. VM mice are unique in

expressing a relatively high incidence (1.5%) of sponta-

neous brain tumors, which occur over a broad age range

between 4 and 18 months [15]. Most of these brain tumors

were characterized as astrocytomas, but microgliomas and

neural stem tumors also occur [15–17]. Indeed, the inci-

dence of spontaneous brain tumor formation is about 210-

fold greater in VM mice than in B6 mice. Although altered

mitochondrial energy metabolism has long been connected

to tumorigenesis (Warburg theory) [18–21], the role of

mitochondrial lipids in this connection remains unclear.

Ours is the first comparative analysis of the NS brain

mitochondria lipidome in two mouse strains that differ in

susceptibility to spontaneous gliomas.

Experimental Procedures

Animals

The VM mice were obtained from Professor H. Fraser,

University of Edinburgh. The B6 mice were obtained from

the Jackson Laboratory (Bar Harbor, ME). Mice of both

strains were matched for age (4 months) and sex (males)

and were propagated under similar conditions at the Boston

College Animal Facility. Mice were housed in plastic cages

with filter tops containing Sani-Chip bedding (P.J. Murphy

Forest Products Corp., Montville, NJ, USA). The room was

maintained at 22 �C on a 12 h light/dark cycle. Food

(Prolab RMH 3000; PMI LabDiet, Richmond, IN, USA)

and water were provided ad libitum. This study was con-

ducted with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals and was approved by

the Institutional Animal Care Committee.

Non-synaptic Brain Mitochondrial Isolation

We recently described an improved procedure for isolation

and purification of NS mitochondria from mouse brain for

the purpose of lipid analysis and biochemical analysis of

ETC activities [11]. Briefly, the B6 and VM mice were

sacrificed by cervical dislocation and the cerebral cortex

was dissected. Mitochondria were isolated in a cold room

(4 �C) and all reagents were kept on ice. The isolation

procedure employed a combination of gradients and strat-

egies as previously described [22–28] (Fig. 1). The

cerebral cortexes (a pool of 6/sample) were diced on an ice

cold metal plate and then placed in 12 mL of mitochondria

isolation buffer [MIB; 0.32 M sucrose, 10 mM Tris–HCl,

and 1 mM EDTA-K (pH 7.4)]. The pooled cerebral cor-

texes were homogenized using a Potter Elvehjem

homogenizer with a Teflon coated pestle attached to a

hand-held drill. Samples were homogenized using 15 up

and down strokes at 500 rpm. The homogenate was cen-

trifuged at 1,0009g for 5 min. The supernatant was

collected and the pellet was washed twice by centrifuga-

tion, collecting the supernatants each time. The

supernatants were pooled and centrifuged at 1,0009g for 5

min. The collected supernatant was then spun at 14,0009g

for 15 min. The supernatant was discarded and the pellet,

which contained primarily NS mitochondria, synaptosomes

and myelin, was resuspended in 12 mL MIB and was

layered on a 7.5/12% discontinuous Ficoll gradient. Each

Ficoll gradient layer contained 12 mL for a total volume of

36 mL. The Ficoll gradients were made from a 20% Ficoll

stock with MIB. The gradient was centrifuged at 73,0009g

for 36 min (4 �C) in a Sorvall SW 28 rotor with slow

acceleration and deceleration (Optima L-90K Ultracentri-

fuge). The centrifugation time used permitted sufficient

acceleration and deceleration to achieve maximum g force

and to prevent synaptosomal contamination of the mito-

chondrial fraction below the 12% Ficoll layer [27]. Crude

myelin collected at the MIB/7.5% Ficoll interface was

discarded. The Ficoll gradient purified NS mitochondria

(FM) were collected as a pellet below the 12% Ficoll.

The FM pellet, containing NS mitochondria, was

resuspended in MIB containing 0.5 mg/mL bovine serum

albumin (BSA) and was centrifuged at 12,0009g for 15

min. The resulting pellet was collected and resuspended in

6 mL of MIB. The resuspended FM pellet was layered on a

discontinuous sucrose gradient containing 0.8/1.0/1.3/1.6

M sucrose. The volumes for the sucrose gradient were 6/6/

10/8 mL, respectively. The gradients were made from a 1.6

M sucrose stock containing 1 mM EDTA-K and 10 mM

Tris–HCl (pH 7.4). The discontinuous sucrose gradient was

centrifuged at 50,0009g for 2 h (4 �C) in a Sorvall SW 28

rotor using slow acceleration and deceleration to prevent

disruption of the gradient. Purified NS mitochondria were

collected at the interface of 1.3 and 1.6 M sucrose. NS

mitochondria were collected and resuspended in (1:3, v/v)

TE buffer (1 mM EDTA-K and 10 mM Tris–HCl, pH 7.4)

containing 0.5 mg/mL BSA and centrifuged at 18,0009g

for 15 min. The pellet was then resuspended in MIB and

centrifuged at 12,0009g for 10 min. The pellet was again

resuspended in MIB and centrifuged at 8,2009g for 10

min.
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Materials for Mass Spectrometry

Synthetic phospholipids including 1,2-dimyristoleoyl-sn-

glycero-3-phosphocholine (14:1-14:1 PtdCho), 1,2-dipal-

mitoleoyl-sn-glycero-3-phosphoethanolamine (16:1-16:1

PtdEtn), 1,2-dipentadecanoyl-sn-glycero-3-phosphogly-

cerol (15:0-15:0 PtdGro), 1,2-dimyristoyl-sn-glycero-3-

phosphoserine (14:0-14:0 PtdSer), N-lauroryl sphingomy-

elin (N12:0 CerPCho), 1,10,2,20-tetramyristoyl cardiolipin

(T14:0 Ptd2Gro), heptadecanoyl ceramide (N17:0 Cer),

1-heptadecanoyl-2-hydroxy-sn-Glycero-3-phosphocholine

(17:0 LysoPtdCho) were purchased from Avanti Polar

Lipids, Inc. (Alabaster, AL, USA). It should be noted that

the prefix ‘‘N’’ denotes the amide-linked acyl chain. All the

solvents were obtained from Burdick and Jackson (Hon-

eywell International Inc., Burdick and Jackson, Muskegon,

MI, USA). All other chemicals were purchased from

Sigma-Aldrich (St. Louis, MO, USA).

Sample Preparation for Mass Spectrometric Analysis

An aliquot of the mitochondrial preparation was transferred

to a disposable culture borosilicate glass tube (16 9 100

mm). Internal standards were added based on protein

concentration and included 16:1-16:1 PtdEtn (100 nmol/

mg protein), 14:1-14:1 PtdCho (45 nmol/mg protein),

T14:0 Ptd2Gro (3 nmol/mg protein), 15:0-15:0 PtdGro (7.5

nmol/mg protein), 14:0-14:0 PtdSer (20 nmol/mg protein),

17:0 LysoPtdCho (1.5 nmol/mg protein), N12:0 CerPCho

(20 nmol/mg protein), N17:0 Cer (5 nmol/mg protein).

This allowed the final quantified lipid content to be nor-

malized to the protein content and eliminated potential loss

from the incomplete recovery. The molecular species of

internal standards were selected because they represent

\0.1% of the endogenous cellular lipid mass as demon-

strated by ESI/MS lipid analysis.

A modified Bligh and Dyer procedure was used to

extract lipids from each mitochondrial preparation as pre-

viously described [29]. Each lipid extract was reconstituted

with a volume of 500 lL/mg protein (which was based on

the original protein content of the samples as determined

from protein measurement) in CHCl3/MeOH (1:1, v/v).

The lipid extracts were flushed with nitrogen, capped, and

stored at -20 �C for ESI/MS analysis. Each lipid solution

was diluted approximately 50-fold immediately prior to

infusion and lipid analysis.

Instrumentation and Mass Spectrometry

A triple-quadrupole mass spectrometer (Thermo Scientific

TSQ Quantum Ultra, Plus, San Jose, CA, USA), equipped

with an electrospray ion source and Xcalibur system soft-

ware, was utilized as previously described [30]. The first

and third quadrupoles serve as independent mass analyzers

using a mass resolution setting of peak width 0.7 Th while

the second quadrupole serves as a collision cell for tandem

MS. The diluted lipid extract was directly infused into the

ESI source at a flow rate of 4 lL/min with a syringe pump.

Fig 1 Procedure used for the isolation and purification of NS

mitochondria from mouse cerebral cortex
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Typically, a 2-min period of signal averaging in the profile

mode was employed for each mass spectrum. For tandem

MS, a collision gas pressure was set at 1.0 mTorr, but the

collision energy varied with the classes of lipids as

described previously [10, 30]. Typically, a 2- to 5-min

period of signal averaging in the profile mode was

employed for each tandem MS spectrum. All the mass

spectra and tandem MS spectra were automatically

acquired by a customized sequence subroutine operated

under Xcalibur software. Data processing of 2D MS anal-

yses including ion peak selection, data transferring, peak

intensity comparison, and quantitation was conducted

using self-programmed Microsoft Excel macros [30].

Electron Transport Chain Enzyme Activities

Purified mitochondrial samples were freeze–thawed three

times before use in enzyme analysis to give substrate access

to the inner mitochondrial membrane. All assays were per-

formed on a temperature controlled SpectraMax M5 plate

reader (Molecular Devices) and were done in triplicate.

Specific enzyme activities were calculated using ETC

complex inhibitors in order to subtract background activities.

Complex I (NADH-ubiquinone oxidoreductase) activity

was determined by measuring the decrease in the concen-

tration of NADH at 340 nm as previously described [31,

32]. The assay was performed in buffer containing 50 mM

potassium phosphate (pH 7.4), 2 mM KCN, 5 mM MgCl2,

2.5 mg/mL BSA, 2 lM antimycin, 100 lM decylubiqui-

none, and 0.3 mM K2NADH. The reaction was initiated by

adding purified mitochondria (20 lg). The enzyme activity

was measured for 5 min and values were recorded 30 s

after the initiation of the reaction. Specific activities were

determined by calculating the slope of the reaction in the

linear range in the presence or absence of 1 lM rotenone

(Complex I inhibitor).

Complex II (succinate decylubiquinone DCIP oxidore-

ductase) activity was determined by measuring the reduction

of 2,6-dichloroindophenol (DCIP) at 600 nm as previously

described [32, 33]. The Complex II assay was performed in

buffer containing 25 mM potassium phosphate (pH 7.4), 20

mM succinate, 2 mM KCN, 50 lM DCIP, 2 lg/mL rotenone,

and 2 lg/mL antimycin. Purified mitochondria (10 lg) were

added prior to initiation of the reaction. The reaction was

initiated by adding 56 lM decylubiquinone. Specific activ-

ities were determined by calculating the slope of the reaction

in the linear range in the presence or absence of 0.5 mM

Thenoyltrifluoroacetone (Complex II inhibitor).

Complex III (ubiquinol cytochrome c reductase) activity

was determined by measuring the reduction of oxidized

cytochrome c at 550 nm. The Complex III assay was per-

formed in buffer containing (25 mM potassium phosphate

(pH 7.4), 1 mM EDTA, 1 mM KCN, 0.6 mM dodecyl

maltoside, 32 lM oxidized cytochrome c) using purified

mitochondria (2.5 lg). The reaction was initiated by adding

35 lM decylubiquinol. The reaction was measured fol-

lowing the linear slope for 1 min in the presence or absence

of 2 lM antimycin (Complex III inhibitor). Decylubiquinol

was made by dissolving decylubiquinone (10 mg) in 2 mL

acidified ethanol (pH 2) and using sodium dithionite as a

reducing agent. Decylubiquinol was further purified by

cyclohexane [31, 32, 34].

Complex IV (cytochrome c oxidase) activity was

determined by measuring the oxidation of reduced ferro-

cytochrome c at 550 nm. The Complex IV assay was

performed in buffer containing [10 mM Tris–HCl and 120

mM KCl (pH 7.0)] using purified mitochondria (5 lg). The

reaction was initiated by adding 11 lM reduced ferrocy-

tochrome c and monitoring the slope for 30 s in the

presence or absence of 2.2 mM KCN (Complex IV inhib-

itor) [32, 35].

Complex I/III (NADH cytochrome c reductase) activity

was determined by measuring the reduction of oxidized

cytochrome c at 550 nm. The Complex I/III assay was

performed in buffer [50 mM potassium phosphate (pH 7.4),

1 mM EDTA, 2 mM KCN, 32 lM oxidized cytochrome c,

and 105 lM K2NADH] and was initiated by adding puri-

fied mitochondria (10 lg). The reaction was measured for

30 s with a linear slope in the presence or absence of 1 lM

rotenone and 2 lM antimycin (Complex I and III inhibi-

tors) [31, 32, 34].

Complex II/III (succinate cytochrome c reductase)

activity was measured following the reduction of oxidized

cytochrome c at 550 nm. The Complex II/III assay was

performed in buffer [25 mM potassium phosphate (pH 7.4),

20 mM succinate, 2 mM KCN, 2 lg/mL rotenone] using

purified mitochondria (10 lg). The reaction was initiated by

adding 40 lM oxidized cytochrome c in the presence or

absence of 2 lM antimycin (Complex III inhibitor) [31, 32].

Results

Lipid Composition of B6 and VM NS Brain

Mitochondria

The differences between the B6 and VM mice for the content

NS mitochondrial lipids are shown in Table 1. The lipid

classes were listed according to their relative abundance. The

mass content of phosphatidylinositol (PtdIns), phosphati-

dylserine (PtdSer), and ceramide (Cer) was higher, whereas

the content of total choline glycerophospholipids (ChoGpl),

in particular phosphatidylcholine (PtdCho), was lower in

VM mice than in B6 mice. Plasmenylethanolamine (plas-

malogen, PlsEtn) was significantly higher in VM mice than

in B6 mice. Plasmanylethanolamine (PakEtn) was detected
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only in the NS mitochondria of VM mice and not in B6

mitochondria. No differences were found between the strains

for the mass content of phosphatidylethanolamine (PtdEtn),

Ptd2Gro, sphingomyelin (CerPCho), plasmenylcholine

(PlsCho), or plasmanylcholine (PakCho). Previously, it was

reported that the ratios of ChoGpl/EtnGpl and CerPCho/

EtnGpl were accurate indicators of a change in mitochon-

drial membrane fluidity. Bangur et al. [36] showed that

differences in these ratios were correlated with changes in

membrane fluidity as determined by fluorescence polariza-

tion. The ratio of ChoGpl to EtnGpl in the B6 and VM mice

was 0.693 and 0.333, respectively, whereas the ratio of

CerPCho to EtnGpl in these strains was 0.028 and 0.010,

respectively. Myelin-enriched lipids, sulfatides and cere-

brosides, were not detected in B6 or VM NS mitochondria

(data not shown). Our previous findings also showed that

gangliosides are not present in NS mitochondria from B6

mice [11]. Corresponding lipid molecular species mass

content can be found in Supplementary Tables 4, 5, 6, 7, 8, 9,

10, 11 and 12.

Cardiolipin Molecular Species Distribution in B6

and VM NS Brain Mitochondria

B6 mice contained 95 molecular species of cardiolipin,

whereas VM mice contained only 45 molecular species

(Supplementary Table 6). In addition, some cardiolipin

molecular species found in the VM mice (18:1-16:1-16:1-

16:1, 18:1-16:1-16:1-16:0, 18:1-16:1-16:0-16:0, 18:2-18:1-

16:1-16:1) were not found in the B6 mice. The cardiolipin

species found in VM mice may represent newly synthesized

forms based on chain lengths and degree of unsaturation

[11]. These fatty acids were also similar to those found in

PtdGro, the precursor of cardiolipin (Supplementary

Table 8). When expressed as mole percentages of mass

charge values, the cardiolipin molecular species in B6 NS

mitochondria formed a unique pattern consisting of seven

major groups (Fig. 2). Group I had the shortest fatty acid

chain lengths and the least degree unsaturation, whereas

group VII had the longest chain lengths and the greatest

unsaturation [11]. The cardiolipin pattern found for VM

mice differed markedly from that of B6 mice (Fig. 2; Sup-

plementary Table 6). Cardiolipin in VM mice had elevated

amounts of short chain fatty acids and lacked the molecular

species found in groups IV, V, and VII. These groups are

enriched in 20:4 and 22:6 fatty acids in the B6 brain cardi-

olipin. These fatty acids were reduced in VM cardiolipin

molecular species likely due to the loss of these cardiolipin

groups (Table 2). The content of the 16:0, 16:1, 16:2, and

18:1 in brain cardiolipin molecular species was higher in the

mitochondria of VM mice than in B6 mice (Table 2). More

variation in the distribution of mitochondrial EtnGpl fatty

acids was found in the VM mice than in the B6 mice. The

content of 22:6 fatty acids in brain ChoGpl was lower in VM

mitochondria than in the B6 mitochondria.

ETC Activities in NS Mitochondria of B6

and VM Mice

The activities of the unlinked ETC complexes (Complex I,

II, III, and IV) as well as those of the linked enzyme

complexes (Complex I/III and II/III) are shown in

(Table 3). The activities of Complex I, I/III, and II/III were

22, 51, and 25% lower and Complex IV was 22% higher in

VM mitochondria than in B6 mitochondria (Table 3).

Discussion

We found that the NS mitochondrial lipidome differed

markedly between the B6 and VM mice. Mitochondrial

membrane lipids are known to influence membrane fluid-

ity/permeability, ETC activities, membrane fusion, calcium

homeostasis, and ATP synthesis [4, 6, 37, 38]. EtnGpl and

ChoGpl were the most abundant phospholipids in the NS

mitochondria of both mouse strains. Previous studies

showed that changes in the ChoGpl/EtnGpl ratio and the

CerPCho/EtnGpl ratio could significantly influence mito-

chondrial membrane fluidity [36]. We found that these lipid

Table 1 Lipid composition of non-synaptic brain mitochondria in B6

and VM mice

Lipid B6 VM

Ethanolamine glycerophospholipids 187.4 ± 12.1 264.0 ± 4.8*

Phosphatidylethanolamine 164.9 ± 10.0 186.1 ± 5.9

Plasmenylethanolamine 22.5 ± 2.2 72.2 ± 3.7*

Plasmanylethanolamine ND 5.7 ± 0.9*

Choline glycerophospholipids 129.9 ± 7.7 87.9 ± 12.9*

Phosphatidylcholine 119.6 ± 5.3 74.9 ± 13.2*

Plasmenylcholine 1.2 ± 0.1 4.2 ± 4.2

Plasmanylcholine 9.1 ± 3.2 8.8 ± 4.1

Cardiolipin 52.7 ± 4.5 50.0 ± 2.4

Phosphatidylinositol 9.3 ± 0.8 12.5 ± 0.8*

Phosphatidylglycerol 7.1 ±0.5 8.2 ± 0.5

Sphingomyelin 5.3 ± 1.2 2.7 ± 0.2

Phosphatidylserine 4.6 ± 1.5 18.6 ± 2.0**

Lysophosphatidylcholine 2.7 ± 0.6 4.7 ± 0.9

Ceramide 0.7 ± 0.2 2.0 ± 0.1*

Total 399.7 ± 29.1 450.6 ± 24.6

Values are expressed as nmol/mg protein ± SDM of three indepen-

dent samples

ND Not detected

Asterisks indicate that the value in VM mice differ from B6 mice at

*P \ 0.02; **P \ 0.001 as determined from the two-tailed t-test
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ratios were markedly lower in the VM NS mitochondria

than in the B6 mitochondria indicating that mitochondrial

membrane fluidity is greater in VM mice than in B6 mice.

The most remarkable difference in NS mitochondrial

lipid composition found between the strains was for the

distribution of cardiolipin molecular species. While B6

mice expressed 95 cardiolipin molecular species that were

symmetrically distributed over 7 major groups based on

mass charge, the VM mice expressed only 45 cardiolipin

molecular species that were asymmetrically distributed with

three major groups missing. The distribution of brain car-

diolipin molecular species in B6 NS mitochondria was

similar to that in the brains of other mammalian species

indicating that the distribution in B6 mitochondria is

Fig 2 Distribution of brain

cardiolipin molecular species in

B6 NS (black bar) and VM NS

(gray bar) mitochondria.

Cardiolipin molecular species

were arranged according to

mass to charge ratios.

Corresponding molecular

species mass content can be

found in Supplementary

Table 6. Molecular species can

be arranged into seven groups

(I–VII) based on chain length

and degree of unsaturation

Table 2 Fatty acid percent distribution in phospholipids involved in cardiolipin remodeling

Fatty Acid B6 VM

EtnGpl ChoGpl Ptd2Gro EtnGpl ChoGpl Ptd2Gro

14:0 ND 0.2 ± 0.1 ND 0.7 ± 0.3 2.6 ± 3.8 ND

14:1 ND 0.6 ± 0.1 ND 0.1 ± 0.0 0.7 ± 0.5 ND

16:0 12.3 ± 0.3 34.3 ± 1.7 3.9 ± 0.0 13.7 ± 0.1** 32.8 ± 2.4 7.1 ± 0.5**

16:1 ND 0.7 ± 0.1 5.4 ± 0.0 1.7 ± 0.1** 2.1 ± 2.5 11.5 ± 1.1*

16:2 ND ND 0.2 ± 0.0 0.1 ± 0.0 ND 0.4 ± 0.0***

18:0 20.8 ± 0.2 7.6 ± 0.2 2.0 ± 0.0 17.3 ± 0.2*** 10.7 ± 2.2 1.9 ± 0.3

18:1 17.0 ± 0.1 18.0 ± 0.7 44.7 ± 1.0 19.2 ± 0.3** 15.9 ± 1.9 51.3 ± 0.9***

18:2 1.3 ± 0.1 16.1 ± 0.4 8.2 ± 0.2 4.3 ± 0.2*** 13.3 ± 2.2 7.9 ± 0.1

18:3 ND 0.1 ± 0.0 0.3 ± 0.0 ND 0.1 ± 0.0 ND

20:0 2.6 ± 0.1 3.2 ± 1.1 ND 3.0 ± 0.4 3.5 ± 1.4 ND

20:1 ND 0.1 ± 0.0 0.1 ± 0.0 3.0 ± 0.3** 0.2 ± 0.1 ND

20:2 1.5 ± 0.2 2.7 ± 0.5 ND 1.1 ± 0.2 1.4 ± 1.0 ND

20:3 1.9 ± 0.3 0.4 ± 0.1 2.7 ± 0.1 3.7 ± 0.1** 0.5 ± 0.6 1.9 ± 0.0***

20:4 7.8 ± 0.2 11.1 ± 0.3 21.0 ± 0.3 7.7 ± 0.4 6.9 ± 2.5 12.9 ± 1.5*

22:2 ND ND ND 0.6 ± 0.3 ND ND

22:3 2.7 ± 0.3 ND ND 0.9 ± 0.2** ND ND

22:4 7.2 ± 0.1 ND 0.1 ± 0.0 3.9 ± 0.1*** ND ND

22:5 11.3 ± 0.2 1.4 ± 0.3 0.2 ± 0.1 7.9 ± 0.8* 2.1 ± 0.9 ND

22:6 13.6 ± 0.3 3.5 ± 0.5 11.4 ± 0.4 11.1 ± 0.8* 7.2 ± 1.0* 5.1 ± 0.5***

Values represented as the mean mole percentage distribution of fatty acids ± SDM from three independent analyses as determined by

electrospray MS

EtnGpl glycerophospholipids, ChoGpl choline glycerophospholipids, Ptd2Gro cardiolipin, ND Not detected

Significantly different values from B6 NS mitochondria at *P \ 0.05; **P \ 0.01; ***P \ 0.001 as determined by the two-tailed t-test
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conserved [12]. It is also important to mention that the

distribution of cardiolipin molecular species in brain differs

significantly from the distribution in non-neural tissues,

which contain predominantly tetralinoleic cardiolipin

(18:2-18:2-18:2-18:2) [39]. Newly synthesized cardiolipin

is extensively remodeled using donor fatty acyl groups from

the sn-2 position of ChoGpl and EtnGpl to form mature

cardiolipin (Fig. 3) [40]. The unusual cardiolipin distribu-

tion in VM brain mitochondria could result from a strain

difference in the activities or specificities of phospholipases

and/or acyltransferases, which regulate cardiolipin remod-

eling. This would alter the normal remodeling process

involving random incorporation of fatty acids as occurs in

B6 mice [11]. We propose that the asymmetrical distribu-

tion of cardiolipin molecular species in VM mice arises in

part through abnormalities in the remodeling process.

The lipid differences in NS mitochondria found between

the strains would lead to differences in mitochondrial

function. Support for this comes from finding significant

differences in the ETC enzyme activities between the

strains. Changes in cardiolipin molecular speciation can

influence the activity of complex I and may affect the

mitochondrial membrane environment influencing linked

enzyme activities (I/III and II/III) or supercomplex for-

mation [5, 41–44]. Alterations in supercomplex formation

would result in a decrease in efficiency of respiration [43,

45]. Increased docosahexaenoic (DHA) containing cardio-

lipin results in decreased complex IV activity [46–48]. A

loss of DHA containing cardiolipin might therefore pro-

duce increased Complex IV activity as we found in the VM

strain. Previous studies suggest that cardiolipin does not

significantly influence Complex II activity [41]. This is

interesting since we found that Complex II activity was

similar in the B6 and VM mitochondria. As mitochondrial

membrane lipids can influence ETC activities [4, 5, 42, 49],

it is likely that the differences in lipid composition underlie

the differences in ETC activities.

Alterations in brain mitochondrial lipid composition

should affect mitochondrial energy production and neuro-

logical function. Additionally, disturbances in the brain

mitochondrial lipidome could produce a bioenergetic state

conducive to brain tumorigenesis. Warburg indicated that

respiratory damage was the cause of most tumors [19].

However, the type of respiratory damage was not specified.

It is possible that the lipidomic abnormalities expressed in

the VM brain mitochondria could contribute to a respira-

tory defect that enhances the incidence of spontaneous

brain tumors. Further studies will be needed to determine if

the differences in brain mitochondrial lipid composition

between the B6 and VM mouse strains are related to the

differences between these strains for the incidence of

spontaneous brain tumors.
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Abstract Thirty-five species of marine mollusk bivalves

were analyzed for their fatty acid (FA) composition of

cardiolipin (Ptd2Gro). All species showed a Ptd2Gro with

strong selectivity for only a few polyunsaturated fatty

acids, but three characteristic FA profiles emerged, with

clear parallels to bivalve phylogeny. A first group of 12

species belonging to the Eupteriomorphia subgroup (Fili-

branchia) was characterized by a Ptd2Gro almost

exclusively composed of 22:6n-3, whereas in the four

Filibranchia Pteriomorph species analyzed, this FA was

combined with substantial proportions of 18:2n-6 and

18:3n-3. Finally, a third group of 20 species, all belonging

to the Heterodonta subclass, possessed Ptd2Gro containing

predominantly both 22:6n-3 and 20:5n-3. Polyunsaturated

FA moieties and arrangements in the Ptd2Gro of some

marine species investigated in other classes of the mollusk

phylum (Gastropoda, Polyplacophora) were found to be

different. The present results suggest that the specific

Ptd2Gro FA compositions in bivalves are likely to be

controlled and conserved in species of the same phyloge-

netic group. Functional significances of the evolution of

this mitochondrial lipid structure in bivalves are discussed.

Keywords Cardiolipin � DHA � EPA � Bivalves �
Phylogeny � Mitochondria

Introduction

Cardiolipin (Ptd2Gro) is an anionic phospholipid with a

unique dimeric phosphatidyl lipid moiety. This phospho-

lipid is predominantly distributed in bacterial plasma

membranes and in eukaryotic mitochondrial inner mem-

branes [1]. Ptd2Gro has been shown to be a key factor in

the control of major mitochondrial membrane protein

activity, such as ADP–ATP and pyruvate carriers, but also

of the large complexes involved in oxidative phosphory-

lation, including complex I (NADH–CoQ reductase), III

(ubiquinol:cytochrome c oxydoreductase), complex IV

(cytochrome c oxidase), and V (F0F1-ATP synthase) [2–6].

Ptd2Gro plays a central role in higher order organization of

complexes III and IV of the respiratory chain in mito-

chondria [7–9], as well as in optimal coupling of oxidative

phosphorylation [10]. There is also evidence that Ptd2Gro

regulates membrane binding of the mitochondrial periph-

eral membrane protein cytochrome c [11] and is a critical

component in the apoptotic cell-death program [12].

One of the intriguing aspects of eukaryotic Ptd2Gro is the

unique acyl composition of its four FA residues [2, 13, 14].

Only C16–C18 monounsaturated or diunsaturated fatty acyl

chains are usually selected for the assembly of Ptd2Gro [14,

15]. For instance, in many mammalian tissues, Ptd2Gro has

a strong preference for 18:2n-6, constituting up to 85 mol%

of the total FA of Ptd2Gro [4, 6]. This specific hydrophobic

part appears to be an important structural requirement for

the high binding affinity of Ptd2Gro with proteins, and

appropriate molecular composition of Ptd2Gro may be

critical for optimum mitochondrial respiratory performance

[16]. Indeed, in mammals, dietary manipulations affecting

18:2n-6 levels in Ptd2Gro (corresponding to a Ptd2Gro

enriched in 22:6n-3) is associated with a decrease of the O2

consumption rate of mitochondria isolated from rat heart, a
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decrease of the activity of cytochrome c oxidase [17–20],

but an increase of the activity of F1F0-ATPase [17].

Selection of a limited number of molecular species also

appears to be an important feature for Ptd2Gro protein

interactions influencing enzymatic activities [16]. This

common feature was found among Ptd2Gro from diverse

eukaryotic organisms having different FA compositions

[14]. This led to structural uniformity and to a high pro-

portion of molecules with symmetric FA distribution [14]. It

is argued that tafazzin (TAZ gene product), a phospholipid

acyltransferase, is involved in this acyl-specific modeling of

Ptd2Gro [16, 21].

Recently, we characterized a Ptd2Gro containing more

than 80 mol% of 22:6n-3 in three commercial marine

bivalve species, the scallop Pecten maximus, the oyster

Crassostrea gigas, and the mussel Mytilus edulis [22].

Thereafter, a new highly unsaturated Ptd2Gro was discov-

ered in the Manila clam, Ruditapes philippinarum, which

had two main FA (20:5n-3 and 22:6n-3) found in approx-

imately equal proportions [23]. In this study, we reported

a symmetrical structure with 20:5n-3 and 22:6n-3 pre-

dominating at sn-1 and sn-2 positions, respectively.

Interestingly, 22:6n-3-enriched Ptd2Gro and 20:5n-3/

22:6n-3-enriched Ptd2Gro, respectively, in scallops, oys-

ters, mussels, and Manila clams are conserved between

organs [23]. The replacement of the 22:6n-3 chain in sn-1

positions by the 20:5n-3 for the Manila clams, when

compared to mussel, oyster, and scallop, is puzzling. It

appeared that these characteristic Ptd2Gro FA compositions

were species specific rather than dietary dependent for the

analyzed bivalve species, and it was speculated that these

structures could be essential for optimal energy and

respiratory metabolisms of mitochondria between bivalve

species. These observations raised the questions of the

importance and significance of such highly unsaturated

long-chain FA and composition specificities in bivalve

Ptd2Gro.

To begin to address these questions, we investigated

the FA composition of Ptd2Gro in 35 different species of

marine mollusk bivalves belonging to the three most

important subclasses in terms of number of species: Fil-

ibranchia Pteriomorpha, Filibranchia Eupteriomorphia,

and Eulamellibranch Heterodonta (including Anomal-

odesmata). Investigated species covered 17 of the 94

existing families (20% of family diversity) and 8 of the

13 orders. Ptd2Gro FA compositions of some marine

species in other classes of the mollusk phylum (Gas-

tropoda, Polyplacophora) were also investigated. Specific

objectives were: (1) to assess whether 22:6n-3/20:5n-3-

enriched Ptd2Gro and 22:6n-3-dominant Ptd2Gro are the

most representative patterns in bivalves, or whether other

FA patterns of Ptd2Gro exist, and (2) to determine if

chemotaxonomic relationships exist between Ptd2Gro FA

composition and bivalve phylogeny. The possible func-

tional implications of the FA patterns found in Ptd2Gro

also were considered.

Materials and Methods

Reagents

Boron trifluoride [BF3, 10% (by wt) in methanol] was

obtained from Supelco (St. Quentin Fallavier, France).

Other reagents and solvents were purchased from Merck

(Darmstadt, Germany).

Bivalve Species

The locations and sampling date of the bivalves species

studied are presented in Table 1. For the purpose of the

present table, bivalve species are listed according to the

taxonomic subclass to which they belong. We followed a

recent combined morphological, anatomical, and molec-

ular study in a total evidence framework that resumed a

clear pattern of bivalve phylogeny [24]. This classifica-

tion also includes the two subgroups in the subclass

Filibranchia: the Pteriomorphia and the Eupteriomorphia

[25].

Sample Preparation and Lipid Extraction

For all the species analyzed, the digestive tract was

removed before whole animals were pooled and homoge-

nized with a Dangoumeau homogenizer at -180�C. Lipids

were extracted from tissue homogenates according to the

method described by Folch et al. [26]. To ensure complete

extraction of tissue lipids, a solvent-to-tissue ratio of 70:1

was used as described by Nelson [27]. After removing the

organic phase, the residue was washed with a mixture of

CHCl3/MeOH (2:1, v/v) to avoid any solvent retention. The

final extract was stored at -20�C under nitrogen atmo-

sphere with 0.01wt% BHT (antioxidant).

Separation of Polar Lipids by Silica Gel Microcolumn

An aliquot of the lipid extracts was evaporated to dryness,

and lipids were recovered with three washings of 500 ll of

CHCl3/MeOH (98/2, v/v) and deposited at the top of a

silica gel micro-column (30 9 5 mm ID, packed with

Kieselgel 60 70-230 mesh previously heated at 450�C and

deactivated with 5 wt% H2O) [28]. Neutral lipids were

eluted with 10 ml of CHCl3/MeOH (98/2 v/v). The polar

lipid fraction was recovered with 15 ml of MeOH and
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stored at -20�C for later phospholipid class separation by

HPLC and FA composition analysis by GC.

Separation of Phospholipid Classes and Ptd2Gro—Fatty

Acid Analysis

Separation of the phospholipid classes followed a method

previously described [23], using a Waters (Milford, MA,

USA) HPLC system (UV detection at 206 nm). The

Ptd2Gro fraction as well as the other glycerophospholipid

classes were identified (i.e., phosphatidylethanolamine,

phosphatidylcholine, phosphatidylserine, phosphatidyl-

inositol, ceramide aminoethylphosphonate, and natural

lysophosphatidylcholine), collected, and analyzed for FA

composition using GC after transesterification (MeOH/BF3)

[29]. Phosphatidylglycerol (PtdGro) was not detected in the

Table 1 Systematic list, sampling location, and time of collection of the bivalve species used in the analysis (following [24, 25])

Class: Bivalvia Order Family Species Origin Time of collection

Subclass: Filibranchia

Pteriomorphia Arcoida Arcidae Arca lactea (5) France (B) March

Glycymerididae Glycymeris glycymeris (4) France (B) March

Mytiloida Mytilidae Modiolus barbuatus (4) France (B) March

Mytilus edulis (3) France (B) October

Eupteriomorphia Pteroida Pectinidae Placopecten magellanicus (3) Canada (MI) June

Zygochlamys patagonica (2) Argentine June

Aequipecten opercularis (3) France (B) July

Mizuhopecten yessoensis (3) Japan July

Chlamys distorta (5) France (B) March

Nodipecten subnodosus (2) Mexico (BCc) May

Mimachlamys varia (3) France (B) May

Pecten maximus (3) France (B) October

Anomiidae Anomia ephippium (8) France (B) March

Ostreida Ostreidae Crassostrea gigas (3) France (M) March

Crassostrea virginica (4) USA (East coast) August

Subclass: Heterodonta Veneroida Ungulinidae Diplodonta rotundata (1) France (B) March

Cardidae Laevicardium crassum (4) France (B) April

Parvicardium ovale (2) France (B) April

Cerastroderma edule (3) France (D) April

Mactridae Spisula subtruncata (4) France (B) October

Mactra corallina (3) France (B) March

Lutraria lutraria (2) France (B) March

Acanthocardia paucicostata (2) France (D) March

Solenidae Ensis ensis (4) France (B) April

Solecurtidae Pharus legumen (2) France (B) April

Tellinidae Tellina tenuis (4) France (D) March

Scrobiculariidae Scrobicularia plana (4) France (B) March

Veneroidae Dosinia exoleta (1) France (B) March

Ruditapes decussatus (3) France (B) October

Ruditapes philippinarum (3) France (D) October

Venus verucosa (3) France (B) April

Mercenaria mercenaria (2) France (B) March

Petricolidae Petricola lithophaga (3) France (N) October

Myoida Myoidae Mya arenaria (2) France (B) October

Subclass: Anomalodesmata Pholadomyoida Thraciidae Thracia phaseolina (2) France (D) June

The list includes 35 species. Number of individuals pooled for analysis is given within brackets

B Brittany/Bay of Brest, MI Madeleine Islands, BC Baja California, M Marenne-Oléron, D Brittany/Bay of Douarnenez
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analyzed species and is likely to be absent or only present in

trace amounts in marine bivalve tissues [22].

Statistics

A hierarchical cluster analysis using the Bray–Curtis sim-

ilarity index values was accomplished on Ptd2Gro FA

composition of the 35 bivalve species using Arcsinus

transformation of the percentage data (‘‘R’’ software).

Simple linear regressions between neutral lipid (NL) and

Ptd2Gro FA compositions were carried out using Stat-

Graphics Plus 5.1 (Sigma Plus Inc., Toulouse, France). FA

for which results are shown were considered significantly

correlated when P B 0.05.

Table 2 FA composition of

cardiolipin (Ptd2Gro) in the 35

bivalve species

Only predominant PUFA are

depicted (saturated FA and

monounsaturated FA were

always found lower than 15 and

10%, respectively). Results are

expressed in mol% of the total

FA of the class

Species 18:2n-6 18:3n-3 20:4n-6 20:5n-3 22:6n-3

Cardiolipin type 1

Mytilus edulis (3) 1.7 5.9 0.9 1.9 82.6

Placopecten magellanicus (3) – – 2..0 3.4 76.2

Zygochlamys patagonica (2) – – 1.3 4.8 85.6

Aequipecten opercularis (3) 0.1 0.2 0.8 2.3 77.9

Mizuhopecten yessoensis (3) – – 0.2 0.3 86.8

Chlamys distorta (5) – – 0.1 0.1 87.1

Nodipecten subnodosus (2) – – 2.5 2.1 81.3

Mimachlamys varia (3) – – 3.5 6.0 73.2

Pecten maximus (3) – 0.1 0.8 2.5 77.7

Anomia ephippium (8) 0.8 – – 1.4 82.2

Crassostrea gigas (3) 0.2 0.2 0.8 2.3 85.5

Crassostrea virginica (4) – – 1.0 1.8 81.1

Cardiolipin type 2

Arca lactea (5) 16.9 11.2 4.8 4.8 38.0

Glycymeris glycymeris (4) 19.7 9.1 3.5 3.7 39.5

Modiolus barbuatus (4) 5.7 11.6 3.7 6.2 40.3

Cardiolipin type 3

Diplodonta rotundata (1) – – 2.6 29.9 54.5

Laevicardium crassum (4) 0.4 0.7 3.2 35.4 43.6

Parvicardium ovale (2) – – 2.0 44.2 46.2

Cerastroderma edule (3) – – 6.6 50.7 28.4

Spisula subtruncata (4) – 0.4 2.0 49.9 34.8

Mactra corallina (3) 0.3 0.5 3.5 47.6 31.4

Lutraria lutraria (2) – – 16.6 44.6 17.0

Acanthocardia paucicostata (2) – – 2.5 48.7 34.1

Ensis ensis (4) – 1.2 1.1 36.5 43.5

Pharus legumen (2) – 3.2 6.9 25.2 34.7

Tellina tenuis (4) 0.2 0.4 2.2 38.3 49.4

Scrobicularia plana (4) 1.1 1.6 9.4 36.7 29.3

Dosinia exoleta (1) – 0.6 4.6 34.8 31.4

Ruditapes decussatus (3) 0.2 0.5 8.7 42.5 39.3

Ruditapes philippinarum (3) 0.1 0.1 6.8 34.9 37.9

Venus verucosa (3) – – 4.0 36.4 36.3

Mercenaria mercenaria (2) 0.2 2.1 1.3 44.4 32.2

Petricola lithophaga (3) 0.9 – 13.1 25.7 36.5

Mya arenaria (2) – 0.3 6.8 60.4 21.8

Thracia phaseolina (2) – – 5.4 42.7 40.8
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Results

Taxonomic Sampling

The two most important recognized subclasses of the class

Bivalvia were well represented with 20 species belonging to

the subclass Heterodonta (?Anomalodesmata) and 15 to the

Filibranchia. Two subgroups were distinguished in the

subclass of Filibranchia: Pteriomorph (4 species) and

Eupteriomorph (11 species) (Table 1). Species investigated

covered 17 of the 94 existing families (20% of family

diversity) and 8 of the 13 orders of mollusk bivalves.

FA Composition of Ptd2Gro

Tissues of all bivalve species tested were dominated by

only a few polyunsaturated FA (PUFA) (22:6n-3, 20:5n-3,

20:4n-6, 18:3n-3, and 18:2n-6), representing 76–96% of

the total FA of Ptd2Gro, while saturated FA (16:0 and 18:0)

(\15%), and monounsaturated FA (mainly 18:1n-9 and

18:1n-7) (\10%) were always found in low proportions.

Table 2 reports the proportions of the five main PUFA

found in the Ptd2Gro of the 35 bivalve species. Three

‘‘types’’ of FA composition were characterized. In 12

species, Ptd2Gro was dominated by 22:6n-3, representing

73.2–87.1% of total FA (cardiolipin type 1). The other

PUFA, 20:5n-3 and 20:4n-6, were minor components

(\6% individually). In three other species, Arca lactea,

Glycymeris glycymeris, and Modiolus barbuatus, 22:6n-3

represented 38.0–40.3% of total FA, and 18:2n-6 and

18:3n-3 were found in fairly high proportions in the

Ptd2Gro of these species. This specificity was considered as

a second type of Ptd2Gro (cardiolipin type 2). The other

PUFA, 20:5n-3 and 20:4n-6, were also found in low pro-

portions in these species (\6.2%). In the last 20 species,

22:6n-3 (ranging from 17 to 54.5%) and 20:5n-3 (ranging

from 30 to 60.4%) were found to be the two predominant

PUFA in Ptd2Gro, defining a third type of Ptd2Gro (car-

diolipin type 3). In these species, although 20:4n-6 was still

a minor component, there is an evident trend that this FA

reached higher levels than in species having Ptd2Gro of

type 1 or type 2. The 18:2n-6 and 18:3n-3 FA were always

lower than 3.2% in type 3 species.

To investigate if the FA compositions found in bivalves

are representative of FA in Ptd2Gro from the mollusk

phylum in general, FA compositions of Ptd2Gro from spe-

cies belonging to other classes of mollusk were

investigated. In the three gastropods and one polyplacophor

species analyzed, Ptd2Gro revealed neither the same type of

FA moieties nor the same arrangements (Table 3). Ptd2Gro

had a mixed FA pattern with three or more kinds of FA.

Nevertheless, as in bivalves, saturated FA (16:0 and 18:0)

were found in small proportions (\15%) in these species.

Total FA compositions of Ptd2Gro of the 35 bivalve

species were submitted to statistical analysis based upon

Bray–Curtis similarity index values (Fig. 1). The hierar-

chical cluster dendrogram obtained clearly shows three

main groups corresponding to the three types of Ptd2Gro

FA composition described above. The overall similarity

between type 1 and type 3 and between type 2 and type 3 is

less than 40%, while it is close to 50% for types 1 and 2.

Comparison between the cluster results and bivalve phy-

logeny [24, 25] enabled establishing a strong correlation

between the three different types of Ptd2Gro FA compo-

sition and marine bivalves subclass and subgroup

belonging. Indeed, all species in group 1 (12 species),

Table 3 FA composition of

cardiolipin (Ptd2Gro) in four

species belonging to non-

bivalve marine mollusk classes

(Gastropoda and

Polyplacophora)

Only predominant PUFA are

depicted. Results are expressed

in mol% of the total FA of the

class

Patella vulgata
(Archeogastropoda)

Crepidula fornicata
(Caenogastropoda)

Littorina littorea
(Caenogastropoda)

Acanthochitona fascicularis
(Polyplacophora)

Fatty acids

16:0 7.3 3.1 0.9 6.5

18:0 7.2 1.8 0.8 2.4

18:1n-7 3.4 0.3 – 19.8

18:2n-6 1.5 25.5 16.3 0.7

18:3n-3 2.1 10.6 49.7 2.0

20:2n-6 22.4 1.7 0.9 14.7

20:3n-3 16.6 – – –

20:4n-6 18.5 6.6 2.2 15.8

20:5n-3 – 12.8 5.1 32.4

22:5n-3 – 11.0 17.8 0.7

22:6n-3 13.0 4.0 – 1.0

Total SFA 15.2 8.1 2.2 8.9

Total MUFA 10.0 6.2 1.0 22.6

Total PUFA 74.9 85.7 96.8 68.5
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which have 22:6n-3-enriched Ptd2Gro (type 1), belong to

the Eupteriomorphia (Filibranchia) group. Species in group

3 (20 species) having Ptd2Gro with a strong preference for

both 22:6n-3 and 20:5n-3 (type 3) were members of the

Heterodonta and Anomalodesmata subclasses. In the sec-

ond group (three species, type 2), species are all

Filibranchia Pteriomorph. One exception is observed for

M. edulis, which associated with Ptd2Gro of type 1, and

thus the Filibranchia Eupteriomorph cluster, although this

species is considered to be phylogenetically related to

Filibranchia Pteriomorph. Nevertheless, the 18:2n-6 and

18:3n-3 proportions found in M. edulis (1.7 and 5.9%,

respectively) were much higher than in the Ptd2Gro of all

the other ‘‘true’’ Filibranchia Eupteriomorph species. This

discrepancy between M. edulis phylogenetic position and

its Eupteriomorph Filibranchia Ptd2Gro FA composition

was confirmed by the Bray–Curtis analysis, which parti-

tioned M. edulis into an isolated subcluster within the

type 1 cluster.

FA Composition of Neutral Lipids

To check for the possible dietary effect on FA in Ptd2Gro,

FA composition of the neutral lipid fraction (NL), which

carries a strong imprint of dietary FA in bivalves, was

analyzed in 20 species among the 35 sampled species.

Seven species were representatives of Ptd2Gro of type 1,

three of type 2, and ten of type 3. These data showed a

constant abundance of both 20:5n-3 and 22:6n-3 FA in NL

of all species analyzed (Table 4). Linear correlations were

tested between NL and Ptd2Gro for the major PUFA of

Ptd2Gro (18:2n-6, 18:3n-3, 20:4n-6, 20:5n-3, 22:6n-3).

From these statistical analyses, it clearly appeared that

18:2n-6, 18:3n-3, and 20:5n-3 contents in Ptd2Gro were

independent of those FA in the NL as no significant cor-

relation could be established between these two lipid

fractions for any of these FA. 20:4n-6 and 20:5n-3 showed

lower P values (P \ 0.1). Nevertheless, only a weak cor-

relation could be noted for both FA with their content in

Fig. 1 Hierarchical cluster dendrogram based on Bray and Curtis similarity index values showing relationship of total FA composition of

Ptd2Gro and bivalve species. Established using Arcsinus transformation of the percentage (mol%) of total FA
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NL explaining only 19 and 15% of their respective pro-

portion in Ptd2Gro.

Discussion

FA compositions of Ptd2Gro were characterized in 35

marine bivalve species and were found to be related to

the 3 major bivalve subclasses/subgroups: Filibran-

chia Pteriomorphia, Filibranchia Eupteriomorphia, and

Heterodonta ? Anomalodesmata. Ptd2Gro of Filibranchia

Eupteriomorphia species was almost exclusively composed

of 22:6n-3. For the species belonging to the Heterodonta

subclasses, Ptd2Gro was characterized by the predomi-

nance of 20:5n-3 and 22:6n-3, even though inter-species

variability in their proportions could be observed. The only

species analyzed thus far in the Anomalodesmata subclass

(Thracia phaseolina) has a Ptd2Gro FA composition very

similar to those found in Heterodonta species. Interest-

ingly, this corroborates the recent inclusion of this subclass

within Heterodonta [24]. In addition to these two Ptd2Gro

FA patterns described previously in P. maximus, C. gigas,

and M. edulis for Filibranchia Eupteriomorph species [22]

and in R. philippinarum for Heterodonts [23], a new FA

composition was found for Ptd2Gro of Filibranchia Pter-

iomorph. Indeed, also predominated by 22:6n-3 as the

Ptd2Gro of Filibranchia Eupteriomorph bivalves, this FA is

combined in this subgroup with substantial proportions of

18:2n-6 and 18:3n-3.

Ptd2Gro analysis of some marine species in other mol-

lusk classes (Gastropoda, Polyplacophora) revealed neither

the same unsaturated FA nor the same arrangements. The

characteristic Ptd2Gro FA compositions within bivalve

classes and groups may therefore be considered as an

interesting chemotaxonomic marker. In addition, the uni-

formity of FA patterns observed across Pteriomorph,

Eupteriomorph, and Heterodont ? Anomalodesmatan

bivalves suggests that FA composition of Ptd2Gro is pos-

sibly associated with genotypic evolution in these

phylogenetic groups. Nevertheless, before one can defini-

tively associate a specific FA composition of Ptd2Gro with

evolutionary patterns, the possible role played by envi-

ronmental conditions in the modeling of Ptd2Gro FA

composition must be considered. Among environmental

factors, the diet is generally supposed to have a profound

effect on the FA composition of the lipids in bivalves [30–

Table 4 FA compositions of

neutral lipids (NL)

For comparison, only PUFA

predominating in Ptd2Gro are

depicted. Results are expressed

in mol% of the total FA

* Correlations between FA in

NL and the same FA associated

to Ptd2Gro in the 20 species

analyzed. FA for which results

are shown were considered

significantly correlated when

P B 0.05

Species 18:2(n-6) 18:3(n-3) 20:4(n-6) 20:5(n-3) 22:6(n-3) DHA/EPA

Cardiolipin type 1 (Filibranchia Eupteriomorph)

Placopecten magellanicus 0.4 0.3 1.6 17.8 16.8 0.9

Zygochlamys patagonica 2.1 0.5 1.4 5.7 10.3 1.8

Aequipecten opercularis 1.9 2.9 1.5 15.4 13.8 0.9

Nodipecten subnodosus 1.2 0.7 7.4 6.6 16.7 2.5

Mimachlamys varia 2.0 3.2 1.8 11.6 15.8 1.4

Crassostrea gigas 1.5 2.1 1.9 18.6 8.9 0.5

Mytilus edulis 1.5 2.6 1.4 13.5 12.8 0.9

Cardiolipin type 2 (Filibranchia Pteriomorph)

Arca lactea 1.9 1.8 3.5 10.4 20.6 2.0

Glycymeris glycymeris 1.0 1.2 5.3 11.0 13.1 1.2

Modiolus barbuatus 2.7 2.2 5.3 16.7 11.1 0.7

Cardiolipin type 3 (Heterodont)

Laevicardium crassum 1.2 1.3 2.5 16.5 15.0 0.9

Cerastroderma edule – – 7.4 13.9 7.6 0.5

Spisula subtruncata 0.8 1.5 1.4 16.4 7.4 0.45

Mactra carolina 0.7 1.1 2.4 16.0 8.0 0.5

Lutraria lutraria 1.9 2.2 3.7 13.7 13.7 1

Acanthocardia pausicostata 0.7 0.4 4.4 7.8 6.7 0.9

Pharus legumen 0.4 0.5 7.6 19.5 9.6 0.5

Scrobicularia plana 0.7 0.6 8.6 7.3 4.8 0.7

Ruditapes philippinarum 0.5 0.7 1.4 17.1 6.5 0.4

Venus verrucosa 0.5 0.4 4.9 11.2 10.1 0.9

R2* 0.005 0.007 0.19 0.0007 0.15

P 0.36 0.26 0.055 0.74 0.09
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35]. Bivalves have low, limited, or no ability for synthesis

of C20–C22 PUFA with more than three double bonds.

Thus, bivalves must acquire these from diets [36–38] rich

in C20–22 PUFA, including particularly 20:5n-3 and 22:6n-3

[39]. In other words, one can argue that the 22:6n-3-

enriched Ptd2Gro of Filibranchia Eupteriomorph, jointly

with 18:2n-6 and 18:3n-3 for Pteriomorph and 22:6n-

3 ? 20:5n-3-enriched Ptd2Gro of Heterodonta (?Anoma-

lodesmatan), can reflect dietary differences in the

availability of certain FA between these bivalve groups.

For Ptd2Gro, dietary modification is known to affect FA

composition significantly in mammals [4, 18, 40]. In con-

trast, even though there is not as much knowledge

concerning the FA composition sensitivity of Ptd2Gro in

marine animals, a relatively consistent 22:6n-3 content in

Ptd2Gro was found in both female and male gonads of

scallops P. maximus (Fillibranchia Eupteriomorph) despite

large differences in 22:6n-3 and 20:5n-3 contents in their

diets [33, 34]. Another argument that refutes the possibility

of a FA dietary imbalance between groups of bivalves is

the examination of the FA compositions of NL (storage

lipids) in bivalves. NL containing FA (mainly triacylgly-

cerols) provides a good signature of dietary quality, in

terms of FA [39, 41]. It appeared that there was no cor-

relation for 22:6n-3 and 20:5n-3 contents between Ptd2Gro

and NL of the bivalve species analyzed. Similarly, levels of

18:2n-6 and 18:3n-3 in Ptd2Gro were independent of those

FA in NL. A clear example is the high proportions of

18:2n-6 and 18:3n-3 found in Ptd2Gro of Filibranchia

Pteriomorph bivalves that could not be related to enrich-

ment in their diets, as NL of these species contained as low

levels of these FA as those found in the Filibranchia Eu-

pteriomorph and Heterondont species.

Environmental factors such as temperature or salinity

are also known to influence the FA composition of mem-

brane lipids of ectotherms in order to defend membrane

function from the effects of their fluctuations [42–45].

Whether Ptd2Gro FA compositions could show phenotypic

or genotypic modifications in response to differences in

these environmental factors is still unresolved for bivalves.

Nevertheless, when considering that phylogenetically close

species (Pectinids) such as Nodipecten subnodosus, P.

maximus [origin France or Norway/south of Bergen (data

not shown)], and Placopecten magellanicus inhabiting,

respectively, sub-tropical, temperate, and sub-Antarctic

regions, possess a Ptd2Gro fairly uniform in terms of FA

composition, it is unlikely for FA composition of Ptd2Gro

to be markedly influenced by latitudinal adaptations, i.e.,

different thermal environments. In addition, clear differ-

ences of composition between 22:6n-3-enriched Ptd2Gro of

Filibranchia Eupteriomorph, 18:2n-6- and 18:3n-3-enri-

ched Ptd2Gro of Pteriomorph, and 22:6n-3 ? 20:5n-3

enriched Ptd2Gro of Heterodont (?Anomalodesmatan)

were found among species growing in similar habitats and

sampled at the same period of the year. One exception

concerned the peppery furrow shell, Scrobicularia plana

(da Costa), which is commonly found in estuarine condi-

tions with low salinities [46]. Nevertheless, a similar

Ptd2Gro FA composition was found in this Heterodont

species in comparison to the other ‘‘truly’’ marine species.

Obviously, taking these observations into account, these

specific FA patterns in Ptd2Gro of bivalves are likely to be

related to different evolutionary positions rather than to

environmental factors. This supports the above hypothesis

that Ptd2Gro FA patterns should be genetically controlled.

The high proportion of PUFA found in bivalve Ptd2Gro

is a unique, but common feature for most eukaryotic spe-

cies [6, 14]. To date, in eukaryotes only one or two FA

were usually reported for the assembly of Ptd2Gro, par-

ticularly C16–C18 monounsaturated or diunsaturated acyl

chains [14, 15]. For instance, in many mammalian tissues,

Ptd2Gro has a strong preference for 18:2n-6, constituting

up to 90 mol% of total FA of Ptd2Gro in heart tissue [4, 6].

The fact that bivalve Ptd2Gro shows selective incorporation

of a very small number of PUFA may reflect an ancestral

characteristic of this intriguing structural aspect of

eukaryote Ptd2Gro. Interestingly, we previously showed

that molecular symmetry occurs in the Ptd2Gro of the

Heterodont species R. philippinarum (20:5n-3 and 22:6n-3

predominating at sn-1 and sn-2 positions, respectively) [23]

and obviously in the Ptd2Gro of the Eupteriomorph species,

P. maximus, M. edule, and C. gigas, as this group contains

only a single type of FA (22:6n-3) [22]. Then, although the

type of FA in Ptd2Gro varied according to phyla and within

the bivalve phylum, a high proportion of molecules with

structural uniformity and symmetric FA distribution may

also emerge as a common feature, as recently suggested for

Ptd2Gro of various eukaryotes and organs in mammals

[14]. Several acyltransferases, such as Tafazzin (TAZ gene

product), acyl-CoA:monolysocardiolipin acyltransferase,

and acyl-CoA:dilysocardiolipin acyltransferase (ALCAT

gene product), as well as other enzymes, such as scramb-

lase-3, are argued to be involved in this acyl-specific

remodeling of Ptd2Gro [16, 47–50]. Homologs of these

acyltransferases have been reported in the genomes of

diverse eukaryotes [16]. Molecular mechanisms and exis-

tence of genes that encode for these enzymes remain to be

established in bivalves. But from the present and previous

data, the differences in FA specificity found in Ptd2Gro

may be attributable to the existence of multiple and

different remodeling acyltransferases, or gene isoforms,

between Eupteriomorph, Pteriomorph and Heteron-

dont ? Anomalodesmatan species.

The functional significance of such specificity of

Ptd2Gro FA composition among Eupteriomorph, Pter-

iomorph, and Hetrodont ? Anomalodesmatan species has
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yet to be addressed. However, Ptd2Gro is now clearly

recognized to play several key roles in mitochondria rela-

ted to energy metabolism [5, 6, 21, 51], membrane integrity

[3, 9, 52], but also apoptosis [12, 53] and ROS-induced

damaging processes [54]. In mammals, as well as in ec-

totherms, the specific hydrophobic part (i.e., the fatty acid)

of the Ptd2Gro appeared to be structurally important for the

lipid–protein interactions with proteins involved in oxida-

tive metabolism, such as the cytochrome c oxidase [19, 20,

55, 56] and F0F1-ATPase [17], but also complex I and III

[6, 54]. An appropriate molecular symmetry of Ptd2Gro

species may also be critical for optimal mitochondrial

respiratory performance [14]. This notion was supported

recently by the discovery that Barth syndrome (BTHS), an

X-linked human disease, is associated with striking

abnormalities in Ptd2Gro molecular species leading to

changes in mitochondrial architecture and function [21,

57–59]. Thus far, there is no evidence of altered mito-

chondrial functionality among bivalve phylogenetic

groups. However, taking into account all these observa-

tions, it may be considered that the specialized Ptd2Gro FA

compositions found in these groups could be required for

optimal functional activation of inner mitochondrial

membrane proteins involved in oxidative phosphorylation.

Conclusion

This work utilized marine bivalve phylogeny to explore the

distribution, structure, and evolution of Ptd2Gro FA com-

position in 35 different species. The emerging picture

suggests a parallel between FA composition and bivalve

taxons. The consequences to mitochondrial function and

mechanisms that underlie such unusual Ptd2Gro FA com-

positions remain to be explained. However, in the light of

functions associated to the FA moieties of Ptd2Gro in

mitochondria, we hypothesize that genotypic changes in

Ptd2Gro FA composition during evolution could constitute

an adaptive ‘‘strategy’’ of mitochondrial oxidative phos-

phorylation processes linked to prevailing conditions in

different environmental habitats. Indeed, it is intriguing to

note that bivalve species belonging to Eulamellibranch

(Heterodonta subclass) containing 20:5n-3 with 22:6n-3 in

Ptd2Gro are all burrowing bivalves, while those belonging

to Filibranch (Pteriomorph and Eupteriomorph subclass),

which have very low levels of 20:5n-3 in their Ptd2Gro, are

epifaunal animals (lying on the surface of the sea bed).

Many questions remain unanswered, but the bivalve

Ptd2Gro model could be an interesting field of study for the

understanding of some of the intriguing aspects of the

atypical Ptd2Gro acyl composition in eukaryotes.
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Abstract Herein we report an improved method to sep-

arate cardiolipin (Ptd2Gro) from tissue total lipid extracts

using a biphasic solvent system combined with high per-

formance liquid chromatography. This method uses a

normal phase silica column and two mobile phases: mobile

phase A that was n-hexane:2-propanol (3:2 by vol)

and mobile phase B that was n-hexane:2-propanol:water

(56.7:37.8:5.5 by vol). The initial solvent conditions were

95% A and 5% B, with a flow rate of 1.5 mL/min. The

samples were from non-derivatized aliquots of liver, heart,

or brain lipid extracts. The peak corresponding to Ptd2Gro

appeared at 31 min, was well defined and did not overlap

with neighboring peaks. The adjacent peak corresponded to

ethanolamine glycerophospholipids and the remaining

phospholipids were eluted in a single peak. The identity of

the phospholipids separated by this method was verified by

thin layer chromatography (TLC) and fatty acid analysis,

which confirmed that the Ptd2Gro was well resolved from

other phospholipids. This method is useful to separate and

quantify Ptd2Gro from small tissue samples thereby

avoiding the variability associated with TLC methods.

Keywords High Performance liquid Chromatography �
Cardiolipin � Phospholipids � Brain � Liver � Heart �
Separation

Abbreviations

ARA Arachidonic acid

DHA Docosahexaenoic acid

EtnGpl Ethanolamine glycerophospholipids

FAME Fatty acid methyl esters

GLC Gas liquid chromatography

HPLC High performance liquid chromatography

TLC Thin layer chromatography

Ptd2Gro Cardiolipin

Introduction

Cardiolipin (Ptd2Gro) is a unique phospholipid that con-

tains three glycerol molecules, two phosphate groups, and

four fatty acids. Ptd2Gro is synthesized in mitochondria

where it represents 12% of the total mitochondrial phos-

pholipids [1]. In rat heart and liver, it represents

approximately 7% of total phospholipids, while the brain

contains substantially less Ptd2Gro, where it represents

only 2.5% of the total brain phospholipids [2]. While

Ptd2Gro is found in bacteria, in mammals it is found almost

exclusively in the inner mitochondrial membrane and at

intermembrane contact sites [3, 4]. Ptd2Gro is essential for

the optimal function of numerous mitochondrial enzymes

involved in energy metabolism, such as cytochrome c

oxidase. It binds tightly to the cytochrome c oxidase

complex and this interaction is required for efficient elec-

tron transport activity [5]. In addition, alterations in the

content or structure of Ptd2Gro have been observed in

aging [6, 7] and in a variety of diseases as, for example,
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Barth’s syndrome, a rare genetic disorder in which the

synthesis of Ptd2Gro is deficient and mitochondrial func-

tion is impaired [8]. Although these observations imply a

critical function for Ptd2Gro, the exact role in mitochondria

is still not clear.

There are different techniques available for isolating and

analyzing Ptd2Gro content (for review see [9]). It can be

separated using one- or two-dimensional thin layer chro-

matography (TLC) [10–12], by column chromatography

[13] or by high performance liquid chromatography

(HPLC) [14]. However, separations using TLC are subject

to variability in resolution based upon humidity and the

fatty acids are subject to oxidation, both of which are

minimized using an HPLC separation. In addition, Ptd2Gro

can be measured spectrofluorimetrically using a Ptd2Gro

specific dye n-nonyl acridine orange (NOA) [15]. Because

there are concerns regarding the specificity of NOA to

Ptd2Gro [16] and its dependency on membrane potential

[17, 18], the reliability of this dye to be used to quantify

Ptd2Gro is questionable. While this technique is not suffi-

cient to analyze Ptd2Gro molecular species, such analysis

can be achieved by GC–MS, but this method involves

several derivatization steps. In order to avoid sample

manipulation and any chromatographic separation using

GC–MS, shotgun lipidomics has been used to analyze

Ptd2Gro molecular species and mass using an approach

utilizing multidimensional mass spectroscopy [19].

Here we have developed a HPLC method to isolate

Ptd2Gro from total lipid extracts using a solvent system and

column matrix that we routinely use to separate major

phospholipids. The reason for improving our current

method was that although it is able to separate minor

phospholipids such as lysophosphatidylethanolamine and

lysophosphatidylcholine, it does not separate Ptd2Gro [20].

Although we have used TLC methods in the past [21, 22],

we found these separations to be highly dependent on

environmental conditions and required multiple runs per

sample to verify values, with the need for such repetition

being the driving force for the development of our new

HPLC based method. This new method allows a clear

separation of Ptd2Gro from the rest of phospholipids even

from tissues with low Ptd2Gro content, such as brain.

Methods

Animals

Male mice (25–30 g) 9-months old were maintained on

standard laboratory chow diet and water ad libitum. All mice

used in this study were killed by head-focused microwave

irradiation (2.8 kW, 1.35 s; Cober Electronics, Inc., Nor-

walk, CT, USA). This study was conducted in accordance

with the National Institutes of Health Guidelines for Care

and Use of Laboratory Animals (NIH Publication 80-23) and

under an animal protocol approved by the IACUC at the

University of North Dakota (Protocol 0110-1).

Lipid Extraction

Livers, hearts, and brains were rapidly removed from mice

post-mortem, the tissue immediately frozen in liquid

nitrogen, and then pulverized under liquid nitrogen tem-

peratures to a fine homogeneous powder. Lipids were

extracted using n-hexane/2-propanol (3:2 vol/vol) from

approximately 100 mg of frozen tissue [23, 24]. Tissue

extracts were centrifuged at 1,0009g to pellet debris. The

lipid-containing liquid phase was decanted, placed in a

screw top test tube, overlaid with a nitrogen atmosphere,

and stored at -80 �C until analysis.

Thin Layer Chromatography

Individual phospholipid classes were separated by TLC

using Whatman silica gel-60 plates (20 cm 9 20 cm, 250

lm) that were heat-activated at 110 �C for 1 h. Samples

streaked onto plates and the phospholipids were separated

using chloroform:methanol:acetic acid:water (55:37.5:3:2

by vol) [10]. This method separates all major phospholipids,

including Ptd2Gro, phosphatidic acid, and phosphatidyl-

glycerol. Ptd2Gro was identified using bovine heart Ptd2Gro

(catalog number 99054; Avanti Polar Lipids, Alabaster, AL,

USA) as a standard. Mass was determined by assaying for

the lipid phosphorus content [25] and converted to moles of

using a standard curve. Moles of Ptd2Gro were calculated

by dividing the total moles of lipid phosphorus by 2.

Fatty Acid Analysis

The liver, heart, and brain Ptd2Gro and EtnGpl fractions

collected from the HPLC separation were subjected to

base-catalyzed transesterification, converting the phos-

pholipid acyl chains to fatty acid methyl esters (FAME).

To each fraction, 2 mL of 0.5 M KOH dissolved in

anhydrous methanol were added [26]. FAME were

extracted from the methanol using 2 mL of n-hexane and

the n-hexane phase containing the FAME was removed.

The lower phase was re-extracted two more times with 3

mL of n-hexane and these washes were combined with the

original aliquot.

Individual fatty acids were separated by gas liquid

chromatography (GLC) using an SP-2330 column (0.32

mm ID 9 30 m length) and a Trace GLC (ThermoElectron,

Austin, TX, USA) equipped with dual autosamplers and

dual flame ionization detectors. Fatty acids were quantified

using a standard curve from commercially purchased
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standards (NuChek Prep, Elysian, MN) and 17:0 was used

as the internal standard.

HPLC Method

Prior to phospholipid analysis, the lipid extracts were dried

under nitrogen and redissolved in a known volume of n-

hexane/2-propanol/water (56.7:37.8:5.5, by vol). The sep-

aration method for Ptd2Gro used a biphasic solvent system

with a step gradient and a Selectosil column (4.6 9 250

mm, 5 lm, Phenomenex, Torrance, CA, USA). Solvents

used were HPLC grade n-hexane and 2-propanol from

EMD and purchased from VWR (Chicago, IL, USA). The

HPLC system consisted of a Beckman 126 pump and a 166

UV/Vis detector, the eluant was monitored at 205 nm.

The solvent system consisted of a combination of two

mobile phases: Mobile phase A was n-hexane:2-propanol

(3:2 by vol) and mobile phase B was n-hexane:2-propa-

nol:water (56.7:37.8:5.5 by vol). The step gradient was as

follows (1) initial conditions mobile phase A was 95%; (2)

at 5 min mobile phase A was decreased to 90% and

maintained for 5 more minutes; (3) at 10 min mobile phase

A was decreased to 85% and maintained for 10 min; and

(4) at 20 min mobile phase decrease to 0% A maintained

for 30 min. The final step ensured that all possible phos-

pholipids remaining on the column were removed. To

return the column to stable starting conditions, mobile

phase A was increased to 95% and maintained for 5 min.

The method program is summarized in Table 1. The total

run time was 55 min and the flow rate was 1.5 mL/min.

Results

Separation of Ptd2Gro by HPLC

Total lipids were extracted by n-hexane:2-propanol (3:2, by

vol) from 100 mg of liver, heart, or brain tissue. An aliquot

of each tissue extract corresponding to 5% of heart and

liver lipid extract and 10% of brain lipid extract, was

injected onto the HPLC column. Our previous experience

for using TLC to separate phospholipid have indicated that

brain Ptd2Gro is present in a lower concentration compared

to heart and liver Ptd2Gro, necessitating injecting twice the

amount of brain total lipid in order to approximate the

amount used in the analysis of heart and liver lipid extracts.

The elution profile shows three major peaks for each tissue

analyzed (Fig. 1). We collected the first two peaks for

analysis by TLC and fatty acid composition analysis by

GLC. The first peak (peak 1), which we hypothesized was

Ptd2Gro, eluted at 31 min, while the second peak (peak 2),

which we hypothesized could correspond mainly to

EtnGpl, eluted at 33 min. Note that the peak corresponding

to Ptd2Gro was a well defined peak that did not overlap

Table 1 Step gradient of the new HPLC method for Ptd2Gro

separation

Time (min) Mobile phase A (%) Mobile phase B (%)

0 95 5

5 90 10

10 85 15

20 0 100

50 95 5

Mobile phase A was n-hexane:2-propanol (3:2 by vol); mobile phase

B was n-hexane:2-propanol:water (56.7:37.8:5.5 by vol)
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Fig. 1 High performance liquid chromatography elution profile of

liver, heart, and brain total lipids. Peak 1 corresponds to Ptd2Gro

while peak 2 contains mainly EtnGpl
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with neighboring peaks. Peak 1 appears clearly in all

tissues, even in brain where Ptd2Gro level is low compared

to liver and heart.

Analysis of the Ptd2Gro Fraction by TLC

To verify that the fraction named as peak 1 was indeed

Ptd2Gro, we applied this peak to a TLC plate and resolved

it via the solvent system described previously [10]. Peak 1

or the putative Ptd2Gro fraction (F) collected from each of

the tissues was spotted next to its corresponding total lipid

extract (T) (Fig. 2). In Fig. 2, it is clear that only one

phospholipid was detected in the lane corresponding to

peak 1 after visualization with iodine. In addition, this

phospholipid ran to the same height as the Ptd2Gro of the

total lipid extract and as the Ptd2Gro standard (st). Visu-

alization with 6-p-toluidino-2-naphthalenesulfonic acid, a

very sensitive fluorescent indicator dye [27], also demon-

strated no contamination of the Ptd2Gro with other

phospholipids or neutral lipids, e.g., triacylglycerols, cho-

lesteryl esters (data not shown). Thus, the apparent baseline

separation of peak 1 from peak 2, was confirmed by TLC

and the identity of peak 1 was Ptd2Gro as compared to

authentic standards.

Fatty Acid Analysis of the Ptd2Gro Fraction

The main fatty acid in liver Ptd2Gro is linoleic acid (LNA,

18:2n-6) representing 70% of total Ptd2Gro fatty acids [28]

while in bovine heart, Ptd2Gro contains about 80–90%

LNA [29]. We took advantage of this characteristic fatty

acid composition, to verify that peak 1 corresponded to

Ptd2Gro. Thus, we analyzed both peak 1 and peak 2 fatty

acid composition by gas chromatography (Table 1). The

fraction corresponding to liver and heart Ptd2Gro contained

a very high percentage of LNA, 65 and 87%, respectively,

confirming that the peak was indeed Ptd2Gro. Interestingly,

brain Ptd2Gro fatty acid composition differed considerably,

containing oleic acid (18:1n-9) as the predominant fatty

acid (34.4%) and a much lower level of LNA (9%), results

that agree with published data [30, 31]. In addition, brain

Ptd2Gro contained higher amounts of longer and more

unsaturated fatty acids such as arachidonic acid (ARA,

20:4n-6, 18.6%) and docosahexaenoic acid (DHA, 22:6n-3,

11.1%), consistent with previously published data [22]. In

addition, brain The fatty acid composition of peak 2 was

clearly different as compared to peak 1, being highly

enriched in ARA and DHA, a composition which is char-

acteristic of the EtnGpl [2]. The lack of high amounts of

ARA and DHA in the liver Ptd2Gro, adds additional evi-

dence that the Ptd2Gro separated by HPLC was indeed well

separated from peak 2, which was EtnGpl.

Intersample Variability

We compared mouse brain Ptd2Gro mass obtained by TLC

and by HPLC from the same seven mice. While mass of

Ptd2Gro separated by TLC was 573 ± 88 nmol/g ww (n =

7), mass of Ptd2Gro separated by HPLC was 739 ± 97

nmol/g ww (n = 7). While the relative standard deviation

between these two methods was similar 15.3 and 13.1%,

there was a significant difference between the mass (p =

0.0057, two-way, unpaired Student’s t-test), indicating that

some Ptd2Gro was lost when brain lipids are separated by

TLC (see Sect. ’Discussion’).

Discussion

In mammals, as in other eukaryotes, Ptd2Gro is a minor

phospholipid present only in mitochondrial membranes [3,

4], with levels corresponding to the amount of mitochondria

found in any given tissue. Thus, in mitochondria rich tissues

such as heart and liver, Ptd2Gro is found at higher levels as

compared with brain [2, 21, 22]. While we routinely use

TLC to separate brain phospholipids, when brain lipids are

separated using this method, Ptd2Gro appears as a disperse

and blurry band, mainly due to its diverse fatty acid

liver heart brain

Ptd2Gro

F           T F         T F          Tst

Fig. 2 Thin layer chromatography (TLC) separation of isolated peak
1 from the HPLC separation. Ptd2Gro fractions (F) obtained by the

new HPLC method (labelled as Peak 1) and total lipid extracts (E)

from liver, heart and brain were separated by one-dimensional TLC as

described in materials and methods. St commercial Ptd2Gro standard.

Phospholipid fractions were visualized by exposing the plate to iodine

vapors. Other bands on the TLC plate correspond to, beginning at

bottom of the plate, sphingomyelin, choline glycerophospholipid,

phosphatidylserine, phosphatidylinositol, and ethanolamine glycero-

phospholipid (EtnGpl)
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composition (Table 2) [22]. For this reason we sought an

alternative method to separate and isolate Ptd2Gro, modi-

fying a previous HPLC method designed to separate major

phospholipids and minor phospholipids as lysophosphati-

dylcholine and lysophosphatidylethanolamine [20].

This new method is based on the combination of two

mobile phases. Mobile phase A is formed by n-hexane:2-

propanol (3:2 by vol), while mobile phase B is formed by

n-hexane:2-propanol:water (56.7:37.8:5.5 by vol) where

water was added to increase the polarity of the solvent

system. As observed in the HPLC eluting profile (Fig. 1)

and in the TLC separation (Fig. 2), our new method

allowed a clear separation of Ptd2Gro and the resolution

was not sensitive to different concentrations of total lipid

extracts commonly used for such analysis (Fig. 3). We

spotted the eluted peak 1 on a TLC plate (F lane) and it

clearly ran to the same position as the Ptd2Gro standard

(Fig. 2). F lane did not present with any additional spots

and consequently we considered that this was a first dem-

onstration that the eluted peak 1 contained only Ptd2Gro. In

addition, we developed the TLC plate with a fluorescent

dye (6-p-toluidino-2-naphthalenesulfonic acid), which is

more sensitive than iodine [27]. Even under these condi-

tions, no additional bands appeared F lanes.

For further confirmation, we analyzed the fatty acid

composition of peak 1 and peak 2 (Fig. 1). The results of

these analysis confirmed that the peak eluting at 31 min was

Ptd2Gro (Table 2). Heart and liver Ptd2Gro fatty acid com-

position was highly enriched in LNA [32, 33], while brain

Ptd2Gro fatty acid composition differ from previous tissues

[22]. This different fatty acid composition is consistent with

the fact that brain contains extremely low concentrations of

LNA [2, 34]. The role that the unique brain Ptd2Gro fatty

acid composition has with regard to function remains elu-

sive, although recent evidence indicates that changes in

these fatty acids alters the membrane environment in a

manner that can alter mitochondrial function [22].

Because the main problem in our studies was to ade-

quately separate and isolate brain Ptd2Gro, we compared the

mass of brain Ptd2Gro in the same cohort of seven mice

separated by either TLC (573 ± 88 nmol/g ww, n = 7) or by

HPLC (739 ± 97 nmol/g ww, n = 7). The results clearly

showed that we obtained 1.3-fold more Ptd2Gro when we

separated total lipids by HPLC, although the relative stan-

dard deviation was similar. One explanation accounting for

this difference is the diffuse nature of the brain Ptd2Gro band

(Fig. 2), more than likely due to the diverse fatty acid

composition of brain Ptd2Gro. This diffuse nature could lead

to the inadequate removal of the band from the TLC plate.

Using the same solvent system of Dugan et al. [20] is an

advantage because it permits the separation all the phos-

pholipids with no need to change systems, but would

require modifying the step gradient program after the elu-

tion of the Ptd2Gro. An additional advantage of this method

is that Ptd2Gro is separated directly from the total lipid

extract with no need for derivatization. In conclusion, this

new HPLC method is a simple method which allows a

good separation of Ptd2Gro with no need of derivatization,

previous separation of neutral lipids, is compatible with

Table 2 Liver, heart, and brain fatty acid composition of peak 1 and

peak 2 separated by the new HPLC method

FAME Liver Heart Brain

Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2

16:0 3.4 18.0 1.7 5.6 5.6 5.0

16:1 1.8 0.5 ND ND 2.9 0.2

18:0 1.5 19.9 0.9 27.4 4.6 22.5

18:1n-9 9.8 4.8 5.3 4.1 34.4 13.0

18:1n-7 8.5 3.8 2.1 2.3 7.9 3.6

18:2n-6 68.2 9.3 87.3 13.3 12.0 0.6

18:3n-3 0.7 0.3 ND 0.3 ND 0.3

20:1n-9 ND ND ND ND 0.7 4.1

20:2n-6 0.9 ND ND ND ND ND

20:3n-6 2.1 0.6 0.5 0.2 2.2 0.4

20:4n-6 1.7 26.4 0.8 20.4 18.6 15.1

20:5n-3 ND 0.4 ND 0.2 ND ND

22:4n-6 ND 1.2 ND 0.9 ND 6.1

22: 5n-6 ND 0.3 ND 0.6 ND 0.4

22:5n-3 0.6 2.4 0.6 2.9 ND 0.3

22:6n-3 0.8 12.1 0.6 21.8 11.1 28.5

Values are expressed as percentage of total fatty acid (mol%). Values

are n = 1 for each tissue

ND non detected fatty acid
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Fig. 3 The effect of total lipid concentration on the resolution of

Ptd2Gro and EtnGpl was determined. We injected 100 nmol of total

heart phospholipids containing approximately 10 nmol of Ptd2Gro

(continuous line), 200 nmol of total heart phospholipids containing

approximately 20 nmol of Ptd2Gro (dashed line), and 300 nmol of

total heart phospholipids containing approximately 30 nmol of

Ptd2Gro (dotted line)
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different tissues, and it is highly compatible with a HPLC

method that can be used to separate the remaining phos-

pholipid classes.
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‘‘Discussion’’ and also in Table 1: there has been a

mistake in reporting the unit measure. In all instances in

which in the text it was reported mmol (millimoles) it
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Introduction

The abundance of linoleic acid (C18.2x6) and linolenic

acid (C18.3x3) in higher plants coincides with the occur-

rence of multiple lipoxygenase (LOX) enzymes that

specifically oxygenate these polyunsaturated fatty acids.

Linoleic acid has only two available positions for LOX-

catalyzed oxygenation, at C-9 or C-13, and all LOX

activities in plants target one position or the other, or both.

Although LOX activities abound in plant tissues, and LOX-

encoding genes have been identified in dozens of plant

species, the positional specificity of the vast majority of

plant LOX genes remains to be determined [1]. One issue

addressed here concerns the identification of a specific 9-

LOX gene in Arabidopsis (AtLOX1) and tomato (LOXA).

An accompanying manuscript by Andreou et al. [2] details

a 9-LOX characterization from potato.

Currently there is no direct evidence showing how LOX

enzymes catalyze their specific oxygenations [3]. The amino

acid sequences in the gene family are well conserved,

indicating that in general terms the arrangement of the cat-

alytic machinery is conserved. A single atom of non-heme

iron is held in place by well-conserved amino acid ligands

comprised mainly of histidines and the carboxyl group of the

C-terminal amino acid, usually an isoleucine. Within this

conserved structural framework, individual LOX enzymes

are known to oxygenate at specific positions on the fatty acid

and in either the R or S stereoconfiguration. To accommo-

date all the known activities within the well conserved

enzyme structures, one of the variables proposed in indi-

vidual enzymes is a change in the head-to-tail orientation of

the bound fatty acid substrate. This was proposed originally

in 1972 as the logical explanation for how corn 9S-LOX and

soybean 13S-LOX abstract the 11R and 11S hydrogen

respectively from linoleic acid in forming their 9S-HPODE

and 13S-HPODE products (Fig. 1a) [4]. Other lines of cir-

cumstantial evidence point to 13S oxygenation being

associated with the ‘‘tail-first’’ mode of fatty acid binding.

For example, 13-LOX can oxygenate very large esters such

as linoleoylphosphatidylcholine in the same way as free

linoleic acid (e.g., ref. [5]). This suggests that 13S oxy-

genation involves tail-first entry of the fatty acid into the

active site, as it is hard to imagine a carboxyl esterified to

phosphatidylcholine entering the LOX active site.

Substrate binding orientation in 9S-LOX has been

deduced in different ways in the literature. In contrast to

the earlier conclusion of carboxyl-first substrate binding

(Fig. 1a) [4], two separate observations lead logically to a

contrary conclusion [6, 7]. The first relates to a known

activity of several plant 9-LOX, namely that the main

product of arachidonic acid oxygenation is the 5S-hydro-

peroxide. van Zadelhoff et al. [6] reported that when

arachidonate ethanolamide (anandamide) is metabolized by

purified barley or tomato 9-LOX, the main specific oxy-

genation produces the 11S-hydroperoxide. This suggests

that the carbon chain has slipped into a different alignment

in the active site, and given the presence of the bulky

anandamide moiety at the carboxyl end, it is hard to see

why this would force the fatty acid deeper into the active

site. Therefore, the investigators drew the opposite con-

clusion, that the fatty acid binds tail-first in 9-LOX [6].

Butovich and Reddy observed that 1-linoleoyl-glycerol is

metabolized similarly to linoleic acid by potato 9-LOX (to

the 9-hydroperoxide), and as this would seem to be

incompatible with carboxyl end-first binding, they also

came to the logical conclusion that the fatty acid substrate

binds tail-first in 9-LOX.

Herein we address the issue of substrate binding in 9-

LOX by testing a model that predicts reaction specificity

and the formation of R or S configuration products in LOX

enzymes [8]. A single active site amino acid was found to

exert a major influence over R or S oxygenation [9]. This

key determinant is conserved as an Ala in S lipoxygenases

and a Gly in R lipoxygenases. An Ala allows oxygenation

deep in the active site cavity and gives S-hydroperoxides

while a change to Gly switches the position of oxygenation

across the face of the reacting pentadiene and gives R-

hydroperoxide stereochemistry. The model predicts that

linoleic acid 9S-LOX (which naturally have Ala in the key

position), should switch to forming 13R-hydroperoxide

after the appropriate Ala-to-Gly mutation (see Fig. 1b).

Fig. 1 Stereochemistry of linoleic acid oxygenation. Panel a:

Stereospecific hydrogen abstraction and specific oxygenation of

linoleic acid retain the same spatial relationship in corn 9-LOX and

soybean 13-LOX if the substrates adopt reversed orientations in the

respective enzyme active sites. Adapted from ref. [35]. Panel b: A

drawing in perspective illustrating potential oxygenation of linoleic

acid at each end of the pentadiene. Note that 9S and 13R oxygenations

are on the same face of the molecule, and 9R/13S on the other face.

Adapted from ref. [3]
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Given that the model fits with many different LOX

enzymes with different predicted orientations of fatty acid

binding, the model is also only compatible with the car-

boxyl end-first substrate orientation in plant 9-LOX.

Experimental Procedures

Materials

Fatty acids were purchased from NuChek Prep Inc. (Ely-

sian, MN). [1-14C]linoleic, and [1-14C]arachidonic acids

were purchased from Perkin Elmer Life Sciences. Standards

of racemic HPODEs and HODEs were prepared by vitamin

E-controlled autoxidation [10]. 9S-H(P)ODE was prepared

using the 9-LOX activity in potato tuber extracts, and 13S-

H(P)ODE using soybean lipoxygenase (Sigma type V) [11].

1-Palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine

(C16/LA-PC) and 1-palmitoyl-2-arachidonoyl-sn-glycero-

3-phosphatidylcholine (C16/AA-PC) were purchased from

Avanti Polar Lipids, Inc. (Alabaster, AL).

Construction of Expression Vectors

A full-length AtLOX1 cDNA [12] as kindly provided by

Dr. Kaye Peterman (Wellesley College). A PCR-based

strategy was used to construct an expression vector for

production of AtLOX1 with an N-terminal (His)6-tag.

Forward and reverse primers that amplify the cDNA con-

tained NdeI and XhoI restriction sites, respectively. The

sequence of the forward primer was 50-GGAATTCCATA

TGTTCGGAGAACTTAG-30 and that of the reverse pri-

mer 50-CCGCTCGAGTCAGATAGAGACGCTATTT-30.
PCR amplification of AtLOX1 yielded a 2.7-kb product that

was subsequently cut with NdeI and XhoI and subcloned

into the same sites of the expression vector pET-14b

(Novagen, Madison, WI). The resulting construct produced

a (His)6-tagged AtLOX1 protein in which 20 amino acids

(MGSSHHHHHHSSGLVPRGSH) were added to the

initiator Met of the LOX1 enzyme. This construct was

introduced into E. coli host strain BL21 (DE3) for protein

expression.

The tomato (Solanum lycopersicum) LOXA cDNA was

obtained by RT-PCR using an Enhanced Avian RT-PCR

kit (Sigma Aldrich). The reverse transcription reaction

contained 2 lg of total RNA isolated from 9-day-old

tomato seedlings (cv. Castlemart) and an oligo (dT)23 pri-

mer. The PCR reaction was performed with LOXA-specific

primers 50-CGGGATCCATGTTAGGTGAACTTGTGGG

TG-30 and 50-CCGAGCTCACATGTGTACTCAAAACTC

TTC-30, which included BamHI and SacI restriction sites,

respectively. The resulting PCR product was cloned into

BamHI and SacI sites of pBlueScript. The nucleotide

sequence of this tomato cDNA exactly matched the tomato

LOXA sequence (GenBank accession number U09026)

reported by Ferrie et al. [13].

A PCR-based strategy was used to construct an

expression vector for production of an N-terminally (His)6-

tagged LOXA enzyme. Following amplification with

primers 50-CGGGATCCGGTGGGTGGATTAATTGGTG-

30 and 50-CGGGATCCCTATATTGACACACTGTTT-30,
this PCR fragment was cloned into the BamHI site of

pET14b. The N-terminal amino acid sequence of the

resulting (His)6-tagged LOXA enzyme is MGSSHHHH

HHSSGLVPRGSHMLEDPVGGL. The subcloning proce-

dure resulted in a three amino acid change (GLD ? EDP,

underlined) in the N terminus of the native LOXA protein.

Expression of Recombinant LOX in E. coli

Wild-type and mutant LOX were expressed in E. coli BL21

(DE3) as (His)6-tagged proteins using the protocol descri-

bed for coral 8R-LOX [14] with the following

modifications. The expressed proteins were recovered

using Bugbuster (Novagen) with added 1 ll/ml Benzonase

(Novagen) and 1 mM PMSF. The supernatants were puri-

fied on Ni-NTA agarose (Qiagen) according to

manufacturer instructions. Fractions collected from the

affinity column were assayed by SDS/PAGE and fractions

containing recombinant lipoxygenases were dialyzed

against 50 mM phosphate pH 7.0, 150 mM NaCl buffer

containing 20% glycerol.

Fractions of 0.5 ml were collected from the affinity

column and 10 ll aliquots analyzed using SDS-PAGE.

Protein was determined using the Bio-Rad protein assay

with bovine serum albumin as standard. Fractions con-

taining the highest concentrations of protein were pooled

and dialyzed against a buffer of 50 mM Tris (pH 7.5),

300 mM NaCl to remove imidazole.

Quantitation of LOX Protein

The LOX proteins were quantified using a specific in-gel

assay in which the LOX band on a stained SDS-PAGE gel

is compared in intensity to the protein bands in a series of

quantified albumin standards run in other lanes. Aliquots of

the dialyzed protein from the Ni-NTA column were run on

a 20–4% SDS-PAGE gel, and a second gel was run with

aliquots of bovine albumin in concentrations ranging from

0.25 to 15 lg. The gels were stained with Bio-Safe Coo-

massie stain (Bio-Rad) and rinsed repeatedly with water.

The protein bands at *97 kDa representing the LOX

protein were then quantified with the Odyssey Infrared

Imaging System (Li-Cor Biosciences, Lincoln, NE), using

the known amount of protein in the BSA bands to generate

a standard curve.
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Site Directed Mutagenesis

Site directed mutagenesis of AtLOX1 and LOXA was

performed using the QuikChange� site directed mutagen-

esis kit (Stratagene) using overlapping mismatching

oligonucleotides as primers designed according to the

manufacturer’s instructions. The His-tagged Arabidopsis

AtLOX1 and tomato LOXA in the pET14b expression

vector were used as templates. The primer sequences

(55-mers) were, for Arabidopsis LOX1, 50-GTGATACGA

TGAATATCAATGCACTTGGTAGGCAAATCTTGATC

AATGGTGGTGG, and 50-CCACCACCATTGATCAAG

ATTTGCCTACCAAGTGCATTGATATTCATCGTATC

AC, and for tomato LOXA, 50-GGGACACAATGAATA

TTAATGCTTTGGGAAGACAGATCCTAATCAATGCT

GGTGG, and 50-CCACCAGCATTGATTAGGATCTGT

CTTCCCAAAGCATTAATATTCATTGTGTCCC. PCR

reactions and transformation of Escherichia coli XL1-Blue

cells were performed according to the manufacturer’s

instructions (Stratagene). Correctly mutated clones were

identified by DNA sequencing.

Enzyme Reactions, Incubation and Extraction

Enzymatic activity of the Nickel column-purified enzymes

was determined by monitoring the increase of the signal at

235 nm using a Perkin-Elmer Lambda-35 UV–Vis spec-

trophotometer. Rates of reaction were calculated from the

initial linear part of the curve. Rates at varying pH values

were compared using 50 lM linoleic acid with phosphate

buffers (pH 5.0, 6.0. 7.0 and 8.0) and borate buffer (pH

9.0). Products from reaction at pH 6 were extracted without

pH change into dichloromethane or using a 1 ml Oasis

HLB cartridge (Waters).

Incubations with anandamide were conducted in 1 ml of

100 mM sodium phosphate (pH 6) using 2 lg of LOX

protein; anandamide (50 lM final concentration) was

added in 5 ll ethanol. After a 5 min incubation at room

temperature, the reactions were extracted using a 1-ml

Oasis HLB cartridge (Waters).

Incubations with C16/C18.2-phosphatidylcholine were

conducted at pH 7.5 in the presence of sodium deoxycho-

late (final concentration, 4 mM) to help solubilize the

substrate. The reactions were extracted using the Bligh and

Dyer procedure [15] then transesterified using sodium

methoxide [5] and the methyl esters subsequently analyzed

by normal phase HPLC.

HPLC Analysis

Reaction products of the two LOX enzymes and mutants

with [1-14C]linoleic acid or [1-14C]arachidonic acid were

analyzed on an Agilent 1100 HPLC equipped with a diode

array detector connected online to a Radiomatic FLO-ONE

A-100 radioactive detector. Straight-phase HPLC analysis

used a Beckman Ultrasphere silica column (25 9 0.46 cm)

eluted at a flow rate of 1 ml/min with hexane/isopropanol/

acetic acid (100/2/0.1, v/v/v) with UV detection at 205,

220, 235 and 270 nm. Reversed-phase HPLC used a

Waters Symmetry C18 5-lm column eluted at 1 ml/min

with a solvent of methanol/water/acetic acid (80/20/0.01,

v/v/v), and finally with methanol to elute unreacted substrate.

Chiral analysis was performed on HODE methyl esters

using a Daicel Chiralpak AD column (25 9 0.46 cm)

eluted with hexane/methanol (100/2, v/v) at a flow rate of

1 ml/min, with UV detection at 235 nm [16].

Results

Expression and Purification

The cDNAs in the bacterial expression vector were pre-

pared with an added N-terminal (His)6-tag as described in

Methods. The two LOX enzymes expressed well in E. coli

(2–5 mg LOX protein per 100 ml culture) and were par-

tially purified by nickel affinity chromatography (Fig. 2).

The Arabidopsis Ala562Gly mutant expressed at lower

levels, although sufficient for evaluation of its activity and

for analysis of products. In other SDS-PAGE analyses in

which the LOX protein band was not overloaded (in con-

trast to Fig. 2), each LOX protein band at *97 kD was

quantified by in-gel assay (Odyssey Imaging Systems, see

‘‘Methods’’), and this specifically quantified LOX protein

was used in the calculation of activity turnover numbers.

Catalytic Activity and pH-Activity Profile

The pH dependence of AtLOX1 reacting with linoleic acid

as substrate showed very similar rates over the pH range of

5–9, maximal at pH 6 (310 turnovers/s). For tomato LOXA

activity was optimal around pH 6 (390 turnovers/s) and

Fig. 2 SDS-PAGE gel analysis of LOX enzymes expressed in E.
coli. The mutants refer to the AtLOX1 Ala562Gly and tomato LOXA

Ala564Gly mutants. The three lanes for each sample represent

aliquots (10 ll) from the first three 0.5 ml fractions collected from the

nickel NTS column purification. Proteins were detected using

Coomassie staining. MW molecular weight

982 Lipids (2008) 43:979–987

123



was maintained at least 30 and 15% of this optimal activity

at pH 8 and pH 9, respectively. SP-HPLC analysis of the

products from linoleic acid at pH 6 showed that 9S-

HPODE accounted for over 95% of the products of both

enzymes (Table 1; Figs. 3a, 4c). a-Linolenic acid reacted

at similar rates and similarly formed almost exclusively the

9-hydroperoxide. For comparison to the reactions at the

optimal pH 6, the distribution of products from a reaction

with linoleic acid conducted at pH 9 was also analyzed by

SP-HPLC. Remarkably, the product pattern was indistin-

guishable from the reaction products at pH 6, i.e., 9S-

HPODE accounted for [95% of the products (data not

shown). This is in contrast to the properties of soybean

LOX-1, which is specific for 13S oxygenation at its optimal

pH 9-10, but changes at lower pH (pH 6 or 7) to producing

a mixture of 9- and 13-hydroperoxide products with both

trans–trans and cis–trans conjugated dienes [17].

Effects of Active Site Ala–Gly Mutation

By alignment with other LOX enzymes, the residue

equivalent to the Ala that has a major influence on reaction

stereospecificity [9] is Ala562 in Arabidopsis 9-LOX and

Ala564 in tomato 9-LOX. This Ala was changed to Gly by

site-directed mutagenesis and the expressed enzymes were

reacted with linoleic acid. Following reduction of the

hydroperoxides, two similar-sized peaks of hydroxy prod-

uct were obtained by normal phase HPLC (Fig. 3b),

identified as 13-HODE and 9-HODE by co-chromatogra-

phy with standards and by their characteristic identical UV

spectra with lambda max 234 nm (cf. ref. [18]). Chiral

analysis showed the two products were almost purely the

13R-HODE and 9S-HODE enantiomers, respectively

(Fig. 4d, e).
Arachidonic Acid Metabolism

Plant 9-LOX tend to form a mixture of chiral hydroper-

oxides when arachidonic acid (an unnatural substrate for a

plant) is used as substrate (e.g., ref. [19, 20]). 9-LOX

purified from potato tubers and one of the recombinant

potato LOX isozymes give 5S-HPETE as the major

hydroperoxide [21, 22]. Some other plant 9-LOX are

reported to give 11S-HPETE as the major product [23]. As

measured by the radioactive products formed from

[14C]arachidonic acid (after NaBH4 reduction of the

HPETEs to HETEs), we found that AtLOX1 formed 11-

HETE as the major product (accounting for 47% of the

total HETEs), together with half as much 5-HETE (23%),

and in order of abundance also 9-HETE (11%), 12-HETE

(9%), and 8-HETE and 15-HETE (4.5% each). Tomato

LOXA formed 11-HETE and 5-HETE in essentially equal

amounts (38–39% each), and also 8-HETE (11%), 12-

HETE (4%), 15-HETE (3%) and 9-HETE (2%). The

Table 1 Linoleic acid products formed by A. thaliana AtLOX1 and

tomato LOXA

Enzyme 9-HPODE (%) 13-HPODE (%)

A. thaliana WT 98.8 1.2

A. thaliana A562G 68.9 31.1

Tomato WT 99.1 0.9

Tomato A564G 59.9 40.1

Chiral analysis (%)

9R 9S 13R 13S

A. thaliana WT 0.4 99.6 71.7a 28.3

A. thaliana A562G 0.7 99.3 98.4 1.6

Tomato WT 0.3 99.7 67.7a 32.3

Tomato A564G 0.9 99.1 98.6 1.4

a Note that, as shown above, WT produces 13-HPODE as only *1%

of products

Fig. 3 Normal phase HPLC analysis of linoleic acid products. Panel

a: Wild-type tomato LOXA product profile. Panel b: Tomato LOXA

Ala564Gly product profile. A Beckman Ultrasphere silica column

(5 lm, 25 9 0.46 cm) was eluted at 1 ml/min with hexane/isopro-

panol/glacial acetic acid (100/2/0.1, v/v/v) with UV detection at

235 nm. TPP triphenylphosphine

Lipids (2008) 43:979–987 983

123



pattern of hydroperoxide products for the tomato LOXA is

similar to that illustrated previously for a 9-LOX purified

from tomato [6]. We also found that the product profiles for

each wild-type 9-LOX with arachidonic acid as substrate

were essentially the same at pH 7 and 9; this contrasts with

the results shown for a recombinant rice 9-LOX isozyme in

which the 5-HPETE product almost disappeared at high pH

[24].

Catalytic Activity with Other Substrates

Our results using arachidonate ethanolamide (anandamide)

as substrate with the two recombinant 9-LOX enzymes are

summarized in Table 2. The chiral analyses were per-

formed after reduction to the hydroxy form, HANA, on a

reversed-phase Chiralpak AD-RH column in which

H(P)ETEs and their methyl ester derivatives are known to

run with the R enantiomer eluting before the S enantiomer

[25]. The same appeared to be true for anandamide

derivatives, as confirmed using an authentic standard of

15S-HPANA prepared using soybean LOX-1, and from the

fact that 11S-HPANA is the known product of purified 9-

LOX from barley and tomato [6]. The most significant

findings were that wild-type AtLOX1 converted ananda-

mide mainly to 11S-HPANA (99.4% 11S, and accounting

for 91% of the total HPANA products). The AtLOX1

Ala562Gly mutant formed 11S-HPANA (98.3% 11S) plus

an additional prominent product, 15R-HPANA (93% 15R)

in a 3:2 ratio in favor of 11-HPANA. Wild-type tomato

LOXA also formed mainly 11S-HPANA (99.0% 11S,

accounting for 71% of total HPANA products) plus 16%

5S-HPANA (89% 5S). The tomato LOXA Ala564Gly

mutant formed two additional prominent products, 15R-

HPANA (93% 15R, accounting for 34% of HPANA

products) and 9-HPANA (19% of products). On chiral

analysis the 9-HANA product chromatographed as one

main peak with no definite minor enantiomer, so it was not

possible to determine order of elution and infer chirality.

We also tested 1-palmitoyl-2-linoleoylphosphatidycho-

line as a potential substrate for AtLOX1 using the bile salt

deoxycholate as detergent, a condition that achieves reac-

tion with plant 13-LOX [26], coral 8R-LOX [9], as well as

several mammalian arachidonate 12-LOX and 15-LOX

[27–30]. However, we could detect no reaction with the

recombinant 9-LOX, in agreement with a result reported

for a purified tomato 9-LOX [20].

Fig. 4 Chiral phase HPLC

analysis of HODE methyl ester

derivatives. Panels a and b:

resolution of 9RS-HODE and

13RS-HODE, respectively.

Panel c: 9-HODE from wild-

type tomato LOXA. Panel D 9-

HODE from tomato LOXA

Ala564Gly. Panel E: 13-HODE

from tomato LOXA Ala564Gly.

A Diacel Chiralpak AD column

(5 lm, 25 9 0.46 cm) was

eluted at 1 ml/min with hexane/

methanol (100/2, v/v) with UV

detection at 235 nm
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Discussion

The Arabidopsis genome contains six LOX genes (Table 3)

and there are at least five LOX genes in tomato (Table 4).

Although tomato has long been used as a source of 9-LOX

[31], to our knowledge, the positional specificity, as

determined by direct characterization of LOX reaction

products, has not been reported for any recombinant Ara-

bidopsis or tomato LOX. Our experimental analysis of

purified recombinant AtLOX1 and tomato LOXA showed

that both proteins function as specific linoleate 9-LOX.

This finding is consistent with phylogenetic analysis

showing that AtLOX1 and tomato LOXA are closely

related members of the plant LOX family (Fig. 5), and

further predicts that other members of this subgroup are 9-

LOX as well. In an accompanying paper, Andreou et al. [2]

characterize the activity of a related sequence from potato

also as a linoleate 9-LOX.

The notion that AtLOX1 and tomato LOXA are

homologous proteins is supported by similarities in their

expression pattern. Both genes, for example, are expressed

to relatively high levels in germinating seedlings [13, 32].

Our results thus support the hypothesis that 9-LOX activity

plays a physiological role during the early stages of seed-

ling growth. Plant 9-LOX has been implicated in a variety

of developmental and stress-related processes [1, 33].

Recently, oxylipins derived from the 9-LOX pathway were

shown to play a role in lateral root development and

pathogen defense in Arabidopsis [34]. Our data are in

agreement with the proposal by Vellosillo and co-workers

that 9-LOX activity in Arabidopsis roots can be attributed

to LOX1/LOX5 [34].

Using the AtLOX1 and tomato LOXA we re-examined

the debated issue of the mode of substrate binding orien-

tation in the active site of 9-LOX, and how this relates to

formation of specific chiral products. According to the

model we outlined in the Introduction [35], linoleic acid

should bind with a carboxyl end-first orientation in the

active site of linoleate 9S-LOX, the same conclusion as

originally inferred from the hydrogen abstraction results of

1972 with corn 9S-LOX (cf. Fig. 1a) [4]. The model pre-

dicts that the Ala-to-Gly switch in 9S-LOX should produce

a new product, 13R-HPODE, formed on the same face of

the molecule as 9S-HPODE (cf. Fig. 1b). This is exactly

what was observed (Figs. 3, 4; Table 1).

We also re-examined the 9-LOX metabolism of

anandamide, and also the consequences of the Ala-to-Gly

Table 2 Distribution of 9-LOX products from anandamide (2A) and

the chirality of selected products (2B)

2A

Enzyme H(P)ANA products (% of total)

15 11 12 8 9 5

Tom WT 5.5 71.8 1.8 3.6 1.3 15.9

Tom Mut 19.6 18.2 2.5 1.3 18.9 39.5

Arab WT 4.7 90.8 0.6 0.2 0.9 2.9

Arab Mut 34.1 59.4 1.1 0.3 1.7 3.5

2B

Enzyme Chirality of 15-, 11- and 5-HANA (%)

15R 15S 11R 11S 5R 5S

Soybeana 2.5 97.5 15.5 84.5 –b –

Tomato WT 53 47 1 99 11 89

Tom Mut 85 15 4 96 1.3 98.7

Arab WT 62 38 0.6 99.4 2.5 97.5

Arab Mut 93 7 1.7 98.3 6.6 93.4

a Relative proportions of products with soybean LOX1:15-HANA,

92%; 11-HANA, 5.5%; 5-HANA, 1%
b Not analyzed

Table 3 Arabidopsis thaliana LOX genes

Designation GenBank

access. no.

AGI no.a No. of

amino acids

MW (Da) N-terminal

sequence

Positional

specificity

References

AtLOX1 NM_104376 AT1G55020 859 98,045 MFGELRDLLT 9 [12], this paper

AtLOX2 NM_114383 AT3G45140 870 99,036 MYCRESLSSL 13 [36]

AtLOX3 NM_101603b AT1G17420 919 103,710 MALAKELMGY 13 Feussner, 2nd 13-LOX

(GenBank AJ249794)c

AtLOX4 AJ302042 AT1G72520 926 104,813 MALANEIMGS 13 Feussner, 3rd 13-LOX,

chloroplastic, leavesc

AtLOX5 NM_113137d AT3G22400 886 101,058 MIHTDIAEIL 9 Feussner, 2nd 9-LOXc

AtLOX6 NM_105423 AT1G67560 917 104,514 MFVASPVKTN 13 Feussner, plastid 13-LOXc

a Gene designation at http://www.arabidopsis.org
b GenBank entry AC007843 has 7 less N-terminal amino acids
c Designations given in the GenBank entry
d GenBank entry AJ302043 is the same sequence with 32 less N-terminal amino acids
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mutation on the distribution of products. As noted in the

Introduction, purified barley and tomato 9-LOX were

reported to convert anandamide mainly to 11S-HPANA

(11S-hydroperoxyanandamide), in contrast to their prod-

ucts with arachidonic acid, which were largely 5-HPETE

for barley 9-LOX and 5-HPETE/11-HPETE mixtures for

tomato 9-LOX. And, because it appears that the additional

functional moiety at the carboxyl end has pushed oxy-

genation further down the carbon chain, these observations

were used to infer that the substrate binding orientation in

plant 9-LOX is tail end-first [6]. Although this is a rea-

sonable conclusion, we offer a different interpretation.

Whereas van Zadelhoff et al. [6] placed an emphasis on the

conversion of arachidonic acid to 5S-HPETE by the lino-

leate 9-LOX, we note that formation 11S-HPETE is equally

common with several of the wild-type enzymes (cf.

refs. [6, 20, 23] and the ‘‘Results’’ section above). With

anandamide, the balance of oxygenation products tips in

favor of 11S-HPANA and in some cases 5S-HPANA

remains prominent. Significantly, the Ala-to-Gly mutation

induces the formation of 15R-HPANA along with the

11S-HPANA, and 9-HPANA along with 5-HPANA

(‘‘Results’’, Table 3). These new findings fit perfectly with

the orientation model that predicts carboxyl end-first

binding of the substrate. Admittedly, this will require the

‘‘extra’’ ethanolamide moiety at C-1 to be accommodated

in the 9-LOX active site, but our surmise is that this is the

most straightforward interpretation of the available data.

Butovich and Reddy used the observation that linoleate

9-LOX can metabolize 1-linoleoyl-glycerol to the 9-

hydroperoxide to propose the tail-first binding orientation

[7]. As an extension of this conjecture, we tested 1-pal-

mitoyl-2-linoleoyl-phosphatidylcholine and could find no

reaction. While caution is warranted in interpretation of

negative results, this lack of reaction classifies the linoleate

9-LOX along with other LOX enzymes that are predicted

to exhibit carboxyl end-first binding and that show no

reaction with very large phospholipid esters (arachidonate

8S-LOX and 5S-LOX) [9, 28]. (By contrast, all the LOX

enzymes that have predicted tail-first substrate binding do

react specifically with phospholipid ester substrates [5, 9,

26–30]). Again, our interpretation is that the 9S-LOX

active site can accommodate substrates with C-1 append-

ages of the size of ethanolamide or glycerol, and that

overall, the carboxyl end-first binding is the most satis-

factory model for oxygenations by linoleate 9S-LOX

enzymes.
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NADPH Nicotinamide adenine dinucleotide phosphate-

oxidase

PCR Polymerase chain reaction

PPAR Peroxisome proliferator-activated receptors

PUFA Polyunsaturated fatty acid

SD Standard deviation

Introduction

Sesamin is a known lipid modulator well investigated in

mammalian systems [1–3]. To our knowledge it has never

been investigated in fish. As lipid modulation can be of

importance to improve the value of vegetable oil in fish

diets in relation to aquaculture, we wanted to explore the

physiological effects of sesamin in fish. The demand for

fish oil for the aquaculture industry from natural pelagic

fish populations is expected to outstrip current supply

within the next decade [4, 5]. Partial replacement of marine

oils with vegetable oils in fish feed is possible and is

practiced. This requires new insights that consider the

effects of a wide range of bioactive minor lipid components

naturally present in the vegetable oils [6]. So far, studies

have mostly focused on the production yield when fish are

grown on feeds with a partial replacement of fish oil with

vegetable oils, e.g. soybean and rapeseed oils. It was shown

that up to 50% replacement of fish oils with a number of

vegetable oils does not alter fish growth [7]. Thus, feeds

with a replacement of 10–25% of fish oil by soybean and

rapeseed oil are frequently commercialized [8]. A natural

drawback of feeding vegetable oils to fish is decreased

amounts of the highly unsaturated fatty acids (HUFA) ei-

cosapentaenoic acid (20:5n-3, EPA), docosapentaenoic

acid (22:5n-3, DPA), docosahexaenoic acid (22:6n-3,

DHA) and to some extent arachidonic acid (20:4n-6, ARA)

and increased amounts of the n-6 fatty acids, mainly lin-

oleic acid (18:2n-6, LA), in the fish muscle. Depending on

species, fish have different capabilities to elongate and

desaturate fatty acids. In rainbow trout (Oncorhynchus

mykiss) and salmon (Salmo salar), the steps in the elon-

gation and desaturation from alpha-linolenic acid (18:3n-3,

ALA) to DHA are well described [9–11]. Thus, new

strategies leading to increased levels of n-3 HUFA in fish

farmed with feed containing vegetable oils are needed. The

increased levels of n-3 HUFA in farmed fish will contribute

to positive health effects of the fish and also provide

marketing advantages of farmed fish [12].

Sesamin, a minor component of sesame oil, is known to

affect fatty acid desaturation and significantly increases the

activity of enzymes involved in b-oxidation and expression

of these enzymes in rats [2, 3]. Even though confirmation

still is required, Ashakumary et al. [2] suggested, that the

underlying mechanism include the expression of peroxi-

some proliferator-activated receptors (PPARs).

Sesamin inhibits cholesterol absorption and synthesis,

and tocopherol hydroxylation and urinary excretion by

Cytochrome P450 in rats and humans [1, 13–15]. The

methylenedioxyphenyl group of sesamin is known to affect

cytochrome P450-dependent drug oxidation [16]. Cyto-

chrome P450 (CYP) enzymes are known to play a central

role in the oxidative metabolism and biotransformation of a

wide range of endogenous and exogenous compounds [17].

Among the numerous CYP families identified, primarily

CYP 1-3 are involved in biotransformation of xenobiotics.

The CYP 1A subfamily is reported to be expressed in the

liver of both mammals and fish [16, 18]. Due to the role of

CYP1A isoenzymes in the metabolism and bioactivation of

foreign compounds, alteration of the expression of hepatic

CYP1A may affect the potential risk of xenobiotics [19].

CYP1A is readily inducible by aryl hydrocarbon (Ah)

receptor agonist, thus the activity of CYP1A, measured as

ethoxyresorufin O-deethylase (EROD) activity, is used as a

biomarker for exposure to xenobiotic compounds in fish.

This study designed to investigate the physiological

response of fish to sesamin in combination with vegetable

oils with particular emphasis on n-3 HUFA and the n-3

desaturation index. We were especially interested in the

physiological effects of sesamin at different n-6/n-3 ratios

in the diet provided by either a mixture of linseed and

sunflower oil or linseed oil solely. Further, we studied the

expression of PPARs in liver, and sesamin content in liver

and muscle lipid as well as response of total CYP content

and CYP1A catalytic activity in liver.

Materials and Methods

Chemicals and Reagents

The sesamin/episesamin mixture (1:1, w/w) was a kind gift

from Takemoto Oil and Fat Co., Ltd. (Gamagori Aichi,

Japan). Fatty acid peaks were identified by comparison

with the standard mixture GLC-68 A (Nu-check Prep, Inc,

Elysian, MO). All solvents and other chemicals used for

analysis were purchased from Merck and were used with-

out further purification. All reagents and other chemicals

for total CYP and EROD analysis were purchased from the

Sigma Chemical Co. (St. Louis, MO).

Animals and Diets

Rainbow trout (Oncorhynchus mykiss) were fed four dif-

ferent experimental diets. Prior to the study the fish were fed

a commercial feed (Nutra Parr, Skretting AB, Västra

990 Lipids (2008) 43:989–997
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Frölunda, Sweden). Experimental diets were prepared

according to the method of Sanchez-Vazquez et al. [20] and

contained casein (18.6%), calcium sulphate (4%), gelatine

(3.1%), defatted fish meal (TripleNine, Esbjerg, Denmark)

(21.8%), dextrin (9.8%), vegetable oil (21.8%), vitamin and

mineral mixture (0.3%), starch (15%) and sodium alginate

(4%). An equi-mixture of (?)-sesamin and (-)-episesamin

was added at 0.58 g 100 g-1 feed, in this paper we will refer

to this equi-mixture as sesamin. The level of added sesamin

was decided from the natural concentration of lignan in

sesame oil, i.e. up to 2.5%. In a diet containing 20% sesame

oil, this corresponds to 0.58 g 100 g-1 feed. The four

experimental diets used were: (1) mixed oil (linseed

oil:sunflower oil, 6:4, by vol) (MO), (2) MO with sesamin

addition (MO ? S), (3) linseed oil (LO), and (4) LO with

sesamin addition (LO ? S). The fatty acid compositions of

the experimental diets are shown in Table 1. Eight juvenile

rainbow trout in each group (initial weight 34 g) were kept

in tanks with a water temperature of 10 �C and fed ad libi-

tum for 35 days. This number of fish was used as replicates

to study the physiological response of pure sesamin in fish

diet, as sesamin has been shown to have individual physi-

ological response in rats (see above). At harvest (average

fish weight 53 g), tissues from all fish were dissected, frozen

in liquid nitrogen and stored at -80 �C until analyzed.

Lipid Analysis

Tissues and diets were extracted following the method of

Hara and Radin [21]. Total lipids of tissues were separated

into phospholipids and triacylglycerols according to Pick-

ova et al. [22]. Total lipids in the diets, and the

phospholipids and triacylglycerols of tissues were meth-

ylated following the procedure of Appelqvist [23] and the

fatty acids were analyzed with a gas chromatograph

CP3800 (Varian AB, Stockholm, Sweden) equipped with

flame ionisation detector (FID) and split injector and fitted

with a fused silica capillary column BPX 70 (SGE, Austin,

Tex.), length 50 m. id. 0.22 mm, 0.25 lm film thickness.

The column temperature was programmed to start at

158 �C held 5 min and then increased by 2 �C/min up to

220 �C where it remained for 8 min. The carrier gas was

helium (0.8 ml/min) and the make up gas was nitrogen.

The injector and detector temperatures were 230 and

250 �C respectively. Fatty acids were identified by com-

parison with the standard fatty acid mixture GLC-68 and

retention times. Peak areas were integrated using Star

chromatography workstation software version 5.5 (Varian

AB, Stockholm, Sweden). For each group six samples were

analyzed in duplicate.

Sesamin and Episesamin Analyses

For the analysis of sesamin and episesamin, the lipid

extracts of tissues and feed were dissolved in hexane and

analysed with high performance liquid chromatography

(HPLC) [15]. The mobile phase used was hexane/1,4-

dioxane (94:4, by vol). The HPLC system was equipped

with a Bischoff HPLC pump (Bischoff Analysentechnik

und Geräte GmbH, Leonberg, Germany), and an Agilent

1100 series fluorescence detector (Agilent Technologies,

Waldbronn, Germany). The HPLC column was Alltech SI

5U silica column (4.6 9 250 mm; Alltech Associates Inc.,

Deerfield, IL). The fluorescence detector was operated at

an excitation wavelength of 296 nm and an emission

wavelength of 324 nm. Identification and quantification

was achieved by comparison to external standards. For

each group six samples were analyzed in duplicate.

Total Content of CYP and EROD Activity in Liver

For the analysis of total CYP content and EROD activity,

only a few samples were available and therefore we choose

to only compare the physiological response of sesamin

regardless if the oil was MO or LO. For the total CYP

analysis, samples also had to be pooled due to technical

reasons in the analytical steps (insufficient amount of

microsome suspension). For the CYP analysis, three sam-

ples from the control group and two from the sesamin

group were analyzed. For the EROD analysis six samples

from the control group and four from the sesamin group

were analyzed.

The liver tissue was homogenized in ice-cold homoge-

nization buffer (0.25 M sucrose and 0.1 mM EDTA in

0.01 M TRIS buffer, pH 7.4) using a Potter-Elvehjem

homogeniser. The homogenate was centrifuged for 15 min

at 10,000g (4 �C) and the resulting supernatant was spun

down for 1 h at 105,000g (4 �C). The microsomal pellets

were resuspended in the homogenization buffer and stored

Table 1 The lipid content and relative fatty acid composition (%) in

the experimental diets

MO MO ? S LO LO ? S

Lipid content 16.3 16.7 17.4 19.8

SAFA 10.4 10.6 10.0 10.1

MUFA 21.7 21.5 17.6 17.6

18:2n-6 33.2 31.9 15.0 14.7

18:3n-3 31.7 32.4 53.4 52.5

20:5n-3 0.2 0.2 0.2 0.3

22:6n-3 0.4 0.5 0.4 0.5

n-3 PUFA/n-6 PUFA 1.0 1.0 3.6 3.6

SAFA saturated fatty acids (14:0, 16:0, 18:0, 20:0, 22:0, 24:0); MUFA
monounsaturated fatty acids (16:1, 18:1n-9, 18:1n-7, 20:1, 22:1,

24:1); PUFA polyunsaturated fatty acids; MO mixed oil; MO ? S
mixed oil ? sesamin; LO linseed oil; LO ? S linseed oil ? sesamin
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at -80 �C until used. The total CYP content was deter-

mined spectrophotometrically by the Co- and dithionite

difference method (Shimanzu UV-1601PC, Columbia,

USA) according to Omura and Sato [24].

Hepatic EROD activity was determined according to a

modified method by Jönsson et al. [17]. Standard solutions

of resorufin (0–50 lM) and protein (BSA; 1 mg BSA ml-1)

were prepared in HEPES-Cortland (HC) buffer pH 8. The

HC buffer was prepared by dissolving 0.38 g KCl, 7.74 g

NaCl, 0.23 g MgSO4�7H2O, 0.23 g CaCl2�2H2O, 0.41 g

NaH2PO4�H2O, 1.43 g HEPES, and 1 g glucose in 1 l of

distilled water. Microsome suspensions were further diluted

in the same buffer (1:5 and 1:10). Aliquots of the microsome

suspensions (50 ll) and of the standard solutions (40 ll of

resorufin and 10 ll of BSA) were added in duplicate wells in

96-well plate. A 160 ll aliquot of 7-ethoxyresorufin

(12.7 lM) and NADPH (2.1 mM) in HC buffer was rapidly

added to all wells. The plate was then immediately placed in

a microplate reader (Wallac 1420 VICTOR2, Turku, Fin-

land) and the resorufin fluorescence was monitored for

10 min by repeated measurements at 544 nm (ex) and

590 nm (em). EROD activity was calculated and expressed

as pmol of resorufin formed per mg protein per minute. The

protein contents of the microsomes were assayed by the

method of Smith et al. [25], adapted for microplate readers.

RNA Analysis

Total RNA was purified from three livers from each group

and analyzed in duplicate, using Trizol� (invitrogene),

followed by DNase treatment (TURBO DNA-free, Ambi-

on). All protocols were according to the manufacture’s

instructions. RNA quality and quantity were determined

Spectrophotometrically (A260/280) by using NanoDrop�

(ND-1000 Spectrophotometer, NanoDrop Technologies,

Wilmington, DE). Samples were stored in RNase-free

water at -80 �C.

The cDNA was synthesized following a modified pro-

tocol from the Taq Man Reverse Transcription Reagents kit

(Applied Biosystems). The Oligo d(T)16 primers were

used. The reaction was performed by incubating the sam-

ples at 25 �C for 10 min, 48 �C for 6 min, 95 �C for

50 min and was terminated by reducing the temperature to

10 �C. Primers for Real-Time PCR analysis (Table 2) were

designed using the Primer Express� software based on

available salmon sequences in the GenBank� and pur-

chased from Invitrogene (CA, USA). Real-Time PCR was

performed in a Prism� 7000 system by using gene-specific

primers. A 29 SYBR� Green PCR Mastermix (ABI) was

used in the PCR reaction mix of 25 ll with 1 ll primers

(final concentration of 0.5 lM), and 5 ll cDNA. All

samples were analyzed in duplicate with a non-template

control on each plate. The reference gene used was elon-

gation factor 1a (EF1A). The reaction was preformed by

incubating the samples at 50 �C for 2 min, 95 �C 10 min

and 50 cycles of 95 �C for 10 s and 60 �C for 15 s. Stan-

dard curves were made for each primer pair and

efficiencies (E) were calculated E = 10(-1/slope) .

Data Analysis

Fatty acids, and sesamin and episesamin data are presented

as mean values ± standard deviation (SD). The General

Linear Model (GLM) of SAS (SAS Institute Inc., Cary,

NC, version 8.2) was used to compare the physiological

responses of the different diets. The model included the

fixed effect of treatment and random effect of individual.

Relative expression of the different genes, in relation to

housekeeping genes were determined using the Relative

Expression Software Tool (REST-384�-version 1).

Results

Growth Measures

No mortality occurred during the experiment. There was no

difference in starting weight, final weight or daily growth

coefficient (DGC) among the four fish groups (Table 3). The

DGC were calculated as: DGC = 100 9 (W2
1/3 – W1

1/3)

D-1 with W2 being final weight, W1 the starting weight and

D the number of days [26]. The fat contents of the muscle

tissues and liver were also similar among treatments

(Table 3).

Fatty Acid Composition

Some of the white muscle fatty acids were significantly

affected by the presence of sesamin in the feed (Table 4).

The presence of sesamin in the feed increased the

Table 2 Primers for quantitative real-time PCR analysis

Target gene Forward promer (50–30) Reverse primer (50–30) Primer efficiency GenBank Acc. no.

EF1A CACCACCGGCCATCTGATCTACAA TCAGCAGCCTCCTTCTCGAACTTC 1.97 AF321836

PPARa TCCTGGTGGCCTACGGATC CGTTGAATTTCATGGCGAACT 1.99 DQ294237

PPARb GAGACGGTCAGGGAGCTCAC CCAGCAACCCGTCCTTGTT 2.07 AJ416953

PPARc CATTGTCAGCCTGTCCAGAC ATGTGACATTCCCACAAGCA 2.04 AJ416951
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proportion of DHA (P = 0.02) in the MO ? S group and

decreased that of 18:3n-3 (P = 0.05) in the LO ? S group

(Fig. 1; Table 4) with a tendency to increase the desatu-

ration index (n-3 HUFA/18:3n-3) (P = 0.06) in MO ? S

group (Table 4). Sesamin addition also decreased the

proportion of 18:2n-6 in the MO ? S group (P \ 0.01).

The total percentage of polyunsaturated fatty acids (PUFA)

was significantly decreased in triacylglycerols of MO ? S

group. The content of DHA was significantly increased

(P \ 0.02) in phospholipid fraction in both MO ? S and

LO ? S group. The proportions of EPA (P = 0.04) and

total n-3 fatty acids (P \ 0.01) were significantly increased

and that of 18:3n-3 (P = 0.02) decreased in the LO ? S

group phospholipid fraction. The fatty acid composition of

the liver and red muscle was not significantly altered by the

addition of sesamin in the diet (data not shown).

Sesamin and Episesamin

The mixture of sesamin fed to fish was found in white and

red muscle and liver with the episesamin levels being

higher than the sesamin levels (Table 5). A significantly

higher level of sesamin and episesamin in red muscle

(P = 0.04) and of sesamin in liver (P = 0.05) was found in

the in the LO ? S fed group compared to the MO ? S

group. The sesamin/episesamin ratio did not differ between

the oils within the tissues, but the ratio was significantly

Table 3 Initial, final weight (g) and daily growth coefficient (DGC)

of the fish and lipid content (%) in white and red muscles and livers of

fish fed diets based on different vegetable oils, mean values ± SD

(n = 8 for weight and DGC, n = 6 for lipid content)

MO MO ? S LO LO ? S

Initial

weight

31.7 ± 10.2 36.6 ± 9.07 30.4 ± 8.18 32.9 ± 6.35

Final weight 50.0 ± 12.5 57.6 ± 12.2 51.6 ± 16. 2 53.9 ± 13.5

DGC 1.55 ± 0.28 1.55 ± 0.42 1.69 ± 0.74 1.60 ± 0.47

Lipid content (%)

White

muscle

2.0 ± 0.5 2.0 ± 0.3 2.8 ± 0.7 2.1 ± 0.5

Red muscle 10.5 ± 2.2 13.3 ± 1.7 13.7 ± 4.6 13.7 ± 2.5

Liver 4.2 ± 0.3 4.4 ± 0.9 3.8 ± 0.4 4.6 ± 0.6

For abbreviations see Table 1

Table 4 White muscle fatty acid composition (the storage lipid fraction, triacylglycerols and membrane lipid fraction, phospholipids), expressed

as percentage of total fatty acids, mean values ± SD, n = 6 in all groups

Fatty acid Triacylglycerol Phospholipids

MO MO ? S LO LO ? S MO MO ? S LO LO ? S

18:2n-6 21.8 ± 6.2a 16.0 ± 4.1b 10.4 ± 0.7c 9.8 ± 1.2c 6.2 ± 2.0a 4.8 ± 1.0b 3.2 ± 0.2c 2.8 ± 0.2c

18:3n-3 13.2 ± 4.2a 9.7 ± 3.5a 23.4 ± 3.6b 19.0 ± 4.4c 5.1 ± 1.2a 5.0 ± 1.0a 9.9 ± 1.0b 8.4 ± 0.9c

18:4n-3 3.2 ± 0.8a 2.3 ± 0.2b 3.3 ± 0.2a 3.2 ± 0.4a 1.0 ± 0.3a 0.7 ± 0.1b 1.0 ± 0.1a 0.9 ± 0.1a

20:2n-6 0.5 ± 0.1a 0.4 ± 0.1a 0.3 ± 0.0b 0.3 ± 0.0b 0.5 ± 0.2a 0.4 ± 0.1ac 0.3 ± 0.0bc 0.2 ± 0.1b

20:3n-6 0.4 ± 0.1a 0.3 ± 0.1b 0.2 ± 0.0c 0.2 ± 0.0c 0.6 ± 0.3a 0.5 ± 0.1b 0.3 ± 0.0c 0.2 ± 0.0c

20:4n-6 0.3 ± 0.1 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 1.0 ± 0.3a 0.8 ± 0.1b 0.6 ± 0.0c 0.7 ± 0.1bc

20:3n-3 0.3 ± 0.1ac 0.3 ± 0.1a 0.6 ± 0.1b 0.4 ± 0.1bc 0.4 ± 0.1a 0.4 ± 0.2a 0.8 ± 0.1b 0.6 ± 0.1c

20:4n-3 2.8 ± 1.9ab 4.3 ± 1.2c 3.1 ± 0.4bc 4.0 ± 0.8bc 1.3 ± 0.3a 1.4 ± 0.2a 1.8 ± 0.1b 1.7 ± 0.2b

20:5n-3 2.2 ± 0.9ab 2.8 ± 0.5a 2.4 ± 0.4bc 2.8 ± 0.4c 5.5 ± 0.5ab 5.1 ± 0.4a 5.2 ± 0.2a 5.6 ± 0.4b

22:5n-3 0.7 ± 0.3 0.9 ± 0.3 0.7 ± 0.1 0.9 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.3 ± 0.1

22:6n-3 5.7 ± 2.4a 7.8 ± 1.6b 6.2 ± 0.7ab 7.5 ± 1.0b 40.9 ± 3.3a 43.9 ± 0.7b 38.6 ± 2.6a 43.7 ± 1.7b

SAFA* 15.8 ± 2.0a 19.2 ± 1.9b 17.2 ± 1.3ab 18.0 ± 1.8b 26.3 ± 1.6ac 27.1 ± 3.8ac 27.1 ± 2.7ac 24.9 ± 0.7a

MUFA** 28.4 ± 2.8ab 29.9 ± 2.0a 26.3 ± 1.2b 27.4 ± 1.8b 8.5 ± 0.8c 7.6 ± 0.6ab 8.1 ± 0.3bc 7.3 ± 0.6a

PUFA 50.9 ± 5.8a 45.1 ± 4.6b 50.7 ± 2.7a 48.4 ± 3.8ab 63.7 ± 1.5ac 64.0 ± 2.9ac 62.7 ± 3.0c 66.2 ± 1.1b

n-3 28.0 ± 0.9a 28.1 ± 1.2a 39.6 ± 2.1b 37.9 ± 2.7b 55.4 ± 1.4b 57.5 ± 1.7ab 58.4 ± 2.8a 62.2 ± 1.2c

n-6 22.9 ± 6.2a 17.0 ± 4.2b 11.1 ± 0.7c 10.5 ± 1.2c 8.3 ± 2.7a 6.5 ± 1.2b 4.3 ± 0.3c 4.0 ± 0.3c

n-3/n-6 1.3 ± 0.4a 1.7 ± 0.4b 3.58 ± 0.0c 3.62 ± 0.2c 7.2 ± 2.3a 9.0 ± 1. 6b 13.2 ± 0.7c 15.4 ± 1.3d

n-3 HUFA/18:3n-3 1.3 ± 0.7ab 2.2 ± 11.2a 0.7 ± 0.2b 1.1 ± 0.5b 10.4 ± 3.0a 10.9 ± 2.2a 5.0 ± 0.6b 6.5 ± 0.8b

n-6 HUFA/18:2n-6 0.06 ± 0.0a 0.06 ± 0.01ab 0.06 ± 0.01ab 0.07 ± 0.02b 0.34 ± 0.03a 0.3 ± 0.03a 0.36 ± 0.03b 0.40 ± 0.03b

HUFA highlyunsaturated fatty acids (18:4n-3, 20:2n-6, 20:3n-6, 20:4n-6, 20:3n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3), for others see Table 1
a-d Mean values across the row and lipid class not sharing a common superscript were significantly different as determined by P \ 0.05

* SAFA includes 14:0, 16:0, 18:0, 20:0, 22:0, 24:0

** MUFA includes 16:1, 18:1n-9, 18:1n-7, 20:1, 22:1, 24:1
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higher in liver compared to red muscle (P \ 0.01) and in

white muscle compared to red muscle (P = 0.03).

Gene Expression

The expression of PPARa was significantly down regulated

in liver of fish fed MO ? S diet (Fig. 2). In fish fed

LO ? S diet, PPARa was also reduced, albeit not

significantly. Expression of PPARb and PPARc was not

significantly affected by the inclusion of sesamin (Fig. 2).

Total Content of CYP and EROD Activity

The total amount of cytochrome P450 (CYP) was signifi-

cantly higher (P \ 0.01) in the experimental group MO ? S

(0.117 nmol mg-1 protein) when compared with mean level

of CYP in the experimental group MO (0.086 nmol mg-1

protein) (Fig. 3). Further, hepatic EROD activity was also

higher (P \ 0.01) in MO ? S experimental group

(535.8 pmol mg-1 protein min-1), when compared with

experimental group MO (535.8 pmol mg-1 protein min-1).

Total CYP content and EROD activity were increased by the

factors 1.4 and 8 in sesamin fed fish, respectively (Fig. 3).

Discussion

This study aimed to investigate the physiological effects of

sesamin on fatty acid composition in rainbow trout fed

vegetable oils. We were interested to study the effects of

sesamin in diets containing different n-6/n-3 fatty acid ratio

and different amount of 18:3n-3 substrate for elongation

Table 5 Contents of sesamin and episesamin in tissue lipids

(mg/100 g lipid) and the ratio of sesamin/episesamin

Diet Sesamin Episesamin Sesamin/episesamin

White muscle

MO – – –

MO ? S 19.5 ± 3.3 26.9 ± 5.4 0.73 ± 0.05a

LO – – –

LO ? S 24.1 ± 8.2 34.1 ± 12.0 0.71 ± 0.02a

Red muscle

MO – – –

MO ? S 19.5 ± 3.3a 28.3 ± 5.4a 0.69 ± 0.02b

LO – – –

LO ? S 24.3 ± 3.2b 35.5 ± 5.1b 0.69 ± 0.01b

Liver

MO – – –

MO ? S 17.0 ± 5.3a 25.1 ± 6.5 0.75 ± 0.05a

LO – – –

LO ? S 23.5 ± 3.3b 32.2 ± 4.3 0.73 ± 0.04a

For abbreviations see Table 1
a,b Mean values across the column and tissue not sharing a common

superscript were significantly different as determined by P \ 0.05,

n = 6 in all groups

Fig. 1 Changes of a-linolenic acid (18:3n-3) and docosahexaenoic

acid (22:6n-3) in white muscle triacylgycerols after addition of

sesamin in the mixed oil and linseed oil diet respectively (zero line
represents sesamin free diet). For the significance of the effect see

Table 5

Fig. 2 Relative expression of PPARs in liver of mix oil based diets

(a) and of linseed based oil diets (b). Asterisk denotes significant

difference from vegetable oil diet without sesamin (P \ 0.05), n = 3.

PPARa, b, c peroxisome proliferator-activated receptor alpha, beta,

gamma
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and desaturation. Therefore, we used linseed oil diet (LO)

with the n-3/n-6 fatty acid ratio 3.6 and a mixed linseed oil/

sunflower oil diet (MO) with the n-3/n-6 fatty acid ratio

1.0. In general, sesamin had the greatest physiological

effect when it was fed in combination with the MO diet,

having the higher n-6/n-3 ratio of these two diets. Also in

combination with the MO diet, lower levels of sesamin

were found in the tissues.

Previously, sesamin has been reported to increase the

rate of both peroximal and mitochondrial b-oxidation in

rats [2, 14]. Even if the b-oxidation rate is low in the white

muscle of fish, it is important as the white muscle con-

tributes a lager part of the total body weight [27].

Peroximal b-oxidation is involved in the shortening of

long-chain fatty acids (including synthesis of DHA from

24:6n-3) [28], in contrast to mitochondrial b-oxidation

where saturated fatty acids are preferred substrates [29].

Thus increased b-oxidation at both mitochondria and per-

oxisomes by sesamin may explain the lower proportion of

total PUFA and the increased percentage of DHA in the

white muscle triacylglycerol fraction. This is in agreement

with results from our in vitro study [30].

The increase in DHA corresponds well to decreased per-

centages of 18:3n-3 (Fig. 1; Table 4) and increased

desaturation index (n-3 HUFA/18:3n-3) (Table 4). The

addition of sesamin also significantly decreased the pro-

portion of 18:2n-6 in the MO ? S group phospholipid and

triacylglycerol fraction (Table 4). In rats, it has been shown

that sesamin has effects on the fatty acid composition with

especially increased proportions of n-6 fatty acids [13]. The

results from this study show more effects on the n-3 fatty

acids in fish. An important difference between fish and rat

diets is the higher lipid content and also content of 18:3n-3 in

the fish diet [13]. One could argue that the amount of sub-

strate (18:3n-3) is one of the reasons for the results obtained

in this study. Another possibility is the difference in capacity

for elongation and desaturation between species [9].

A slightly higher (non significant) percentage of DHA in

phospholipids was found in the MO-fed fish than in the

LO-fed fish, which could be due to the higher percentage of

18:3n-3 in the LO diet, in agreement with the suggestion by

Tocher et al. [31] that linseed oil results in lower amounts

of DHA than rapeseed oil. However in contradiction, in the

triacylglycerol fraction DHA is higher in the LO group

than in the MO group (non significant). In the white

muscle, approximately 75% of the lipids belong to the

triacylglycerol fraction (compared to fish of similar stage

as in [32]). The triacylglycerol fraction of the white mus-

cle, which is the fraction mostly affected in this study, is

the important fraction in terms of the fatty acid composi-

tion of fish muscle as human food. The possibility that

sesamin can be added to feeds containing vegetable oils

with eighteen carbon polyunsaturated fatty acids (e.g.

rapeseed oil and linseed oil) to improve their elongation

and desaturation in fish towards HUFA, especially DHA, is

beneficial in relation to nutrition of both fish and human. It

might increase the efficacy of alternate vegetable oil partial

Fig. 3 Total amount of CYP, n = 6 for control group and n = 4 for

sesamin group (a) and EROD activity, n = 3 for control group and

n = 2 for sesamin group (b) in liver. Asterisk denotes significant

difference from vegetable oil diet without sesamin (P \ 0.01)
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replacement to the fish oil needed in aquaculture produc-

tion. The fact that the fatty acid composition of the livers

was unchanged may be positive in terms of fish welfare.

In fish fed the mixture of sesamin/episesamin, these

lignans were found in all tissues analyzed (Table 5) in

contrast to rats [33] and humans where mostly the catecol

metabolites are found [15]. The ratio sesamin/episesamin

was similar in the fish tissues but was lower than in the

feed. This finding is in agreement with a study in rats,

showing twice as high level of episesamin than sesamin,

even though the sesamin/episesamin ratio was one in the

diet [34]. This could be caused by different absorption or

by different rate of catabolism between the two isomers.

The higher sesamin/episesamin ratio in the liver and white

muscle compared to red muscle could indicate that sesamin

is metabolized and deposited at different rates in the tis-

sues, assuming that the tissues were exposed to the same

ratio of sesamin/episesamin. To our knowledge, there are

no studies on how fish metabolize sesamin and related

compounds. The in vivo administrations of sesamin like

compounds (methylenedioxyphenyl compounds) to rats

and mammals exhibits a biphasic effect on CYP and

microsomal oxidation activity that consist of a transient

inhibitory phase and a subsequent phase of induction [16].

The level of total CYP and the EROD activity elevation in

MO ? S fish, indicates induction of cytochrome system in

sesamin exposed fish. This indicates that sesamin in fish is

recognized as a xenobiotic compound, however the pooled

samples and the low power of statistics make it difficult to

make any clear conclusions. No other toxic responses by

the fish were recognized. In contrast, in vitro studies in

humans show that sesamin inhibits cytochromes P450 [35].

Many studies in rats have shown effects of sesamin on

the target genes or enzymes regulated by PPARs [2, 3]. In

this study we demonstrate a relative down regulation of

PPARa in liver of the MO ? S group (P = 0.04) and a non

significant down regulation in the LO ? S group. This

effect on gene expression indicates a different response in

fish compared to rats. In rats, it has been shown that ses-

amin stimulates up regulation of genes involved in

b-oxidation and metabolism of xenobiotic substances [36].

Similar to sesamin, expression of PPARa has been reported

to be down regulated in salmon fed 3-thia fatty acids [37],

compounds that have also been associated with up regu-

lation of PPARs in mammals [38, 39]. The effects of

sesamin on gene expression are further investigated in an in

vitro study on Atlantic salmon hepatocytes [30].

Conclusion

The addition of sesamin/episesamin to vegetable oil-based

diets increased the amount of DHA in the muscle of

rainbow trout. Both sesamin and episesamin were found

in the analyzed muscle and liver and were present at

higher levels in fish fed linseed oil than the mixed oil.

The addition of sesamin to the diet of fish fed vegetable

oils may enhance the nutritional value of the fish muscle,

in particular the fatty acid quality. Studies in large scale,

with market-sized fish and sesamin of feed grade would

be interesting to do in order to evaluate the commercial

use of sesamin in aquaculture production. Dose-response

studies in larger scale are needed in order to achieve

information of the economical viability of sesamin in

aquaculture feeds. Sesamin could play an important role

in enhancing the fatty acid quality in fish fed vegetable

oils to complement the limited amounts of fish raw

materials.
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TAG Triacylglycerols

TLC Thin-layer chromatography

VLDL Very low-density lipoprotein

D5 D5 Desaturase

D6 D6 Desaturase

Introduction

Due to a shortage of fish oil and an expected increase in

aquaculture production, research is focussing on replace-

ment of aqua feeds with increasing amounts of vegetable

oils [1, 2]. It is well known that substitution of fish oil with

vegetable oils decreases the content of n-3 long chain

polyunsaturated fatty acids (LCPUFA) in the fish tissues

[3]. In terms of the consumer’s health, it would be bene-

ficial to maintain as high as possible amounts of n-3

LCPUFA in fish muscle [4]. In a previous study from our

group, we have shown that sesamin in vegetable oil based

fish feed increased the percentage of DHA in the white

muscle of rainbow trout (Oncorhynchus mykiss). This

result indicates that vegetable-based ingredients may have

beneficial effects in preserving the healthy fatty acid profile

of fish muscle [5].

Sesamin is the main lignan in sesame seed and has been

associated with several effects on lipid metabolism in

mammals [6]. Although very little is known for fish, ses-

amin was shown to increase b-oxidation [7, 8] and affect

elongation and desaturation of fatty acids in rats [9]. Ses-

amin was also shown to lower serum levels of

triacylglycerols (TAG) and cholesterol in rats and humans

[7, 10, 11]. A wide range of enzymes involved in the

desaturation and b-oxidation of fatty acids are affected by

sesamin, both at activity and mRNA levels (e.g., acyl-CoA

oxidase and carnitin palmitoyl transferase) [6, 7, 10]. Many

of these effects are presumed to be caused through the

activation of peroxisome proliferator-activated receptors

(PPARs) and inhibition of sterol regulatory element-bind-

ing protein-1 (SREBP-1) [8, 12].

In this study, we aimed to investigate the metabolic effects

of sesamin on b-oxidation, elongation, desaturation, fatty

acid profile and the expression of some lipid-related genes in

hepatocytes isolated from Atlantic salmon (Salmo salar L.).

Materials and Methods

Chemicals and Reagents

The radiolabelled fatty acid [1-14C] 18:3n-3 (specific

radioactivity 50 mCi/mmol) was obtained from American

Radiolabeled Chemicals (St. Louis, MO, USA). The non-

labelled 18:3n-3, essential fatty acid free bovine serum

albumin (BSA), fetal bovine serum (FBS), Leibovitz-15 (L-

15), 20,70-dichlorfluorescein, 20,70- dichlorfluorescein and

collagenase, Phosphate buffer saline (PBS), phenylethyl-

amine and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES), ethylenediaminetetraacetic acid (EDTA),

sodium bicarbonate solution, L-glutamine, were obtained

from Sigma Chemical Co. (St. Louis, MO, USA) and

metacain MS-222 from Norsk Medisinaldepot (Norway).

Sesamin (sesamin/episesamin mixture, 1:1, w/w) was a kind

gift from Takemoto Oil and Fat Co., Ltd. (Gamagori Aichi,

Japan). Fatty acid peaks were identified by comparison with

the standard mixture GLC-68 A (Nu-check Prep, Inc, Ely-

sian, Minnesota, USA). Ammonium dihydrogenphosphate,

perchloric acid (HCIO4), thin-layer chromatography (TLC)-

plates, all solvents and other chemicals for fatty acid and

sesamin analysis were purchase from Merck (Darmstadt,

Germany).

General Description

Hepatocytes isolated from Atlantic salmon were incubated

with radiolabelled and non-radiolabelled a-linolenic acid

(18:3n-3) in the presence and absence of sesamin. For the

experiment with non-radiolabelled fatty acid fatty acid

composition and expression of some lipid related genes

were measured. The radiolabelled 18:3n-3 was used to

measure changes in fatty acid metabolism, desaturation and

b-oxidation. The details of the different methodological

and analytical steps are described below.

Isolation of Hepatocytes

Atlantic salmon of approximately 800 g (NIVAs Research

Station, Drøbak, Norway) were kept in seawater at 10 �C and

fed on a commercial diet prior to isolation of hepatocytes.

Hepatocytes were isolated from three fish at three different

time points and used for three experiments: (1) Effects of

sesamin (0.05 mM) on fatty acid b-oxidation, elongation,

desaturation and fatty acid profile, (2) dose response study (0,

0.005, 0.05, 0.075 and 0.11 mM sesamin final concentration

in the medium) on the effect on gene expression, (3) time

course study over a 72 h time period and the effect of gene

expression. The livers were perfused following the two-step

collagenase procedure developed by Seglen [13] and modi-

fied by Dannevig and Berg [14] and conducted as per Kjær

et al. [15]. At each time point, the hepatocytes were pooled

from three livers and incubated as described below.

Incubation of Hepatocytes with Linolenic Acid 18:3n-3

The isolated hepatocytes were incubated with 35 nmol,

2.5 lCi of [1-14C] 18:3n-3 as well as non radiolabelled
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18:3n-3, final fatty acid concentration of 7 lM, in 5 ml of

L-15 culture medium without FBS. The radiolabelled fatty

acid was added to the medium as potassium salt bound to

BSA. To each experimental flask (four radiolabelled and

seven with non-radiolabelled 18:3n-3), dimethyl sulfoxide

(7.4 ll/5 ml) without or with sesamin (final concentration

0.05 mM) was added and to control and treatment flasks

(each four radiolabelled and seven with non-radiolabelled

18:3n-3) and in other two flasks sesamin but no fatty acid

was added. The cells were incubated at 12 �C for 48 h.

The radiolabelled experiment flasks with and without

sesamin (four each) were washed and harvested in PBS for

further analysis of b-oxidation, radiolabelled lipid classes

and radiolabelled cellular fatty acids. The cells in the two

flasks with no fatty acid substrate added were denaturated

after the incubation and thereafter added radiolabelled

substrate in order to be used as a negative control for the

acid soluble products (ASP) measurements and high

pressure liquid chromatography analyses. In the non-

labelled study, control and sesamin flask (four each) were

washed in PBS prior to isolation of mRNA according to

the protocol RNeasy� Mini Kit for gene expression anal-

ysis and three flasks of each control and sesamin were

washed and harvested in PSB for fatty acid and sesamin

analysis.

Incubation of Hepatocytes for Dose Response and Time

Course Study

The cells for the dose response study were washed in PBS

24 h after seeding and incubated in L-15 culture medium

with 10% FBS (the fatty acid composition of L-15 ? FBS

was: 14:0 = 8.4%; 14:1 = 0.6%; 15:0 = 2.3%;

16:0 = 31.7%; 16:1 = 4,1%; 18:0 = 31.7%; 18:1 n-

9 = 14.9%; 18:1n-7 = 2.7%; 18:2n-6 = 3.7%; 18:3n-

3 = 1.0%; 20:3 n-6 = 0.8%; 20:4n-6 = 2.4%; 20:5n-

3 = 0.5%; 22:5n-3 = 0.9%; 22:6n-3 = 1.2%) and with

five different concentrations of sesamin. Sesamin dissolved

in dimethyl sulfoxide (7.4 ll/5 ml medium) was added at

final concentrations of 0.005 mM, 0.05 mM, 0.075 mM

and 0.11 mM to duplicate flasks of cells in a regression

design and incubated for 42 h at 12 �C. For the time course

study, a final concentration of 0.05 mM sesamin in culture

medium was added to the hepatocytes in duplicate flasks.

The cells were incubated for 0, 18, 24, 42, 48, 66 and 72 h.

As a control in both the dose response study and the time

course study, dimethyl sulfoxide (7.4 ll/5 ml medium) was

added to the cells without sesamin. After incubation, the

cells were washed in PBS prior to isolation of mRNA

according to the protocol RNeasy� Mini Kit for gene

expression analysis.

Analysis of Lipids in Cells and Medium

Lipids from cells and medium incubated with [1-14C]

18:3n-3 were extracted according to Folch et al. [16] and

the fatty acid composition of the cells was determined by

reversed phase high pressure liquid chromatography as

described by Narce et al. [17]. The mobile phase was

acetonitrile:water (85:15 v/v) at a flow rate of 1 ml/min and

a temperature of 30 �C. The column used was a symmetry

3.5 lm C18 column and the fatty acids were detected with a

radioactive detector A-100 (Radiomatic Instrument &

Chemicals, Tampa, FL, USA). The fatty acids were iden-

tified by comparison of their retention times with those of

external standards. The lipids extracted from the medium

were separated on TLC-plates into various classes using a

mixture of petroleum ether, diethyl ether and acetic acid

(113:20:2 v/v/v). The separated lipid classes, phospholipids

(PL), monoglycerides (MG) free fatty acids (FFA) and

triacylglycerols (TAG) were visualised by spraying with

0.2% 20,70-dichlorofluorescein in methanol and identified

by comparison to standards under UV-light. The lipid

classes were scraped off and dissolved in scintillation fluid

for scintillation counting (TRI-CARB 1900 TR, Packard

Instruments). The esterified fatty acids, PL, MG and TAG

fractions within the media will be denoted as secreted fatty

acids.

Lipids from the non-radioactive cells and the medium

used for the dose response and the time course studies were

extracted by using hexane:isopropanol (3:2 v/v) [18]. Total

lipids were converted to fatty acid methyl esters by using

20% boron trifluoride–methanol complex according to

Appelqvist [19] and analysed with Gas Chromatograph

CP3800 (Varian AB, Stockholm, Sweden) according to

Fredriksson et al. [20].

Measurements of b-Oxidation

The capacity of b-oxidation was measured by determina-

tion of the 14C-containing oxidation products, ASP and

CO2 as described by Christiansen et al. [21]. 14C-CO2

produced during the incubation of the cells was measured

by transferring 1.5 ml of the medium to glass vials sealed

with a rubber stop and a central well containing a Whatman

filter paper with 0.3 ml phenylethylamine/methanol (1:1 v/

v). The medium were acidified with 0.3 ml 1 M HClO4 and
14C-CO2 was trapped for 1 h. Then the filter papers were

placed in vials and dissolved in 8 ml of scintillation fluid

for scintillation counting (Radiomatic Instrument &

Chemicals, Tampa, FL, USA). The amount of 14C-ASP

was determined by adding 0.5 ml ice cold 2 M HCIO4 to

the incubation medium and incubated at 4 �C for 1 h, then
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the samples were centrifuged at 17,9509g for 10 min at

10 �C and 200 ll of the supernatant was collected for

scintillation counting (Radiomatic Instrument & Chemi-

cals, Tampa, FL, USA). The remaining supernatant was

neutralised with NaOH and the different ASPs were

detected by using high pressure liquid chromatography

equipped with a ChromSep Inertsil C8-3 column

(250 9 4.6 mm stainless steel), an UV-detector at 210 nm

and radioactive detector A-100 (Radiomatic Instrument &

Chemicals, Tampa, FL, USA) coupled to the UV detector.

The mobile phase was 0.1 M ammonium dihydrogen-

phosphate adjusted with phosphoric acid to pH 2.5, the

flow rate was 1 ml/min. The components were identified by

comparison to external standards and retention times.

Protein Determination and Acyl-CoA Oxidase (ACO)

Activity

The protein content of the cells was determined by using the

total protein kit (Micro Lowry/Peterson’s modification) [22,

23] and measured at 540 nm in a 96 well plate reader Titertek,

Multiscan (Labsystem, Finland). The ACO activity was

determined according to Small et al. [24]. The oxidation of 2,7

dichlorofluorescein (LDCF) was measured with a GBC UV/

VIS 98 spectrophotometer (502 nm; GBC Scientific equip-

ment, PTY, LTD, Melborne, Victoria, Australia) during

3 min. The assay mixture contained 10 ll LDCF, 50 ll per-

oxidase type II in 0.1 M Tris, 10 ll BSA (60 mg/ml), 10 ll

FAD, 0.15 mg protein and H2O up to 1 ml. The reaction was

started with 10 ll PalmCoA (6 mg/ml 0.1 M TRIS).

Total RNA Extraction, cDNA Synthesis and Real Time

PCR

Total RNA was isolated from the cells using the RNeasy�

Mini Kit with on-column Rnase free DNase set (Qiagen,

MD, USA). All protocols were according to the manufac-

ture’s instructions. Purity and density were measured by

optical density (NanoDrop� ND-1000 Spectrophotometer,

NanoDrop Technologies, Wilmington, Delaware, USA)

and samples were stored in RNase-free water (Eppendorf,

Hamburg, Germany) at -70 �C.

The cDNA was synthesised following a modified pro-

tocol from the Taq Man Reverse Transcription Reagents kit

(Applied Biosystems). The Oligo d(T)16 primers were

used. The reaction was performed by incubating the sam-

ples at 25 �C for 10 min, 48 �C for 6 min, 95 �C for

50 min and was terminated by reducing temperature to

10 �C.

Primers for Real-Time PCR analysis (Table 1) were

designed based on available salmon sequences in the

GenBank� using the Primer Express� software and ordered

from Invitrogene (CA, USA). Real-Time PCR for the dose

response study was performed in a Prism� 7000 system

with gene-specific primers for scavenger receptor type B

(SRB-I), PPARa, b, c and cluster of differentiation 36

(cd36) (Table 1). A 29 SYBR� Green PCR Mastermix

(ABI) was used in the PCR reaction mix of 25 ll with 1 ll

primers (final concentration of 0.5 lM), and 5 ll cDNA.

All samples were analyzed in duplicate with non-template

control on each plate. Elongation factor 1a (EF1A) and

RNA polymerase II polypeptide (RPL2) were used as

reference genes. The reaction was performed by incubating

the samples at 50 �C for 2 min, 95 �C 10 min and 50

cycles of 95 �C for 10 s and 60 �C for 15 s. Standard

curves were made for each primer pair and primer effi-

ciency (E) calculated [E = 10(-1/slope)]. The Real-Time

PCR for the time study and the cells incubated with non

radiolabelled 18:3n-3 was performed in a LightCycler�

480 system using SYBR� Green PCR Mastermix (Roche,

Oslo, Norway) and gene-specific primers for SRB-I, D5

desaturase, D6 desaturase, PPARa, b, c, cd36, acyl-CoA

Table 1 Sequence of primers

Primer Forward primer (50–30) Reverse primer (50–30) GenBank Acc. no. Efficiency

RPL2 TAACGCCTGCCTCTTCACGTTGA ATGAGGGACCTTGTAGCCAGCAA CA049789 1.95

EF1A CACCACCGGCCATCTGATCTACAA TCAGCAGCCTCCTTCTCGAACTTC AF321836 1.97

PPARa CGTTGAATTTCATGGCGAACT TCCTGGTGGCCTACGGATC DQ294237 1.90

PPARb CCAGCAACCCGTCCTTGTT GAGACGGTCAGGGAGCTCAC AJ416953 2.04

PPARc CATTGTCAGCCTGTCCAGAC ATGTGACATTCCCACAAGCA AJ292963 1.95

SRB-I AACTCAGTGAAGAGGCCAAACTTG TGCGGCGGTGATGATG DQ266043 1.79

cd36 GGATGAACTCCCTGCATGTGA TGAGGCCAAAGTACTCGTCGA AY606034 1.76

D5 GAGAGCTGGCACCGACAGAG GAGCTGCATTTTTCCCATGG AF478472 1.77

D6 AGAGCGTAGCTGACACAGCG TCCTCGGTTCTCTCTGCTCC AY458652 1.90

ACO CCTTCATTGTACCTCTCCGCA CATTTCAACCTCATCAAAGCCAA DQ364432 2.00

CPT1 GTACCAGCCCCGATGCCTTCAT TCTCTGTGCGACCCTCTCGGAA AM230810 1.90

RPL2 RNA polymerase II polypeptide, EF1A elongation factor 1a, PPAR peroxisome proliferator-activated receptor, SRB-I scavenger receptor

type B, cd 36 cluster of differentiation 36, D5 D5 desaturase, D6 D6 desaturase, ACO acyl-CoA oxidase, CPT1 carnitin palmitoyl transferase I
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oxidase (ACO) and carnitine palmitoyl transferase I

(CPT1) (Table 1). The PCR reaction mix (10 ll) consisted

of 1 ll forward and reverse primer (final concentration of

0.5 lM), 4 ll cDNA and 5 ll mastermix. All samples were

analysed in duplicate with non-template control on each

plate and for each gene. RPL2 was used as a reference

gene. The reaction was incubated at 95 �C for 5 min, 45

cycles of 95 �C for 10 s, 60 �C for 15 s and 72 �C for 15 s.

Standard curves were made and the primer efficiency (E)

was calculated for each primer pair using the LightCycler�

480 software.

Statistical Analysis

Relative expressions of the different genes, in relation to

housekeeping genes, were determined using the Relative

Expression Software Tool (REST-384�-version 1). For all

other data, the student t-test in Microsoft Office Excel 2003

was used. The number of experimental replicates was three

for the non-radiolabelled experiment [except the dose

response and the time course study (n = 2)] and was four

for the radiolabelled experiment. Differences were con-

sidered as significant at P \ 0.05.

Results

Lipid Content and Fatty Acid Profiles in Hepatocytes

Incubated with 18:3n-3

The total mean lipid content of the control cells

(1.7 mg = 1.3%) was not different from that of cells

incubated with sesamin (1.4 mg = 1.0%). Table 2 shows

the fatty acid profiles of the hepatocytes incubated with

non-radiolabelled 18:3n-3 in the absence and presence of

sesamin. The addition of sesamin significantly reduced

saturated fatty acids (SAFA, P \ 0.01) and monounsatu-

rated fatty acids (MUFA, P \ 0.02) and elevated n-3

polyunsaturated fatty acids (n-3 PUFA, P \ 0.01). Espe-

cially, the proportion of DHA was significantly increased

in the sesamin-incubated hepatocytes, from 27.2 to 36.0%

(P \ 0.01) while the proportion of eicosapentaenoic acid

(20:5n-3, EPA) did not change. The desaturation index (n-3

LCPUFA/18:3n-3) was increased from 27.0 to 33.8 in the

presence of sesamin (P \ 0.05).

The proportions of radioactive fatty acids in the hepa-

tocytes incubated with 14C 18:3n-3 in the presence or

absence of sesamin are shown in Table 3. The percentage

of 14C DHA was significantly higher in the sesamin treated

group than in the control group, 20.2 versus 10.5%,

respectively (P \ 0.001). Sesamin also increased the per-

centage of 14C 18:4n-3 (P = 0.04) and the total amount of
14C LCPUFA (P = 0.01). Notably, the percentage of 14C

EPA was higher in the control than in the sesamin group,

12.3 versus 7.5%, respectively (P \ 0.01). As with the

non-labelled 18:3n-3 experiment, the desaturation index

(14C LCPUFA/18:3n-3) was significantly higher in the

sesamin group (P = 0.03).

Distribution of radioactive products from 14C 18:3n-3

substrate in cellular and secreted lipids, lipid classes and

b-oxidation products.

The total amount of 14C 18:3n-3 in cells and medium

and the distribution of radiolabelled fatty acids in cellular,

secreted lipids (i.e., all esterified lipid classes including

phospholipids (PL), monoglyceride (MG), triacylglycerol

(TAG) and free fatty acids), as well as the amount of

radiolabelled fatty acids in the b-oxidation products (ASP,

CO2 and total b-oxidation products = ASP ? CO2) are

shown in Table 4. Significantly more 14C 18:3n-3 have

been taken up into the sesamin-incubated hepatocytes than

into the control hepatocytes, 3.2 and 2.8 nmol fatty acids

mg protein-1, respectively (P \ 0.01). In contrast, the

Table 2 Fatty acid composition in total lipid fraction (% of total fatty

acids) in the hepatocytes, (n = 3 in control and sesamin group)

Control Sesamin P-value*

14:0 1.8 ± 0.41 1.3 ± 0.02 0.10

15:0 0. 5 ± 0.17 0.3 ± 0.01 0.14

16:0 21.4 ± 1.73 16.6 ± 0.84 0.01

16:1 1.3 ± 0.31 1.2 ± 0.05 0.58

18:0 4.8 ± 0.50 4.3 ± 0.28 0.20

18:1n-9 14.9 ± 0.56 12.6 ± 0.60 0.01

18:1n-7 2.1 ± 0.08 1.9 ± 0.09 0.02

18:2n-6 4.2 ± 0.28 3.9 ± 0.23 0.16

18:3n-3 1.7 ± 0.09 1.6 ± 0.12 0.28

18:4n-3 0.3 ± 0.04 0.3 ± 0.04 0.73

20:1 1.1 ± 0.06 1.0 ± 0.05 0.15

20:2n-6 0.5 ± 0.04 0.5 ± 0.03 0.54

20:3n-6 0.5 ± 0.06 0.5 ± 0.04 0.74

20:4n-6 2.3 ± 0.87 2.8 ± 0.24 0.43

22:1 1.0 ± 0.11 1.1 ± 0.14 0.68

20:5n-3 7.9 ± 0.50 7.7 ± 0.49 0.69

22:5n-3 2.6 ± 0.33 2.8 ± 0.19 0.60

22:6n-3 27.2 ± 2.43 36.0 ± 2.76 0.01

n-3 PUFA 39.6 ± 2.90 48.3 ± 1.95 0.01

n-6 PUFA 7.5 ± 0.82 7.6 ± 0.49 0.92

SAFA 28.7 ± 1.73 22.7 ± 1.12 0.01

MUFA 20.5 ± 0.87 17. 8 ± 0.87 0.02

PUFA 47.2 ± 3.11 55.9 ± 1.51 0.01

n-3 LCPUFA/18:3n-3 27.2 ± 2.74 34.1 ± 2.75 0.04

SAFA saturated fatty acids, MUFA monounsaturated fatty acids,

PUFA polyunsaturated fatty acids, n-3LCPUFA 20:5n-3 ? 22:5n-

3 ? 22:6n-3

* P-value present comparison of sesamin and control group
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amount of secreted lipids (PL ? TAG ? MG) tended to be

lower in sesamin treated cells than the control cells

(0.10 ± 0.02 and 0.20 ± 0.07, respectively, P = 0.09),

mainly the TAG content decreased in the medium

(Table 4). The addition of sesamin increased the total b-

oxidation (ASP ? CO2), (P \ 0.01) of 18:3n-3 and espe-

cially the amount of ASP increased from 0.03 ± 0.02 to

0.08 ± 0.02 (P \ 0.01). The compound increased by ses-

amin in the ASP fraction was acetate representing 53.5% of

ASP in the control group and 72.6% of ASP in the sesamin

group (P \ 0.01). Oxaloacetate and malate decreased

correspondingly (Fig. 1). No significant differences in the

enzymatic activity of acyl-CoA oxidase between the

groups were found. The acyl-CoA oxidase activity was

0.35 ± 0.08 and 0.39 ± 0.02 m unit mg protein-1 in

control and sesamin cells, respectively.

Gene Expression

In the dose response experiment the relative expression of

SRB-I, PPARa, PPARc and cd36 were significantly

(P \ 0.05) downregulated at 0.05 mM sesamin and were

downregulated at all concentrations of sesamin above

(Fig. 2). In the cells incubated with sesamin (0.05 mM)

and 18:3n-3, the expression of CTP1 was significantly

upregulated by a factor 3.8 (P \ 0.01) and expression of

PPARc was down-regulated by a factor 2.2 (P \ 0.01,

Fig. 3). In the time study, significant effects (P \ 0.05) of

sesamin (0.05 mM) on the relative expression of D6 and

D5 desaturases were found after 24 and 42 h incubation,

respectively (Fig. 4). Both D6 and D5 desaturases followed

the same pattern of relative expression.

Discussion

In this study, we demonstrated clear effects of sesamin on

fatty acid metabolism in salmon hepatocytes. An overview

of the findings from this study is presented in Fig. 5. In the

hepatocytes incubated with nonradioactive 18:3n-3 and

sesamin, the percentage of DHA (P \ 0.01) and PUFA

(P = 0.01) and the desaturation index (LCPUFA/18:3n-3)

(P = 0.04) were significantly increased, and the percentage

of 16:0 was significantly decreased (P \ 0.01). In both the

sesamin and the control cells incubated with 14C 18:3n-3,

elongation and desaturation occurred. Strikingly 18:4n-3

and DHA increased while 18:3n-3 and EPA decreased in

cells incubated with sesamin. This can be explained by the

increase in activity of D6 desaturase and b-oxidation by

sesamin leading to increased conversion of 18:3n-3 to

DHA. In addition, as the level of DHA in the liver cells has

not reached the levels found before [15], it is unlikely that

DHA would be b-oxidised to EPA.

The proportion of acetate in the acid soluble product

(ASP) fraction increased by sesamin addition (Fig. 1,

P \ 0.01). Previously, sesamin has been reported to

increase the rate of both peroxisomal and mitochondrial

b-oxidation in rats [7, 8]. In rat hepatocytes, acetate has

been defined as the main product of peroxisomal b-oxi-

dation [25]. However, we do not know if this is the case

in salmon. The analysis of enzymatic activity of acyl-CoA

oxidase did not show any significant differences between

Table 3 The proportion of radioactive fatty acid (from 14C 18:3n-3,

expressed as % of total identified fatty acids) in hepatocytes (n = 4 in

each group)

Fatty acid Control Sesamin P-value

16:0 2.5 ± 0.33 2.4 ± 0.52 0.54

18:3n-3 57.7 ± 0.27 52.8 ± 4.57 0.07

18:4n-3 2.0 ± 0.35 2.7 ± 0.38 0.04

20:3n-3 11.6 ± 0.37 10.6 ± 1.21 0.15

20:4n-3 2.7 ± 0.20 2.5 ± 0.28 0.32

20:5n-3 12.3 ± 0.85 7.5 ± 0.93 \0.01

24:5n-3 0.6 ± 0.25 1.4 ± 0.28 0.01

22:6n-3 10.5 ± 0.10 20.2 ± 2.05 \0.01

n-3 LCPUFA/18:3n-3 0.49 ± 0.01 0.66 ± 0.12 0.03

n-3 LCPUFA = 18:4n-3 ? 20:4n-3 ? 20:5n-3 ? 24:5n-3 ? 22:6n-3

Table 4 Distribution of radioactivity in the cells and the medium after incubation of hepatocytes with 14C18:3n-3 in the presence and absence of

sesamin, (n = 4 in each group)

Control Sesamin P-value

Total fatty acids in cells and medium (nmol) 23.63 ± 0.53 24.16 ± 0.28 0.13

Cellular lipids (nmol mg protein-1) 2.80 ± 0.10 3.19 ± 0.03 \0.01

CO2 in medium (nmol mg protein-1) 0.007 ± 0.001 0.006 ± 0.000 0.06

Acid soluble fraction in medium (nmol mg protein-1) 0.032 ± 0.017 0.080 ± 0.020 \0.01

Total b-oxidation products (nmol mg protein-1) 0.039 ± 0.017 0.087 ± 0.016 \0.01

Free fatty acids in medium (nmol mg protein-1) 0.11 ± 0.05 0.11 ± 0.04 0.94

Secreted lipids in medium (nmol mg protein-1)a 0.20 ± 0.07 0.10 ± 0.02 0.09

a Secreted = triacylglycerols, monoglycerides and phospholipids in the medium
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the groups, but a slight increase in the sesamin group. The

peroxisomal acyl-CoA oxidase activity in rat liver was

significantly increased by dietary sesamin [7, 8, 12]. The

peroxisomal b-oxidation is also involved in the synthesis

of DHA (shortening of 24:6n-3 to 22:6n-3) [26]. There-

fore, the increased DHA levels in this study and the

previous study [5] could also result from increased per-

oxisomal b-oxidation. On the other hand, the increased

gene expression of CPT1 indicates that mitochondrial

b-oxidation is also influenced by sesamin addition. Since

sesamin increased the production of radio labelled acetate

and not oxaloacetate and malate b-oxidation, one can

suggest that 18:3n-3 and its elongated and desaturated

products were mainly oxidised in the peroxisomes and

that b-oxidation of other fatty acids mainly occurs in the

mitochondria as evidenced by the increase expression of

CPT1. Kiessling et al. [27] showed that SAFA are the

preferred substrate for selective b-oxidation in mito-

chondria in rainbow trout. In the sesamin treated cells

incubated with non-radiolabelled 18:3n-3, lower percent-

age of 16:0 was found, a possible result of increased

mitochondrial b-oxidation.

Sesamin tended to decrease the amount of secreted

lipids in the medium by *50% from 0.20 to 0.10 nmol mg

protein-1, the most decreased lipid class was TAG. This

suggests lower levels of very low-density lipoprotein

(VLDL) secreted from the liver. This result is in agreement

with studies on rats, which show that sesamin lowers the

levels of VLDL and TAG in plasma and serum [7, 10, 11,

28]. Increased levels of n-3 fatty acids are also shown to

decrease the secretion of TAG in salmon [15, 29]. The

reduced TAG level can also be an effect of the increased

content of n-3 LCPUFA in this study.

Kushiro et al. [10] suggests that the serum lipid lowering

effects of sesamin are primary a response to decreased

activity of lipogenic enzymes. In this study, we showed a

Fig. 1 Percentage distribution of radiolabelled oxaloace-

tate ? malate and acetate in the acid soluble fraction (ASP) from
14C 18:3n-3 oxidation. The control cells are illustrated with white
bars and the sesamin cells are illustrated with black bars. Data are

shown as mean values ± standard deviation. Asterisk indicate

significant difference (P \ 0.01), (n = 4)

Fig. 2 Relative expression of SRB-I, cd36, PPARa,b,c in the four

concentrations 0.005, 0.05, 0.075, 0.11 mM compared to the control

group incubated with out sesamin, significant differences between the

groups at the different concentrations are denoted with Asterisk
(n = 2)
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downregulation of PPARc, which may indicate a reduced

lipid synthesis. PPARc is highly expressed in adipose tissue

in rodents, humans and Atlantic salmon where it, among

other functions, is involved in lipid synthesis [30–33]. The

expression of cd36, a gene involved in lipid storage and

uptake is regulated by PPARc [34] and was also down-

regulated in the dose-response study at 0.05 and 0.075 mM

sesamin. This may also affect the content of TAG in

secreted lipids.

The relative expression of both D5 and D6 desaturases

was significantly downregulated by sesamin at several time

points. Our first expectation was that the expression of these

desaturase would be upregulated. However, at all time points

from 42 to 72 h the relative expression of D5 and D6 desat-

urase was lower in the sesamin cells compared to the control

cells (Fig. 4). One could speculate that the lower levels of

mRNA are due to increased translation at a higher rate than

the transcription rate. Interestingly, the curve for both D5 and

D6 desaturases in the sesamin cells follow the same pattern

over time and is different compared to the control cells. At

this stage, we can not explain exactly how sesamin is

affecting the expression of D5 and D6 desaturase. We know

that there is a clear effect on the expression of D5 and D6

desaturase and that sesamin significantly increases the

desaturation and elongation from 18:3n-3 to DHA. However,

the present study can not explain whether that is due to

increased transcription or translation or whether there are

other mechanisms involved.

This study provides strong evidence that sesamin is a

potent modulator of fatty acid metabolism in Atlantic sal-

mon hepatocytes. In agreement with the results of our in

vivo study [5] sesamin increased desaturation and

Fig. 3 Relative expression of some lipid related genes in salmon

hepatocytes incubated with 0.05 mM sesamin for 48 h. Asterisk
indicate significant difference between control group and sesamin

group (P \ 0.05). PPARa, b, c peroxisome proliferator-activated

receptor alpha, beta, gamma, D5 D5 desaturase, D6 D6 desaturase,

cd36 cluster of differentiation 36, ACO acyl-CoA oxidase, CTP1
Carnitine palmitoyltransferase I, SRB-I scavenger receptor type B

(n = 3)

Fig. 4 Relative expression of D5 and D6 desaturase during the 72 h

time course study, significant difference between the control and

sesamin groups at the different time-points is denoted with Asterisk
(P \ 0.05), (n = 2)

Fig. 5 Schematic drawing of the metabolic pathways of 14C 18:3n-3

fatty acid analyzed in the hepatocytes in this study. Analyzed genes

are shown in grey boxes and biochemical reactions are written in

italics, all fatty acids shown in the figure are products of 14C 18:3n-3.

For abbreviations of genes see Table 1, PL phospholipids, MG
monoglycerides, TAG triacylglycerols, VLDL very low-density

lipoprotein
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elongation of 18:3n-3 towards DHA. The b-oxidation of

lipids was clearly increased as well as the expression of

CPT1, a gene involved in b-oxidation. Furthermore, ses-

amin has an effect on several lipid related genes such as

genes for D5 and D6 desaturase. It decreases secretion of

lipid from hepatocytes, affecting in particular the TAG-

levels. This knowledge can be of interest within aquacul-

ture production in order to improve fish muscle quality by

increasing its DHA levels.
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various ray fish liver oils to the Pacific white shrimp Litop-

enaeus vannamei, the species of greatest commercial

importance in the Americas.

Experimental Procedure

Source of Shrimp

Postlarvae at PL18 stage were obtained from the shrimp

larviculture laboratory ‘Syaqua-Mexico S.A. de C.V.’,

Coast of Hermosillo, Sonora, Mexico. They were trans-

ported to the Kino Bay Experiment Station (KBES),

University of Sonora at Kino Bay, Sonora, Mexico, and

maintained in an outdoor 6-m3 circular (2.9-m diameter)

fiberglass tank filled with seawater. Animals were main-

tained here for approximately one month and fed a

commercial feed (Camaronina, Agribrands Purina�, Ciu-

dad Obregon, Sonora, Mexico) with a protein content of

40% until initiation of the experiment, at an overall mean

(±SD) wet body weight of 1.01 ± 0.04 g.

Experimental Systems

The experiment was conducted at the Wet Laboratory of

Aquaculture Nutrition and Biotechnology of the KBES,

using two identical recirculating experimental culture sys-

tems, each system composed of 50 30-cm diameter circular

polyethylene tanks (bottom area of 0.07 m2 and 19-L

capacity), a 1,100-L sump tank, a biofilter, a 1900 sand filter

(Jacuzzi, Model L-190-7, Little Rock, AR, USA), a 1.5-HP

pump (Jacuzzi, Model 150MF-T, Little Rock, AR, USA), a

20-lm pore size cartridge filter (Pentek, Model Big Blue

PL5010BB, Sheboygan, WI, USA), a 120-W ultraviolet light

chamber (Rainbow Lifeguard, Model UV97, El Monte, CA,

USA), a 1,500-W in-line heater (Aquatic Ecosystems, Model

DE-6115, Apopka, FL, USA), and a 1/2 HP in-line chiller

(Aquatic Ecosystems, Model AE62B, Apopka, FL, USA).

Aeration for both culture systems was provided by a 1.0-HP

blower (Fuji, Model VFC40, Saddle Brook, NJ, USA).

Seawater recirculation rate in each tank was 1.9 L/min

(14,400% exchange in 24 h), and 5–10% daily replacement

with fresh-filtered seawater was applied. The culture systems

were interconnected with each other, i.e., they shared the

same water quality. Shrimp were stocked into tanks at a rate

of four individuals/tank (56 shrimp/m2).

Extraction of Ray Fish Liver Oil

Livers were obtained from four different ray fish species,

two from the Gulf of California, stingray (Dasyatis brevis)

and golden cownose ray (Rhinoptera steindachneri), and

two from the Gulf of Mexico, spotted ray (Aetobatus

narinari) and cownose ray (R. bonasus). Livers were

removed from the fishes immediately after landing, frozen

and transported to the Nutrition laboratory at the University

of Sonora’s main campus, Hermosillo, Sonora, Mexico, to

perform oil extraction. Livers were homogenized for 2 min

and incubated for 1 h in a water bath at 35 �C. Anhydrous

sodium sulfate was added (30%, w/w) and the homogenate

was mixed for 3 min and then centrifuged at 1,1509g for

20 min at 25 �C [11].

Experimental Treatments

Four feeds were prepared according to a basal experimental

feed formulation (Table 1). Each dietary treatment was

prepared with a different ray fish liver oil. A fifth experi-

mental feed, included as a control treatment, was prepared

with Menhaden fish oil (MP Biomedicals Inc., Solon, OH,

USA). Feeds were prepared by cold extrusion using a Hobart

mixer (Model A-200, Hobart, Troy, OH, USA). They were

dried overnight at 40 �C, ground to appropriate size and

stored frozen until use. Shrimp were fed to slight excess, with

the daily ration divided into two equal amounts, one feed at

0800 and one at 1700. Faeces, exuviae and excess feed were

siphoned out of all tanks each morning. Treatments were

assigned randomly to at least 16 replicate tanks.

Water Quality

A multi-function oxygen meter (YSI, Model Y85, Yellow

Springs, OH, USA) was employed to measure water tem-

perature, dissolved oxygen, and salinity each day. Weekly

measurements of the concentrations of ammonia, nitrite,

and nitrate were performed according to standard chemical

procedures [12, 13].

Proximate Composition of Feeds and Fatty Acid

Analysis

Proximate composition of feeds was determined according

to standard procedures (procedures 984.13, 920.85, 925.09,

and 923.03 for protein, crude fat, moisture, and ash,

respectively) [14]. For fatty acid analysis, lipids were

extracted from feeds and abdominal shrimp muscle [15].

Quantification was performed by a gravimetric method after

drying an aliquot under nitrogen. Fatty acids (FA) were

transesterified using boron trifluoride (14% boron trifluoride

in methanol, Sigma, St Louis, MO, USA). Fatty acid methyl

esters (FAME) were analyzed with a gas chromatograph

(Varian, Model CP 3800, Walnut Creek, CA, USA) equipped

with a 30 m 9 0.25 mm fused silica capillary column

(Model CP WAX 52CB, Varian Inc., Palo Alto, CA, USA),

and a flame-ionization detector [16]. They were identified by

comparison of retention times to those of known standards

1010 Lipids (2008) 43:1009–1016

123



and quantified using heptadecanoic acid (17:0) as an internal

standard [17]. Triplicate composite muscle samples were

processed for fatty acid analysis, each composite sample

consisted of tissue from the last abdominal segment of four

individuals at intermolt stage taken from different tanks.

Statistical Analysis

Growth, survival (arcsine-transformed, untransformed data

are shown), and shrimp muscle fatty acid content data were

analyzed by one-way ANOVA with a significance level of

P B 0.05. Mean separation was applied using Tukey’s

Honestly Significant Difference (HSD) method. All statis-

tical analyses were performed using Statistical Analysis

System software (SAS Institute Inc. 1999-2000, Software

Release 8.1, Cary, NC, USA).

Results

Water Quality

Mean values (±SD) for water temperature, dissolved

oxygen, salinity, pH, ammonia, nitrite, and nitrate were

31.7 ± 0.18 �C, 5.87 ± 0.12 mg/L, 38.7 ± 2.25%, 8.0 ±

0.0, 0.12 ± 0.03 mg NH4–N/L, 0.04 ± 0.01 mg NO2–N/

L, and 3.16 ± 0.53 mg NO3–N/L, respectively.

Proximate Composition of Feeds

Proximate composition of the various feeds was charac-

terized by homogeneous mean values for protein, crude fat,

moisture and ash content (Table 2).

Shrimp Growth and Survival

No significant differences in growth or survival of shrimp

were observed among treatments at the end of the experi-

ment (Table 3).

Fatty Acid Analysis of Oils and Feeds

PUFA and HUFA represented the largest proportion of

identified FAME of all ray fish liver oils, as well as of

Menhaden fish oil and their respective feeds, ranging

from 293.73 to 375.61 mg/g oil and from 8.4 to

14.52 mg/g feed (Tables 4, 5). Spotted ray liver oil and

the feed prepared with it contained the highest amount of

saturated fatty acids (197.86 mg/g oil and 11.02 mg/g

feed, respectively). Monounsaturated fatty acids were

more abundant in Menhaden fish oil and feed (174.47 mg/

g oil and 8.35 mg/g feed) (Tables 4, 5). In the case of

specific fatty acids, the content of arachidonic acid (ARA)

was highest in spotted ray liver oil and feed. Spotted ray

liver oil also contained the greatest amount of linoleic

acid (LOA) and linolenic acid (LNA) (Table 4), but, in

the feeds, the greatest content of these fatty acids corre-

sponded to that prepared with Menhaden fish oil

(Table 5). Eicosapentaenoic acid (EPA) and docosahexa-

enoic acid (DHA) were more abundant in Menhaden fish

oil and in its respective feed (Tables 4, 5).

Table 1 Ingredient composition of the basal experimental feed for L.
vannamei

Ingredient % of dry weight

Wheat starcha 37.86

Soybean protein concentrateb 24.79

Casein (vitamin-free)c 6.63

Mineral premixd 6.00

Wheat glutena 6.00

Sodium alginatec 2.00

Sodium hexametaphosphatec 1.00

Calcium phosphate monobasicc 2.53

Squid meale 4.00

Cholesterolf 0.50

Vitamin premixg 0.50

Methioninec 0.35

Lysineh 0.15

Arginineh 0.02

Ascorbic acidc 0.60

Zinc sulphatec 0.06

Cupric chloridec 0.01

Soybean lecithini 2.00

Test oil 5.00

a Gluten y Almidones Industriales, S.A. de C.V., Mexico City,

Mexico
b Sumilab S.A. de C.V., Mazatlán, Sinaloa, Mexico
c Faga Lab S.A. de C.V., Mazatlán, Sinaloa, Mexico
d MP Biomedicals Inc., Solon, OH, USA, g/100 g premix: cobalt

chloride 0.004, cupric sulfate pentahydrate 0.250, ferrous sulfate 4.0,

magnesium sulfate heptahydrate 28.398, manganous sulfate mono-

hydrate 0.650, potassium iodide 0.067, sodium selenite 0.010, zinc

sulfate heptahydrate 13.193, filler 53.428
e Selecta de Guaymas, S.A. de C.V., Guaymas, Sonora, Mexico
f Hycel de México, S.A. de C.V., Mexico City, Mexico
g MP Biomedicals Inc., Solon, OH, USA, g/kg premix/kg premix:

thiamin HCl 0.5, riboflavin 3.0, pyridoxine HCl 1.0, DL Ca-Panto-

thenate 5.0, nicotinic acid 5.0, biotin 0.05, folic acid 0.18, vitamin

B12 0.002, inositol 5.0, menadione 2.0, vitamin A acetate (20,000 IU/

g) 5.0, vitamin D3 (400,000 IU/g) 0.002, dl-alpha-tocopheryl acetate

(250 IU/g) 8.0, Alpha-cellulose 865.266
h Jalmek Cientı́fica, S.A. de C.V., San Nicolás de los Garza, Nuevo

León, Mexico
i Impulsora Golden, S.A. de C.V., Mexico City, Mexico
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Total Lipid and Fatty Acid Analysis of Shrimp Muscle

Tissue

Total lipid in shrimp muscle tissue ranged from 1.03 to

1.37% of wet weight, with no significant differences among

treatments at the end of the feeding trial (Table 6).

Similarly to what was observed for oils and feeds, fatty

acids of shrimp muscle tissue were mainly composed of

PUFA and HUFA (Table 6). LOA, LNA, EPA, and DHA,

more abundant in the feed containing Menhaden fish oil,

were also more abundant in muscle tissue of shrimp

receiving this dietary treatment. Specifically, the

Table 2 Proximate composition of feeds containing different ray fish liver oils and Menhaden fish oil

Composition (%) Treatment (oil source)

Golden cownose ray Spotted ray Cownose ray Stingray Menhaden fish oil

Protein 28.00 ± 0.18 28.21 ± 0.11 27.77 ± 0.08 28.18 ± 0.49 27.66 ± 0.56

Crude fat 6.78 ± 0.24 7.66 ± 0.15 7.20 ± 0.05 6.98 ± 0.18 6.56 ± 0.23

Moisture 5.94 ± 0.06 5.92 ± 0.03 5.26 ± 0.02 5.69 ± 0.01 5.10 ± 0.12

Ash 9.40 ± 0.05 9.70 ± 0.02 9.50 ± 0.01 9.69 ± 0.02 9.72 ± 0.01

Values are means (±SD) of duplicate samples

Table 3 Growth and survival of L. vannamei fed diets containing different ray fish liver oils and Menhaden fish oil

Treatment (oil source) Initial weight (g) Final weight (g) Weight gain (g) Survival (%)

Golden cownose ray 1.00 ± 0.03 1.71 ± 0.14 0.71 ± 0.12 80.6 ± 16.2

Spotted ray 1.00 ± 0.05 1.82 ± 0.17 0.82 ± 0.17 82.8 ± 17.6

Cownose ray 1.01 ± 0.03 1.72 ± 0.19 0.71 ± 0.19 71.9 ± 20.2

Stingray 1.02 ± 0.03 1.78 ± 0.29 0.75 ± 0.27 70.8 ± 23.1

Menhaden fish oil 1.03 ± 0.03 1.86 ± 0.26 0.83 ± 0.25 76.6 ± 23.2

Values are means (±SD) of 16 or 18 replicates

Table 4 Fatty acid composition (mg/g oil) of ray fish liver oils and Menhaden fish oil

Fatty acid Treatment (oil source)

Golden cownose ray Spotted ray Cownose ray Stingray Menhaden fish oil

16:0 104.00 166.16 106.98 84.76 93.33

18:0 17.44 12.15 30.46 19.39 14.94

18:1 58.38 47.70 64.72 77.57 59.76

18:2n-6 127.41 147.95 121.16 104.60 90.63

18:3n-3 8.01 21.39 7.06 8.63 13.92

20:4n-6 25.57 52.16 21.74 19.28 8.33

20:5n-3 62.87 16.82 64.67 61.53 99.64

22:6n-3 81.01 9.45 101.64 64.91 108.09

Saturatesa 136.18 197.86 177.95 115.56 151.17

Monounsaturatesb 94.88 109.28 114.29 132.87 174.47

PUFA ? HUFAc 369.32 293.73 375.61 306.80 354.04

Total n-3d 176.24 68.40 194.03 152.47 240.89

Total n-6e 155.25 201.21 144.93 125.55 100.77

Values are means of duplicate samples
a Saturates: 12:0, 14:0, 16:0, 18:0, 20:0, 22:0
b Monounsaturates: 16:1, 18:1, 20:1, 22:1
c PUFA ? HUFA: 16:3, 16:4, 18:2n-6, 18:3n-3, 20:2, 20:3n-6, 20:4n-6, 20:3n-3, 20:5n-3, 22:2, 22:3, 22:4, 22:5n-3, 22:6n-3
d Total n-3: 18:3n-3, 20:3n-3, 20:5n-3, 22:5n-3, 22:6n-3
e Total n-6: 18:2n-6, 20:3n-6, 20:4n-6

1012 Lipids (2008) 43:1009–1016

123



concentration of EPA in muscle tissue of shrimp fed the

diet with Menhaden fish oil (5.93 mg/g muscle wet weight)

was significantly greater than those of shrimp receiving

feeds prepared with stingray, golden cownose ray, and

spotted ray oil (3.47, 4.43, and 4.02 mg/g muscle wet

weight, respectively), but not significantly greater than that

of shrimp fed the diet with cownose liver oil (5.05 mg/g

muscle wet weight). In the case of DHA, muscle tissue of

shrimp fed the treatment with Menhaden fish oil (3.45 mg/

g muscle wet weight) was significantly more concentrated

than those of shrimp fed diets with stingray and spotted ray

liver oil (2.01 and 2.52 mg/g muscle wet weight, respec-

tively), but not statistically more concentrated than those of

the treatments with cownose ray and golden cownose ray

liver oil (3.13 and 2.78 mg/g muscle wet weight, respec-

tively) (Table 6).

Table 5 Fatty acid compositionf (mg/g feed) of feeds containing different ray fish liver oils and Menhaden fish oil

Fatty acid Treatment (oil source)

Golden cownose ray Spotted ray Cownose ray Stingray Menhaden fish oil

16:0 5.50 ± 1.02 9.19 ± 1.15 5.09 ± 0.45 5.55 ± 1.80 6.63 ± 0.96

18:0 1.48 ± 0.16 1.34 ± 0.13 1.62 ± 0.07 1.66 ± 0.55 1.02 ± 0.17

18:1 4.96 ± 0.84 5.28 ± 0.72 3.43 ± 0.38 4.93 ± 1.57 4.14 ± 0.61

18:2n-6 4.10 ± 0.81 3.83 ± 0.32 3.48 ± 0.28 4.20 ± 1.11 4.87 ± 0.64

18:3n-3 0.61 ± 0.25 0.46 ± 0.06 0.61 ± 0.07 0.79 ± 0.25 1.05 ± 0.11

20:4n-6 0.83 ± 0.10 1.85 ± 0.13 0.66 ± 0.03 0.82 ± 0.23 0.31 ± 0.04

20:5n-3 1.93 ± 0.28 0.38 ± 0.01 2.10 ± 0.09 2.59 ± 0.73 3.57 ± 0.56

22:6n-3 2.58 ± 0.41 0.35 ± 0.01 2.99 ± 0.12 2.56 ± 0.67 3.59 ± 0.61

Saturatesa 7.44 ± 1.25 11.02 ± 1.35 7.43 ± 0.56 7.74 ± 2.54 9.15 ± 1.41

Monounsaturatesb 6.44 ± 1.04 7.13 ± 0.92 4.31 ± 0.45 7.08 ± 2.15 8.35 ± 1.17

PUFA ? HUFAc 11.89 ± 2.10 8.40 ± 0.49 11.37 ± 0.57 12.79 ± 3.43 14.52 ± 2.17

Total n-3d 5.69 ± 1.03 1.83 ± 0.10 6.11 ± 0.19 6.58 ± 1.80 8.76 ± 1.39

Total n-6e 5.03 ± 0.91 5.75 ± 0.44 4.20 ± 0.32 5.10 ± 1.37 5.26 ± 0.69

a-e See footnotes of Table 4 for explanation
f Values are means (±SD) of duplicate samples

Table 6 Fatty acid composition (mg/g wet weight) and total lipid content (% wet weight) of muscle of L. vannamei fed diets containing different

ray fish liver oils and Menhaden fish oil

Fatty acid Treatment (oil source)

Golden cownose ray Spotted ray Cownose ray Stingray Menhaden fish oil

16:0 5.87 ± 0.39a 7.81 ± 0.77b 7.38 ± 1.14b 9.46 ± 0.27c 7.70 ± 0.31b

18:0 2.51 ± 0.46 3.03 ± 0.07 3.01 ± 0.45 2.70 ± 0.22 2.54 ± 0.16

18:1 5.12 ± 0.32 6.04 ± 0.56 5.31 ± 0.51 5.70 ± 0.31 5.91 ± 0.76

18:2n-6 3.83 ± 0.59ab 4.82 ± 0.40bc 4.13 ± 0.76abc 3.45 ± 0.88a 5.17 ± 0.16c

18:3n-3 0.32 ± 0.12 0.36 ± 0.09 0.30 ± 0.06 0.25 ± 0.05 0.46 ± 0.01

20:4n-6 2.19 ± 0.20b 4.11 ± 0.34c 2.22 ± 0.44b 1.54 ± 0.04a 1.40 ± 0.07a

20:5n-3 4.43 ± 0.49ab 4.02 ± 0.32ab 5.05 ± 1.01bc 3.47 ± 0.12a 5.93 ± 0.35c

22:6n-3 2.78 ± 0.50abc 2.52 ± 0.26ab 3.13 ± 0.68bc 2.01 ± 0.13a 3.45 ± 0.20c

Saturatesa 7.61 ± 2.23a 11.10 ± 0.81b 10.70 ± 1.53b 12.47 ± 0.26b 10.56 ± 0.46b

Monounsaturatesb 5.68 ± 0.39 6.96 ± 0.68 6.23 ± 0.48 6.59 ± 0.26 7.08 ± 0.90

PUFA ? HUFAc 14.29 ± 1.90b 16.89 ± 1.37b 15.49 ± 3.04b 10.61 ± 0.47a 17.15 ± 0.79b

Total n-3d 7.68 ± 1.11ab 7.31 ± 0.63ab 8.59 ± 1.70bc 5.75 ± 0.26a 9.98 ± 0.52c

Total n-6e 6.02 ± 0.72b 8.93 ± 0.73c 6.36 ± 1.19b 4.49 ± 0.22a 6.57 ± 0.23b

Total lipid 1.06 ± 0.10 1.06 ± 0.11 1.04 ± 0.11 1.37 ± 0.32 1.03 ± 0.08

Values are means (±SD) of triplicate samples. Means with similar superscripts in the same row are not significantly different (P [ 0.05)
a-e See footnotes of Table 4 for explanation
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Discussion

Water Quality

Adequate water quality was maintained throughout the

study, for all physico-chemical parameters and levels of

nitrogenous wastes were always kept within levels con-

sidered optimal for shrimp culture [18–21].

Proximate Composition of Feeds

The homogeneity and small variability in the proximate

composition of protein, crude fat, moisture and ash of the

various feeds confirmed their isolipidic and isoproteic

nature, and thus, their adequate preparation.

Shrimp Growth and Survival

The lack of significant differences in final weight, weight

gain or survival of shrimp revealed that the four ray fish

liver oils evaluated were as efficient in promoting growth

and survival of L. vannamei as Menhaden fish oil, an

ingredient known for its adequate nutritional value to

shrimp and fish [5]. These results effectively illustrate a

practical application of a locally available resource that is

currently being wasted. In this respect, it would be of

interest to explore the use of the other parts of the ray fish

body, i.e., the complete head and trunk with all other vis-

cera, which like the liver, are discarded on shore or directly

into the sea. On the other hand, the incorporation of ray fish

liver oils into shrimp feeds represents only one of the many

possible applications that, as other fish oils, they may have.

For example, the preparation of the ‘‘so-called’’ omega-3-

rich supplements for human consumption, their use in food

products like baked goods and baking mixes, meat prod-

ucts, gravies, and sauces, among others [22].

Fatty Acid Analysis of Oils and Feeds

Although added at a moderate level (5% of feed dry

weight), the fatty acid composition of the oils undoubtedly

influenced that of the resulting feeds, as illustrated by the

higher levels of ARA found in spotted ray liver oil

(52.16 mg/g oil) and its respective feed (1.85 mg/g feed),

as well as by the greater levels of EPA and DHA of

Menhaden fish oil (99.64 and 108.09 mg/g oil, respec-

tively), also greater in the feed prepared with it (3.57 and

3.59 mg/g feed, respectively) (Tables 4, 5).

In the same way as Menhaden fish oil, used as a control

treatment, the most prominent aspect of the ray fish liver

oils evaluated was their high content of HUFA. In fact, all

four liver oils were higher in ARA (ranging from 19.28 to

52.16 mg ARA/g oil) than Menhaden fish oil (8.33 mg

ARA/g oil) (Table 4). Menhaden fish oil had the highest

concentration of EPA and DHA (99.64 and 108.09 mg/g

oil, respectively) (Table 4), results that were consistent with

previous data for this oil. For example, an EPA and a DHA

content of 140 and 80 mg/g oil, respectively [22] or an EPA

and a DHA content of 11.0 and 9.1% of total fatty acids [23]

versus 14.7 and 15.9% of total fatty acids in this study.

These fatty acids also were found in considerable concen-

trations in cownose ray, golden cownose and stingray liver

oil (an EPA content ranging from 61.53 to 64.67 mg/g oil

and a DHA content from 64.91 to 101.64 mg/g oil,

respectively) but in moderately low concentrations in

spotted ray liver oil (16.82 and 9.45 mg/g oil, respectively)

(Table 4). However, spotted ray liver oil had a particularly

high concentration of ARA (52.16 mg ARA/g oil), more

than six times greater than that of Menhaden fish oil.

Regardless of the family they belong to (n-3 or n-6 family),

L. vannamei is reported to have a nutritional requirement for

HUFA and not for PUFA [24, 25]. In this context, the fatty

acid profile of the ray fish liver oils evaluated seems to

adequately satisfy such requirement, and at the same time,

explains their growth-promoting effect on L. vannamei,

comparable to that of world renowned Menhaden fish oil.

Few other studies of the fatty acid profile of ray fish liver

are available. EPA and DHA concentrations of 48.4 and

55.7 mg/g oil, respectively, have been reported for liver oil

from golden cownose ray [11], as compared to 62.87 and

81.01 mg/g oil, respectively, for the same species in this

study (Table 4). In liver oil of stingray, an EPA content of

53 mg/g oil and a DHA content of 48 mg/g oil have been

reported [26], while in the present study this species had

61.53 and 64.91 mg/g oil, respectively (Table 4). EPA and

DHA contents of 59.0 and 100.0 mg/g oil, respectively,

were reported in Gymnura marmorata [26]. Levels of EPA

and DHA in liver of the ray fishes R. marginata. D. mar-

morata, and Rhinobatos cemiculus have been reported to

range from 1.88 to 5.01% and from 5.64 to 13.4% of total

fatty acids, respectively [9]. In this study, the levels of

these fatty acids varied from 2.8 to 11.08% and 1.57 to

13.49% of total fatty acids, respectively. In general, results

of previous studies and of the present investigation are

comparable not only in terms of PUFA and HUFA com-

prising the major fraction of identified fatty acids, but also

in terms of the relatively high concentration of HUFA like

EPA and DHA [9, 27].

Total Lipid and Fatty Acid Analysis of Shrimp Muscle

Tissue

Total lipid found in shrimp muscle tissue varied from 1.03

to 1.37% of wet weight, agreeing with data reported for

L. vannamei (ranging from 0.71 to 2.10% of wet weight)

[28, 29]. Although dietary lipid level is known to influence
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muscle total lipid [30], the lack of significant differences

among treatments in this study can be explained by the

isolipidic nature of the feeds.

To a large extent, fatty acids of shrimp muscle tissue

reflected the dietary fatty acid profile. The direct influence

of dietary fatty acids on the fatty acid profile of shrimp

tissues has been demonstrated a number of times in the

past [28–35]. In this study, differences in dietary fatty

acids elicited significant differences in the fatty acid

content of muscle tissue among some dietary treatments,

e.g., muscle tissue of shrimp fed the diet with Menhaden

fish oil was significantly higher in EPA than muscle of

shrimp fed diets with stingray, golden cownose ray or

spotted ray liver oil. Shrimp fed Menhaden fish oil had a

muscle tissue concentration of DHA statistically greater

than muscle of shrimp fed stingray or spotted ray liver oil

(Tables 5, 6). However, these differences were not

reflected in shrimp growth or survival, supporting the

earlier observation that the four ray fish liver oils evalu-

ated seem to satisfy the dietary fatty acid requirements of

L. vannamei.

In conclusion, PUFA and HUFA content of liver oils of

the ray fishes evaluated were of comparable magnitude to

that of Menhaden fish oil, an ingredient known for its

adequate nutritional quality to shrimp and fish. When

incorporated into shrimp feeds, the oils evaluated were as

efficient as Menhaden fish oil in promoting growth and

survival of L. vannamei and demonstrated one of the many

possible applications of a locally available resource that is

currently being wasted.
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2005 the fish export earnings had replaced the traditional

coffee as the leading export [3].

Lipids and fatty acids (FAs) have been studied in tissues

of freshwater fish from all parts of the world [4]. This has

led to the recognition of a so-called freshwater pattern, in

contrast to a marine pattern, where the freshwater fish are

able to convert the essential FAs 18:2n-6 and 18:3n-3 to

longer FAs and physiologically important, highly unsatu-

rated FAs [4, 5]. In this manner algae and plants with low

nutritional value as food for herbivore fish will be con-

verted into food with higher nutritional value. It is

established that lipid and FA contents vary both within and

between species [4], apparently more in tropical freshwater

fish than in fish from colder waters [6]. Many factors may

be responsible for the variation, i.e. internal factors like

genetic variation, age, sex, condition, starvation, repro-

ductive cycle, and external factors like diet, season,

temperature.

A plethora of feeding experiments, particularly on sal-

mon (Salmo salar) and Nile tilapia, two of the most

common species in fish farming, have been conducted to

study the influence of the diet on the FA composition of the

edible tissue of the fish. Heavy impact of the FA compo-

sition of the diet on the FA composition of the fish tissue is

evident, e.g in salmon [7] and in Nile tilapia [8]. In line

with this, studies on freshwater tropical fish in the wild

have indicated the importance of the diet for the FA

composition of the fish tissue [6, 9]. However, recently

investigations reluctant to the heavy dietary control of the

tissue FA composition and leaning more towards genetic

control have surfaced [10, 11]. Indeed, tissue FA compo-

sition has been used for identification of stocks of marine

fish [12].

Only two of the many species of fish inhabiting the lakes

Victoria and Kyoga, Nile tilapia and Nile perch, have been

investigated for tissue FAs [11]. Differences in the FA

compositions were found between these two species and

populations. The differences were even greater compared

with Nile tilapia from other African lakes [13], and com-

pared with this species collected in other parts of the world.

It was of general interest to determine the tissue FA

composition of other fish species used for consumption

from lakes Victoria and Kyoga, and also to study if the

pattern of species and population differences were of the

same magnitude as in Nile tilapia and Nile perch. The heart

tissue was chosen since it has been extensively used in

identification of fish stocks [12]. It is a well defined tissue,

easy to subsample, and the lipids are dominated by

phospholipids.

In the present investigation tropical freshwater fish from

seven different species were collected from three different

sites, one at Lake Victoria and two at Lake Kyoga. The

objectives were to detect how the FA composition/profiles

of the lipids in white muscle and heart tissue varied with

species and populations, to explore the importance of diet

and genetics for the tissue FA composition, and to report on

the nutritional value of the muscle tissue.

Materials and Methods

Sample Collection

Specimens of Nile perch (L. niloticus), Nile tilapia (O.

niloticus), marbled lungfish (P. aethiopicus), African cat-

fish (C. gariepinus), Lake Victoria squeaker (S. victoriae),

B. docmas, and T. zilli were caught in Bukungu on Lake

Kyoga in October 2005, in Lwampanga on Lake Kyoga in

December 2005, and in Napoleon Gulf in Lake Victoria in

November 2005 (Fig. 1; Table 1). Three fleets of graded

multifilament gillnets of mesh size 1–7 inches at an inter-

val of 0.5 inches were set every evening and retrieved in

the morning the following day. At each landing site a fleet

would be located inshore, mid-shore and offshore, about

100, 100–200 and 200–300 m from the shore, respectively,

at a water depth of 10 m or less. Fish specimen were

identified according to Greenwood [20] and only mature

specimen with a total length greater than: 28 cm for O.

niloticus, 60 cm for L. niloticus, 73 cm for P. aethiopicus,

50 cm for C. gariepinus, 35 cm for B. docmas, 13 cm for

S. victoriae and 13 cm for T. Zilli were selected. The fish

Fig. 1 The fish were collected in Napoleon Gulf (V) in Lake

Victoria, and Bukungu (B) and Lwampanga (L) at Lake Kyoga
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were brought to the laboratory on ice and immediately deep

frozen at -20�C until analysis after 2–4 weeks.

Laboratory Methods

The FAs were determined in sub-samples of the tissues,

weighing approximately 30–50 mg. The heart was care-

fully washed in water to remove blood and dried on filter

paper, and the subsample was cut from the tip. From the

white dorsal muscle the subsample was cut from the side

about 2/5 of the distance from snout to tail, carefully

avoiding red muscle, skin and bone. The subsamples were

transferred to 15-mL thick-walled glass tubes containing an

accurately determined amount of internal standard (19:0).

After addition of 1 mL of anhydrous methanol containing

2 M HCl and exchange of the atmosphere in the tubes with

nitrogen gas, the tubes were securely closed with Teflon-

lined screw caps and placed in an oven for 2 h at 90�C for

complete methanolysis.

After cooling to room temperature, the tubes were opened

and the methanol evaporated down to about 0.5 mL by a

stream of nitrogen gas and 0.5 mL distilled water was added

to reduce the solubility of the formed FA methyl esters

(FAME) which were extracted with 2 9 1 mL hexane.

One microliter of the combined hexane extracts were

injected splitless (the split was opened after 4 min), and

chromatographed on a 25 m 9 0.25 mm (i.d.) fused silica

column with polyethylene–glycol (PEG) as stationary

phase, with a thickness of 0.2 lm (CP-WAX 52CB

Chrompack) and helium at 20 psi as mobile phase. The

column was mounted in Hewlett-Packard 5890A gas

chromatograph equipped with a Hewlett-Packard 7673A

autosampler and a flame-ionisation detector (FID). The

injector temperature was set at 260�C and the detector

temperature at 330�C. The oven was programmed as fol-

lows: 90�C for 4 min, 30�C/min to 165�C, then 3�C/min to

225�C, where it was left isothermally for 10.5 min before

cooling for the next run. The FID signal was A/D converted,

recorded, stored and treated in Chromeleon 6.60 software.

The chromatographic peaks were identified by com-

parison with a chromatogram of a standard mixture of 20

FAME, GLC reference standard 68D from Nu-Chek-Prep

(Elysian, Minn., USA), and by chromatographing selected

samples under identical conditions with mass-spectromet-

ric detection on Fison 800 GC–MS.

To monitor the performance of the column in the gas

chromatograph, the standard mixture of FAME was chro-

matographed at regular intervals for each tenth sample.

Empirical response factors relative to 18:0 were computed

for the 20 FAME present in known amounts in the standard

mixture. The response factors for each of the FAME not

present in the standard mixture were estimated by com-

parison with the standard FAME which resembled them

most closely in terms of chain length and number of double

bonds. The areas of the FAME peaks were corrected with

the response factors, and the relative amount of each FA in

Table 1 Food groups and major food items of the seven investigated species

Species Feeding habit/life stage Major food items References

Oreochromis niloticus (Nile tilapia) \5 cm Zooplankton

Bivalves, C. nilotica or oligochaetes.

Algae, fish and plant material phytoplankton and

bottom detritus, rarely/occasionally ingest

crustaceans, insect larvae and zooplankton

[14]

TL [ 10 cm [15, 16]

All size groups

Lates niloticus (Nile perch) \20 cm Mainly on invertebrates, especially the prawn

Caridina nilotica, zooplankton, chironomids.

[17]

Adult Nile perch Shifts to a fish diet with increasing size, like

Rastrineobola argentea, Tilapinnes and juvenile

Nile perch.

Protopterus aethiopicus (marbled lungfish) Omnivorous Detritus, algae, Odonata, molluscs and small fish

especially haplochromines.

[1]

[18]

Synodontis victoriae (Lake Victoria squeaker) Omnivorous Chronomid larvae, Ostracods, Odonata, fish

remains, Povilla, insect remains and higher plant

material.

[18]

Matures 13–21 cm

Clarias gariepinus (African catfish) Omnivorous Small fishes, insects’ larvae (Chironomid larvae and

pupae), molluscs and plants (zooplankton).

[1]

[19]

Bagrus docmas Carnivorous Mainly insect larvae (Odonata and terrestrial insects

(cricket), crustaceans and small fishes especially

haplochromines.

[18]

Tilapia zilli Omnivorous Higher plants and ingest bottom deposits [1]

Matures 13–15 cm
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a sample was expressed as a percentage of the sum of all

FAs in the sample. The total amount of FAs in the tissue

was determined by relating the total area of all FAME

peaks to the area of the peak of the internal standard, 19:0.

A response factor for determination of the level of

cholesterol from the sum of the areas of two peaks repre-

senting degradation products of cholesterol was obtained

from calibration curves based on four different concentra-

tions of cholesterol and cholesteryl stearate, respectively,

together with known amounts of the internal standard 19:0,

carried through methanolysis and gas chromatography. The

response factor was found to be 0.27 ± 0.02 relative to

19:0.

In the area of the chromatograms between 14:0 and 18:0

two peaks of methyl alkenyl ethers, i.e. cis and trans

derived from plasmalogen with 18:0 side chain, and five

peaks of dimethyl acetals derived from plasmalogens with

16:0, 17:0, 18:0, 18:1n-9 and 18:1n-7 side chains, respec-

tively, were identified by mass spectrometry. The areas of

these peaks were summed up. An average molecular

weight of these seven components of 310 and an average

weight of the parent plasmalogens of 750 gave a response

factor of 0.4.

Statistical Methods

Corrected areas of chromatographic peaks were subjected

to multivariate statistics using principal component analy-

sis (PCA) available in the SIRIUS 7.0 software package

[21]. The relative values (i.e. percentage of the sum) of the

FAs were logarithmically transformed, thereby leveling out

the quantitative differences among FAs. With each sample

positioned in the multi-dimensional space described by the

log-transformed variables (FA), new coordinates (principal

components, PCs) in the directions of the largest and sec-

ond largest variance among the samples were computed

using SIRIUS [21]. In this manner the relationship between

the samples could be described in much fewer dimensions

than the original, retaining the systematic variation among

the samples. The relative positions of the samples were

displayed by projecting them on a plane defined by two

new coordinates, i.e. PC1 and PC2, resulting in PC-plots.

The PC-plots are only qualitative displays of the rela-

tionship among the samples, they do not cover the total

variation among them. Quantitative measures of the dif-

ference among the samples were obtained in two ways.

Based on the average values for the fish from each species

and location for the 14 most abundant FAs the five first PCs

covered 91% of the total variance among the samples, as

calculated from the normalized and log-transformed val-

ues. A hierarchical cluster analysis was then performed on

the Euclidean distances between the samples in the 5D

space based on the five PCs.

The other method for quantifying, Soft Independent

Modeling of Class Analogy (SIMCA) [22] available in the

software package SIRIUS [21], was used to determine the

differences between the seven species. This computation

was based on the 35 most abundant FAs. The normalized

values were standardized within each species, i.e. by

dividing the values for each FA by the standard deviation

of that FA within each species. PCs were then fitted to the

samples of each species and cross validation analysis [23]

was done to get the best PC(s) that adequately describe the

species. Space-filling models were then constructed around

the PC(s) with an outer 95% confidence limit, RSDmax. The

distance to the model, RSD, of each fish was determined. A

fish belongs to a species when its RSD is lower than the

RSDmax of the model.

Results

Regardless of tissue, species, population (site) the most

abundant saturated FA (SAFA) was palmitic acid (16:0)

followed by stearic acid (18:0) (Tables 2 and 3). Odd

number SAFA pentadecanoic acid (15:0) and margaric acid

(17:0) were present in small levels.

The dominating monounsaturated FA (MUFA) was

oleic acid (18:1n-9) in all species except in P. aethiopicus

(lungfish), where it was exceeded by vaccenic acid (18:1n-

7). The level of 18:1n-9 was higher in the muscle tissue

(4–18%) than in the heart tissue (4–13%)

Among the polyunsaturated FAs (PUFA) docosahexae-

noic acid (DHA) 22:6n-3 and arachidonic acid (AA) 20:4n-

6 were dominating in both muscle and heart tissue. PUFA

was the dominating group, with MUFA the group present

in the lowest levels, i.e. PUFA [ SAFA [ MUFA. The

ratio n - 3/n - 6 was 0.5–3 in the muscle and 0.4–1.6 in

the heart tissue. In the heart tissue the n-6 PUFA was

generally present in higher amounts than in the muscle

tissue. The rather high standard deviations indicate large

individual differences within each species.

Two components with longer retention times than that of

24:1n-9 appeared in higher amounts in the heart tissue than

in the muscle tissue. The two components were identified

by GC-MS as two isomeric degradation products of cho-

lesterol, m/z = 368, cholesta-3,5-diene and cholesta-2,5-

diene [24, 25]. It has turned out that the decomposition of

cholesterol is reproducible, and these two peaks were used

to determine the level of cholesterol in the tissue sample.

The muscle tissue contained around 50 mg cholesterol per

100 g tissue, and the heart tissue contained from three to

ten times as much, Tables 2 and 3.

The total amount of dimethylacetals and methyl alkenyl

ethers amounted to 0.09–0.60 mg/g in the muscle tissue

and 0.42–2.66 mg/g in the heart tissue.
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A monovariate approach, i.e. evaluating one FA in

Tables 2 and 3 at a time, makes it impossible to compare

all the seven species sampled at the three different sites/

locations. To extract the total information from the average

values of the 14 most abundant FAs in the seven species

collected at the three sites, we employed multivariate

principal component analyses. The FA composition of the

lungfish is distinct from those of the other species for both

muscle and heart tissue (Fig. 2a, c). Since all samples in

these PC-plots influence the position of each other, the

lungfish samples, being the most distinct, are squeezing the

other samples together. Recalculation without the lungfish

samples reveals that the other six species also have distinct,

species specific FA compositions of the tissues (Fig. 2b, d).

Separate PCA on each of the seven species, including

each fish, shows that the FA composition in both tissues

is distinctly different between the three landing sites

(Fig. 3).

The PC-plots in Figs. 2 and 3 are, however, only a

qualitative display of the differences, and cover only parts

of the total variation among the samples. To obtain a

quantitative measure where the total variation is taken into

account, space filling models for each species, pooling the

samples from the three (two) landing sites, were carried out

using SIMCA [22] available in software package SIRIUS

[21] based on 35 most abundant FAs. The average

distances expressed as RSD of all fish to the seven models

for each of the heart and muscle tissues were calculated,

Table 4. The vast majority of the fish were correctly allo-

cated to their own species with only 15% not classified. No

fish were wrongly classified. For the heart tissue, one fish

(O. niloticus), and for the muscle tissue, four fish (O. nil-

oticus and T. Zilli) were allocated to another species in

addition to their own.

Discussion

The results are characterized by large variations in the FA

composition. A large individual variation is obvious from

the large SD of the FA values, Tables 2 and 3. In spite of

this, there is a systematic difference within each species

between fish from the three locations, Figs. 3 and 4. Fur-

thermore, differences between the species were even

greater than the differences within the species, Fig. 2.

Variations, both within and between species have been a

commonplace observation for fresh water fish [11, 26].

Various factors such as diet, genetic variation, temperature,

age, size and season are responsible for variability in FA

composition of the tissues of fresh water fish [4]. Of these

factors, diet is supposed to be dominating [27, 28]. Zenebe

et al. [6] found a remarkably large variation in the lipid and

muscle tissue
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c

Fig. 2 PC-plots of the average

samples of fish from the

respective species and locations

based on the 14 most abundant

FAs. The first letter in the code

indicates the species: L L.
niloticus, O O. niloticus, P P.
aethiopicus, C C. gariepinus, S
S. victoriae, B B. docmas, T T.
zilli. The second letter indicates

the location where they were

caught: V Napoleon Gulf in

Lake Victoria, B Bukungu at

Lake Kyoga, L Lwampanga at

Lake Kyoga. a muscle tissue

with all species, b muscle tissue

without P. aethiopicus, c heart

tissue with all species, d heart

tissue without P. aethiopicus.
The percentage of the total

variation among the samples

along each of the two PC’s is

given
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FA contents of the herbivorous O. niloticus in five Ethio-

pian lakes. They concluded that the FA content reflects the

food quality of the fish feed, indicating that the statement

‘‘You are what you eat’’ applies particularly well to her-

bivores. They maintained that a species specific FA pattern

can hardly be detected.

However, some doubts about how important the diet is

for the composition of the FAs in the tissues have

recently been expressed. Bahurmiz and Ng [29] state that

the deposition of FAs in the fillet of red hybrid tilapia was

influenced primarily by the FA composition of the

experimental diets. Still, they found that the concentra-

tions of 16:0 were generally high in the fillet regardless of

dietary treatments, and that total MUFA were maintained

somewhat constant at 33–37%. Ng et al. [30] have found

a relatively uniform concentration of 16:0 in Nile tilapia

despite being fed diets with a difference of about 20% in

the level of this FA. They also found high levels of DHA

even with low levels in the experimental diet, i.e. 20% vs.

5%. Ng et al. [31] fed tilapia palm oil-based diets with

47% and 76%, respectively, of SAFA but did not detect a

significant increase in the deposition of SAFA in fish

muscle compared to fish fed a cod-liver oil based diet

with 16% SAFA. Other researchers have also found that

dietary SAFA tend to be incorporated into fish fillets

within narrowly defined physiological levels. Francis

et al. [32] found no correlation between the amount of

SAFA in the diet and the SAFA in the fillet of Murray

cod. Olsen et al. [33] have shown that tilapias have the

ability to bio-convert C18 FA to highly unsaturated FA.

The FA content of the food had slightly influenced the FA

content of the dorsal muscle tissue of Nile tilapia [10].

The dominance of long-chained PUFA in the fish tissue,

particularly DHA which was absent in both the algal and

commercial diets (the control), indicated that the elon-

gation and desaturation enzymes were very effective in

the herbivorous O. niloticus. The temperature had little

influence on the PUFA content of O. niloticus. These

researchers, contrary to their earlier anticipations [8, 13],

now state that Oreochromis seems to have a rather great

capacity to modify FA, found in algal food, into their own

species specific FA pattern.
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P. aethopicusPC 2 
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PC 1 31%
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Fig. 3 PC-plots based on 35 FAs of samples of muscle tissue and

heart tissue from each fish from each location: triangles Lwampanga

at Lake Kyoga, circles Napoleon Gulf in Lake Victoria, squares

Bukungu at Lake Kyoga. The percentage of the total variation among

the samples along each of the two PC’s is given
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The seven species we have studied belong to six families

(Fig. 4) with 270 genera and more than two thousand

species and numerous undescribed forms. A fast emer-

gence of morphological changes and new species has been

observed in Lake Victoria [34]. These fish are also rather

stationary, e.g. Tilapia spp. movements in Lake Victoria

were typically short (\1 km), and there were no systematic

shifts in centres of gravity of populations [35]. The East

African lakes contain closely spaced patches of habitat

[36]. This may lead to different patterns of gene expres-

sion, i.e. differences in the transcriptomes, among the

various populations [37], resulting in differences in the FA

composition of the membrane lipids.

There is poor correlation between feeding habits of the

fish species and FA composition of their tissues. This may

infer that there is a low dietary effect on the FA compo-

sition. For example T. zilli, feeding on higher plants and

bottom deposits and L. niloticus feeding primarily on fish,

Table 1, have the smallest difference in FA composition

(Fig. 5). O. niloticus, with algal and plant material as the

major food items, is grouped together with C. gariepinus,

which are omnivorous, feeding mostly on insects and small

fishes (Fig. 5).

The marbled lungfish, P. aethiopicus, belongs, accord-

ing to the traditional morphologically based classification,

to a different class than all the six other species (Fig. 4).

The classification based on FA composition of the white

muscle tissue shows the same distinction (Fig. 5). The

further classsification of three catifsh species in one order,

Siluriformes, and the three others in a different order,

namely Perciformes, (Fig. 4) is, however, not paralleled by

the FA classification (Fig. 5). Here the cichlid Nile tilapia

is grouped together with the two catfish species S. victoriae

and C. gariepinus, and the catfish B. docmas is grouped

together with the two Perciformes T. zilli and L. niloticus.

As discussed above, this deviation from the traditional

classification cannot be explained by differences/similari-

ties in diet.

The fish species studied here are very lean having

between 2 and 6 mg total FAs per gram of muscle tissue,

average 3.4 mg/g. This means that there are only small

amounts of storage lipids and then mostly membrane lipids

Table 4 The average relative distance of the fish from each species from all sites expressed as residual standard deviations (RSD) to the

respective statistical models

Models based on muscle tissue

O. niloticus L. niloticus P. ethiopicus S. victoriae C. gariepinus B. docmas T. zilli
RSDmax = 1.10 RSDmax = 0.91 RSDmax = 0.82 RSDmax = 0.85 RSDmax = 1.00 RSDmax = 0.90 RSDmax = 1.04

N = 24(5,1) N = 15(2,0) N = 17(1,0) N = 13(0,0) N = 11(2,0) N = 17(2,0) N = 19(2,3)

O. niloticus 0.89 ± 0.21 2.19 ± 0.54 3.15 ± 1.20 2.82 ± 0.56 2.45 ± 0.32 1.59 ± 0.16 1.85 ± 0.83

L. niloticus 2.22 ± 0.53 0.74 ± 0.12 4.32 ± 1.04 2.78 ± 0.73 3.23 ± 0.53 2.07 ± 0.28 2.79 ± 1.71

P.aethiopicus 1.93 ± 0.33 2.30 ± 0.33 0.66 ± 0.18 2.44 ± 0.38 1.62 ± 0.11 1.92 ± 0.30 1.90 ± 0.30

S. victoriae 2.41 ± 0.41 2.04 ± 0.52 5.13 ± 2.51 0.41 ± 0.09 2.50 ± 0.24 2.14 ± 0.42 3.01 ± 2.07

C.gariepinus 3.11 ± 0.75 3.99 ± 1.02 4.30 ± 1.51 2.43 ± 0.42 0.80 ± 0.22 2.85 ± 0.62 3.60 ± 0.83

B. docmas 3.61 ± 0.99 4.18 ± 1.13 9.04 ± 3.80 4.28 ± 0.67 3.21 ± 0.40 0.73 ± 0.14 3.73 ± 1.05

T. zilli 1.55 ± 0.33 1.91 ± 0.41 3.05 ± 0.80 2.38 ± 0.32 2.11 ± 0.18 1.68 ± 0.33 0.85 ± 0.17

Models based on heart tissue

O. niloticus L. niloticus P. aethiopicus S. victoriae C. gariepinus B. docmas T. zilli
RSDmax = 1.09 RSDmax = 1.20 RSDmax = 0.82 RSDmax = 1.02 RSDmax = 0.87 RSDmax = 1.10 RSDmax = 1.03

N = 21(2,1) N = 16(2,0) N = 15(2,0) N = 13(2,0) N = 10(4,0) N = 9(1,0) N = 14(3,0)

O. niloticus 0.89 ± 0.19 2.58 ± 0.24 3.54 ± 1.33 4.35 ± 0.33 2.03 ± 0.68 2.49 ± 0.74 2.01 ± 0.32

L. niloticus 6.01 ± 1.40 0.98 ± 0.22 8.62 ± 3.12 6.65 ± 0.84 3.53 ± 1.23 3.52 ± 0.58 3.64 ± 1.53

P.aethiopicus 1.83 ± 0.34 3.12 ± 0.28 0.66 ± 0.17 3.37 ± 0.48 2.12 ± 0.34 3.09 ± 0.96 2.22 ± 0.37

S. victoriae 3.87 ± 1.20 4.64 ± 0.48 4.81 ± 1.27 0.83 ± 0.16 3.57 ± 0.52 3.79 ± 1.43 3.84 ± 0.44

C.gariepinus 2.94 ± 0.66 3.28 ± 0.54 6.44 ± 2.65 2.70 ± 0.33 0.65 ± 0.30 2.79 ± 1.00 2.98 ± 0.51

B. docmas 3.52 ± 2.00 2.73 ± 0.35 3.37 ± 0.88 3.54 ± 0.49 2.42 ± 0.53 0.86 ± 0.18 2.70 ± 0.32

T. zilli 1.66 ± 0.44 2.13 ± 0.21 2.76 ± 0.76 2.94 ± 0.40 2.08 ± 0.46 2.87 ± 1.38 0.83 ± 0.20

Maximum allowed distances of the models based on 95% confidence limits, are given as RSDmax. Averages which fall within a model are shown

in bold. The first number in parentheses after the total number of fish for each species indicates the number of fish which do not fall into their own

model, i.e. nonclassifed. The second number in the parentheses indicates the number of fish which fall into both their own model and into another

model, i.e. biclassified

Lipids (2008) 43:1017–1029 1025

123



in the cells. The general assumption is that the FA com-

position of the neutral, storage lipids reflect trophic

influences much better than the physiologically more

important phospholipids [38]. The formation of the

phospholipids of the membranes are subjected to genetic

control [39]. This suggests that the species differences in

FA composition (Fig. 4) are genetically determined.

Furthermore, it suggests that the observed differences

within the species among fish from the different locations

(Fig. 3) are also of genetic character and not results of

differences in foraging strategy.

The lipid level in the heart tissue is about five times higher

than in the muscle tissue, i.e. with an average content of total

FAs of 15.5 mg/g tissue, spanning from 7 to 29 mg/g

GENUS                               Clarias Bagrus Synodontis Oreochromis Tilapia Lates                              Protopterus

Clariidae Bagridae Mochokidae Cichlidae Latidae Protopteridae

Siluriformes (catfish) Perciformes Lepidosireniformes

Actinopterygii (ray-finned fish) Sarcopterygii (lobe-finned fish)

Osteichthyes (bony fishes)

FAMILY

ORDER

CLASS

SUPERCLASS

SPECIES                      C. gariepinus B. docmas S. victoriae O. niloticus T. zilli L. niloticus P. aethiopicus

14 genera          22 genera        10 genera              220 genera                        3 genera     1 genus  
100 species 188 species ~2000 species

9 species 56 species 11 species 120 species >30 species 40 species 9 species

Fig. 4 Classification of the seven species according to Greenwood [20] and Okaronon et al. [57]. The numbers of genera and species are

obtained from Wikipedia
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S. victoriae C. gariepinus O. niloticus B. docmas L. niloticus T. zilli P. aethiopicus

Fig. 5 Hierarchical cluster

analysis of average samples of

fish from the respective species

and locations. The clustering is

based on the 14 FAs present at

the highest levels in the muscle

samples. Five principal

components were determined,

describing 91% of the total

variation among the samples,

and the Euclidean distances

between the samples positioned

in the 5D space was the basis for

the cluster analysis. The codes

are explained in Fig. 2
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(Tables 2 and 3). There is no correlation between the total

FA content of the muscle and heart tissues from fishes from

the various species/locations. The cells in the heart tissue do

not contain storage lipids. They are much smaller than the

cells in white muscle tissue, about one fifth in diameter, and

contain many more mitochondria than the muscle cells [40].

Therefore there are much larger amounts of membrane lipids

on a tissue weight basis in the heart. This explains the higher

levels of total FAs.

There is also a qualitative difference between the lipids

in the heart and white muscle cells, with a different FA

composition, i.e. lower levels of SAFA and higher levels of

MUFA, but about the same levels of PUFA. Within the

PUFA there are less n-3 and more n-6 FAs in the heart

tissue, giving an average n-3/n-6 ratio of 1.0 ± 0.4, that is

significantly, P \ 0.01 (student’s t), lower than the ratio in

the muscles, 1.7 ± 0.7. The large difference in FA com-

position between the polar lipids of the heart and white

muscles emphasizes the low importance of the dietary

lipids on the composition of the FA in the tissues.

The n-3/n-6 ratios are typical for freshwater fish, where

the ratio lies in the interval 0.5–3.8, compared to the

interval 4.7–14.4 for marine fish [4]. From a nutritional

point of view the ratio is close to the recommended ideal

value of between 0.5 and 1 [41]. However, these species

are so lean that it will be impossible to cover the daily

recommended intake of 500 mg 20:5n-3 and 22:6n-3 by

eating fish alone [42].

Cholesterol

As a natural component of membranes, regulating their

fluidity, cholesterol is found in all tissues. The method of

direct methanolysis of tissue samples used in the present

investigation allows for quantitative determination of

cholesterol since the cholestdiene derivatives that are

formed during workup and chromatographic procedure are

detected in the gas chromatograph [25]. We found between

30 and 60 mg cholesterol per 100 g muscle tissue with an

average of 46 mg/100 g. The few data available on fresh-

water fish show approximately the same values: Three

Brazilian farmed freshwater species were reported by

Moreira et al. [43] to contain approximately 50 mg/100 g.

Francis et al. [44] found approximately 60 mg/100 g, and

Siddhuraju and Becker [45] approximately 70 mg/100 g

cholesterol in Nile tilapia in feeding experiments. Piironen

et al. [46] found cholesterol contents in the range 50–

100 mg/100 g of the edible parts of fish from Finnish

waters. Mathew et al. [47] found between 22 and 148 mg/

100 g cholesterol in 97 species of Indian fish with the

majority between 45 and 65 mg/100 g. In the freshwater

species the cholesterol content was found to be lower than

in their marine counter-parts. This is in contrast to

Oehlenschläger [48], who reported that the cholesterol

content of the edible part of freshwater fish was found to be

generally higher than the cholesterol content of marine fish

species. Our results tend to support the finding of a lower

level of cholesterol in freshwater fish.

Being largely of interest from a nutritional viewpoint,

most cholesterol determinations have been carried out on

the edible tissue of fish, and also in liver samples caused by

studies of cholesterol synthesis. The present investigation

is probably the first report on quantitative determination of

cholesterol in fish hearts. It showed about five times higher

levels in the heart tissue than in the muscle tissue, i.e. an

average of 46 mg/100 g in the muscle tissue and 230 mg/

100 g in the heart tissue.

Oehlenschläger [48] showed that the cholesterol content

decreased the fattier the fish was. This was explained by

the fact that cholesterol is a component of the phospho-

lipids of cell membranes and not of depot fat within the

cells, and the number of cells does not increase with an

increase in the amount of depot fat. Francis et al. [49], on

the other hand, suggested that higher muscle cholesterol

content can be related to higher carcass lipid content. Both

cholesterol and FA levels are five times higher in the heart

than in the muscle tissue in the present case. This shows

that the lipids in these tissues are predominantly phos-

pholipids. In the heart tissue, where the levels are highest,

the correlation between cholesterol and total FAs was fair,

i.e. R2 = 0.75, P = 7 9 10-6, but in the muscle tissue the

correlation was poorer, R2 = 0.29, P = 0.025.

Cholesterol has earlier been qualitatively determined in

heart tissue from cod, where it was important for the dis-

crimination between two populations [24]. It therefore

appears that the tissue level of cholesterol may be geneti-

cally controlled. Genetic control of the cholesterol content

was also suggested by Mathew et al. [47] who found sig-

nificant differences among families of Indian fish. The

variations detected here may therefore be species and

population dependent.

Plasmalogens

The phospholipids in membranes normally have two FAs

esterified to the glycerol molecule with the phosphoric acid

moiety esterified in the third position. However, a sub-

stantial portion of the phospholipids have an alkyl chain

with 16 or 18 carbons bound by a vinyl ether bond to the

first position of the glycerol backbone. These alkenyl-acyl-

phospholipids are called plasmalogens and are present in

all tissues [51]. They were first detected in marine organ-

isms in 1960 [53].

The plasmalogens are unstable towards acid [51]. Under

the conditions we use for methanolysis of the tissue lipids,

the vinyl ether group is cleaved to give an aldehyde which
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is methanolysed to a dimethyl acetal. They are gas chro-

matographed together with the FAMEs, although some loss

of methanol occurs in the injector, giving methyl alkenyl

ethers, which also give nice peaks in the chromatogram

[52]. The plasmalogens make out 7–8% of the amount of

total FAs (Tables 2 and 3), with about five times as much

in the heart tissue as in the muscle tissue. The higher

amount in heart tissue correlates with the higher amount of

phospholipids, measured as total FAs.

There are few reports on plasmalogens in freshwater

fish. They have been studied in carp, Cyprinus carpio, and

rainbow trout, Oncorhynchus mykiss [55, 56]. They are

structural components of cell membranes, reducing their

fluidity, and may have a number of other functions. When

the environmental temperature is increased membrane

permeability can be expected to increase and the plas-

malogens can be raised to regulate this phenomenon.

Kraffe et al. [54] found that total plasmalogen increased in

warm acclimated rainbow trout, which might explain the

relatively high values in fish from the tropical waters of

lakes Victoria and Kyoga.

In the present investigation we have found large dif-

ferences in FA composition of muscle and heart tissue

among seven tropical freshwater fish species. We have

demonstrated that the FA compositions are species specific

and appear to be independent of the dietary intake, thus

questioning the traditional view on the important dietary

impact. The fish appear to belong to local populations as

manifested by systematic differences in the tissue FA

composition. We have shown how cholesterol and plas-

malogens can be determined simultaneously with the FA

by our analytical method of acid catalysed transesterifica-

tion followed by gas chromatography.
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EPA Eicosapentaenoic acid

HAM-D Hamilton Depression Rating Scale

JBD Juvenile bipolar disorder

LCn-

3PUFA

Long-chain omega-3 polyunsaturated fatty

acid

MDD Major depressive disorder

TMRS Tripartite Mood Rating Scale

YMRS Young Mania Rating Scale

Introduction

The diagnosis of juvenile bipolar disorder (JBD) in chil-

dren and adolescents is becoming increasingly well

accepted in research literature and by clinicians [1, 2]. The

lifetime prevalence of JBD is approximately 1% during

adolescence and 2% during young adulthood [3, 4], similar

to that found in adults [5]. On average there is a 10–15 year

delay between the time that patients report having symp-

toms of JBD until their diagnosis and treatment which

suggests that patients with JBD may have had the disease

for many years, when they were children or adolescents,

prior to treatment [6].

There is growing evidence that a deficiency in long-

chain omega-3 polyunsaturated fatty acids (LCn-3PUFA)

may be involved in the aetiology of bipolar disorder (BD)

and major depressive disorder (MDD). The rate of fish

consumption in western diets is negatively related to the

occurrence of BD [7] and MDD [8]. Red blood cell (RBC)

membrane concentrations of docosahexaenoic acid (DHA)

are reportedly lower in adults with BD [9] and plasma

eicosapentaenoic acid (EPA) [10] and DHA [11] lower

in adults with MDD compared with normal controls.

Although lower concentrations of LCn-3PUFA have been

reported in adults, no past studies have examined blood

concentrations of LCn-3PUFA in JBD.

One of the main criticisms of studies examining blood

concentrations of LCn-3PUFA has been a lack of control

for LCn-3PUFA intake [12]. Intake of LCn-3PUFA is

closely related to blood concentrations of LCn-3PUFA,

with plasma phospholipid concentrations representing

intake over the last 1–2 weeks [13] and RBC concen-

trations reflecting intake in the previous 14–120 days

[14].

The present study is the first to assess LCn-3PUFA

intake and blood concentrations in children and adolescents

with JBD compared with healthy controls. It was predicted

that blood concentrations of LCn-3PUFA would be sig-

nificantly lower in children and adolescents diagnosed with

JBD compared with healthy controls after controlling for

family socio-economic status (SES) and LCn-3PUFA

intake.

Materials and Methods

All experimental procedures were approved by the Hunter

New England Area Health Service Research Ethics Com-

mittee and the University of Newcastle Human Research

Ethics Committee. The study was conducted with cogni-

sance of the following principles and guidelines: the

Declaration of Helsinki [15, 16]; the National Statement on

Ethical Conduct in Research Involving Humans [17] and

the International Committee of Harmonisation Good

Clinical Practice (GCP) guidelines [18]. All participants’

parents/guardians gave written informed consent and par-

ticipants gave informed assent prior to inclusion in the

study. The study was also registered with the Australian

Clinical Trials Registry (http://www.actr.org.au) ACTRN:

ACTRN012606000440527.

Participants

Participants with JBD were referred to The Bipolar Pro-

gram (Hunter New England Area Health Service) and

assessed prior to study admission through a clinical inter-

view by a clinical psychologist and child and adolescent

psychiatrist and during a structured interview using the

Washington University at St Louis Schedule for Affective

Disorders and Schizophrenia (WASH-U-K-SADS) [19].

One of the authors (TH) had been trained to administer and

interpret this instrument. Psychological histories were

obtained from the young person as well as their parent or

carer.

Participants with JBD were included in the study if they

satisfied the following criteria: met diagnostic criteria for

either BD I, BD II or BD Not Otherwise Specified (BD

NOS) as specified in the DSM-IV-TR [20]; had an episode

of mania, hypomania, mixed mania or major depression in

the preceding 6 months; were currently being prescribed a

mood stabiliser, an atypical antipsychotic or a combination

of both medications and were stabilised for at least 4 weeks

prior to the study; and were aged between 8 and 18 years.

Participants were excluded if they had a primary medical or

neurological cause of their mood disorder or had a

comorbid diagnosis of Autistic Spectrum Disorder or

clinically evident mental retardation.

Participants were not excluded if they had a co-morbid

substance abuse, as comorbidity can be up to 17.6% [21].

Substance induced hypomania was not an exclusion criteria

[22], as this disorder was automatically excluded when a

diagnosis of JBD was confirmed. Inclusion and exclusion

criteria took into account previous guidelines [10, 23].

Healthy age and sex-matched controls were recruited

from the general community and were excluded if they

fulfilled any of the following criteria: had previously been

diagnosed with any DSM-IV disorder or JBD according to
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the WASH-U-K-SADS; had a family history of mental

illness in first degree relatives; had ever been prescribed

psychotropic medication or had a history of substance

abuse.

In addition, participants with JBD or healthy controls

were excluded from the study if they satisfied any of the

following common criteria: had a diagnosis of a significant

medical disorder, such as active hepatic or renal disease,

dementia, serious head injury or active cancer, Non-Insulin

Dependent Diabetes Mellitus (NIDDM)––type 2 diabetes,

cardiovascular, haematological or gastrointestinal disease;

had taken fish oil (LCn-3PUFA) as supplements within the

previous 6 weeks; were taking medication affecting lipid

metabolism, such as HMG-CoA inhibitors or high-dose

niacin; were pregnant; had a body mass index (BMI) less

than 16 or greater than 30; or finally, were actively con-

suming a low fat diet.

Measurements

Fasting blood samples were collected on one occasion for

analysis of fatty acids. Following collection and separation

of plasma by centrifugation, RBC membranes were washed

with saline [24] and centrifuged again prior to being frozen

at -80 �C pending further analysis. LCn-3PUFA intake

was assessed using a Food Frequency Questionnaire (FFQ).

Development and preliminary validation of the FFQ will be

reported separately.

SES was assessed in all participants by asking parents/

guardians about their occupation, highest education level

achieved and income [25, 26]. Parental occupation was

rated according to the ANU3_2 occupational status scale

[27].

Psychological and Behavioural Tests and Observations

in Participants with JBD

Psychological measures assessed at the time of blood

collection included clinician reported mania (Young

Mania Rating Scale, YMRS [4, 28]) parent reported mania

(P-YMRS, and clinician reported depression (Hamilton

Depression Rating Scale, HAM-D [29]). Overall severity

of symptoms (mania and depression) was assessed using

the Clinical Global Impressions scale (CGI [30, 31]).

Higher scores on these measures represent a higher severity

of illness. Global functioning was assessed using the Glo-

bal Assessment Scale for Children (C-GAS [32]), where a

higher score represents a higher level of functioning. The

Child Behaviour Checklist (CBCL [33]) was completed by

parents or guardians and participant behaviour was self-

assessed using The Beck Youth Inventories (BYI [34]).

Higher scores on these measures also reflect more severe

illness.

Average mood was rated by patients and clinicians on

the Tripartite Mood Rating Scale (Client Version [35]),

which incorporates a 3-pronged Likert scale for the moods

depression, euphoric mania and dysphoric mania (anger),

with higher scores representing a worsening of mood.

Fatty Acid Analysis

Total fatty acids were determined in plasma and RBC

using the method established by Lepage and Roy [36] and

validated for RBC [37]. Briefly, following extraction and

methylation of fatty acids using methanol:toluene and

acetyl chloride, fatty acids were quantified using a Hewlett

Packard Series Gas Chromatograph with a flame ionization

detector in comparison to a standard mixture of genuine

fatty acid methyl esters (Nu Chek Prep, Elysian, MN USA).

Details of the methods have been described previously [38].

Statistical Analysis

Prior to analysis, data were assessed for homoscedasticity

and normality assumptions using the Scatterplot and

Explore options of the Statistical Package for Social Sci-

ences (SPSS) version 14.0 for Windows [39]. Differences

in RBC fatty acid concentrations between groups were

analysed using the MIXED Model procedure in the SAS

program [40, 41] with subject pair as the individual

experimental unit and pair within gender as a random

effect. Data were analysed for main effects of group and

gender as well as the interaction between main effects. SES

and intake of LCn-3PUFA were analysed as co-variates

and, where significant, were included in the final model.

Psychological test score in participants with JBD were also

correlated with plasma and RBC concentrations of

LCn3PUFA by Pearson correlation using SPSS.

Results

Fifteen participants with JBD (9 female, mean age = 15.0 ±

0.95 year; 6 male, mean age = 13.6 ± 1.29 year) and

fifteen age and sex-matched controls (female mean age =

14.7 ± 1.12 year; male mean age = 13.8 ± 1.30 year)

were enrolled in the study. Participants with JBD were

diagnosed with BD I (n = 7), BD II (n = 3) or BD NOS

(n = 5) and were all receiving mood stabilising medication.

No participants had taken LCn-3PUFA supplements within

12 weeks prior to the study.

The reported intake of LCn-3PUFA was significantly

lower for participants with JBD compared with healthy

controls (Table 1). Prior to adjusting for intake, RBC

concentrations of EPA and DHA were significantly lower

in participants with JBD compared with healthy controls
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(Table 2). However RBC EPA (r (30) = 0.65, P \ 0.001)

and DHA (r (30) = 0.63, P \ 0.001) were significantly

correlated to EPA and DHA intake, respectively and, after

controlling for LCn-3PUFA intake as a co-variate in the

analysis, RBC concentrations of EPA and DHA were not

significantly different between participant groups.

RBC DHA concentration was negatively related to cli-

nician ratings of depression using the CGI (r (15) =

-0.55, P = 0.044) and participant ratings of aggression

using the BYI (r (15) = -0.55, P = 0.043). Plasma EPA

(% of total fatty acids) was significantly positively asso-

ciated with symptoms of mania and externalising and

disruptive behaviour (Table 3).

RBC EPA (2.83 ± 0.38 versus 3.17 ± 0.44, P = 0.584),

DHA (15.67 ± 2.82 versus 23.08 ± 3.28, P = 0.123) and

arachidonic acid (AA; 70.15 ± 9.82 versus 82.53 ± 12.03,

P = 0.440) were not significantly different between parti-

cipants with JBD receiving either lithium or valproate as

their primary mood stabilising medication. Similarly, RBC

concentrations of LCn-3PUFA were not significantly related

to smoking, alcohol consumption or BMI.

Discussion

Red blood cell membrane concentrations of EPA and DHA

were significantly lower in children and adolescents diag-

nosed with JBD compared with healthy controls. However,

reported intakes of EPA and DHA were also lower in

participants with JBD and significantly related to RBC

concentrations. Therefore, after controlling for reported

intakes of EPA and DHA, RBC concentrations of EPA and

DHA were not significantly different between participants

with JBD compared with controls. This is the first study to

report RBC concentrations of LCn-3PUFA in JBD com-

pared with healthy controls and one of the first to report

RBC LCn-3PUFA in mental illness after adequately con-

trolling for intake in the statistical analysis.

A genetically determined metabolic abnormality of

LCn-3PUFA metabolism such as a specific deficiency of

fatty acid CoA ligase 4 and/or Type IV phospholipase

A2, resulting in reduced incorporation of LCn-3PUFA

into phospholipids and lower concentrations of LCn-

3PUFA in RBC, in particular, is proposed in patients

with BD and MDD [42, 43]. However, LCn-3PUFA

intake was not assessed in several studies linking reduced

LCn-3PUFA with BD [9] or MDD [10, 11, 23], so

differences between the effects of intake and metabolism

cannot be determined.

In addition, intakes of fish or LCn-3PUFA were reported

in several studies, but inadequate design and statistical

methods mean that their results cannot be easily inter-

preted. For example, RBC membrane EPA and DHA were

significantly lower in adults with MDD compared with

healthy controls [44]. Although intake of LCn-3PUFA was

estimated using a 7-day weighed food record, differences

in blood LCn-3PUFA were analysed using a 2-sample

(non-paired) t-test, meaning intake could not be included as

a co-variate in the analysis. As the correlation between

Table 1 Mean reported daily intakes of LCn-3PUFA in children and

adolescents in Australia diagnosed with JBD compared with healthy

controls

LCn-3PUFAb Fatty acid intake (mg/day)a P-values

Control Bipolar

EPA 39 (±3) 19 (±3) \0.001

DPA 31 (±4) 23 (±4) 0.152

DHA 70 (±6) 28 (±7) \0.001

LCn-3PUFA 139 (±11) 69 (±11) \0.001

a Values are least squares means ± standard error of the least squares

mean for 15 age and sex-matched pairs, n = 6 males (mean

age = 13.6 years) and n = 9 females (mean age = 15.0 years)
b EPA eicosapentaenoic acid (C20:5n-3), DPA docosapentaenoic

acid (C22:5n-3), DHA docosahexaenoic acid (C22:6n-3)

Table 2 Red blood cell LCn-3PUFA concentration (lg/mL) in children and adolescents diagnosed with JBD compared with healthy controls

LCn-3PUFAb RBC concentration (lg/mL)a P-values

Control JBD Co-variate No co-variate

EPA 3.69 (±0.266) 3.37 (±0.260) 0.458 0.016

DPA 15.05 (±1.221) 11.23 (±1.200) – 0.062

DHA 24.61 (±2.384) 22.08 (±2.234) 0.528 0.014

LCn-3PUFA 64.01 (±5.116) 38.12 (±5.036) – 0.010

n-6:n-3 ratio 3.19 (±0.317) 3.94 (±0.311) – 0.152

Omega-3 index 4.72 (±0.353) 4.11 (±0.348) – 0.152

a Values are least squares means ± standard error of the least squares mean adjusted for LCn-3PUFA intake as a co-variate for 15 age and sex-

matched pairs, n = 6 males (mean age = 13.6 years) and n = 9 females (mean age = 15.0 years)
b EPA eicosapentaenoic acid (C20:5n-3), DPA docosapentaenoic acid (c22:5n-3), DHA docosahexaenoic acid (C22:6n-3), n-6:n-3 ratio of total

n-6:total n-3 fatty acids, Omega-3 index = RBC EPA% ? DHA% total fatty acids [58], High risk of disease = 0–4%, medium risk of

disease = 4–8%, low risk of disease [8%
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reported intake and RBC % LCn-3PUFA were significant

[44], it is likely that intake would have been significant as

co-variate in the analysis and this may have significantly

altered the outcome. In addition, it is unlikely that 14

controls and 10 patients with MDD could be matched on all

criteria specified in the study. Similar problems matching

criteria with control participants and not using intake as a

co-variate in statistical analyses also occurred in other

studies of attempted suicide [45] and ADHD [46].

As blood concentrations were related to LCn-3PUFA

intake and not significantly different between participants

with JBD and controls after controlling for intake, data

from the current study suggest that there was not a genetic

abnormality in LCn-3PUFA incorporation into RBC in

participants with JBD. However, there are still several

possible hypotheses linking LCn-3PUFA intake and JBD

incidence.

Firstly, as there is a strong genetic component to BD,

participants with JBD are more likely to be from families

with a higher incidence of BD and, subsequently, lower

SES. Participants with JBD in the current study had a strong

family history of depression and BD and family SES was

lower for these participants than controls (data to be pre-

sented in more detail separately). These results agree with

previous research linking lower SES to increased incidence

of mental illness [47–49]. Therefore, a secondary effect

from having JBD may be reduced SES, reduced family

capacity to purchase food containing high concentrations of

LCn-3PUFA (such as fresh oily fish which is expensive)

and, therefore, RBC concentrations merely reflect lower

intake. SES is significantly positively associated with fish

consumption [50, 51] and serum phospholipid EPA % [26].

Secondly, lower intakes of LCn-3PUFA may precede

the onset of JBD and lower blood concentrations may be

involved in the aetiology of JBD through several mecha-

nisms previously reviewed [52]. Finally, it is possible there

is a combination of effects, if participants with JBD are

from a lower SES, they consume less LCn-3PUFA, blood

concentrations are lower and this contributes to an additive

decline in brain functioning and a worsening of symptoms

(Fig. 1).

Increasing the consumption of LCn-3PUFA through fish

or seafood high in LCn-3PUFA or by using supplements

may break this negative cycle and lead to an improvement

of symptoms separate to other pharmacological treatment.

This strengthens the hypothesis to include LCn-3PUFA

supplements as an adjunct to normal pharmacological

treatment. Symptoms of JBD may be improved without

altering pharmaceutical doses or similar symptom control

Table 3 Relationship between plasma and red blood cell (RBC) EPA and DHA (% total fatty acids) and ratings of mood and behaviour in

children and adolescents diagnosed with JBD

Clinician ratings Parent ratings Participant ratings

YMRS CGI-mania P-YMRS CBCL-external BDBI-Y TMRS-mania

Plasma EPA 0.48* 0.71*** 0.42 0.71*** 0.59** 0.61**

Plasma DHA 0.33 0.50* 0.11 0.39 0.02 0.01

RBC EPA 0.24 0.49* 0.21 0.23 0.04 -0.02

RBC DHA 0.17 0.32 0.05 0.14 -0.28 -0.39

YMRS Young Mania Rating Scale, CGI-mania clinical global improvements mania scale, P-YMRS parent version of the Young Mania Rating

Scale, CBCL Child Behaviour Checklist, BDBI-Y disruptive behaviour inventory on the Beck Youth Inventories, TMRS tripartite mood rating

scale. NB. n = 15 for all correlations

* P \ 0.10, ** P \ 0.05, *** P \ 0.01

Fig. 1 Theoretical cycle linking SES, intake of LCn-3PUFA and

symptom severity in JBD
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may be achieved with lower doses of pharmaceuticals and,

therefore, lower unwanted side-effects.

RBC concentrations of DHA in the current study were

negatively related to clinician ratings of depression and

participant ratings of aggression. Lower LCn-3PUFA is

related to increased depression and aggression in rats [53]

and supplementation with DHA reduces aggression

induced by stress [54]. Plasma EPA%, which reflects recent

intake [55], was positively related to clinician ratings of

mania, parent ratings of externalising symptoms and

participant ratings of disruptive behaviour, while RBC

EPA was not significantly related to any psychological

measures. Future research should further distinguish

differences between short-term intake and blood concen-

trations and long-term intake with state and trait measures

of mood and behaviour. LCn-3PUFA supplementation is

proposed to be more effective for depression than mania

[56, 57] and DHA may be the preferred target treatment for

depression and aggression.

The omega-3 index (RBC EPA ? DHA%) [58] was

not significantly different between groups. However, the

omega-3 index of all participants was in the range con-

sidered to be a ‘‘Medium Risk’’ for cardiovascular disease

(0–4% High Risk, 4–8% Medium Risk, [8% Low risk),

indicating that all the participants in the current study had

relatively low RBC EPA and DHA compared with recom-

mended levels.

Although the effect of mood stabilising medication

on RBC membrane LCn-3PUFA concentrations has not

previously been studied, lithium [59, 60] and sodium

valproate [61] are associated with decreased arachidonic

acid (AA) turnover in the brain of rats without altering the

turnover of DHA. In the current study, RBC concentra-

tions of EPA and DHA (after controlling for intake) and

AA were not significantly different between participants

with JBD who were prescribed lithium compared with

those prescribed sodium valproate. Antidepressants [11],

haloperidol and diazepam [62] do not alter RBC LCn-

3PUFA levels, so it seems unlikely that pharmaceutical

treatment would explain further variation in blood con-

centrations. Therefore, LCn-3PUFA supplements could be

effective in addition to standard pharmacotherapy for the

treatment of JBD. Previous research has indicated that

adjunct supplementation may be beneficial in the treatment

of BD in adults [63–65]. Future clinical studies should

monitor the interaction between medications and blood

LCn-3PUFA.

There are obvious limitations to conducting a study with

small numbers of participants. The results should be treated

with caution and require replication. However, given the

significant relationship between intake and RBC membrane

concentrations of LCn-3PUFA, the methods used in the

current study appear to be valid.

Conclusions

Red blood cell membrane concentrations of EPA and DHA

were not significantly different in participants with JBD

compared with healthy controls after controlling for intake.

However, lower intakes and subsequent blood concentra-

tions in participants with JBD may contribute to worsening

of symptoms, as RBC concentrations of DHA were nega-

tively related to symptoms of depression. Therefore,

supplementation with LCn-3PUFA to break the cycle of

lower intake and to increase blood concentrations may be

of benefit in alleviating symptoms of JBD.
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Typical changes in the insulin resistant state are an

increased fat mass due to adipocyte hyperplasia and

hypertrophy [1–4], liver steatosis and triacylglycerol

(TAG) accumulation in skeletal muscle [5–8], as well as

fasting and postprandial hyperlipidemia [9–11]. Previous

studies have provided convincing evidence that an exces-

sive amount of fatty acids is an important etiological factor

in the development of these pathologies. Systemic insulin

resistance can be induced in humans and in animal models

by high fat diets (HFDs) [12–14] or by systemic elevation

of fatty acids through lipid infusion [6, 15–17]. Alteration

of fatty acid fluxes by transgenic intervention or by phar-

macological means were demonstrated to modulate insulin

sensitivity in disease models [18–22], adding further evi-

dence to the notion that an excess of fatty acids causes

insulin resistance.

In addition to overall fatty acid quantities, composition

of tissue fatty acid pools is an important aspect of meta-

bolic disease. Observational studies established that certain

fatty acids are frequently associated with insulin resistance,

suggesting that they may have a pathogenic role. For

example, in human plasma, palmitate (C16:0), palmitoleate

(C16:1), oleate (C18:1) and dihomo-c-linolenate (C20:3n-

6) were found to be increased in insulin resistant subjects,

while linoleate (C18:2) negatively correlated with meta-

bolic disease in many cross-sectional and prospective

studies (see [23] for review). Direct evidence that some

fatty acid species or classes are more pathogenic than

others was generated in dietary intervention studies. Diets

enriched in SFA and MUFA were shown to induce insulin

resistance in rodents [13, 24–26] while n-6 PUFA showed

more variable effects [13, 27] and dietary fats enriched in

n-3 PUFA unequivocally showed strong weight-reducing

and insulin sensitizing effect in diet-induced obesity rodent

models [24, 25]. In humans, a diet enriched in SFA but not

one enriched in MUFA induced insulin resistance in

healthy subjects [14]. In contrast to rodents, dietary inter-

vention studies in humans using fish oils rich in n-3 PUFA

found no positive effect on insulin action [14, 28–31],

although muscle phospholipid n-3 PUFA content was

found to correlate with insulin sensitivity [32, 33].

The fatty acid composition in the body is determined not

only by dietary intake but also by fatty acid synthesis and

processing of dietary fatty acids. One important pathway is

the synthesis of SFA and MUFA including de novo syn-

thesis of C16:0 by fatty acid synthase (FAS), elongation by

fatty acid elongases (ELOVL1-6) and D9-desaturation by

stearoyl-CoA desaturase (SCD), enzymes highly expressed

in the major lipogenic tissues liver and adipose tissue.

Among the lipogenic enzymes SCD1 is an especially well

studied example. Its activity is essential for induction of

other lipogenic genes, liver steatosis and weight gain after

HFD feeding of mice [34]. Genetic deficiency of SCD1 and

long-term knockdown using antisense RNA technology led

to protection from insulin resistance and obesity [35, 36].

Importantly, short-term inhibition of SCD1 improved

insulin signaling, however, was not accompanied by

reduced obesity or liver steatosis, suggesting a direct

insulin sensitizing effect on liver [37]. SCD1 activity has

also been implicated in human obesity and insulin resis-

tance. D9-desaturase (D9D) indices, calculated from

products and precursors of the SCD1 reaction, were fre-

quently increased in obesity, insulin resistance and other

parameters of metabolic disease suggesting that SCD1 is

also an important mediator of human insulin resistance [23,

38, 39].

Fatty acid profiling in humans revealed that insulin

resistance is also frequently associated with alterations in

activity indices of D6-desaturase (FADS2) and D5-desat-

urase (FADS1), which are essential for synthesis of PUFA

from essential fatty acids. Apparent activity of FADS2 is

typically increased in metabolic disease while FADS1 is

decreased [23]. In rodent models of obesity and insulin

resistance alterations of FADS1 and FADS2 has been

studied only in a few insulin resistant models [40, 41].

Compared to SCD1, less is known about causal links to

metabolic disease. Even less is known about the role of

fatty acid elongases in insulin resistance. Interestingly, the

isoform ELOVL6, using fatty acids with chain length

below C18 as substrate, was recently shown to promote

liver insulin resistance [42].

HFD-induced obesity in the C57Bl/6 mouse [12] is one

of the most widely used mouse models of insulin resistance

exhibiting many aspects of the metabolic syndrome in

humans such as impaired glucose tolerance, hypertension,

diminished immune function and a propensity for athero-

sclerosis [43]. The strain is susceptible to diet-induced

obesity on different HFDs with the exception of diets rich

in n-3 PUFA [25]. Despite the frequent use, especially for

genetic studies, alterations in fatty acid profiles in relation

to insulin resistance have not been studied extensively in

this model. Therefore, we set out to perform a compre-

hensive lipid profiling experiment using a lard-based HFD

to induce different degrees of insulin resistance. We

observed profound changes in fatty acid content and

composition. Some of these changes occurred even in a

very early insulin resistant state while others were only

apparent in fully developed insulin resistance.

Materials and Methods

Animal Diet Regimens and Necropsy

Age-matched male C57Bl/6 mice (Taconic, Germantown,

NY) on distinct diets were used as models of insulin
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resistance and as the respective controls. Healthy control

mice were fed a normal chow diet (Chow, Purina 5001).

Insulin resistance was induced by a lard-based, diabeto-

genic HFD (Bio-Serv S3282; proximate nutrient profile by

weight: 35.5% lard, 20% casein, 14% sucrose, 18.6%

maltose dextrin). As shown in Supplemental Figure 1, one

group was made profoundly insulin resistant by feeding the

HFD for a period of 16 weeks starting at weaning (16w-

HFD). Another group was designed to be mildly insulin

resistant and received the HFD only 1 week before nec-

ropsy (1w-HFD), after randomization at 19 weeks of age

with the Chow-fed controls for fasting plasma insulin and

glucose. At 20 weeks of age, blood and organs were col-

lected from the mice for metabolic profiling. Before

necropsy each feeding group was divided into two sub-

groups, mice fasted overnight for 16 h (Fasted) and mice

fasted overnight with subsequent access to the HFD for 4 h

(Refed).

The animals were anesthetized with isoflurane and car-

diac stick was performed to collect blood as EDTA plasma

(Li-heparin for NMR) from the right ventricle of the heart.

After bleeding, the animals were perfused (10 U/L hepa-

rinized saline) through the right ventricle of the heart,

allowing the blood to exit through a cut in the caudal vena

cava. Organs and blood were taken and snap frozen in

liquid nitrogen for storage at -80 �C.

Animals were maintained on a 12-h light, 12-h dark

cycle and received tap water ad libitum. All animals were

maintained in accordance with the Institutional Animal Use

and Care Committee of Eli Lilly and Company and the

NIH Guide for the Use and Care of Laboratory Animals.

Plasma Parameters

Plasma insulin was determined using Rat/Mouse Insulin

Assay kit (Mesoscale Discovery, Gaithersburg, MD) and

Mouse Endocrine Lincoplex kit (Millipore, St. Charles,

MO) for randomization and final study, respectively. Glu-

cose was measured using a Hitachi 912 clinical chemistry

analyzer (Roche, Indianapolis, IN). Adiponectin was

determined using an ELISA from R&D Systems (Minne-

apolis, MN). Blood lipid measurements including FPLC

analysis were performed as described [44].

Metabolite Quantification by NMR

Li-heparin plasma samples were transferred into 1-mm

NMR sample tubes and stored for a maximum duration of

2 h at 4 �C prior to NMR data acquisition. T2-filtered 1H-

NMR spectra were recorded at 300 K on a Bruker

600 MHz AVANCE spectrometer using a 1-mm TXI

micro probe head equipped with z-gradient system. A

standard 1D CPMG (Carr–Purcell–Meiboom–Gill) pulse

sequence [45] with 2 s presaturation delay (cB1 = 50 Hz)

and 80 echo cycles of 800 ls duration resulting in a total

echo time of 64 ms was employed. 256 scans of 32,768

data points covering 12019 Hz were recorded and zero

filled to 65,536 points. An exponential window function

with a line-broadening factor of 2.0 Hz was applied prior to

Fourier transformation. All spectra were manually phased

and baseline corrected and referenced to the CH3 signal of

lactate (1.33 ppm). The relative 3-hydroxybutyrate, ace-

tone and glycerol concentrations were determined by

manual deconvolution of the spectra using reference data

of the corresponding compounds recorded at 4 mM con-

centration in 0.067 mM phosphate buffer (pH 7.4).

Reference data were recorded using the first time increment

of the 2D NOESY experiment [46] with presaturation

(cB1 = 50 Hz) during 2 s relaxation delay and 100 ms

mixing time, respectively. Other parameters were as above

except 64 scans were accumulated and data were refer-

enced according to internal TSP at a concentration of

0.4 mM. The determined relative concentrations are given

in relative units since the values were not corrected for

attenuation of the signals caused by relaxation during the

T2 filter delay and rapid pulsing saturation effects.

Liver Total Lipid Quantification

In homogenized liver samples, basal lipid values are high

enough to measure efficiently and specifically total lipid

content by standard colorimetric assays without any

extraction. For lipid quantification, 50-mg pieces of frozen

liver were homogenized in lysis buffer (2 mM CaCl2,

80 mM NaCl, 1% TritonX-100, 50 mM Tris/HCl, pH 8.0).

TAG and cholesterol were determined using commercial

kits (Roche/Hitachi, Mannheim, Germany). Protein con-

centrations were measured by a Lowry method, which was

modified for lipid containing samples by addition of 0.1%

SDS.

Western Blot Analysis

Liver lysates were generated by homogenizing tissue in

lysis buffer (50 mM Tris, 250 mM mannitol, 1 mM EDTA,

1 mM EGTA, 20 mM Na4P2O7, 2 mM Na3VO4, 1 mM

DTT, 50 mM NaF, protease inhibitors (COMPLETE,

Roche, Mannheim, Germany), phosphatase inhibitor

cocktail (Sigma, Munich, Germany), 1% Triton X-100)

with subsequent clarification by centrifugation at

13,000 rpm for 30 min. Protein concentrations were

determined using the BCA protein assay (Perbio, Bonn,

Germany). Proteins were separated by SDS-polyacryl-

amide gel electrophoresis (4–12% acrylamide, NuPAGE

system, Invitrogen, Karlsruhe, Germany) under denaturing

conditions and transferred to Protran nitrocellulose
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membranes. Immunodetection was performed with anti-

bodies against IRS1 (Upstate, Schwalbach, Germany) and

IRS2 (Santa Cruz, Heidelberg, Germany) using standard

procedures. The signals were quantified by normalization

to beta-tubulin using an antibody from Sigma (Munich,

Germany).

Total RNA Extraction and Real-time Quantitative PCR

Total RNA from frozen liver samples was extracted using

the TissueLyser and RNeasy system (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions.

DNA contaminants were removed via column DNase

treatment (RNase-Free DNase set; Qiagen). 1 lg of RNA

was reverse transcribed in 50 ll reaction mixture using the

High Capacity cDNA Archive Kit (Applied Biosystems,

Darmstadt, Germany) according to the manufacturer’s

instructions. Real-time RT-PCR was performed as descri-

bed previously [47].

For all other genes Assay-on-Demand primer/probe sets

supplied by Applied Biosystems were used (Assay IDs are

available upon request). Relative expression was calculated

by normalization to selected housekeeper mRNA (TBP) by

DDCt method [48]. Data are reported as copy number

relative to housekeeper.

Fatty Acid Analysis

All chemicals were of analytical grade. Fatty acid methyl

ester standards were obtained from Restek, (Bad Homburg,

Germany), Cayman (IBL, Hamburg) and Supelco (Sigma).

Total lipids from liver, subcutaneous adipose tissue and

skeletal muscle were extracted essentially as described by

Folch et al. [49]. Briefly, 250 ll of butylhydroxytoluene

(0.1 mol/l in methanol) and 6 ml of chloroform/methanol

(2:1) were added to 50 mg of tissue. After homogenization

using an Ultraturrax homogenizer the samples were heated

to 50 �C for 30 min and centrifuged (1800 g, 5 min). Lipid

class separation of liver tissue was performed according to

the method of Hamilton and Comai [50] using prepacked

silica columns (Separtis, Grenzach-Wyhlen, Germany).

Separated lipid fractions were evaporated and redissolved

in methanol/toluene (4:1). Fatty acid methyl esters were

prepared based on the method of Lepage and Roy [51]

except that toluene was used instead of benzene. Briefly,

10 ll of plasma (or 100 ll of tissue extract), 2 ml metha-

nol/toluene (4:1), 50 ll heptadecanoic acid (200 lg/ml in

methanol/toluene, 4:1) and 200 ll acetyl chloride were

heated in a capped tube for 1 h at 100�C. After cooling to

room temperature 5 ml of 6% sodium carbonate was

added. The mixture was centrifuged (1800 g 5 min.) and

150–200 ll of the upper layer were transferred to auto

sampler vials. For liver extracts dilutions were made by

adding 1.6 ml of toluene preliminarily to the sodium car-

bonate. Gas chromatography analyses were performed

using an HP 5890 gas chromatograph (Hewlett Packard)

equipped with flame ionization detectors (Stationary phase:

DB-225 30 m 9 0.25 mm id., film thickness 0.25 lm;

Agilent, Böblingen, Germany). Peak identification and

quantification was performed by comparing retention times

and peak areas, respectively, to standard chromatograms.

All calculations are based on fatty acid methyl esters val-

ues. Composite D9D index was calculated as the sum of the

fractional contents of all MUFA divided by the sum of the

fractional contents of both MUFA and SFA.

Statistical Analysis

Unless indicated otherwise two-tailed Student’s t-test was

used to assess statistical significance between groups.

Pearson’s correlation test was used to evaluate the degree

and the significance of association between plasma lipids

and obesity or insulin resistance parameters.

Results

Short- and Long-Term Feeding of High Fat Diet

Results in Progressive Insulin Resistance

Insulin sensitivity and metabolic status of the HFD-fed

mice and control mice was determined by measuring

plasma concentrations of glucose and insulin, as well as

adipokines and lipids in the fasted and in the refed state

(Supplemental Table 1). Feeding the HFD for 1 week

resulted in a mild but significant insulin resistance as

shown by higher fasting glucose and insulin in 1w-HFD

mice vs. Chow mice (Fig. 1). Also, a significant rise in

body weight and plasma leptin (Supplemental Table 1,

Figure 1) was observed. As expected, 16 weeks HFD led to

more pronounced overweight and insulin resistance com-

pared to 1w-HFD mice, as reflected by fasting glucose,

insulin and leptin levels. Fasting plasma adiponectin was

decreased by HFD feeding, however, only in the 16w-HFD

group (Fig. 1).

In the refed state, plasma glucose and insulin were

elevated compared to fasted state in each dietary group, as

expected. While in the refed state, glucose was still sig-

nificantly higher in the 1w-HFD group vs. control mice,

refed insulin levels were equal in both groups (Fig. 1).

Consistent with the observation that leptin secretion is

stimulated by high metabolic fuel availability [52, 53],

plasma leptin was profoundly increased in the refed vs. the

fasted state in controls and the 1w-HFD group. In the 16w-

HFD group this regulation was lost and leptin was actually

lower in refed vs. fasted animals. Interestingly, adiponectin
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levels in the refed state were no longer different between

the feeding groups (Fig. 1).

High Fat Diet Induces Plasma Hyperlipidemia while

Reducing Ketone Bodies

HFD feeding increased levels of plasma lipids, as expected

(Supplemental Table 1). The lipid levels correlated posi-

tively with measures of obesity and insulin resistance,

cholesterol having the highest scores (Pearson correlation

coefficients for fasting plasma cholesterol: insulin, r = 0.899;

glucose, r = 0.823; leptin, r = 0.854; p \0.001). In order to

characterize the observed hyperlipidemia in more detail we

assessed the lipoprotein profiles of the insulin resistant mice

by FPLC. The size of the HDL peak (fractions 22–28)

increased moderately after 1 week of HFD feeding and

increased further after 16 weeks of HFD (Fig. 2), as

observed previously in mice [54]. A more dramatic change

upon HFD feeding was observed for a peak eluting before

HDL (fractions 15–20). This peak contained apolipopro-

teins B, E and C (data not shown) and, therefore, probably

corresponded to LDL and/or apoE-containing HDL. The

peak correlated with the degree of insulin resistance and

was barely detectable in the Chow controls (Fig. 2). TAG-

rich lipoproteins (fractions 7–11) were increased in both

the 1w-HFD and 16w-HFD group in the fasted state,

whereas no increase compared to the control group was

present in the refed insulin resistant animals. Similar levels

of free glycerol (fractions 36–40) were measured in all

experimental groups in the fasted state, as could be

confirmed independently by NMR quantification (Supple-

mental Table 1). As expected, upon refeeding, the peak

was strongly suppressed in Chow controls, presumably

reflecting suppression of adipocyte lipolysis by insulin.

Interestingly, this regulation was completely lost in the

16w-HFD group, indicating strong adipose tissue insulin

resistance. In the 1w-HFD group, the suppression was

partially lost, suggesting that adipocyte insulin signaling

was already impaired at this early stage of the disease.

We quantified plasma ketone bodies as measures of liver

ketone synthesis and, indirectly, of fatty acid oxidation. 3-

hydroxybutyrate and acetone, the degradation product of

the ketone body acetoacetate, were detectable by NMR. As

expected, the ketones were much higher in fasted compared

to refed animals, reflecting higher flux of fatty acids from

adipose tissue to the liver. In agreement with previous

reports describing reduction of ketone bodies in non-dia-

betic insulin resistant states [55–57], fasted ketones were

significantly lower (60%) in the 16w-HFD group relative to

Chow controls (Supplemental Table 1), while in the 1w-

Fig. 1 Plasma parameters

related to insulin resistance.

Plasma glucose a insulin b
leptin c and adiponectin d levels

in mice fed either control diet

(Chow), control diet for

15 weeks and HFD for 1 week

(1w-HFD), and HFD for

16 weeks (16w-HFD),

respectively. Bar graphs are

presented as mean ± SEM.

Closed bars, fasted state; open
bars, refed state. T-Test HFD

vs. Chow: * p \ 0.05;

** p \ 0.001; T-Test 16w-HFD

vs. 1w-HFD: a: p \ 0.05;

b: p \ 0.001. Mann–Whitney

U-Test was used for insulin

since most fasted Chow values

were below detection limit

(bld, 56 pmol/l)
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HFD group acetone but not 3-hydroxybutyrate was sig-

nificantly decreased.

HFD-Induced Changes in Fatty Acid Composition

Correspond to D9-Desaturase Indices and Liver Lipid

Concentration

We determined fasting state plasma and liver fatty acid

profiles by gas chromatography to correlate alterations in

fatty acid metabolism with insulin resistance after short-

term and chronic HFD feeding.

As shown in Fig. 3, profound alterations in fatty acid

profiles were observed, among others for the major C16

and C18 fatty acid species. The fractional content of C16:1

was decreased in the HFD-fed animals in plasma and liver

already after 1 week HFD (Fig. 3). More moderate changes

were observed for C16:0, most noteworthy a small increase

in liver after 16 weeks of HFD feeding, as opposed to a

decrease in plasma (Fig. 3).

A divergent pattern was observed for stearate (C18:0)

and C18:1. The plasma content of C18:0 had significantly

increased and that of C18:1 had decreased in both insulin

resistant groups compared to Chow controls. In liver there

was a profound rise in C18:0 and a complementary drop in

C18:1 after 1 week HFD while the opposite pattern was

present after 16 weeks of HFD (Fig. 3).

The observed divergent regulation of C16 and C18 SFA

and MUFA suggested liver regulation of SCD1, the D9D

important for metabolic control in humans and mice.

Therefore, we calculated D9D activity indices using sub-

strate/product ratios (Fig. 4). Surprisingly, the product vs.

substrate ratios of the two predominant D9D reactions, the

C16:1/C16:0 ratio and the C18:1/C18:0 ratio, showed a

converse pattern. Whereas the C16:1/C16:0 ratio showed a

progressive decrease in liver and plasma, the C18:1/C18:0

ratio showed a distinct temporal pattern in liver, namely a

drop in the 1w-HFD group and a subsequent increase,

resulting in a higher ratio compared to Chow controls

(Fig. 4). In plasma the C18:1/C18:0 ratio was equally

decreased compared to Chow in the 1w-HFD and the 16w-

HFD group. Calculation of a composite D9D index taking

into account the sums of all MUFA and SFA (see ‘‘Mate-

rials and Methods’’) resulted in a pattern similar to the

C18:1/C18:0 ratio in liver (Fig. 4). The composite D9D

index as well as the C18:1/C18:0 ratio in liver correlated

with the expression of Scd1, which showed a non-signifi-

cant dip after 1w-HFD and a significant increase after 16w-

HFD (Fig. 4). Since increased D9D activity and SCD1

Fig. 2 Plasma lipoprotein profiles. Lipoprotein profiles of individual

mice were determined by FPLC using samples from a, c fasted and b,

d refed animals. a, b Cholesterol and c, d TAG in each fraction were

determined using standard enzymatic lipid measurements. The means

of eight animals per group are shown. Peaks corresponding to HDL,

TAG-rich lipoproteins (TRL) and free glycerol are marked
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expression is typically associated with liver steatosis, we

measured TAG and cholesterol content of the liver. After

1 week of HFD there was a strong decrease in fasted liver

TAG content while after 16 weeks HFD liver TAG was

significantly increased compared to Chow (Fig. 5). For

liver cholesterol a similar, however less pronounced, pat-

tern was observed (Fig. 5). To investigate whether

decreased liver lipid content is associated with a corre-

sponding increase in peripheral organs, we measured total

fatty acid content in plasma, liver, skeletal muscle and

subcutaneous adipose tissue (Fig. 5). Fatty acid content in

the liver was decreased after 1 week HFD whereas in

plasma, muscle and subcutaneous adipose tissue fatty acid

levels per tissue wet weight was increased. In addition, the

total weight of subcutaneous fat pads was profoundly

increased already after 1 week HFD (Chow: 97 ± 26 mg;

1w-HFD: 506 ± 77 mg and 16w-HFD: 1325 ± 52 mg;

p \ 0.001). Despite the lower total liver lipid levels in the

1w-HFD group, mechanisms related to hepatic insulin

resistance may already have been initiated at this stage, as

suggested by decreased protein levels of the insulin

receptor substrate (IRS) isoforms. The protein content of

IRS1 and IRS2 were further diminished in the 16w-HFD

group (Fig. 5).

Taken together, the C18:1/C18:0 ratio as well as the

composite D9D index correlated with liver SCD-1 mRNA

and with liver TAG content, however, not with early

insulin resistance after 1w-HFD feeding.

HFD Increases Plasma and Hepatic Arachidonate

Arachidonate (C20:4) as the precursor of eicosanoids plays

an important part in inflammation and may, therefore, be

important for insulin resistance. For this reason we ana-

lyzed the content of C20:4 in plasma and liver. In plasma, a

progressive increase in C20:4 was observed upon HFD

Fig. 3 Changes in plasma and

liver fatty acids. Changes in

fractional content of fatty acids

representing selected synthesis

pathways. Total lipid fatty acids

were determined in plasma and

liver of fasted animals. Data are

presented as percent change

(mean ± SEM) in 1w-HFD and

16w-HFD groups compared to

Chow controls. T-Test HFD vs.

Chow: * p \ 0.05;

** p \ 0.001; T-Test 16w-HFD

vs. 1w-HFD: a: p \ 0.05;

b p \ 0.001
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feeding while at the same time the precursor C18:2 did not

rise, actually decreased after 16 weeks of HFD (Fig. 3). In

liver a similar pattern was present in the 1w-HFD group,

however, after 16 weeks HFD feeding the hepatic C20:4

content returned to Chow level (Fig. 3).

C20:4, like other PUFA, is enriched in PL and exerts its

most important biological functions from that lipid pool. In

order to further characterize the changes in C20:4 content

in liver we separated liver lipids into TAG, cholesteryl

esters (CE), PL and free fatty acids (FFA), and determined

Fig. 4 D9D activity indices and

Scd1 expression. D9D indices a,

b, c calculated from fatty acid

fractional contents in plasma

and liver of fasted HFD-fed and

control mice. Scd1 expression

determined by real-time

quantitative PCR d in liver of

fasted HFD-fed and control

mice. Data are presented as

mean ± SEM. T-Test HFD vs.

Chow: * p \ 0.05;

** p \ 0.001; T-Test 16w-HFD

vs. 1w-HFD: a p \ 0.05;

b p \ 0.001

Fig. 5 Liver lipid, tissue fatty

acid and liver IRS protein

content. Fasting state a total

TAG and cholesterol content,

tissue b total fatty acid content

and c liver IRS protein

expression. Total tissue fatty

acid content was determined by

lipid extraction and quantitative

gas chromatography. IRS

protein bands were quantified

by densitometry and normalized

to beta-tubulin. Data are

presented as mean ± SEM.

T-Test HFD vs. Chow: *

p \ 0.05; ** p \ 0.001; T-Test

16w-HFD vs. 1w-HFD:

a p \ 0.05; b p \ 0.001
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total fatty acid content as well as fractional content of

C20:4 and other fatty acids in these subclasses (Fig. 6). As

expected, C20:4 in the TAG and CE fractions, which are

the most abundant lipids in liver showed a pattern similar

to that found with total liver lipids (Fig. 3). In contrast, the

PL and FFA fractions exhibited a significant increase in

C20:4 after 1 week HFD feeding which did not further

increase in the 16w-HFD group (Fig. 6, Supplemental

Table 2).

Docosahexaenoate is Preserved in Plasma and Liver

Phospholipid of Insulin Resistant Mice

Reduction of the final product of the n-3 PUFA synthesis

pathway, docosahexaenoate (C22:6), has been mechanis-

tically implicated in insulin resistance [13]. Therefore, we

quantified C22:6 as well as its precursors. C22:6 showed

little change in plasma, while it was profoundly down-

regulated in the liver of 16w-HFD but not 1w-HFD mice

(Fig. 3). Interestingly, when C22:6 was quantified in liver

lipid subclasses, it became apparent that the decrease in

total C22:6 was due to a decrease in the CE and TAG

compartment while in PL, the compartment most important

for PUFA function, C22:6 was preserved and the fractional

content was actually increased in the 16w-HFD group

(Fig. 6, Supplemental Table 2). A different scenario was

found for the precursors of C22:6. The first molecule in the

n-3 synthesis pathway, the essential fatty acids a-linolenate

(C18:3n-3), and the n-3 intermediates eicosapentaenoate

(C20:5) and docosapentaenoate (22:5), were reduced in

insulin resistant mice in both plasma and liver (Fig. 3).

Hepatic Expression of Genes Regulating Fatty Acid

Synthesis

The profound alterations in fatty acid profiles and liver

lipid contents prompted us to look for potential mecha-

nisms involving expression of key genes of lipogenesis and

fatty acid metabolism in liver (Table 1). Genes important

for lipogenesis (Acc1, Fas, Gpat1, Dgat2) were increased

in the 16w-HFD group but not in the 1w-HFD group,

consistent with the observed increase in liver TAG content

in 16w-HFD mice. To understand the increase of C20:4

and C22:6 content in liver we quantified the key genes of

PUFA synthesis. The expression of the two elongases

important for PUFA elongation, Elovl5 and Elovl2, was

moderately decreased in the 16w-HFD group. In contrast,

an increase in the expression of the two desaturases

essential for PUFA synthesis, Fads1 and Fads2, was

observed already after 1 week of HFD, indicating that up-

Fig. 6 Fatty acid content in

liver lipid subclasses. a Total

fatty acid content and fractional

content of selected fatty acids b,

c, d in cholesteryl ester (CE),

triacylglycerol (TAG), free fatty

acid (FFA) and phospholipid

(PL) fractions in livers of fasted

mice. Data are presented as

mean ± SEM. T-Test HFD vs.

Chow: * p \ 0.05;

** p \ 0.001; T-Test 16w-HFD

vs. 1w-HFD: a p \ 0.05;

b p \ 0.001
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regulation of these enzymes may be a cause for the

observed increase in C20:4 and preservation of C22:6 in

liver phospholipids and plasma.

Discussion

The approach of this study was to generate detailed lipid

and fatty acid profiles in mice made insulin resistant by

means of a HFD. Mild and profound insulin resistance were

induced in the mice by feeding HFD for 1 and 16 weeks,

respectively. Subsequently, the observed metabolic altera-

tions compared to chow-fed controls were related to the

degree of insulin resistance in order to identify novel

causative processes and biomarkers. As shown in Fig. 1 and

Supplemental Table 1, fasting plasma levels of glucose and

insulin were already increased after feeding the HFD for

1 week and were further increased in the chronically HFD-

fed group, as expected. Body weight, plasma leptin and

plasma total lipids were also significantly increased in the

1w-HFD group compared to the chow-fed controls, and

further increased in the 16w-HFD group. Thus, the exper-

imental groups used in this study displayed distinct degrees

of insulin resistance, obesity and dyslipidemia and could be

used for correlation with multiple lipid parameters.

In order to identify novel lipid markers and mechanisms

in diet-induced insulin resistance, we determined fatty acid

profiles in plasma and in liver. One striking observation

was profound quantitative changes of the most abundant

C16 and C18 fatty acids. Surprisingly, the fractional con-

tent of C16:1 was decreased in plasma and liver of both

HFD-fed groups (Fig. 3) despite higher content of this fatty

acid in the diet (Supplemental Table 3). C16:0 content was

also decreased, however, only in plasma of the 16w-HFD

group (Fig. 3). This observation is in strong contrast to

previous human studies, but also to rat experiments, which

almost unequivocally found an increase in the fractional

content of both C16:0 and C16:1 in insulin resistant states

[23, 58]. The reason for this difference is not clear. The

mechanisms proposed for humans, namely increased die-

tary intake of C16:0 and increased D9D activity (see

below), were also present in our study. Therefore, alter-

native explanations must be chosen, such as increased

conversion to longer fatty acids by fatty acid elongases.

Intriguingly, a very recent paper using Elovl6 knockout

mice found that this elongase isoform is rate-limiting for

elongation of C16 fatty acids as revealed by accumulation

of C16 fatty acids in knockout liver. Furthermore, the

knockout conferred protection from HFD-induced liver

insulin resistance [42]. In our study we observed the

opposite, namely a decrease of fatty acid substrates of

ELOVL6 (C12-C16 fatty acids) in plasma and liver (data

not shown). Therefore, although liver Elovl6 mRNA

expression was not altered in our study (Table 1) it is

possible that flux through Elovl6 or a related elongase was

increased in the HFD-fed mice and did contribute to insulin

resistance. Quantitative flux studies in metabolic disease

models and humans as well as elongase gain of function

studies will be needed to clarify the role of Elovl6 and

other elongases in the development of insulin resistance.

In the analysis of the fatty acid profiles we also

addressed the potential involvement of SCD1, the pre-

dominant D9D converting SFA to MUFA by calculating a

composite D9D activity index. The D9D index, like the

C18:1/C18:0 ratio, exhibited an early and persistent decline

in plasma, whereas in liver a transient drop in the 1w-HFD

group and a subsequent increase was observed (Fig. 4).

Unlike reported in many human studies [23], the C16:1/

C16:0 ratio in our study decreased progressively with

insulin resistance. The mechanism underlying the

decreased ratio is not clear. It may be related to the reduced

content of both C16 fatty acids, possibly caused by

increased elongation of C16 fatty acids, as discussed

above. More studies, taking into account de novo synthesis,

elongation and desaturation of C16:0 are warranted to

understand why the C16:1/C16:0 ratio behaves differently

in mice and humans, and how this is related to insulin

resistance.

Given the known strong link between SCD1 activity and

lipogenesis, the D9D results in liver suggested that

Table 1 Liver gene expression

Chow 1w-HFD 16w-HFD

De novo fatty acid synthesis and lipogenesis

Acc1 2.68 ± 0.38 2.34 ± 0.31 3.96 ± 0.34*a

Fas 3.52 ± 0.34 3.67 ± 0.59 4.85 ± 0.42*

Gpat1 5.84 ± 0.22 6.10 ± 0.51 7.88 ± 0.37**a

Dgat2 32.29 ± 1.53 45.26 ± 4.39* 83.53 ± 3.65**b

Fatty acid elongation

Elovl2 63.31 ± 4.73 61.43 ± 3.75 27.35 ± 1.55**b

Elovl5 109.59 ± 19.51 116.16 ± 10.90 78.52 ± 8.07a

Elovl6 0.83 ± 0.11 0.77 ± 0.14 0.94 ± 0.15

Fatty acid desaturation

Scd1
(D9D)

102.66 ± 34.77 55.47 ± 20.82 367.38 ± 44.38**b

Fads1
(D5D)

23.33 ± 1.32 32.50 ± 4.30 41.33 ± 2.39**

Fads2
(D6D)

49.79 ± 2.28 92.61 ± 8.03** 64.05 ± 3.78*a

Gene expression determined by TaqMan real-time PCR was calcu-

lated as copy numbers per copy TBP mRNA. Data are mean ± SEM

(n = 6)

T-Test HFD vs. Chow: * p \ 0.05; ** p \ 0.001

T-Test 16w-HFD vs. 1w-HFD: a p \ 0.05; b p \ 0.001
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lipogenesis was suppressed in the 1w-HFD group and

elevated in the 16w-HFD group. Indeed, we found that

total TAG and cholesterol content in liver was suppressed

after 1 week of HFD feeding and elevated after 16 weeks

of HFD feeding (Fig. 5). Surprisingly, despite the sup-

pression of liver lipids after 1 week of HFD, protein levels

of IRS1 and IRS2 were already significantly reduced

(Fig. 5) suggesting but not proving that liver insulin

resistance mechanisms were initiated at this stage. The

mechanism underlying these dynamic TAG changes is

unclear. Although we observed a downward trend for Scd1

expression in the 1w-HFD group, correlating with the D9D

index, other lipogenic genes were not down-regulated in

the 1w-HFD group. This could mean that lipogenesis is

suppressed through posttranscriptional mechanisms.

Alternatively, increased, compensatory VLDL secretion

could take place in the 1w-HFD group, triggered for

example by increased leptin signaling which is likely to be

present in the 1w-HFD animals (Fig. 1, [59–61]). Clearly,

additional experiments are needed in order to identify the

mechanisms causing the drop in liver lipids after short-term

HFD feeding and also, to assess their relationship with the

initiation of insulin resistance.

The plasma fatty acid profiling in our study revealed

profound changes in PUFA content. Fractional content of

C20:4, the end product of the n-6 fatty acid synthesis

pathway, was increased by about 50% after 1 week of

HFD, and doubled after 16 weeks of HFD (Fig. 3). In liver

there was an early and persistent increase of C20:4 in PL

(Fig. 6, Supplemental Table 2). As a potential mechanism

for the C20:4 elevation in liver we identified induction of

the two fatty acid desaturases participating in PUFA syn-

thesis, Fads1 and Fads2, which were increased already

after 1 week of HFD (Table 1). Elevated C20:4 content

and induction of Fads1 or Fads2 in liver has been observed

in a few previous studies using insulin resistant rats and

mice [40, 41, 54]. However, it is unclear if induction of the

C20:4 synthesis pathway does occur in insulin resistance in

general, as other animal and human metabolic disease

studies have yielded variable results regarding C20:4

content [23, 58]. On the other hand, in most human insulin

resistance studies decreased plasma content of the n-6

pathway precursor C18:2 and increased plasma content of

the intermediate C20:3 was reported [23], suggesting

increased flux through the PUFA synthesis pathway. In any

event, our data indicate that n-6 fatty acid synthesis is

induced in liver leading to progressively increased C20:4

efflux from liver on the HFD feeding regimen while in liver

PL, C20:4 content reaches saturation level at an earlier

time point.

The accumulation of C20:4 may have a functional

impact on insulin resistance through several mechanisms.

For instance, increased availability of C20:4 as a precursor

of leukotrienes and other pro-inflammatory eicosanoids

may support chronic inflammation, which is known to be

one of the causes of insulin resistance [62]. In support of

this notion, we observed up-regulation of several inflam-

matory markers in both liver and adipose tissue already

after 1 week of HFD feeding [63]. Alternatively, increased

availability of C20:4 may affect insulin signaling directly,

for example through activating PKC as shown in a rat liver

cell line [64]. On the other hand, low PUFA content in

phospholipids has been proposed as an insulin resistance

mechanism (see below). Therefore, the induction of C20:4

could also be a mechanism counteracting insulin resistance.

Intervention studies using inhibitors of desaturases critical

for PUFA synthesis [65] or genetic knockdown studies

would be suitable to address the role of C20:4 in the

development of insulin resistance.

With respect to n-3 PUFA we found a decrease of

C18:3n-3, C20:5 and C22:5 in plasma and liver. Interest-

ingly, in liver the final product of the pathway, C22:6, was

markedly reduced in the storage lipid classes (TAG and

CE) but not in the PL compartment where it was actually

increased after HFD feeding (Fig. 6). Because in plasma,

C22:6 was also increased it is reasonable to assume that

C22:6 was also not decreased in the PL membranes of the

peripheral tissues, for example in skeletal muscle. These

findings demonstrate the physiological capability of

selectively preserving PUFA in PL membranes. Also, it is

in conflict with several studies concluding that in insulin

resistance there is a reduction in PUFA content in insulin

target tissues and that this does contribute to impaired

insulin signaling [13, 32, 33]. At least in the HFD-fed

mouse model this does not appear to be the case.

In summary, we performed a comprehensive lipid pro-

filing experiment in HFD-fed mice and confirmed previous

reports showing a close correlation of plasma lipids with

the degree of insulin resistance and hyperglycemia. Sur-

prisingly, in liver, the 1w-HFD group had lower apparent

D9D activity as well as markedly reduced TAG and cho-

lesterol content, despite significant insulin resistance. This

may indicate a compensatory mechanism directing exces-

sive fat away from liver and into adipose tissue and muscle

after short-term HFD feeding. Furthermore, we observed

an early induction of desaturases important for PUFA

synthesis accompanied by increased C20:4 content, which

may play a role in the initiation of insulin resistance. The

content of C22:6 was also increased in liver PL and in

plasma. These findings indicate that lack of PUFA in cell

membranes seems not to be responsible for the induction of

insulin resistance in HFD-fed mice, as it has been postu-

lated for other animal models.
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Introduction

Bdellovibrios (Bdellovibrio and like organisms; BALO)

are fast swimming, small, comma- or crescent-shaped

delta-proteobacteria that prey on larger Gram-negative

bacteria [1–6]. After collision and attachment to the sur-

face the predator penetrates the host cell then proliferates

in the intraperiplasmic space of the prey producing large,

rounded bdelloplasts [7, 8]. The parasitic phase is char-

acterized by degradation of host macromolecules and

uptake of the products into Bdellovibrio, which grows as

a filament [9–13]. The filament forms septa and individual

progeny cells are released during lysis of the host cell.

BALO are ubiquitous and live in a wide range of water

and soil habitats [2, 14, 15]. Because of their predatory

and parasitic life style, it has been suggested that these

bacteria might prove useful in treating environmental

pollution, purifying drinking water systems, disrupting

biofilms, and serving as potential agents for clearing

bacterial infections [14, 16–18].

Bdellovibrio bacteriovorus is the major experimental

system for studying predatory and parasitic bacteria [4, 14]

and the genome of this bacterium has been sequenced [3].

Previous radiotracer studies showed that this bacterium

mainly utilizes host fatty acids during intraperiplasmic

growth but that it also has the capacity to synthesize some

of its own [19–21]. However, details such as the identifi-

cation of the bacterium’s phospholipid classes are lacking.

In contrast, much more is known about the lipids of the

facultative predatory strain UKi2 of Bacteriovorus stolpii

[22] (formerly also referred to as Bdellovibrio bacteriov-

orus [6, 23] and Bdellovibrio stolpiii UKi2 [23]), which

can be grown axenically. Once thought to be closely

related, Bdellovibrio and Bacteriovorus were designated as

separate genera in 2000 and various species were reas-

signed after genotyping data showed these organisms

represented distant phylogenetic backgrounds [23, 24]. In

1973, Steiner et al. [22] reported that B. stolpii UKi2

contained several sphingophosphonolipids (SPNL). More

recently, the structural identities of 18 molecular species of

B. stolpii UKi2 SPNL were elucidated by mass spectrom-

etry (MS) and nuclear magnetic resonance (NMR)

spectroscopy techniques [25, 26].

Host-independent (HID) B. bacteriovorus strains are

readily derived from host-dependent (HD) strains [27–30]

and these facultative predators grow in axenic cultures.

Since the biochemical makeup of axenically grown HID

bacteria would not be complicated by the presence of

compounds scavenged by parasitizing prey cells, such

organisms can be analyzed and compared to the lipids of

axenically grown B. stolpii UKi2. In the present study the

major glycerophospholipids and fatty acids were identified

in Bdellovibrio bacteriovorus strain HID5 providing new

data on the biochemical nature of this important predatory

and parasitic bacterium.

Experimental Procedures

Organisms

Bdellovibrio bacteriovorus host-independent strain (HID5)

was obtained from Carey Lambert and Elizabeth Sockett

(University of Nottingham, UK), which was fully capable

of predatory behavior and exhibited parasitic growth at the

time of these studies. Cultures were grown in axenically in

PY medium (1% yeast extract and 0.3% peptone) for four

days at 29 �C in a shaker at 200 rpm. 50-ml cultures in

250 ml Erlenmeyer flasks or 500-ml in Fernbach flasks

were grown for analyses. Organisms were harvested by

centrifugation at 10,000g for 10 min at 4 �C. The super-

natant was discarded and the pellet was washed three times

with double-distilled water (ddH20) and the final pellet was

extracted for lipids.

Strain HD100 cultures, the parental strain of HID5, were

maintained in liquid or agar plate cultures with Escherichia

coli (K12). For mass cultures, an overnight culture of E.

coli was grown at 37 �C in a shaking incubator at 200 rpm

in YT medium (1.6% tryptone, 1% yeast extract, 0.5%

NaCl). HD100 and E. coli cells were washed in a buffered

solution containing 20 mM HEPES and 2.5 mM CaCl2, pH

7.4 (Ca/HEPES buffer) then combined. The mixed cell

suspension was incubated at 29 �C on a shaker at 200 rpm

for 1–2 days and aliquots were microscopically monitored

for complete lysis of the E. coli cells by B. bacteriovorus

HD100.

Lipid Extraction and Analysis

All organic solvents were redistilled before use. Butylated

hydroxytoluene (BHT, Shell Chemical Co., NY, USA) was

added to all solvents at a final concentration of 8 lg/ml and

dried lipid samples were stored under N2 atmosphere to

prevent oxidation of the lipids. BHT was excluded from

solvents during the preparation of fatty acid methyl esters

(FAME) for gas–liquid chromatographic (GLC) analysis.

The cell pellet was extracted for total lipids with CHCl3:

methanol (MeOH):ddH2O (1:2:0.75, v/v/v) [31] for 24 h at

room temperature. The lipids were purified by biphasic

partitioning [32] then fractionated by adsorption column

chromatography (Unisil, Clarkson Chromatography Prod-

ucts Inc., South Williamsport, PA, USA). The neutral lipid

fraction was eluted with CHCl3, and polar lipids were

eluted with MeOH. Sample volumes were reduced on a

rotary evaporator, redissolved in CHCl3:MeOH (2:1, v/v),

transferred into 4 dram screw-capped shell vials and were

1054 Lipids (2008) 43:1053–1063
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dried down under a stream of N2 and quantified

gravimetrically.

Thin-Layer Chromatography

The polar lipids were separated into individual phospholipid

classes by thin-layer chromatography (TLC). Lipids on TLC

plates were initially identified by the stain formulated by

Dittmer and Lester [33] for phospholipids, Draggendorf for

choline [34], ninhydrin for primary amines [34]. Iodine

vapor, H2O and UV illumination were non-destructive

methods used for visualizing the separated lipid classes.

Authentic phosphatidylethanolamine (PE), phosphatidyl-

choline (PC), phosphatidylserine (PS), phosphatidylinositol

(PI), cardiolipin (CL) (all from Avanti Polar Lipids, Inc.,

Alabaster, AL) and phosphatidylglycerol (PG) (Sigma

Chemical Co, St Louis, MO, USA) served as standards.

Preparative 1-D TLC for isolating individual lipids was

performed on 500 lm-thick Silica H plates (Analtech,

Newark, DE, USA) using CHCl3:MeOH:acetic acid:water

(170:25:25:6, v/v/v/v; SS #1). This system separated lipids

into three distinct bands (from the origin to the solvent front),

band 1 (PG); band 2 (PS and PE); and band 3 [CL and N-

acylphosphatidylethanolamine (NAPE)]. After recovering

material in band 2, PE and PS were resolved on Silica 60

HPTLC plates (Merck KGaA, Darmstadt, Germany) devel-

oped in n-propanol:n-propylamine:ddH2O (80:15:5, v/v/v;

SS #2) [25, 26]. Similarly, CL and NAPE recovered from

band 3 by 1-D TLC were also separated using SS #2.

Analytical 2-D HPTLC Silica 60 plates were used to

quantify individual phospholipids using CHCl3:MeOH:H2O

(65:35:8, v/v/v; SS#3) in the first dimension. After the plate

was dried, it was redeveloped in the same direction using

CHCl3:MeOH:acetic acid (90:2:8, v/v/v; SS#4). After dry-

ing overnight, the plate was developed in the second

dimension using SS #2 and stained for phosphorus [33].

Stained plates were scanned at 200 dpi (HP Scanjet 5590,

Hewlett-Packard, L.P.) and quantified by image analysis

(Metamorph2, Universal Imaging Corp., West Chester, PA,

USA).

Analysis for Sphingolipids

To test whether sphingophosphonolipids were present in B.

bacteriovorus, the total polar lipid fraction and individual

TLC-purified phospholipid classes were subjected to mild

alkaline hydrolysis [35]. The products were recovered and

analyzed by TLC in SS#1 and stained for phosphorus [33].

Fatty Acids

Individual TLC-purified phospholipid classes were sub-

jected to mild alkaline methanolysis to produce fatty acid

methyl esters (FAME). Alternatively, fatty acids were

hydrolyzed then subjected to online derivatization in the

GLC injection port according to the micro-method of

MacGee and Allen [36]. Briefly, lipid components sepa-

rated by TLC were saponified in 0.5 ml of 15% KOH–

MeOH, phosphoric acid was added then the fatty acids

were extracted into hexane. Fatty acids were then extracted

from the hexane and concentrated into 10 ll of Meth-Prep

I (Alltech Associates Inc, Deerfield, IL, USA) and injected

with methylpropionate:methanol (1:2, v/v) into the gas

chromatograph.

Gas-Liquid Chromatography

FAME were separated and quantified using a Hewlett-

Packard 5890 gas chromatograph equipped with a

30 m 9 0.32 mm DB-1 fused silica capillary column

(J&W Scientific, Folsom, CA, USA). The instrument was

operated isothermally with 180 �C oven temperature.

Injection port was set at 225 �C and the flame ionization

detector (FID) temperature was set at 290 �C. Helium was

the carrier gas at a flow rate of 1 ml/min. Initial identifi-

cation of the fatty acids were made by comparing retention

times with those of authentic standards (various mixtures

from Matreya, Pleasant Gap, PA, USA, and Alltech) and

confirmed by GC–MS. Peaks on chromatograms that did

not correspond to available authentic standards were

identified by GC–MS.

Dimethyl Disulfide Derivatization and GC/MS

Dimethyl disulfide derivatives of the B. bacteriovorus

FAME were prepared by adding 200 ll of dimethyl

disulfide to the FAME samples [37]. A small iodine crystal

of iodine was added and the solution was heated to 50 �C

for 2 h. After cooling, 800 ll of a sodium thiosulfate

solution (0.9541 g Na2S2O3�5H2O in 10 ml of water) was

added. The derivatization procedure adds dimethyl disul-

fide across double bonds resulting in dithiomethoxy

derivatives. The dithiomethoxy methyl esters were

extracted with 600 ll of hexane. Nitrogen gas was used to

concentrate the methyl esters by evaporating the hexane.

After dimethyl disulfide derivatization, analyses of the

methyl esters derived from the phospholipids were per-

formed using a Waters Micromass GCTTM GC/MS mass

spectrometer. The gas chromatographic portion of the

GCTTM was an Agilent Technologies model 6890 N gas

chromatograph. Separation was performed using a J&W

Scientific DB-XLB column (length: 30 m; ID 0.25 mm;

film: 0.25 lm). Samples were injected under splitless

conditions at 290 �C with helium as the carrier gas. The

temperature was held at 120 �C for 1 min and increased at

10 �C/min to 290 �C and held for the remainder of the
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45-min analysis. Electron ionization (EI) mass spectrom-

etry was performed using 70 eV electrons with a 200 lA

trap current. The mass spectrometer’s source was held at

180 �C.

Nanospray Mass Spectrometry

Analyses of the separated phospholipids were performed in

a Thermo Finnigan LTQ-FTTM MS using the static nano-

spray source. New Objective PicoTipTM emitters (2 lm

tip) were used for sample introduction. Nanospray solu-

tions were prepared by dissolving the dried samples in

CHCl3 followed by adding an equal volume of either

MeOH or MeOH with 0.1 N NH4OH. The source voltage

was held at 1.70 kV with a capillary temperature of

175 �C. Capillary, tube lens, and other voltages varied and

were optimized prior to data collection. High mass accu-

racy measurements of both the nanosprayed ions and

product ions arising from collisional-induced dissociation,

was performed in the Fourier transform ion cyclotron res-

onance (FT-ICR) portion of the LTQ-FTTM. FT-ICR data

were acquired with the resolution set at 100,000. Collision-

induce dissociation (MSn) was performed in the linear ion

trap portion of the LTQ-FTTM with a normalized collision

energy of 25. Automatic gain control (AGC) was used

during data acquisition with the following settings: LTQ

full scan 3e4; LTQ Selective Ion Monitoring (SIM) 1e4;

LTQ MSn 1e4; FT full scan 5e5; FT SIM 5e5; FT MSn 1e5.

Results

Total extractable lipids and phospholipid composition of B.

bacteriovorus HID5. Stationary phase cultures (500 ml)

yielded 27 mg total extractable lipids (±2 SEM, n = 3).

The neutral and polar lipid fractions accounted for 17 and

83%, respectively, of the total lipids (97% recovery).

Approximately 8–10 phosphorus-positive spots were

resolved and detected by 2-D HPTLC in the polar lipid

fraction (Fig. 1). Five major components were tentatively

identified by TLC migrations and staining properties

compared to those of authentic standards. PE, PS and

NAPE were phosphorus- and ninhydrin-positive; no spot

stained with the Dragendorff reagent hence choline lipids

were not detected. The relative percentages of the five

identified phospholipid classes quantified by 2-D HPTLC

separations and visualized by staining for phosphorus

indicated the relative abundance of the phospholipid clas-

ses was PE [ PS = PG = CL � NAPE (Table 1).

However, as the lipids were stained for phosphorus and

since CL contains two atoms of phosphorus, the moles of

CL would be approximately half and the estimated moles

of CL present in both strains were less than those estimated

for PS and PG (Table 1).

After saponification, no detectable phosphorus-positive

components were detected by 1-D HPTLC using SS #1 and

by 2-D HPTLC using the same solvent systems described

above. Thus alkaline-stable sphingolipids were not

detectable among the phospholipids of B. bacteriovorus

under the experimental conditions and analytical methods

used in the present study. These analyses did not rule out

the possible presence of free ceramides in the bacterium.

Mass spectrometric identification of B. bacteriovorus

HID5 phospholipids. The identities of the five major

phospholipid components in B. bacteriovorus HID5 were

determined by accurate mass (Fig. 2; Table 2) and tandem

MS procedures. The dominant phospholipid was PE and

PS, PG and CL were also readily detected and identified.

We were able to identify a minor phospholipid class in B.

bacteriovorus by MS as the relatively rare phospholipid

NAPE.

FT-ICR provided exceptional mass accuracy, typically

less than 500 ppb, resulting in confident assignments of

elemental composition (Fig. 2; Table 2). Ions were

PE

PS
PG

NAPE

CL

A

PE

PS
PG

CL

B

NAPE

Fig. 1 Two-dimensional

HPTLC separations of B.
bacteriovorus strain HID5 (a)

and strain HD100 (b)

phospholipids stained for

phosphorus. PE
phosphatidylethanolamine, CL
cardiolipin, PG
phosphatidylglycerol, PS
phosphatidylserine, NAPE N-

acylphosphatidylethanolamine.

These same major phospholipid

classes were present in both

strains
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observed in the negative ion mode and represented the

deprotonated form of the molecular species. The data was

acquired at 100,000 mass resolution for m/z 400. This high

resolution characteristic of an FT instrument was necessary

to separate isobaric species including complications arising

from isotopic contributions. While the FT-ICR data

assigned elemental compositions, tandem mass spectrom-

etry or MSn data from the linear ion trap, provided

structural information.

Multiple stages of tandem MS up to MS4, were used to

characterize the phospholipids. Negative ion MS/MS

clearly identified the fatty acid components of phospholip-

ids by product ions resulting from ketene loss, carboxylic

acid loss, or directly as illustrated by the observed carbox-

ylate anions. The observed product ions for the PG anions

corresponded well with the literature [38]. Transferring the

MS/MS product ions to the FT-ICR portion of the

Table 1 The major phospholipid classes of B. bacteriovorus

Strain PE CL PG PS NAPE

HID5 54.3 ± 5.1 13.0 ± 1.2 14.3 ± 1.8 18.0 ± 3.8 \1

HD100 60.3 ± 1.8 8.3 ± 0.8 17.7 ± 1.2 13.7 ± 1.7 \1

Phospholipids were separated by 2-D HPTLC, stained for phosphorus,

scanned, and quantified by image analysis. Values are expressed as

percent of total identified phospholipids
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Fig. 2 Nanospray ionization

high mass accuracy mass

spectra of the major

glycerophospholipids identified

in B. bacteriovorus HID5.

Phosphatidylethanolamine (a);

cardiolipin

(diphosphatidylglycerol) (b);

phosphatidylglycerol (c);

Phosphatidylserine (d); N-

acylphosphatidylethanolamine

(e). Ions were acquired in the

negative ion mode and represent

the deprotonate form of the

molecular species
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instrument allowed for accurate mass assignments for the

product ions. For example, as illustrated in Fig. 3, the

deprotonated C16:0/C18:1 PG anion at m/z 747.5 produced

the following products ions including their elemental

composition, mass error from the theoretical mass, and ion

structural description: 509.28832 (C24H46O9P-, -344 ppb,

ketene loss from the C16:0 group), 491.27774

(C24H44O8P-, -388 ppb, fatty acid loss from the C16:0

group), 483.27265 (C22H44O9P-, -404 ppb, ketene loss

Table 2 Accurate mass MS identification of isolated intact B. bac-
teriovorus HID5 phospholipids

Ion mass

(m/z)

Elemental

composition

Error

(ppb)

Major fatty

acidsa

Phosphatidylethanolamines

660.46136 C35H67NO8P- 575 –b

662.47677 C35H69NO8P- 211 C14:0/C16:0

674.47685 C36H69NO8P- 325 C15:0/C16:1;

C14:0/C17:1c

676.45188 C36H71NO8P- -592 –

686.47680 C37H69NO8P- 247 –

688.49238 C37H71NO8P- 144 C16:0/C16:1

690.50787 C37H73NO8P- -88 C16:0/C16:0

700.49241 C38H71NO8P- 185 –

702.50801 C38H73NO8P- 113 C16:0/C17:1c

704.48740 C37H71NO9P- 291 –

714.50809 C39H73NO8P- 223 C16:1/C18:1

716.523677 C39H75NO8P- 264 C16:1/C18:0

728.52381 C40H75NO8P- 315 C17:1c/C18:1

730.50312 C39H73NO9P- 376 (C16:1/

C18:1) ? Od,e

730.53961 C40H77NO8P- 519 C16:0/C19:1c

732.51880 C39H75NO9P- 416 –

742.53940 C41H77NO8P- 228 C18:1/C18:1

744.51878 C40H75NO9P- 382 (C17:1c/

C18:1) ? Of

Phosphatidylserines

720.48238 C37H71NO10P- 375g C15:0/C16:0

732.48226 C38H71NO10P- 205g C16:0/C16:1

734.49762 C38H73NO10P- -190g C16:0/C16:0;

C15:0/C17:0

746.49795 C39H73NO10P- 255 C16:1/C17:0

748.51389 C39H75NO10P- 641g C16:0/C17:0

760.51367 C40H75NO10P- 342 C16:0/C18:1

772.51345 C41H75NO10P- 52 C16:1/C19:1c;

C17:1c/C18:1

774.52933 C41H77NO10P- 349 C16:0/C19:1c;

C17:0/C18:1

N-Acylphosphatidylethanolamines

926.72240 C53H101NO9P- 490 –

938.72234 C54H101NO9P- 419 –

940.73937 C54H103NO9P- 1,885g –

952.73830 C55H103NO9P- 739 –

954.75526 C55H105NO9P- 2,109 –

966.75400 C56H105NO9P- 779 –

978.75337 C57H105NO9P- 126 –

980.76990 C57H107NO9P- 1,023 –

Phosphatidylglycerols

719.48723 C38H72O10P- 513 C16:0/C16:1

733.50270 C39H74O10P- 258 C16:0/C17:1c

735.48200 C38H72O11P- 305 C16:0/

(C16:1 ? O)

Table 2 continued

Ion mass

(m/z)

Elemental

composition

Error

(ppb)

Major fatty

acidsa

747.51844 C40H76O10P- 373 C16:0/C18:1

751.47777 C38H72O12P- 1,400g –

761.49733 C40H74O11P- -126 –

761.53406 C41H78O10P- 327 –

763.51354 C40H76O11P- 608 C16:0/(C18:1 ? O)

779.50821 C40H76O12P- 282 –

Cardiolipins

673.46318 C73H136O17P2
-2 -13 C16:0/C16:0/

C16:1/C16:1

680.47103 C74H138O17P2
-2 24 C16:0/C16:0/

C16:1/C17:1c

687.47889 C75H140O17P2
-2 74 C16:0/C16:0/

C16:1/C18:1

693.47871 C76H140O17P2
-2 -186 C16:0/C16:1/

C17:1c/C18:1

694.48689 C76H142O17P2
-2 326 C16:0/C16:0/

C17:1c/C18:1

700.48647 C77H142O17P2
-2 -248 –

701.49497 C77H144O17P2
-2 686g C16:0/C16:0/

C18:1/C18:1

707.49451 C78H144O17P2
-2 30 C16:0/C17:1c/

C18:1/C18:1

708.48371 C77H142O18P2
-2 -580h –

713.49395 C79H144O17P2
-2 -755 –

714.50195 C79H146O17P2
-2 -509 C16:0/C18:1/

C18:1/C18:1

721.49176 C79H144O18P2
-2 -258 –

722.49898 C79H146O18P2
-2 1,095g –

a Minor components may also be present but are not shown in this

table; e.g. PE m/z 702 has C15:0/C18:1
b Indicates that ions were too low in abundance or spectra too

complex due to isotopic or multiple species
c GC/MS analysis indicated that C17:1 and C19:1 may be present as

cyclopropyl fatty acids
d Unsaturated fatty acid with ‘‘?O’’ indicates an oxidized fatty acid

possibly as an epoxide
e Both (C16:1 ? O)/C18:1 and C16:1/(C18:1 ? O) were observed
f Both (C17:1 ? O)/C18:1 and C17:1/(C18:1 ? O) were observed
g Overlapped with another phospholipid ion
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from the C18:1 group), 465.26209 (C22H42O8P-, -410 ppb,

fatty acid loss from the C18:1 group), 417.24093

(C21H38O6P
-, -530 ppb; see Fig. 3), 391.22531 (C19H36O6P

-,

-489 ppb, see Fig. 3), 281.24844 (C18H33O2
-, -583 ppb,

C18:1 carboxylate anion), and 255.23284 (C16H31O2
-,

-447 ppb, carboxylate anion). Relative ion intensities

show a preference for the C18:1 ketene and acid losses and

the C18:1 carboxylate formation, which favors the C18:1

group in the sn-2 position and the C16:0 group in the sn-1

position [38]. While it may be difficult with many isobaric

species being analyzed simultaneously (e.g., m/z 719 is

predominantly C16:0/C16:1 but also has significant C14:0/

C18:1), it appears that the sn-2 position favors the unsatu-

rated group. It has been shown in the literature that the

relative intensity of the loss corresponds more to position

and not degree of unsaturation [38].

Oxidized phospholipids were also observed and char-

acterized. While every effort was made to avoid oxidizing
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the phospholipid samples (see ‘‘Experimental Proce-

dures’’), the possibility must be considered. Nonetheless,

identification of these species is possible. Some of these

species have been identified as containing epoxy-fatty

acids. An example of an oxidized PG is the deprotonated

anion at m/z 763. Collision-induced dissociation of m/z 763

coupled with FT-ICR mass accuracy measurements yielded

an MS/MS product ion of m/z 297.24356 and an elemental

composition of C18H33O3
- (-164 ppb mass error). Further

dissociation of the m/z 297 product ion or MS3 and accu-

rate mass measurements, resulted in two subsequent

product ions at m/z 199.13393 (C11H19O3
-, -192 ppb) and

m/z 183.13905 (C11H19O2
-, -19 ppb); these ions are

indicative of an epoxy group primarily at the D11 position.

MS2 results on m/z 297 from an epoxy acid standard further

supported the identification.

Fatty Acids

The total cellular fatty acid composition of B. bacteriovorus

HID5, was dominated by 16:0 (Table 3). No polyunsatu-

rated acids were detected and only monounsaturated acids

with either 16, 17 or 18 carbons were present. However,

several isomers with different double bond positions were

identified among these monounsaturated fatty acids. The

double bond position, determined by the addition of dime-

thyl disulfide across the double bond of unsaturated fatty

acids and separation of the different isomers by GLC of

their methyl ester derivatives. Electron ionization spectra

for these derivatized compounds clearly indicated the

location of the double bond prior to dimethyl disulfide

derivatization [37].

The methyl ester of the cyclopropane fatty acid 9,10-Mt

C16:0 (cyC17:0) was identified by MS. This component had

a mass identical to the methyl ester of a 17:1 fatty acid and it

did not react with dimethyl disulfide. Incomplete derivati-

zation of 17:1 was ruled out as underivatized 16:1 and 18:1,

which are fatty acids that are present at higher concentra-

tion, were not detected. Furthermore, the spectrum of the B.

bacteriovorus cyC17:0 is the same as those of two entries in

the National Institute of Standards and Technology registry

of mass spectra (NIST 13093 and NIST 111346) reported

for authentic standards of this fatty acid (cyclopropaneoc-

tanoic acid, 2-hexyl-, methyl ester) (Fig. 4).

Table 3 Fatty acid composition of B. bacteriovorus strain HID5 total lipids and its major glycerophospholipids and the total lipid fatty acid

composition of B. bacteriovorus HD100 and E. coli prey cells

Fatty acida Total lipids

HID5 PE PS PG CL HD100 E. coli

14:0 2.1 ± 1.4 0.7 ± 0.6 0.8 ± 0.3 1.0 ± 0.04 Trace 0.7 ± 0.3 5.2 ± 1.3

15:0b 2.6 ± 2.0 5.1 ± 0.4 0.9 ± 0.4 1.6 ± 0.2 Trace 1.9 ± 0.1 2.9 ± 0.8

16:0 45.8 ± 6.2 49.7 ± 1.4 50.4 ± 2.2 43.9 ± 0.8 40.9 ± 2.9 40.2 ± 1.1 50.0 ± 4.6

16:1 12.5 ± 3.4 0.4 ± 0.01 8.5 ± 3.1c 15.8 ± 1.9d 14.1 ± 1.3 8.3 ± 0.1 7.7 ± 1.0

17:0 1.1 ± 0.7 1.5 ± 0.2 2.0 ± 0.0 1.5 ± 0.1 2.1 ± 0.8 4.5 ± 0.1 1.6 ± 1.6

9,10-Mt C16:0e 16.3 ± 4.8 35.8 ± 2.2 23.3 ± 1.1 4.7 ± 0.2 0.7 ± 0.4 12.2 ± 0.2 16.5 ± 0.9

18:0 2.2 ± 1.3 1.7 ± 0.9 0.3 ± 0.1 1.4 ± 0.2 1.9 ± 0.6 Trace Trace

18:1 12.4 ± 1.5 3.1 ± 0.9 13.3 ± 0.3f 29.2 ± 1.2g 28.5 ± 1.4 31.6 ± 0.5 14.3 ± 2.2

U/Sh 0.33 0.04 0.28 0.82 0.75 0.67 0.29

U ? C/Si 0.86 0.71 0.84 1.03 1.22 1.10 0.64

Total extracted lipids of strain HID5 and its major phospholipid classes and total extracted lipids of strain HD100 and its prey E. coli (percent of

total ± SEM; n = 3). Fatty acids were identified and quantified by a combination of GLC analyses of FAME and by GC/MS (TIC) of DMDS

derivatives. Fatty acids of N-acylphosphatidylethanolamine and other minor unidentified phospholipid components were not analyzed in this

study
a Number of carbons:number of double bonds
b Includes iso-branched and normal acids
c 16:1D9 was the only isomer detected by MS in PS
d 16:1D7 represented 4.3%, 16:1D9 was 92.8%, and 16:1D11 comprised 2.9% of the total 16:1 fatty acids in PG as determined by MS analysis
e 9,10 Indicates location of ring in the chain; Mt, methano; C16:0, cyclopropane fatty acid with 16 carbons in the straight portion of the chain

(also designated as cyC17:0)
f 18:1D11 was the only isomer detected in PS by MS
g 18:1D9 comprised 1.0%, 18:1D11 was 30.9%, and 18:1D13 was 1.0% of the total 18:1 fatty acids in PG as determined by MS
h Unsaturation index (% total unsaturated fatty acids/% total saturated fatty acids)
i Lipid bilayer fluidity index (% total unsaturated ? cyclopropane fatty acids/% total normal saturated fatty acids)
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Analyses of individually isolated phospholipid classes

of B. bacteriovorus strain HID5 indicated that there were

similarities in the fatty acid profiles between PE and PS and

between PG and CL. PE and PS had high percentages of

cyC17:0 compared to PG and CL whereas PG and CL were

enriched in the monounsaturated acids 16:1 and 18:1.

There was insufficient amount of B. bacteriovorus

NAPE isolated in the present study and only few of the

major acids were detectable by GLC. Therefore, quantita-

tive analysis of the fatty acid composition of this

phospholipid class was not performed.

Discussion

This is the first report on the glycerophospholipids of the

predatory and parasitic delta-protobacterium Bdellovibrio

bacteriovorus. With respect to general lipid classes, PE,

PS, CL, and PG identified in HID5 were those commonly

found among most organisms. Preliminary studies on the

parental host-dependent B. bacteriovorus strain HD100

cultured with prey E. coli indicated that the same major

glycerophospholipid classes were also present in this strain

(Table 1).

Although the glycerophospholipid NAPE is usually

found as minor membrane components of plant and animal

cells [39–41] and is developmentally regulated in the cel-

lular slime mold Dictyostelium discoideum [42], these are

very rare among prokaryotes. This lipid was detected in

another bacterium, the anaerobic ovine rumen bacterium

Butyrivibrio fibrisolvens [43]. The present study suggests

the possibility that NAPEs might also be more commonly

distributed among prokaryotes than previously thought.

These lipids might not have been identified because

NAPEs might represent only minor lipid components of

bacterial cells as they are in eukaryotic cells. The property

of having an additional fatty acid in NAPE is expected to

enhance insertion of the amphipathic phospholipid mole-

cule into membrane lipid bilayers.

Although there is evidence suggesting that a transacyl-

ation reaction between two PE molecules produces NAPE

and lysoPE in Butyrivibrio, it remains unclear whether O-

linked fatty acyl groups of PE or other lipids can be de-

acylated and used in transacylation reactions to produce the

N-acylation of PE [43]. Studies on the biosynthesis of

NAPE or any glycerophospholipid in Bdellovibrio are

lacking. In a study of Bacteriovorus stolpii UKi2, cells

metabolically radiolabeled with serine indicated PS, PE

and a spot in TLC plates corresponding to the migration of

NAPE were radioactive [44]. Whether this minor lipid

component in B. stolpii UKi2 is NAPE remains to be

determined by additional experiments.

As many organisms, especially parasites, scavenge lip-

ids and other molecules from their environment (in the

environment, culture medium or host cytoplasm) B. bac-

teriovorus was shown to gain most of its fatty acids from

the host cell during intraperiplasmic growth [19]. However,

the present analysis of B. bacteriovorus HID5 grown axe-

nically in the absence of prey host cells demonstrates it has

the ability to synthesize de novo its own fatty acids pro-

ducing its distinct fatty acid profile. Like B. bacteriovorus,

the culture medium is enriched in 16:0 but other compo-

nents in the bacterium such as cyclopropane fatty acids are

not found in the medium [25] and hence must be synthe-

sized by the bacterium. The fatty acid composition of

E. coli strain K12 identified in the present study was sim-

ilar to those recently reported by Oursel et al. [45] on the

lipids of strain LM3118. These workers employed liquid

chromatography and tandem MS/MS with electrospray

ionization that are comparable state of art techniques used

in the present study. The total lipid fatty acid compositions

of strains HD100 and HID5 might differ (Table 3) quali-

tatively (e.g. 18:0) and in the proportions of individual

components. However, definitive conclusions on HD100

fatty acid compositions cannot yet be made. In this initial

Fig. 4 Electron ionization (EI) GC/MS of the major cyclopropane

fatty acid in B. bacteriovorus HID5 identified as 9,10-Mt C16:0. The

mass spectrum of B. bacteriovorus 9,10-Mt C16:0 (a); mass spectrum

library entry for 9,10-Mt C16:0 (b). Some differences in ion

intensities are the result of background subtraction which was

required to remove the contribution of the perfluorinated tributyl-

amine standard. This standard was continuously introduced during the

chromatographic run to provide a ‘‘lock mass’’ that enhanced mass

accuracy
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analysis of HD100 cells, elimination of E. coli cell debris

by extensive purification procedures were not included to

prevent starvation conditions and other physiological and

potentially biochemical changes in the B. bacteriovorus

HD100 cells. Hence some E. coli cell debris might have

been included in the HD100 cell preparations analyzed.

Nonetheless, the major fatty acids in HD100, E. coli and

axenically grown HID5 were 16:0, cy17:0 (not detected in

the culture medium), 18:1, and 16:1 (Table 3).

Initial studies earlier reported on the total ester-linked

fatty acids in B. stolpii UKi2 grown in a peptone and yeast

extract medium indicated that the major components were

those with 15 carbons (iso-branch, monousaturated, or

saturated); no cyclopropane fatty acids were detected [22].

The fatty acids in isolated glycerophospholipids of B.

stolpii were not analyzed in that study. In contrast, the

present study on B. bacteriovorus clearly demonstrated that

this bacterium has ester-linked fatty acid distinct from that

of B. stolpii UKi2 and that fatty acid synthesis in B. stolpii

UKi2 and B. bacteriovorus are quite different. Fifteen-

carbon acids in B. bacteriovorus total glycerolipids and in

each isolated phospholipid class analyzed were only pres-

ent in low proportions. The dominant fatty acid was 16:0 as

previously reported [19]. Analysis of individual glycero-

phospholipids demonstrated that the monounsaturated

acids 16:1 and 18:1 were found high in PG and CL and low

in PE and PS whereas the cyclopropane fatty acid cyC17:0

was high in PE and PS and low in PG and CL. These data

suggest that CL is produced from two PG molecules and

PE from the decarboxylation of the PS headgroup.

Unsaturation index comparing unsaturated to saturated

fatty acids is commonly examined as an indication of

membrane bilayer fluidity (Table 3). However, both double

bonds and the bulk of the cyclopropane ring contribute to

loosening of lipid bilayer packing. If only double bonds are

considered to contribute to fluidity, it would then appear

that B. bacteriovorus HID5 membrane bilayers are tightly

packed but when combining unsaturated and cyclopropane

fatty acids and then comparing those values to normal

saturated fatty acids, the unsaturation index values are

close to 1. Since B. bacteriovorus is ubiquitous in nature

and grows in a broad range of temperatures [2, 4, 15, 46] it

should have the ability to alter membrane bilayer packing

like other poikilothermic organisms. Thus, it is expected

that the fatty acid composition would differ from that

reported here if the bacterium is grown at a temperature

different from that used in this study.

Sphingophosphonolipids were not detected in B. bacte-

riovorus and the presence in its genome of the gene coding

for serine:fatty acyl transferase is not apparent. Therefore

the correlation previously made between the presence of

these lipids and predation in B. stolpii UKi2 (and their

absence in non-predatory UKi1 and other strains) does not

appear applicable to B. bacteriovorus. Furthermore, it was

recently shown that myriocin-treated B. stolpii UKi2 can

exhibit predation and parasitism in the absence of

sphingophosphonolipids albeit their locomotory behavior

was affected [44]. On the other hand, the presence of

sphingolipids in B. bacteriovorus cannot yet be ruled out;

they might be present in concentrations not detectable by

protocols used in the present study. While we have iden-

tified PG and CL in the present study, only the gene coding

for cardiolipin synthase in the B. bacteriovorus HD100 was

identified (National Center for Biotechnology Information,

NCBI, #2735852); annotation for most genes coding for

enzyme proteins in phospholipid synthesis is not yet

available. This initial study on the extractable lipids of B.

bacteriovorus indicate that there are other minor lipids

present in this bacterium. Hence it would be good if future

studies were conducted to identify the other lipid compo-

nents present in B. bacteriovorus. Nonetheless the

differences found so far between the lipids of these two

predatory bacteria Bdellovibrio bacteriovorus and Bacte-

riovorus stolpii are consistent with the assignment of them

to separate genera.
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dioxygenases. Lipoxygenases catalyse the addition of

molecular oxygen to polyunsaturated fatty acids with a

(cic,cis)-1-4-pentadiene system to give an unsaturated fatty

acid hydroperoxide [10]. However, an oxygenation of

monounsaturated fatty acids such as oleic [11–14] and

octadec-cis-12-enoic [14] acids by such enzymes has also

been reported. These reactions produce mainly hydroxy,

hydroperoxy or oxoacids. Lipoxygenases are widely dis-

tributed in plants, fungi and animals [15]; however, these

enzymes have also been detected in bacteria [12, 16]. The

fungal heme enzyme linoleate 8-dioxygenase abstracts

allylic hydrogen and introduces molecular oxygen in an

antarafacial way at C-8 leading to the formation of 8R-

hydroperoxylinoleic acid [17, 18]. It is interesting to note

that the allylic oxygenation induced by this enzyme, which

also oxygenates oleic, a-linolenic and ricinoleic acids [17],

presents some analogies with the regiospecific allylic

oxygenation of cis-vaccenic acid at C-10 previously

observed [8, 9].

In the present work, we intended to re-examine the

strain Erythrobacter sp. MG3 in order to try to determine

the growth conditions favouring this peroxidation of

cis-vaccenic acid and to elucidate the behaviour of the

10-hydroperoxyoctadec-11(cis)-enoic acid thus formed.

Experimental Procedures

Organism

Erythrobacter sp. strain MG3 was isolated in December

2000 from the surface of SE Atlantic/W Indian Ocean

(41�060N, 72�270W). The strain is phylogenetically related

to Erythrobacter longus and exhibits the typical features

of members of the Erythrobacter genus [2]. The cultures

were grown in Erlenmeyer flasks on a rotary shaker at

23 �C. The illumination was provided by a bank of

luminescent tubes giving *200 lmol quanta m-2 s-1

with a 12:12 h light/dark cycle. Generally the cells were

grown in an enriched seawater medium supplemented by

0.5 g peptone and 0.1 g yeast extract per litre [2]. For

nutrient limitation studies the cultures were grown on

artificial seawater media as described in [2] and supple-

mented by glucose as the sole source of carbon. The

carbon limited medium contained 1 mM glucose, 2.5 mM

ammonium sulfate and 0.3 mM phosphate. For the

phosphorus limitation condition, the medium was supple-

mented by 10 mM glucose and the phosphate content was

reduced to 0.03 mM. In the case of nitrogen limitation, the

ammonium sulfate content was reduced to 0.1 mM and

supplemented by 10 mM glucose and 0.3 mM phosphate.

The cultures were harvested in steady-state phase by

centrifugation (10,000 9 g).

Alkaline Hydrolysis

Saponification was carried out on both reduced and non-

reduced cells. After reduction, 25 ml of water and 2.8 g of

potassium hydroxide were added and the mixture was

directly saponified by refluxing for 2 h. In the case of non-

reduced samples, an additional 25 ml of methanol was

added before saponification. After cooling, the contents of

the flask were extracted three times with n-hexane. The

combined n-hexane extracts were dried over anhydrous

Na2SO4, filtered and concentrated to give the unsaponified

fraction. The aqueous phase was then acidified with

hydrochloric acid (pH 1) and subsequently extracted three

times with dichloromethane. Treatment of the combined

dichloromethane extracts as described above gave the

saponified fraction.

Reduction

Hydroperoxides were reduced to the corresponding alco-

hols in methanol (25 ml) by excess NaBH4 or NaBD4

(10 mg/mg of extract) using magnetic stirring (15 min at

0 �C). During this treatment, ketones are also reduced and

the possibility of some ester cleavage cannot be excluded.

After reduction, a saturated solution of NH4Cl (10 ml)

was added cautiously to destroy the excess reagent, the

pH was adjusted to 1 with dilute HCl (2 N) and the

mixture was shaken and extracted with hexane:CHCl3
(4:1, v/v; x3). The combined extracts were dried as

described above and evaporated to dryness under a stream

of nitrogen.

Catalytic Hydrogenation

Lipid extracts were hydrogenated overnight under mag-

netic stirring in methanol with Pd/CaCO3 (10–20 mg/mg of

extract) (Aldrich) as a catalyst. After hydrogenation, the

catalyst was removed by filtration and the filtrate was

concentrated by rotary evaporation.

Osmium Tetroxide Oxidation

Lipid extracts and OsO4 (1:2, w:w) were added to a

pyridine-dioxane mixture (1:8, v/v; 5 ml) and incubated

for 1 h at room temperature. Then, 6 ml of Na2SO3 sus-

pension (16% Na2SO3 in water-methanol, 8.5:2.5, v/v)

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 extracts were

subsequently dried over anhydrous Na2SO4, filtered and

concentrated.
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Methylation

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 rotary evaporation.

Silylation

After evaporation of the solvent, each residue was taken up

in 300 ll of a mixture of anhydrous pyridine and BSTFA

(Supelco) (2:1, v/v) 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)

(in order to avoid desilylation of fatty acids) and then

analysed by GC–EIMS.

Gas Chromatography–Electron Impact Mass

Spectrometry (GC–EIMS)

GC–EIMS analyses were carried out with an Agilent 6890

gas chromatograph connected to an Agilent 5973 Inert

mass spectrometer. The following conditions were

employed: 30 m 9 0.25 mm (i.d.) fused silica capillary

column coated with SOLGEL-1 (SGE; 0.25 lm film

thickness); oven temperature programmed from 70 to

130 �C at 20 �C min-1, from 130 to 250 �C at 5 �C min-1

and then from 250 to 300 �C at 3 �C min-1; carrier gas

(He) maintained at 0.69 bar until the end of the tempera-

ture program and then programmed from 0.69 to 1.49 bar

at 0.04 bar min-1; injector (on column with retention gap)

temperature, 50 �C; electron energy, 70 eV; source tem-

perature, 190 �C; cycle time, 1.99 cycles s-1, scan range,

50–800.

Structural assignments were based on the interpretation

of mass spectrometric fragmentations and confirmed by

comparison of retention times and mass spectra with those

of authentic compounds, when these were available.

Standard Compounds

Classical fatty acids and 2-hydroxy acids were purchased

from Sigma (St. Quentin Fallavier, France). Fe??/ascor-

bate induced autoxidation [19] of cis-vaccenic acid

produced a mixture of allylic hydroperoxides containing

significant amounts of cis- and trans-10-hydroperoxyoc-

tadec-11-enoic and 12-hydroperoxyoctadec-10-enoic acids

[20]. Subsequent reduction of these different allylic

hydroperoxides in methanol with excess NaBH4 afforded

the corresponding hydroxy acids. Oxoacids were obtained

by dehydration of the corresponding hydroperoxides in a

mixture of pyridine and acetic anhydride [20].

Hydrogenation of hydroxy acids and oxoacids was carried

out in methanol with Pd/CaCO3 as catalyst [20].

Results and Discussion

Characterisation of the Main Lipidic Components

of Erythrobacter sp. strain MG3

The unsaponified lipidic fraction obtained after alkaline

hydrolysis of cells of Erythrobacter sp. strain MG3 is

dominated by a single component, assigned by GC/EIMS

as phytol. This isoprenoid alcohol arises from the hydro-

lysis of bacteriochlorophyll-a, which constitutes with

erythroxanthin sulfate the major pigments of this photo-

trophic bacterium [2]. Though present in large amounts in

this fraction, erythroxanthin sulfate was non-amenable to

gas chromatography with the operating conditions used.

As previously described [8], the corresponding saponi-

fied fraction obtained after NaBH4 reduction is dominated

by cis-vaccenic acid and also contain C12:0, C14:0, C15:0,

C16:1x7, C16:0, C18:2x7,13, C18:0, 11-methylC18:1x6 fatty

acids and some 2-hydroxy acids, which are classical com-

ponents of sphingolipids of Erythrobacter-related strains.

As expected, we detected cis and trans 10-hydroxyoctadec-

11-enoic acid trimethylsilyl derivatives (Table 1). These

two isomers exhibit exactly similar mass spectra [9] and

their identification is based on comparison of their retention

times with standards. Deuterium labelling allowed previ-

ously to prove that these compounds resulted from the

reduction during the treatment of a mixture of the corre-

sponding hydroperoxyacids, oxoacids and hydroxy acids

[8]. Surprisingly, the proportion of 10-hydroxyoctadec-

11(cis)-enoic acid after reduction, which constituted pre-

viously only 1% of the parent cis-vaccenic acid during the

stationary phase of growth [8], is now of 48 % (Table 1).

We also detected small amounts of trans 12-hydroxyocta-

dec-10-enoic acid deriving from allylic rearrangement of

the 10-hydroperoxyoctadec-11-enoic acid. In addition to

all these previously described compounds, we observed

the production of five new interesting compounds

(7,10-epoxyoctadec-11-enoic, 11-hydroxyoctadecanoic,

12-hydroxyoctadecanoic, 10-hydroxyoctadecanoic and

10-hydroxyoctadeca-5,11-enoic acids) (Table 1).

Mass spectra of the methyl and trimethylsilyl esters of

7,10-epoxyoctadec-11-enoic acid appeared to be poorly

informative (Fig. 1). The position of the tetrahydrofuran

(THF) ring of this compound was determined after

hydrogenation of the corresponding methyl ester (in the

presence of Pd as catalyst) and subsequent GC–EIMS

analysis (Fig. 2b). The mass spectrum thus obtained

exhibits a molecular peak at m/z 312 (instead of m/z 310 for

the non-hydrogenated methyl ester) (Fig. 1a) and two
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prominent ions at m/z 183 and 199 corresponding to the

two strongly favoured a-cleavages relative to the ionised

oxygen of the THF ring. These two fragments then undergo

losses of water or methanol affording ions at m/z 149, 165,

167 and 181. The presence of the fragment ion at m/z 172

resulting from a THF-specific cleavage initiated by an

initial hydrogen transfer from the carbon 7 to the ester

group [21] also confirms the position of the THF ring

relative to the ester group. The position of the double bond

was determined after OsO4 oxidation of the methyl ester

and subsequent silylation. The mass spectrum of the bis-

trimethylsilyloxy derivative thus obtained (Fig. 2a) exhib-

ited two fragment ions at m/z 187 and 301 resulting from

the cleavage of the bond between the two carbon atoms

bearing the trimethylsilyloxy groups. Due to the involve-

ment of subsequent loss of methanol (m/z 269) and

different cleavages induced by the THF ring or the ester

group, the fragment ion at m/z 301 is weaker than this at

m/z 187. The useful ion at m/z 374 resulting from tri-

methylsilyl transfer towards the ester group [22, 23] (and

this at m/z 284 formed after an additional loss of trimeth-

ylsilanol) confirmed that the fragment ion at m/z 301

contains the ester group. This proved the presence of a

double bond in position 11 in the parent fatty acid and

allowed us to identify this compound as 7,10-epoxyocta-

dec-11-enoic acid. If the presence of furan fatty acids in

several marine bacteria [24, 25] and crayfish [26] was

previously described; to our knowledge, this is the first

report of a natural fatty acid containing a THF cycle.

Reduction with NaBD4 instead of NaBH4 allowed

to show that the 11-hydroxyoctadecanoic and 12-

hydroxyoctadecanoic acids detected arise from the reduc-

tion of 11,12-epoxyoctadecanoic acid during the treatment

(Fig. 3a, b). The presence of this epoxide could be con-

firmed in non-reduced samples. Deuterium labelling also

allowed us to demonstrate that the 10-hydroxyoctadecanoic

acid detected results from the reduction of the correspond-

ing oxoacid during the treatment.

The mass spectrum of the silylated derivative of 10-hy-

droxyoctadeca-5,11-enoic acid is given in Fig. 3c. It exhibits

a molecular peak at m/z 440 (instead of m/z 442 in the case of

the silylated 10-hydroxyoctadec-11-enoic acid) [9] and a

strong fragment ion at m/z 213 corresponding to the cleavage

at the carbon bearing, OSiMe3 group. The presence of this

compound is very interesting. Indeed, it shows that the

regiospecific enzymatic peroxidation of the allylic position

10 is not restricted to cis-vaccenic acid but seems to act on all

the fatty acids possessing a double bond at the position 11.

Behaviour of 10-Hydroperoxyoctadec-11-enoic Acid

in Cells of Erythrobacter sp. strain MG3

Hydroperoxides are extremely cytotoxic and cause damage

to membranes and proteins in particular [27]. Several

enzymatic processes causing further reactions of the

hydroperoxides and avoiding their accumulation have been

previously described. These processes involve: (1) reduc-

tion to the corresponding hydroxy acids [27], (2) homolytic

cleavage of the O-O bond resulting in the formation of

oxoacids [15], (3) dehydration to allene oxides and sub-

sequent hydrolysis of these unstable intermediates [28],

and (4) direct cleavage of the hydroperoxides to aldehydes

Table 1 Fatty acid composition

(relative percentage) of

Erythrobacter sp. strain MG3

cells collected at different

phases of growth

Exponential

phase

Late exponential

phase

Steady state

phase

Dodecanoic acid 0.3 0.1 0.6

Tetradecanoic acid 0.9 0.3 1.0

Pentadecanoic acid 0.6 0.1 0.3

Hexadec-9-enoic acid 1.1 0.6 0.5

2-Hydroxytetradecanoic acid 1.3 1.3 3.6

Hexadecanoic acid 3.7 1.5 4.9

Octadeca-5,11-dienoic acid 4.8 5.0 12.1

2-Hydroxyhexadecanoic acid 0.5 0.4 0.5

Octadec-11(cis)-enoic acid (cis vaccenic acid) 57.7 56.6 37.2

Octadecanoic acid 1.2 0.4 2.4

11-Methyloctadec-12-enoic acid 0.9 2.5 3.0

7,10-Epoxyoctadec-11-enoic acid 2.0 6.4 11.5

10-Hydroxyoctadeca-5,11-dienoic acid 0.4 1.0 1.8

10-Hydroxyoctadec-11(cis)-enoic acid 22.3 21.6 18.1

10-Hydroxyoctadec-11(trans)-enoic acid 1.6 1.6 1.4

12-Hydroxyoctadec-10-enoic acid 0.3 0.2 0.2

10- ? 11- ? 12-Hydroxyoctadecanoic acids 0.4 0.4 0.9
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and oxoacids [29]. Only the two first processes seem to act

in strain MG3. The reduction of hydroperoxyacids to the

corresponding hydroxy acids is generally attributed to

dioxygenases themselves [27]. However, the presence of

11,12-epoxyoctadecanoic acid in strain MG3 (see above)

allowed us to attribute the reduction of 10-hydroperoxy-

octadec-11-enoic acid to the corresponding alcohol to the

involvement of a peroxygenase. Indeed, this enzyme

catalyses an intermolecular transfer of oxygen from

hydroperoxides to the double bonds of fatty acids yielding

alcohols and epoxides (Fig. 4) [30, 31]. Conversion of

hydroperoxyacids to oxoacids is induced by lipohydro-

peroxidases [32].

Allylic hydroperoxides are not stable and may also

undergo highly stereoselective free radical allylic rear-

rangement [33]. These processes, which can act on both

cis and trans allylic hydroperoxides, affords only trans

configurations [33]. Allylic rearrangement of 10-hydro-

peroxyoctadec-11(cis)-enoic acid results to the formation

of 10-hydroperoxyoctadec-11(trans)-enoic and 12-hydro-

peroxyoctadec-10(trans)-enoic acids; these isomeric

hydroperoxyacids being then also converted to the cor-

responding hydroxyacids and oxoacids (Fig. 4).

The cis and trans 10-oxooctadec-11-enoic acids formed

undergoes subsequent saturation to 10-oxooctadecanoic

acid (Fig. 4). The saturation of unsaturated fatty acids in

the gut of some animals has been long recognised [34].

This biohydrogenation is brought about by the mixed cul-

ture of rumen bacteria and involves several enzyme

catalysed steps. It was previously demonstrated that

anaerobic incubation of oleic and elaidic acids with

strained rumen contents lead to their saturated counterpart

(stearic acid) and to a lesser extent to the isomerisation of

each monounsaturated fatty acid to its geometric isomer

[35]. Consequently, the formation of 10-oxooctadec-trans-

11-enoic acid may be also attributed to the isomerisation of

its geometrical isomer during the biohydrogenation

(Fig. 4).

Fig. 1 EI mass spectra of 7,10-

epoxyoctadec-11-enoic acid

methyl (a) and trimethylsilyl (b)

esters
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In parallel to enzymatic conversion, hydroperoxides

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 very distinct propor-

tions of hydroperoxyacids, hydroxy acids and oxoacids

observed in the case of the cis and trans isomers [8]

allowed us to exclude the involvement of such abiotic

processes during the degradation of cis and trans 10-hy-

droperoxyoctadec-11-enoic acid to the corresponding

hydroxyacids and oxoacids. In contrast, we proposed the

abiotic formation pathways described in Fig. 5 for the

formation of 7,10-epoxyoctadec-11-enoic acid. These

pathways involve the cyclisation of the alkoxyl radical

deriving from homolytic cleavage of 10-hydroperoxyocta-

dec-11-enoic acid. A similar cyclisation process (involving

Fig. 2 EI mass spectra of the

silylated OsO4 (a) and

hydrogenated (b) derivatives of

7,10-epoxyoctadec-11(cis)-

enoic acid methyl ester
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the passing through alkoxyl radicals) was previously pro-

posed to explain the formation of THF rings during the

treatment of monohydroxyalcohols with lead tetraacetate

[36]. The strong increase of the ratio 7,10-epoxyoctadec-

11-enoic acid / 10-hydroxyoctadec-11(cis)-enoic acid

observed during the growth (Table 1) well supports a

Fig. 3 EI mass spectra of

(11-D1)-12-hydroxy-

octadecanoic (a), (12-D1)-

11-hydroxyoctadecanoic (b)

and 10-hydroxyoctadeca-

5,11-dienoic (c) acid

trimethylsilyl derivatives
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formation of this cyclic compound by such a degradative

process. The detection of diastereoisomeric 7,10-epoxy-

octadecanoic acids after catalytic hydrogenation of the

double bond (Fig. 6) allowed us to exclude the involve-

ment of a stereospecific enzymatic cyclisation process. It

may be noted that abstraction of a hydrogen atom on

another molecule by the intermediate alkoxyl and alkyl

radicals involved in this cyclisation process may also

constitute an additional source of 10-hydroxyoctadec-

11(cis)-enoic acid (Fig. 5).

Influence of Growth Conditions Upon the Regiospecific

Peroxidation of Vaccenic Acid

The very strong variation in the proportion of 10-hydroxy-

octadec-11(cis)-enoic acid observed between our previous

examination of this strain [8] and this work suggests that the

induction of the regiospecific peroxidation of the allylic

carbon 10 of cis-vaccenic acid strongly depends on the

physiological status of the cells. To investigate this phe-

nomenon, the fatty acid composition was analysed in MG3

cultures harvested in exponential, late exponential and

steady-state (7 days in steady-state) growth phases. The very

strong increase in the proportion of 10-hydroperoxyoctadec-

11(cis)-enoic acid and its degradation products (7,10-ep-

oxyoctadec-11-enoic, 10-hydroxyoctadec-11(cis)-enoic,

10-hydroxyoctadec-11(trans)-enoic, 12-hydroxyoctadec-

10-enoic, 10-hydroxyoctadecanoic, 11-hydroxyoctadeca-

noic and 12-hydroxyoctadecanoic acids) observed during the

growth (47% during the exponential phase, 54% during the

late exponential phase and 87% during the steady state

phase) readily supports this hypothesis.

Additional tests were performed with Erythrobacter sp.

strain MG3 cultures grown under different nutrient limita-

tion and light conditions. The experiments have shown that

carbon limitation enhances the amount of 10-hydroperoxy-

octadec-11(cis)-enoic acid and its degradation products, but

light does not seem to have an effect. Interestingly, the lipid

Fig. 4 Proposed pathways for the regiospecific enzymatic oxygenation of the allylic carbon 10 of cis-vaccenic acid in MG3 cells

Fig. 5 Proposed pathways for the formation of 7,10-epoxyoctadec-

11(cis)-enoic acid from 10-hydroperoxyoctadec-11(cis)-enoic acid

1072 Lipids (2008) 43:1065–1074

123



peroxidation appeared to be strongly enhanced in all the

cultures grown at low (7 �C) temperature (Table 2).

Re-examination of the fatty acid content of Erythrob-

acter sp. strain MG3 cells (dominated by cis-vaccenic acid)

allowed us to confirm the involvement of an unusual reg-

iospecific enzymatic peroxidation of the allylic carbon 10

of cis-vaccenic acid, which seems to be a characteristic of

aerobic and anaerobic phototrophic bacteria. A peroxida-

tion of the allylic carbon 10 of octadeca-5,11-dienoic acid,

which is also present in this strain [4], could also be

observed showing that this enzymatic attack is not

restricted to cis-vaccenic acid but can act on all the acids

possessing a double bond at the position 11. Enzymatic

degradation of 10-hydroperoxyoctadec-11(cis)-enoic acid

resulting from the peroxidation of cis-vaccenic acid mainly

involves reduction to the corresponding hydroxy acid

(probably catalysed by peroxygenases) and cleavage to the

corresponding oxoacid, which is then biohydrogenated. In

parallel to these enzymatic processes, 10-hydroperoxyoc-

tadec-11(cis)-enoic acid also undergoes abiotic allylic

rearrangement to 10-hydroperoxyoctadec-11(trans)-enoic

and 12-hydroperoxyoctadec-10(trans)-enoic acids and

cyclisation to the very unusual 7,10-epoxyoctadec-11-

enoic acid. The proportion of products resulting from this

enzymatic peroxidation strongly increases at low temper-

ature and in carbon limited steady-state cultures.
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growth rates of aerobic anoxygenic phototrophs in the ocean.

Environ Microbiol 9:2401–2406

8. Rontani J-F, Christodoulou S, Koblı́žek M (2005) GC–MS
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10. Kühn H, Schewe T, Rapoport SM (1986) The stereochemistry of

the reactions of lipoxygenases and their metabolites. Proposed

nomenclature of lipoxygenases and related enzymes. Adv Enzy-

mol 58:273–311

11. Wang T, Yu WG, Powell WS (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

Fig. 6 Partial total ion chromatogram showing the presence of

diastereoisomeric 7,10-epoxyoctadecanoic acids after catalytic hydro-

genation of methylated lipid extracts obtained from Erythrobacter sp.

strain MG3 (steady-state phase)

Table 2 Percentage (relative to residual cis-vaccenic acid) of com-

pounds resulting from the enzymatic attack of the allylic position 10

(Sum of 7,10-epoxyoctadec-11-enoic, 10-hydroxyoctadec-11(cis)-

enoic, 10-hydroxyoctadec-11(trans)-enoic, 12-hydroxyoctadec-

10-enoic, 10-hydroxyoctadecanoic, 11-hydroxyoctadecanoic and

12-hydroxyoctadecanoic acids) in Erythrobacter sp. strain MG3

cultivated at different growth conditions

Growth conditions Percentage

C-limited 22 �C light/dark 7.1

N-limited 22 �C light/dark 2.6

P-limited 22 �C light/dark 3.0

C-limited 22 �C dark 7.5

N-limited 22 �C dark 3.2

P-limited 22 �C dark 2.3

C-limited 7 �C dark 36.5

N-limited 7 �C dark 36.5

Lipids (2008) 43:1065–1074 1073

123



12. Guerrero A, Casals I, Busquets M, Leon Y, 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

13. Oliw EH, Su C, Skogstrom T, Benthin G (1998) Analysis of

novel hydroperoxides and other metabolites of oleic, linoleic and

linolenic acids by liquid chromatography-mass spectrometry.

Lipids 33:843–852

14. Clapp CH, Senchak SE, Stover TJ, Potter TC, Findeis PM, Novak

MJ (2001) Soybean lipoxygenase-mediated oxygenation of

monounsaturated fatty acids to enones. J Am Chem Soc 123:747–

748

15. Schewe T, Rapoport SM, Kühn H (1986) Enzymology and
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domain and sheds a soluble form [3, 4]. CXCL16 promotes

interactions between macrophages/DC and CD8 T cells

and guides effector T cell trafficking in lymphoid organs

and some nonlymphoid tissues [3, 5, 6]. The membrane

bound CXCL16 also mediates the firm adhesion of

CXCR6-expressing T cells [6]. Recent reports indicated

that the elevated CXCL16 mediated a unique pathogenic

role in chronic inflammatory diseases such as rheumatoid

arthritis, cardiac vascular atherosclerosis, and cancers [7–

9]. CXCL16 is not exclusively expressed on the cell sur-

face. It is also found as a soluble molecule that is

constitutively generated by proteolytic cleavage of its

transmembrane variant, a process called shedding [10].

LysoPtdOH is a serum-borne lysophospholipid that

signals through the cognate G protein-coupled receptors to

evoke a great variety of responses in numerous cell types.

In addition to stimulating cell proliferation and survival,

lysoPtdOH might regulate the trafficking, cytokine pro-

duction, and T cell-activating functions of DC [11–13].

Reports have indicated that lysoPtdOH receptors might

also appear on the human macrophage surface, however,

influences of lysoPtdOH on cytokines/chemokines pro-

duction in macrophages/DC have been controversial [14–

16]. The effect of lysoPtdOH on CXCL16 expression in

macrophages/DC has never been explored. Using mono-

cyte-derived macrophages/DC (MoDC), we investigated

how lysoPtdOH regulate CXCL16 production and shed-

ding. The increased production of CXCL16 stimulated by

lysoPtdOH in macrophages/MoDC may involve multiple

signaling transduction pathways including Gi/o, Rho, and

NF-jB, which would affect the chemotactic activity of

macrophages/MoDC as well.

Materials and Methods

Reagents

The endotoxin content of the sodium salt of 18:1 lys-

oPtdOH (1-oleoyl-2-hydroxy-sn-glycero-3-phosphate;

Avanti Polar Lipids) in working solution was \50 pg/ml.

Pertussis toxin (PTx), lipopolysaccharide (LPS), and pyr-

rolidine dithiocarbamate (PDTC) were purchased from

Sigma (St Louis, MO). The C3 exoenzyme (exoC3) was

purchased from Cytoskeleton (Denver, CO). Anti-lys-

oPtdOH receptor antibodies, anti-CXCL16 antibody, and

isotype-matched control were from BD Pharmingen (San

Diego, CA).

Cell Source and Culture

CD14? monocytes were purified from heparinized

peripheral blood mononuclear cells (PBMC), which were

either purchased from BRT Laboratory (Baltimore, MD) or

healthy donors using immunomagnetic selection according

to the manufacturer’s instructions (Miltenyi Biotec,

Auburn, CA). All donors (both male and female, 20–

50 year old) provided written informed consent according

to federal, state and institutional guidelines. Monocyte-

derived macrophages were obtained by culturing CD14?

monocytes (0.5 9 106 cells/ml) in complete RPMI-1640

(Invitrogen, Carlsbad, CA) with 10% human serum

(Sigma, MO) in the presence of GM-CSF (50 ng/ml, R&D

Systems, Minneapolis, MN) for 6 days. MoDC were gen-

erated by supplementing with GM-CSF and IL-4 (50 ng/

ml, each) for over 6 days. Macrophages/MoDC were

washed and incubated with LPS (100 ng/ml, Sigma

Chemicals) for 24 h to induce cytokine secretion. To

determine whether lysoPtdOH affect macrophages/MoDC

activation or modulate the effects of LPS, macrophages/

MoDC were incubated with and without lysoPtdOH or

LPS.

Flow Cytometry Analysis

Cells were counted (2 9 106) and stained with fluores-

cence-labeled antibodies against lysoPtdOH receptors and

CXCL16 for 30 min, washed and analyzed by flow

cytometry (FACS, Becton Dickenson Immunocytometry

Systems, San Jose, CA). Gated on live cells, expression of

LPA1, LPA2, LPA3, and CXCL16 was analyzed in com-

parison with isotype-match controls. Mean fluorescence

intensities (MFI) were analyzed with CellQuest software

(Becton Dickenson Immunocytometry Systems).

Qualitative RT-PCR

Cells were lysed using TRIzol Reagents. Total RNA was

precipitated from the aqueous phase using isopropyl

alcohol after separation by chloroform. After DNase I

treatment, cDNA was synthesized from 1 lg total RNA

using MLV-Reverse Transcriptase (Invitrogen, Carlsbad,

CA) according to the manufacturer’s directions. RT-PCR

profiled as followed: 48 �C for 45 min, 94 �C for 2 min, 30

cycles (94 �C for 30 s, 60 �C for 1 min, 68 �C for 2 min),

68 �C for 5 min. Primer sequences used in RT-PCR were

50-CGGAGACTGACTGTCAGCAC-30 and 50-GGTCCAG

AACTATGCCGAGA-30 for LPA1 mRNA; 50-TGGCCTA

CCTCTTCCTCATGTTCCA-30, 50-GGGTCCAGCACAC

CACAAATGCC-30 for LPA2 mRNA; 50-GGACACCCAT

GAAGCTAAT-30 and 50-TCTGGGTTCTCCTGAGAG

AA-30 for LPA3 mRNA [17, 18]. b-actin primer sequences

were described previously [19]. To analyze the reactions,

10 ll of each reaction was subjected to electrophoresis on

a 1% agarose gel and DNA was detected by ethidium

bromide staining.
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ELISA

CXCL16 concentrations in the spent culture supernatant

were measured by ELISA kits purchased from R&D

Systems (Minneapolis, MN). Briefly, the capture anti-

body in the working concentration was diluted and

coated in a 96-well microplate overnight at 4 �C. After

washing and blocking, 100 ll of the sample or standard

in appropriate diluents were added and incubated for 2 h

at room temperature following the manufacturer’s pro-

tocol. The detection antibody conjugated with biotin in

the working concentration was added after washing for

2 h, then streptavidin conjugated with HRP was incu-

bated for 1 h. Color was developed by adding substrates

for 20 min and the optical density of each well was

determined using a microplate reader set to 650 nm.

CXCL16 concentrations were calculated according to the

standard controls.

Real-time PCR

Cells were lysed, total RNA was purified and cDNA was

synthesized as above. RT-PCR was set up in a 96-well

plate using a TaqMan� Universal PCR Master Mix kit

from Applied Biosystems (Foster City, CA). The reac-

tions were run on an ABI PRISM� 7300 Sequence

Detection System and compared to the actin control. Pre-

validated primers and probes specific for CXCL16

(Hs00222859_m1) and b-actin (Hs00194811_m1) were

purchased from Applied Biosystems. After normalization

RNA amplified from different cells was exported as TIFF

files.

T cells Activation and Migration Assay

CD3? T cells were purified from normal donor PBMC as

above by positive selection (Miltenyi Biotec, Auburn, CA).

Purified CD3? T cells were stimulated with anti-CD3/

CD28 coated beads for 5 days before analysis or migration

assay [20]. Activated CD3? cells were loaded into the top

chamber of a trans-well (5.0 lm pore size, Costar, New

York, NY). In the bottom well, a total of 500 ll spent

culture supernatant or fresh media as control were plated.

Anti-CXCL16 blocking antibody was purchased from

R&D Systems. Migration was allowed to proceed for 2 h.

Then cells that had migrated to the bottom wells were

counted and the absolute numbers of migrated cells were

calculated. Some macrophages were pretreated with dif-

ferent inhibitors PTx (1 lg/ml), exoC3 (1 lg/ml), or PDTC

(200 lM), then treated with lysoPtdOH/LPS, spent culture

supernatant were collected and plated in the bottom wells

[13, 21].

Statistics

One-way ANOVA with Dunnett’s post test was performed

using GraphPad InStat version 3.05 to compare the aver-

ages of different experiment groups. P \ 0.05 was

accepted as being significant.

Results

Macrophages and MoDC Express

LysoPtdOH Receptors

Macrophages and MoDC were derived from CD14?

monocytes from normal donor PBMC without age or

gender discrimination. FACS confirmed the cell surface

expression of LPA1 and LPA2, but not LPA3 on macro-

phages/MoDC, as well as their precursors CD14?

monocytes (Fig. 1a). Similar results were observed when

analyzing mRNA expression of lysoPtdOH receptors by

qualitative RT-PCR, where expression of both LPA1 and

LPA2 mRNA was readily detectable (Fig. 1b).

Macrophages and MoDC Express and Secrete CXCL16

FACS confirmed macrophages and MoDC expressed

CXCL16 on the cell surface. A few monocytes expressed

CXCL16 on their cell surface, almost all macrophages

acquired CXCL16 after differentiation, MoDC expressed

CXCL16 with the highest intensity on the cell surface

(Fig. 2a). ELISA showed both macrophages and MoDC

secreted soluble CXCL16, while macrophages released

more CXCL16 into their spent culture supernatants

(Fig. 2b).

LysoPtdOH Stimulates CXCL16 Production

from Macrophages

To examine the effect of lysoPtdOH on CXCL16 expres-

sion, we cultured macrophages, stimulated them with LPS

to trigger chemokine release. We observed that lysoPtdOH

at 10 lM significantly increased the production and release

of CXCL16 from macrophages by more than twofold as

detected by ELISA (Fig. 3a). LysoPtdOH did not affect

CXCL16 cell surface presentation shown by FACS

(Fig. 3b). Quantitative real-time PCR showed lysoPtdOH

upregulated CXCL16 mRNA expression in macrophages

also (Fig. 3c). Control macrophages had basal CXCL16

mRNA (detectable at cycle 35), lysoPtdOH increased

CXCL16 mRNA (detectable at cycle 32), LPS induced

CXCL16 mRNA (detectable at cycle 28), however,

lysoPtdOH and LPS synergized in CXCL16 mRNA tran-

scription (detectable at cycle 22). By calculating the cycle
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threshold (CT) values of each sample and DCT, we found

that lysoPtdOH enhanced CXCL16 mRNA transcription by

64-fold.

Signaling Pathways Regulating CXCL16 Production

Enhanced by LysoPtdOH

By binding to specific LPA receptors, lysoPtdOH activates

complex cell signaling including PTx sensitive and insen-

sitive G proteins depending on cell types, triggering tyrosine

phosphorylation and regulating rho-dependent actin reor-

ganization [19, 22]. PTx, a specific inhibitor of Gi/o proteins,

which has been shown to inhibit Gi/o-dependent lysoPtdOH

effects in different cell systems. Pretreatment of macro-

phages with 10 ng/ml of PTx for 16 h before lysoPtdOH

suppressed CXCL16 protein production stimulated by LPS.

In addition, pretreatment with 1 lg/ml of exoC3, a specific

inhibitor of Rho and 200 lM of PDTC, an inhibitor of the

NF-jB-dependent pathway significantly decreased lys-

oPtdOH enhanced CXCL16 protein production from

macrophages, suggesting that the enhancement of lys-

oPtdOH on CXCL16 production are Gi/o, Rho, and NF-jB

dependent (Fig. 4). Similar results were also observed at the

RNA level as detected by RT-PCR.

LysoPtdOH Enhances Chemotactic Activity

of Macrophages

Macrophages play an important role in immune cell traf-

ficking into inflammation and tumor sites. To investigate

Fig. 1 a Expression of

lysoPtdOH receptors on the cell

surface of macrophages and

MoDC. Macrophages and

MoDC were derived from

CD14? monocytes by culturing

with GM-CSF or GM-CSF?IL-

4 for 6 days. Cells were

harvested and stained with PE

labeled anti-LPA antibodies.

Cells were washed and analyzed

by FACS. Filled curves show

results from cells stained with

isotype-matched control mAbs.

Curves with just lines show

results from cells stained with

specific antibodies. The

numbers shown in each

histogram represent MFI of

LPA, LPA2 or LPA3 over

control. Graphs shown are

representative of three

independent experiments. b RT-

PCR analysis of mRNAs

encoding lysoPtdOH receptors

in macrophages and MoDC
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CXCL16 production stimulated by lysoPtdOH would

functionally attract more T lymphocyte migration, che-

motactic activity of spent culture supernatant collected

from lysoPtdOH/LPS treated macrophages was tested in a

trans-well system. Results showed that spent culture

supernatant from lysoPtdOH/LPS stimulated macrophages

significantly increased CD3? T cells migration, and pre-

incubation the spent culture supernatant with 10 lg/ml

blocking antibody against human CXCL16 significantly

blocked CD3? cells migration. In contrast, normal mouse

IgG (10 lg/ml) had no effects on CD3? cell migration,

implying the enhanced chemotactic activity of macro-

phages stimulated by lysoPtdOH was mediated through the

increased production of soluble CXCL16 (Fig. 5a). Con-

sistent with the ELISA results of CXCL16 production

regulated by lysoPtdOH through several signaling trans-

duction pathways above, the chemotactic activity of

macrophages was also mediated through Gi/o-, Rho-, and

NF-jB-dependent pathways, since CD3? cells migration

toward to spent culture supernatant collected from macro-

phages were blocked by pretreatment macrophages with

PTx, exoC3, or PDTC (Fig. 5b). LysoPtdOH and LPS

alone did no significantly enhance CD3? cells migration.

Discussion

Chemokines play an important role as paracrine and

autocrine mediators in healthy and diseased skin. They

have been implicated in wound healing, inflammatory

processes and tumors [23, 24]. CXCL16 has been linked

with different biological activities. As a surface-expressed

molecule CXCL16 functions as a scavenger receptor for

oxidized low-density lipoprotein [25], binds to CXCR6

expressed on leukocytes and establishes firm cell to cell

contact [5]. The constitutively proteolytic soluble form

CXCL16 functions as a chemoattractant for CXCR6-

expressing cells such as T cells [26–28]. CXCL16 has

been detected in wound fluids, acute and chronic inflam-

mation sites and tumor tissues, implicating its important

roles in broad physiological and pathological situations

[10, 24].

Fig. 2 a Macrophages and MoDC express CXCL16 on the cell

surface. Macrophages and MoDC were cultured as above and stained

with anti-CXCL16-PE and analyzed by FACS. Filled curves repre-

sent cells stained with isotype-matched control mAb. Curves
consisting of lines alone were from cells stained with anti-CXCL16.

The numbers shown in each histogram were MFI of CXCL16 over

control. The data shown are representative of five repeated experi-

ments. b Macrophages and MoDC secrete soluble CXCL16. Cells

were washed on day 5, resuspended at 5 9 105/ml and cultured. The

spent culture supernatants were harvested after 24 h. The concentra-

tions of CXCL16 were measured by ELISA. Data shown are

means ± SE of three experiments with duplicates. Compare to the

media control, monocytes secrete basal level CXCL16 (*P \ 0.06);

macrophages give the highest level of CXCL16 (**P \ 0.01); while

MoDC shed the median level of CXCL16 (�P \ 0.05)
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Lipids have long since been recognized as signaling

molecules that have the capacity to control important cel-

lular processes, including cell proliferation, apoptosis,

metabolism and migration and trigger profound physio-

logical responses [29]. The same signaling lipid can

provoke different cellular responses, depending on the

precise cell type and underlying signaling network present

in the target cell. LysoPtdOH, a natural occurring water-

soluble phospholipid was originally identified as a key

molecule in lipid biosynthesis. It is stored within the cell at

concentrations up to 60 lM and may accumulate in

extracellular fluids such as in the inflammatory exudate at

concentrations as high as 10 lM [22]. Both lysoPtdOH and

CXCL16 have been detected in the wound fluid in multiple

tissues upon injury with the similar kinetics [24, 30–32],

which may allow the coordinated skin repair with sub-

sequent cell infiltrations [33, 34]. The instrumental role of

disintegrin-like metalloproteinase ADAM10 on CXCL16’s

proteolytic shedding has been introduced recently [10, 24],

and lysoPtdOH has been reported to affect the production

and shedding of several transmembrane proteins [35, 36],

here we have shown that lysoPtdOH treatment significantly

increased the production and shedding of CXCL16 stimu-

lated by LPS as well, supporting the important roles of

lysoPtdOH in multiple cellular systems by regulating

macrophages/MoDC’s chemotactic activity toward to T

Fig. 3 a LysoPtdOH increases CXCL16 production and shedding in

macrophages. Macrophages were prepared as above. Cells were

treated with LPS, lysoPtdOH or lysoPtdOH plus LPS for 16 h, levels

of CXCL16 in spent culture supernatant were measured by ELISA.

Data presented as the mean ± SE of five experiments with similar

results. Compare to macrophage control supernatant, LPS induced

CXCL16 release from macrophage (*P \ 0.01); LysoPtdOH

increased CXCL16 production and shedding from macrophage

stimulated by LPS (**P \ 0.05); while lysoPtdOH alone had no

effect on CXCL16 secretion (�P [ 0.05). b LysoPtdOH lead to

undetectable change on CXCL16 cell surface presentation in macro-

phages. Above macrophages were stained with anti-CXCL16-PE and

analyzed by FACS. Black filled curve represent cells stained with

isotype-matched control mAb. Gray filled curve was for cells stained

with anti-CXCL16 after lysoPtdOH stimulation. Broken line curve
was for cells stained with anti-CXCL16 after LPS activation. Solid
line curve was for cells stained with anti-CXCL16 after lysoPtdOH

and LPS treatment. Data shown are representative of three repeatable

experiments. c LysoPtdOH upregulated CXCL16 mRNA expressions

in macrophages shown by real-time PCR. The same number of cells

treated as above were lysed, RNA was purified, cDNA was

synthesized and the same amount of cDNA was used for RT-PCR
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cells. The correlated expression of CXCL16 and its pro-

tease ADAM-10 within the synovium and cultured

macrophages has been reported recently [37], which may

explain why the change of cell surface presentation of

CXCL16 affected by lysoPtdOH was undetectable by

FACS in our culture system.

Playing an important role in innate immunity, macro-

phages detect the invading pathogens through Toll-like

receptors (TLR). LPS, a major cell wall component of

gram-negative bacteria, binds to mainly TLR4 and other

cell surface molecules such as HSP70, HSP90, chemokine

receptor 4 (CXCR4), and growth differentiation factor 5, as

well as some cytoplasm molecules then lead to mainly

activation of NF-jB [38–42]. Therefore, whether the

involvement of NF-jB in lysoPtdOH-enhanced CXCL16

production stimulated by LPS was solely induced by lys-

oPtdOH from LPS cannot be decided in this experimental

setting. Meanwhile activation of Gi/o-, Rho- in lysoPtdOH

and LPS stimulated macrophages is more likely through

LPA receptors binding and signaling [19, 43–45].

LysoPtdOH has been indicated as promoting early T cell

migration to tissue sites of immune responses and regu-

lating T cell proliferation and secretion of numerous

cytokines [46, 47]. LysoPtdOH has also been reported to

regulate the differentiation and activation of monocytes/

macrophages and their further interactions with endothelial

cells [48, 49]. However, this is the first demonstration that

lysoPtdOH increases CXCL16 production and shedding in

addition to other inflammatory cytokines [21, 50, 51],

Fig. 4 Signaling transductions regulating CXCL16 shedding stim-

ulated by LysoPtdOH. Macrophages prepared as above were

pretreated with different inhibitors for 16 h before lysoPtdOH and/

or LPS stimulations, concentrations of CXCL16 in spent culture

supernatant were measured by ELISA. Data were presented as the

mean ± SE from three experiments with similar results. Compare to

spent supernatant from lysoPtdOH/LPS treated macrophages,

CXCL16 secretion in supernatant collected from PTx, exoC3, or

PDTC pretreated macrophages were significantly inhibited

(*P \ 0.01; **P \ 0.05; �P \ 0.01)

Fig. 5 a LysoPtdOH increased chemotactic activity of macrophages.

Spent culture supernatant was put in the bottom well of a trans-well

system and activated CD3? T cells were loaded into the top chambers

of the trans-well system. Migration was allowed for 2 h, and cells that

had migrated to the bottom wells were collected and counted. Data

are presented as the mean ± SE of five experiments with similar

results. Compared to the supernatant from control macrophages,

supernatant collected from LPS treated cells slightly induced CD3? T

cells migration (*P \ 0.05); supernatant collected from LPA/LPS

treated cells macrophages attracted more CD3? T cells migration

(**P \ 0.01), which was significantly blocked by preincubation

supernatant with anti-CXCL16 blocking antibody (�P \ 0.01); non-

specific mIgG antibody had no effect on the chemotactic activity of

supernatant collected from LPA/LPS treated macrophages

(�P [ 0.05). b Signaling pathways regulating chemotactic activity

of macrophages. Spent culture supernatant collected from macro-

phages treated with different inhibitors was also placed in the bottom

wells of a trans-well system and migration of CD3? T cells was

calculated. Data presented as the mean ± SE of three experiments

with similar results. Compare to spent supernatant from LPA/LPS

treated macrophages, migration of CD3? T cells toward supernatant

collected from PTx, exoC3, or PDTC pretreated macrophages were

significantly blocked (*P \ 0.01; **P \ 0.01; �P \ 0.01)
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therefore directing more activated T cells to the inflam-

mation and tumor sites to develop functional immune

responses [13, 52]. Since most of CXCL16 binding

CXCR6 expressing cells in blood are IFN-secreting helper

T cells, cytotoxic T cells, or CD56? T cells that are enri-

ched for effector functions, thus upregulation of CXCL16

by lysoPtdOH in macrophages and MoDC most likely

leads to the (T helper 1) Th1 and cytotoxic effector func-

tion in inflammation and tumor sites. The direct effect of

lysoPtdOH on MoDC maturation and the ability of DC to

influence Th1 cell polarization has been investigated [16],

this study elucidated its role in CXCL16 production in

macrophages as a focus. We hope this mechanic link

between lysoPtdOH and chemokines advances our

knowledge of lipid mediated immune responses.
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eicosapentaenoic acid (20:5x3; EPA) and DHA, as well as

the principal ‘competing’ x6 fatty acid—arachidonic acid

(20:4x6; ARA) [4]. Because the level of ‘free’ (non-

esterified) plasma DHA and ARA is thought to be impor-

tant for their uptake by the brain [5], those data are

provided as both percentages and concentrations.

Methods

All procedures reported here were approved by the Human

Ethics Research Committee of the Health and Social Sci-

ences Center—Sherbrooke University Geriatrics Institute,

which is the committee mandated to oversee human

experimentation at our institution.

Compliance Methodology

In addition to capsule counts and a checklist completed by

the subjects, we independently verified compliance by

adding a small amount of carbon-13-labeled glucose (13C;

Cambridge Isotopes Limited, Andover, USA) to the x3

fatty acid capsules used in the metabolic study. This was

done only during the third week of the study. With 10 mg/

capsule of 13C-glucose, we established in preliminary tests

that if breath 13C value during the supplementation period

did not exceed 2.5 times the baseline 13C value, the subject

was non-compliant on that day. Non-compliance on more

than one day/week led to exclusion of the subject’s data

from the final analysis.

x3 Fatty Acid Supplementation

Following informed written consent, the participants’

medical histories were taken by a registered nurse and 12 h

fasting blood chemistries were assessed. Inclusion criteria

were: 18–29 years old or 70–79 years old, thyroid stimu-

lating hormone (0.35–7.0 mI U/L), glucose (3.3–

6.1 mmol/L), cholesterol (3.3–4.6 mmol/L in the young

and 3.3-6.2 mmol/L in the elderly), triglycerides (0.6–

2.3 mmol/L), and hemoglobin A1c (4.0–6.0 mmol/L).

Exclusion criteria were: smokers, pregnancy/lactation,

\18 years old or between 30 and 70 years old or

[70 years old, or use of medication for diabetes, liver

disease, renal disease, hypertension, anemia or low serum

albumin or other evidence of malnutrition. An upper limit

of 3.0% DHA in plasma total lipids was set to exclude

those individuals who were probably already consuming

x3 fatty acid supplements or relatively high amounts of

fish.

A dose of x3 fatty acids (EPA and DHA) was provided

that was calculated to be four to five times the average

intake in Quebec of x3 fatty acids from fish or seafood [6].

One lot of an encapsulated commercially available brand of

fish oil was purchased in sufficient quantity to supply all

the participants for the duration of the study (Genuine

Health, O3mega ? Think, Toronto, Canada). According to

our measurements, two capsules/day provided 1,070 mg of

x3 fatty acids: 3 mg a-linolenic acid (18:3x3), 64 mg

docosapentaenoic acid (22:5x3), 323 mg of eicosapentae-

noic acid (20:5x3; EPA) and 680 mg of DHA (Table 1).

Participants consumed the two capsules each morning for

3 week, followed by a 2 week wash-out during which no

capsules were consumed. Participants were told to take the

capsules in the morning at breakfast and to take duplicate

breath samples not less than 2 and not more than 4 h later.

Fasting blood samples were collected once weekly between

7–8 a.m. They were anti-coagulated in EDTA and the

plasma removed by centrifugation and stored at -20 �C.

Analytical Methodology

For fatty acid analysis, total lipids from 0.5 ml plasma was

extracted into chloroform-methanol, internal standards

added, the lipid classes separated by neutral lipid thin layer

chromatography, and fatty acid methyl esters prepared and

analyzed as previously described [7]. Glucose, triglycer-

ides, total cholesterol, and free fatty acids were measured

by an automated analyzer (Xpand, Dade-Behring, Missis-

sauga, ON).

Table 1 Baseline characteristics of the two groups

Group Young (n = 9) Elderly (n = 10)

Age 24 ± 2 74 ± 4*

Male/female 5/4 5/5

Weight (kg) 71.1 ± 18.1 75.0 ± 13.4

Body mass index (kg/m2) 24.5 ± 4.1 28.0 ± 4.3

Free fatty acids (mmol/L) 0.48 ± 0.21 0.62 ± 0.24

Phospholipids (mmol/L) 0.72 ± 0.21 0.84 ± 0.17

Triglycerides (mmol/L) 1.0 ± 0.4 1.3 ± 0.4

Cholesterol (mmol/L) 4.4 ± 0.6 5.5 ± 0.9*

Fatty acids** (%)

Sum Saturates 28.9 ± 2.5 29.5 ± 2.5

Sum Monounsaturates 24.7 ± 3.8 27.6 ± 2.6*

Linoleate 34.3 ± 3.1 28.8 ± 3.2*

Arachidonate 6.6 ± 0.9 7.5 ± 1.0*

a-Linolenate 1.0 ± 0.5 0.8 ± 0.3

Eicosapentaenoate 0.6 ± 0.3 1.0 ± 0.3*

Docosapentaenoate 0.4 ± 0.2 0.5 ± 0.1

Docosahexaenoate 1.5 ± 0.5 1.6 ± 0.6

Mean ± SD

* P \ 0.05, Mann–Whitney

** Plasma total lipids
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Statistics

Using DHA values in plasma total lipids analyzed in our

laboratory as a benchmark, power analysis showed that 9–

10 subjects/group would be sufficient to demonstrate a

significant effect of the supplement. Data are shown as

means ± SD. Fatty acid values were not normally dis-

tributed so the non-parametric Mann-Whitney test was

used (SPSS; Chicago, IL, USA) with the cut-off for sta-

tistical significance set at P \ 0.05. Freidman’s test was

used to verify whether the young and elderly groups dif-

fered when there was no effect of the supplement.

Results

Compliance

Based on the rise in 13C in breath CO2 from the 13C-glu-

cose on the capsules, we observed that one young

participant was non-compliant on two occasions and

another was non-compliant on six of the seven days tested,

leaving n = 9 in the young group. Lack of change in

plasma x3 fatty acids in the least compliant participant

supported the 13C compliance data. All 10 elderly partici-

pants who started the supplementation study were included

in the final analyses.

x3 Fatty Acid Supplementation

DHA in plasma total lipids was not different between the

two groups at baseline. After 3 week supplementation, in

the elderly, plasma DHA stabilized 46% higher than

baseline (P \ 0.05), a rise that was 42% higher than in the

young group. During the wash-out, plasma DHA declined

to a similar value in both groups (Fig. 1). After the sup-

plementation, EPA in plasma total lipids rose similarly in

both groups. In both groups, whereas % DHA rose in

plasma phospholipids during the supplementation period,

EPA was largely unaffected in phospholipids, and neither

changed significantly in plasma triglycerides (data not

shown). Other x3 fatty acids (a-linolenic acid, x3 doco-

sapentaenoic acid) remained statistically unchanged during

supplementation and did not differ between the two groups.

Expressed as percentage of the plasma free (non-ester-

ified) fatty acid pool, free DHA did not differ between the

two groups and also did not change significantly during

either the supplementation or the wash-out phase of the

study. The plasma concentration of free DHA also did not

change during fish oil supplementation, but owing to the

higher concentration of plasma total free fatty acids in the

elderly, the plasma concentration of free DHA averaged

over both phases of the study was 82% higher in the elderly

(data not shown). EPA was largely undetectable in plasma

free fatty acids so the few values that were recorded could

not be compiled and are not reported here.

In the elderly, plasma total ARA started and remained

about 20% higher throughout the supplementation and

wash-out periods (P \ 0.00004; Fig. 1).

The higher percentage of ARA in plasma of the elderly

seen both at baseline and throughout the study was a

function of higher ARA in both phospholipids and tri-

glycerides but not free fatty acids (data not shown). When

expressed as a percentage of the total free fatty acid pool,

free ARA did not differ between the two groups at any time

point. When expressed as a concentration (mg/dL), free

ARA differed between the two groups at a couple of time

points but not overall (data not shown).

There was no treatment effect on the plasma concen-

tration of the main plasma lipid classes during the

supplementation period or during the wash-out. Hence,

during the overall study period, the elderly averaged 9%

Fig. 1 Docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA)

and arachidonic acid (ARA) in plasma total lipids (%) during 3 weeks

supplementation and 2 weeks follow up in nine young and ten elderly

subjects. Black squares young adults, White squares elderly adults:

mean ± SD, *P \ 0.05
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higher phospholipids, 19% higher triglycerides, and 64%

higher free fatty acids; all P \ 0.05). The significant dif-

ference in plasma total cholesterol between the two groups

seen at baseline was unaffected during the supplementation

and wash-out periods (data not shown).

Discussion

This study shows that compared to young adults, healthy,

free-living elderly from our region of Québec have a

somewhat higher response of plasma DHA to a short-term

daily fish oil supplement. This result contradicts our initial

hypothesis that the plasma response to a fish oil supple-

ment would be significantly dampened in the healthy

elderly. Higher baseline plasma EPA in our elderly group

(Table 1) confirms observations reported previously for

plasma EPA [8, 9] and red cell x3 PUFA [10, 11]. In 30-

year old women, plasma EPA tends to rise more quickly

than DHA during short term supplementation with fish oil

and fall more quickly after the supplementation period

[12].

Despite raising DHA intake by four to five fold com-

pared to average intake in Quebec [6] and approximately

doubling plasma total DHA during the supplementation

period, in neither group did plasma free DHA rise signifi-

cantly during the supplementation period nor fall during

the wash-out (whether expressed as percentage or as mg/

dL). The higher concentration of free plasma DHA in our

elderly subjects was clearly a function of a larger plasma

free fatty acid pool and not due to higher percentage DHA

in plasma free fatty acids. No change in % DHA in plasma

free fatty acids has previously been reported during a

3 week supplementation with 750 mg/day of DHA but no

EPA [13]. However, in that study, plasma free DHA did

rise significantly after the 6th week of supplementation or

when a 1,500 mg daily dose of DHA was given. We

focused on plasma free DHA because of its purported role

as a precursor to brain DHA [5]. Given the emerging

though still controversial link between low DHA status and

increased risk of cognitive decline in the elderly [3], it was

therefore not anticipated that the pool of plasma free DHA

would be higher in the elderly than in our young subjects.

If, as proposed by Lagarde’s group, a lysophosphatidyl-

choline form of DHA is the carrier of DHA to the brain

[14], then the larger pool of plasma free DHA in the elderly

would have no direct bearing on their susceptibility to

cognitive decline.

In all plasma lipid classes we evaluated, ARA was sta-

tistically unaffected by an intake of about 1,000 mg/day of

x3 fatty acids, given mostly as EPA and DHA. Higher

baseline ARA in our elderly group contrasts somewhat

with the results of Rees et al. [9] but their elderly group

was 15 years younger than ours. Rees et al. [9] also used a

higher dose of EPA and DHA and for a longer period but

otherwise both our studies agree that raising EPA and DHA

intake by up to tenfold does not seem to significantly affect

plasma ARA.

Incomplete compliance is one potential confounder that

was not a factor in the results of the present study. Our

stable isotope-based method was relatively non-invasive

and well tolerated. It was a good independent measure of

compliance but because of cost, labor-intensiveness and the

need for specialized equipment to analyze 13C in breath

CO2, it perhaps not widely applicable.

We conclude that during short-term supplementation

with fish oil capsules, healthy aging is associated with

significantly higher DHA incorporation into plasma lipids.

This result contributes to the emerging literature suggesting

that subtle but potentially important changes in x3 PUFA

metabolism occur during healthy aging. The possible rel-

evance of these aging-related changes in x3 PUFA

metabolism to risk of chronic disease, particularly cogni-

tive decline, remains to be established.
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Since 1970, AOCS has been a regular host to the sterol

symposia. Table 1 summarizes the history of the AOCS

Sterol Symposium Series. The pioneers who established

the AOCS Sterol Symposium during its first decade include

Dr. Henry W. Kircher (University of Arizona, an expert on

natural product chemistry and insect-sterol ecology), Dr.

James W. Hendrix (University of Kentucky, an expert on

fungal sterols), Dr. John L. Laseter (University of New

Orleans, an expert on the analysis of sterols by gas chro-

matography), Dr. William R. Nes (Drexel University, a

bioorganic chemist and an expert on the structure, function

and evolution of sterols, and whose research accomplish-

ments were commemorated in Steroids 53:261–648, 1989),

and Dr. Erich Heftmann (Western Regional Research

Center, USDA, ARS, a biochemist and an expert on the

chromatography and biosynthesis of plant sterols, and

whose research accomplishments were commemorated in J

Chromatogr A 452, 1–634, 1988). Throughout the years the

sterol symposia have focused on current research in the

areas of sterol structure, biosynthesis, chemistry, regula-

tion, and function.

The 2008 Sterol Symposium, ‘‘Recent Advances in

Sterol Research,’’ was held at the AOCS Annual Meeting

in Seattle, Washington. This year the symposium held

special significance, for it hosted the presentation of the

fourth G. J. Schroepfer Jr. Award for sterol research. The

Award was established to honor the memory of Dr. George

J. Schroepfer Jr., a prominent sterol biochemist and

chemist who made major and lasting contributions to the

sterol field. Much of his research dealt with the biosyn-

thesis of cholesterol and its regulation. In addition, he

maintained a strong organic synthesis program to support

his biochemical studies. A biography describing many of

Dr. Schroepfer’s contributions can be found in this journal

(Wilson, W. K. Lipids 35, 242, 2000). Dr. Schroepfer was

scheduled to be the keynote speaker at the sterol sympo-

sium in Orlando, Florida, in 1999, but unfortunately, he

passed away on 11 December 1998. The three previous

recipients of the Schroepfer Award were Professor Geof-

frey Gibbons (2002), Professor Jan Sjövall (2004) and

Professor Ingemar Björkhem (2006).

The fourth recipient of the G. J. Schroepfer Jr. Award

for sterol research was Professor Michel Rohmer from the

Institute of Chemistry at the University Louis Pasteur/

CNRS in Strasbourg, France. Professor Rohmer, a mem-

ber of the French Academy of Sciences, has made major

contributions to the sterol field and we were pleased when

we learned that he had been chosen to receive this
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prestigious award. Professor Rohmer is well known for

research on the discovery of bacterial hopanoids and on

the elucidation of the mevalonate-independent meth-

ylerythritol phosphate (MEP) biosynthetic pathway

(sometime called the non-mevalonate pathway), a second

pathway for the biosynthesis of terpenes. Although it was

previously thought that all terpenes were synthesized via

the mevalonate (MVA) pathway, the research of Professor

Rohmer and his collaborators established that terpenoids

are synthesized by the alternative MEP route in most

bacteria (e.g. triterpenes of the hopane series, the prenyl

chains of ubiquinone), in unicellular green algae (all

terpenoids including the sterols), as well as in the chlo-

roplasts in plants (carotenoids, the phytol portion of

chlorophyll, the prenyl chain of plastoquinone). The same

pathway was shown to be involved in the formation of

other terpene series in plant plastids (hemi-, mono- and

diterpenes), whereas the cytoplasmic MVA pathway is

involved in the biosynthesis of sterols and the prenyl

chain of ubiquinone. Professor Rohmer’s research

accomplishments are described in detail in the first paper

in this issue and were also summarized in a recent article

that he has authored (Rohmer, M. Nonprogrammed

research: discovery of the mevalonate-independent meth-

ylerythritol phosphate pathway for the formation of

isoprene units in bacteria and plants. Inform 19, 482–485,

2008).

In this year’s Sterol Symposium, Professor Michael

Waterman from Vanderbilt University was also honored

for his long and productive career and for his significant

contributions to the field of steroid biochemistry, especially

for his pioneering research into the role of various cyto-

chrome P450 enzymes in the steroid biosynthetic pathway.

Several of Professor Waterman’s colleagues (students,

postdocs, and other collaborators) were invited to present

seminars describing their individual accomplishments and

the positive influence that Professor Waterman had on their

careers. The colleagues included I. Pikuleva (Case Western

Reserve University), M. Sewer (Georgia Institute of

Technology), R. Bernhardt (Universität des Saarlandes), S.

K. Kelley (Swansea University), R. Peters (Iowa State

University), J. Noel (The Salk Institute) and G. Lepesheva

(Vanderbilt University).

Table 1 History of AOCS sterol symposia

Year Location Organizers Schroepfer

Award

recipients

1970 New Orleans H. Kircher

1971 Houston J. Hendrix

1973 New Orleans J. L. Laseter

1974 Philadelphia H. Kircher

1978 St. Louis W. R. Nes, E. Heftmann

1980 New York H. Kircher, E. Heftmann

1981 New Orleans H. Kircher, W. R. Nes

1985 Philadelphia W. D. Nes, L. W. Parks

1986 Honolulu G. W. Patterson

1990 Baltimore J. D. Weete,

G. W. Patterson

1994 Atlanta W. D. Nes, E. J. Parish

1996 Indianapolis W. D. Nes, R. A. Norton

1997 Seattle E. J. Parish, W. D. Nes

1999 Orlando J. D. Weete, E. J. Parish,

W. D. Nes

2002 Montreal E. J. Parish, W. D. Nes,

J. R. Williams

G. F. Gibbons

2004 Cincinnati E. J. Parish,

R. A. Moreau, I. Ikeda,

W. D. Nes, J. R. Williams

J. Sjövall

2006 St. Louis E. J. Parish,

R. A. Moreau, T. J. Bach,

W. D. Nes, J. R. Williams

I. Björkhem

2008 Seattle R. A. Moreau,

W. D. Nes, T. J. Bach,

E. J. Parish, J. Zawistowski

M. Rohmer

2010 Phoenix
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As with past sterol symposia, we are indebted to our

corporate partners who helped make the symposium a

success. This year, Forbes Medi-Tech generously sup-

ported our symposium. We appreciate their contribution

and look forward to their continued support of our sym-

posium series. We also appreciate the support of the

Biotechnology Division of AOCS for their long commit-

ment to support the AOCS Sterol Symposium. We are

looking forward to the next sterol symposium which will

be held at the 101st Annual Meeting and Expo of the

American Oil Chemists’ Society, 16–19 May 2010, in

Phoenix, Arizona.
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Bacterial Biohopanoids

Geohopanoids probably represent the most abundant nat-

ural products on earth. This pentacyclic triterpenoid series

is found in the organic matter of all sediments, independent

of their age, origin or nature [11]. They represent the

molecular fossils of a long overlooked family of bacterial

metabolites. Triterpenes of the hopane series are rarely

found in plants. They are more common in lichens, mosses

and especially ferns. In contrast to the higher plant hopa-

noids, which are derived from the cyclization of

oxidosqualene and possess an oxygenated function at C-3,

hopanoids from lower eukaryotes are mostly derived from

the direct cyclization of squalene and are accordingly

devoid of such an oxygen function. Diploptene 2 (Fig. 1), a

simple C30 hopanoid, was the first triterpene found in

bacteria in the early 1970s. The major triterpenoids in all

bacteria producing hopanoids were, however, always the

C35 bacteriohopane derivatives (e.g. 3a, 3b, Fig. 1) [12].

Their discovery was rather fortuitous, by looking at the

compounds responsible for the alignment of the cellulose

microfibrils secreted by ‘Acetobacter xylinum’ [13, 14].

This family of natural products, proved to be first precur-

sors for the ubiquitous geohopanoids, presented an unique

feature in natural product chemistry: an additional poly-

functionalized C5 n-alkyl side-chain is linked by a carbon/

carbon bond to one of the methyl group of isopropyl group

of the hopane skeleton [15]. A huge structural diversity

characterizes the bacterial biohopanoids. Modifications of

the triterpene hopane skeleton include the introduction of

double-bonds at C-6 and/or C-11 [16, 17], of an additional

methyl group at C2b, C-2a or C-3b [18–21] or the presence

of the two diastereomers at C-22 [15]. The side chains may

differ by the number of the hydroxy groups, the replace-

ment by the terminal C-35 hydroxy group by an amino

group, the presence of polar moieties linked to the terminal

hydroxy group (hexose derivatives linked via a glycosidic

bond or carbapseudopentose linked via an ether bond) or to

the terminal amino group (amino-acids or fatty acids via a

peptide bond) [22]. Usually hopanoids are present in

eubacterial cells in concentrations similar to those found

for sterols in eukaryotes [12] and suitable for 13C-NMR

biosynthetic studies.

Like cholesterol 1a (Fig. 1), biohopanoids are amphi-

philic molecules with a flat, rigid skeleton due to the all

trans ring junctions of the pentacyclic triterpene ring system

and a length corresponding to the half of the thickness of a

phospholipid bilayer. Such structural similarities suggested

similar physiological roles. Indeed, in membrane models,

hopanoids behave much like sterols, modulating the fluidity

and the permeability of phospholipid mono and bilayers

[23, 24]. This interpretation is corroborated by in vivo data.

The hopanoid concentration increases with temperature in

the thermoacidophile Alicyclobacillus acidocaldarius,

counterbalancing the destabilizing effect of temperature

[25]. In Zymomonas mobilis, a bacterium that can tolerate

high ethanol concentrations up to 13% in its culture medium

[26], the extremely high hopanoid concentrations (30 mg/g,

Fig. 1 Isoprenoids. 1a
cholesterol, 1b sitosterol, 2
diploptene, 3a
bacteriohopanetetrol, 3b
aminobacteriohopanetriol, 4
ubiquinone, 5 menaquinone, 6
plastoquinone, 7 ginkgolide, 8
phytol, 9 b-carotene
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dry weight) has been proposed as being involved in the

membrane stabilization in the presence of the solvent. Other

roles may be assigned to hopanoids. In the cyst cells of the

nitrogen-fixing Frankia sp., the high hopanoid con-

centrations may protect the sensitive nitrogenase from

degradation by atmospheric oxygen [27]. In Streptomyces

coelicolor, hopanoid biosynthesis is strongly linked to

aerial growth and sporulation, these triterpenoids being

nearly undetectable under vegetative growth conditions in

submersed cultures [28].

The chemistry and biochemistry of the bacterial hopa-

noids turned out to be a rich topic. Hopanoid biosynthesis

is a mine of yet undisclosed enzyme reactions involved in

the linkage of the side-chain to the triterpene moiety and in

the methylation of the A ring. The most surprising conse-

quence was however, the non-programmed and non-

programmable discovery of a novel pathway for the

formation of the isoprene units.

The biosynthesis of isopentenyl diphosphate (IPP 18,

Fig. 2) and dimethylallyl diphosphate (DMAPP 19), the

universal precursors of isoprene units had already been

elucidated in the 1950s, essentially using systems prepared

from liver and from yeast, and resulted in the description of

the mevalonate (MVA 15) pathway (Fig. 2b). This path-

way is also involved in the formation of plant triterpenoids,

including sterols. MVA was believed to be the universal

precursor of isoprene units despite many contradictory

observations in the field of the biosynthesis of the isopre-

noids from bacteria and especially plants (e.g. the

biosynthesis of mono and diterpenes, carotenoids) [29].

Hopanoid Biosynthesis: First 13C-Labeling Experiments

and Discovery of the Methylerythritol Phosphate

(MEP) Pathway

The first incorporations of 13C-labeled precursors into

bacterial hopanoids were designed in order to determine the

origin of the C5 side-chain linked to the triterpenes moiety

[30]. For this purpose, selected bacteria were grown on a

synthetic mineral medium with acetate as the sole carbon

and energy source. These growth conditions differed from

those of most former experiments where the labeled carbon

source was usually administered in a complex medium in

the presence of many other sources of carbon. Under such

growth conditions, there is no competition for the utilization

of different carbon sources. The cells are obliged to use the

labeled substrate via known probable metabolic routes.

Starting from the 13C-labeled position and their isotope

abundance, a retro-biosynthetic scheme, we expected to be

able to deduce the enzyme reactions involved in the

metabolism of the carbon source. Such experiments were

first made on bacteria capable of utilizing acetate as the sole

carbon and energy source: Rhodopseudomonas palustris,

which is characterized by very simple hopanoid content,

synthesizing only aminobacteriohopanetriol 3b (Fig. 1),

and Methylobacterium organophilum, which produces

bacteriohopanetetrol 3a (Fig. 1) derivatives and has a better

versatility in the utilization of carbon sources, a feature

which later proved interesting.

These first experiments showed that the bacteriohopane

side-chain is indeed a D-pentose, derived from the non-

oxidative pentose phosphate pathway and linked via its C-5

carbon atom to the hopane isopropyl group [30, 31]. The

most striking result was, however, found on the triterpene

moiety. The labeling pattern of the hopane isoprene units

(Fig. 3) was not in accordance with the expected one from

the MVA pathway. At the time of these early investiga-

tions, there was no reason to reject the universally accepted

MVA pathway. Results were interpreted in the frame of

this metabolic route, expecting that MVA had to be formed

from two distinct acetyl-CoA pools, although a completely

different pathway could not be excluded [30].

Incorporation of 13C-Labeled Glucose Isotopomers into

the Hopanoids of Zymomonas mobilis: The Origin of the

Carbon Atoms of Isoprene Units in the MEP Pathway

Zymomonas mobilis is a good hopanoid producer [32] and

possesses minimal enzymatic equipment, utilizing only

hexoses (mainly glucose) as a carbon and energy source

and having no complete tricarboxylic acid cycle. These

properties made this bacterium an interesting target for the

further investigations that we performed in collaboration

with the group of Hermann Sahm (Forschungszentrum

Jülich, Germany). Incorporation of 13C-labeled D-glucose

isotopomers into the hopanoids of the bacterium Zymo-

monas mobilis (with labeling either at C-1, C-2, C-3, C-5 or

C-6) gave the first insights into an alternative metabolic

route for the formation of isoprene units [33]. The carbon

atoms of IPP 18 (for IPP skeleton numbering, cf. Fig. 2c)

could be divided into two subgroups. C-3 and C-5 had a

dual origin, being respectively equally derived from C-2 or

C-5 of glucose for the former and C-3 and C-6 of glucose

for the second one, whereas C-1, C-2 and C-4 of IPP had a

single origin, being respectively derived from C-6, C-5 and

C-4 of glucose. This labeling pattern characterizes the

glucose catabolism via the Entner–Doudoroff pathway in

Z. mobilis. The first subgroup corresponds to the C-2 and

C-3 carbon atoms of pyruvate 11, and the second one to the

complete carbon skeleton of D-glyceraldehyde-3-phosphate

10 (Fig. 2). This interpretation requires a rearrangement

allowing the insertion of the two-carbon subunit derived

from pyruvate (by decarboxylation) between the carbon

atoms from D-glyceraldehyde-3-phosphate derived from
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C-4 and C-5 of glucose. Incorporation of doubly labeled

[4,5-13C2] glucose showed in the isoprene units of the

bacteriohopanetetrol derivatives and of 2b-methyldiplop-

terol characteristic 2J13C/13C coupling constants, indicating

that C-4 and C-5 from glucose are introduced into the

isoprene units via a single precursor molecule and repre-

senting the signature of the previously described

rearrangement. Confirmation of the role of pyruvate and D-

glyceraldehyde-3-phosphate was obtained after incorpora-

tion of uniformly labeled [U-13C6] glucose into the

hopanoids of Z. mobilis and the incorporation of [1-13C]

glucose into the prenyl chain of ubiquinone in E. coli

mutants, each lacking an enzyme of the triose phosphate

metabolism inter converting glycerol and pyruvate [34].

Evidence for an alternative biosynthetic route was later

obtained for other bacterial isoprenoid series. In Esche-

richia coli, which do not synthesize hopanoids, the same

labeling pattern was obtained in the isoprene units of the

prenyl chain of ubiquinone upon feeding with 13C-labeled

acetate as in the hopanoids from R. palustris and M.

organophilum. Upon feeding with [1-13C] glucose, the

labeling distribution could be analyzed in the same way as
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Fig. 2 Biosynthesis of isoprene

units. a Labeling from [1-13C]

glucose of glyceraldehyde

phosphate 10 and pyruvate 11,

the precursors of the

methylerythritol phosphate

(MEP) pathway, and of acetyl-

CoA 12, the precursor of the

mevalonate (MVA) pathway. b
Mevalonate pathway. 12 acetyl-

CoA, 13 acetoacetyl-CoA, 14
hydroxymethylglutaryl-CoA, 15
MVA, 16 phosphoMVA, 17
diphosphoMVA, 18 IPP, 19
DMAPP. c Methylerythritol

phosphate pathway. 10
D-glyceraldehyde 3-phosphate,

11 pyruvate, 20 1-deoxy-D-

xylulose 5-phosphate,

21 2-C-methyl-D-erythritol

4-phosphate, 22 4-

diphosphocytidyl-2-C-methyl-

D-erythritol, 23 4-

diphosphocytidyl-2-C-methyl-

D-erythritol 2-phosphate,

24 2-C-methyl-D-erythritol

2,4-cyclodiphosphate,

25 (E)-4-hydroxy-3-methylbut-

2-enyl diphosphate, 18 IPP, 19
DMAPP. Adapted from

reference [117]
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those obtained for the formation of isoprene units in

Z. mobilis, but in the frame of the glycolysis, which is

utilized by E. coli for glucose catabolism [33].

All these features are inconsistent with the MVA path-

way and a novel biosynthetic route had to be imagined [33,

34]. This was proposed by analogy with known enzymatic

and chemical reactions. The pyruvate-derived two-carbon

subunit is obtained from pyruvate decarboxylation by a

thiamine diphosphate enzyme, much like the reactions

catalyzed by pyruvate decarboxylase or pyruvate

dehydrogenase, yielding (hydroxyethylidene) thiamine

diphosphate. The later intermediate is a nucleophile that

can be added onto the carbonyl group of glyceraldehyde-3-

phosphate in a reaction resembling the reaction catalyzed

by a transketolase and yielding a 1-deoxypentulose phos-

phate identified as 1-deoxy-D-xylulose 5-phosphate (DXP,

20, Fig. 2c). A further step is the intramolecular rear-

rangement mentioned above, followed by the concomitant

reduction of the resulting aldehyde intermediate. It was

thought to be an acid-catalyzed rearrangement of a a-ketol

resembling the rearrangement involved in the formation of

the carbon skeleton of the branched amino-acids, but was

later characterized by analysis of the isotope effects

induced by the presence of a deuterium atom either at C-3

or at C-4 in the substrate as a retro-aldol/aldol reaction

[35]. The reaction product is 2-C-methyl-D-erythritol

4-phosphate (MEP, 22, Fig. 2C), a tetrol already presenting

the branched isoprene skeleton. In contrast with DXP,

which is also in E. coli a precursor of thiamine diphosphate

and pyridoxal phosphate, no other function than that of an

isoprenoid precursor is known for MEP. Accordingly, the

pathway was proposed to be named after this intermediate.

The first two candidates for the C5 precursors of this

novel MVA-independent pathway are the phosphates of

already known natural products. 1-Deoxy-D-xylulose (DX,

26, Fig. 4) was previously isolated from the fermentation

broth of a Streptomyces sp. and was known as a precursor

of pyridoxal phosphate thiamine diphosphate in E. coli, and

2-C-methyl-D-erythritol (ME, 27, Fig. 4) is accumulated in

many plants, often in stress conditions [29, 36]. Incorpo-

ration of deuterium-labeled isotopomers of 1-deoxy-D-

xylulose by the group of Duilio Arigoni [37] and of

2-C-methyl-D-erythritol [38–40] by our group into the

prenyl chain of ubiquinone 4 and menaquinone 5 (Fig. 1)

from Escherichia coli confirmed that these compounds are

involved in an isoprenoid biosynthetic pathway.

The odd labeling patterns obtained with the first
13C-labeled acetate incorporations [30] can now be easily

interpreted. One has only to find out how glyceraldehyde-

3-phosphate 10 and pyruvate 11 are synthesized from

acetate via the tricarboxylic acid and the glyoxylate cycles,

which are utilized by bacteria when acetate is the only

carbon and energy source (Fig. 3).

Isoprenoid Biosynthesis in Plant Plastids

While we were carrying out our investigations on the

biosynthesis of bacterial hopanoids, the group of Duilio

Arigoni (ETH, Zürich, Switzerland) was investigating

Fig. 3 Incorporation of [1-13C] acetate for isoprene unit biosynthesis

into the MVA pathway (A) or via the tricarboxylic acids and the

glyoxylate cycles into the MEP pathway (B). For the sake of

simplicity, cofactors have been omitted in the tricarboxylic acids and

glyoxylate cycles. Only the carbon skeletons of the metabolites have

been represented
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independently and nearly simultaneously the biosynthesis

of diterpenoids of the ginkgolide series 7 (Fig. 1) in Ginkgo

biloba embryos [41, 42]. In this study, and again in contrast

with former work on plant isoprenoid biosynthesis where
13C-labeled acetate was utilized, labeling experiments were

performed with 13C-labeled glucose. Results were

straightforward. Labeling patterns determined in the dit-

erpenoid isoprene units did not correspond to those

expected from the MVA pathway. They corresponded to

those described for the bacterial MEP pathway. Isoprene

units were synthesized from pyruvate and GAP, both

derived from labeled glucose via glycolysis [41].

Interestingly, this study on ginkgo embryos showed for

the first time the dichotomy characterizing isoprenoid

biosynthesis in plants: sitosterol 1b (Fig. 1) is synthesized

in the cytoplasm as expected via the MVA pathway

whereas diterpenoids, which are plastid isoprenoids, are

derived from the alternative MEP route [41, 42].

We later extended this observation in collaboration with

the group of Hartmut K. Lichtenthaler (University of

Karlsruhe, Germany) to algae [43–46] and to other plants

and to the normal isoprenoid constituents of the photo-

synthetic apparatus. Incubation of barley seedlings, an

axenic duckweed culture or a carrot tissue culture with

[1-13C] glucose all showed the same dichotomy: the

cytoplasmic phytosterols are synthesized via the MVA

pathway and phytol 8 (Fig. 1) from chlorophyll, carote-

noids 9 and the prenyl chain of plastoquinone 6 via the

MEP route [47]. Confirmation of such a compartmentation

was obtained for many other systems. The key to the

success for all these experiments was the utilization of
13C-labeled glucose for in vivo incubation in the place of

labeled acetate. Hemiterpenes (such as isoprene and

2-methylbut-3-en-2-ol) [48, 49], monoterpenes [50, 51],

diterpenes [52–54] and carotenoids [47, 55], are mainly

synthesized in the plastids and derived from MEP pathway.

This intracellular localization of the MEP pathway was

later corroborated by the presence of a plastid targeting

sequence for all enzymes involved in this metabolic route

[56, 57].

Molecular Biology: The Key for the Full Elucidation

of the MEP Pathway

When the MEP pathway was discovered, no bacterial

genome was completely sequenced. The formation of DXP

was thought to be catalyzed by a thiamine diphosphate

enzyme with a transketolase resembling mechanism.

Indeed, deoxyxylulose phosphate synthase shares sequence

similarities with transketolases and was thus rapidly iden-

tified in the genomes of E. coli [58, 59] and peppermint

[60]. Once ME was shown to be incorporated into the

isoprenoids of E. coli, the search for auxotrophic mutants

requiring this tetrol for growth led to the identification of

the DXP reductoisomerase [61, 62], an enzyme which

catalyzes as expected the reversible rearrangement of DXP

into 2-C-methyl-D-erythrose phosphate [63] and the con-

comitant NADPH-dependent reduction of the latter

aldehyde into MEP.

In the meantime, more and more bacterial genomes were

sequenced facilitating the search for the MEP pathway

genes among unannotated genes. The next genes were

detected by genome mining. Incubation of 3H-labeled MEP

with crude cell-free extracts from E. coli led to the isolation

of a radioactive compound when the reaction mixture

contained ATP. Yields were improved in the presence of

CTP, and radioactivity was incorporated from [a-32P]CTP,

Fig. 4 IPP 18 and DMAPP 19
as precursors of isoprene units

in the MEP pathway. Tracing

the origin of the isoprene units

by incubation of [4-2H]DX 26
or [3-2H]ME 27. Adapted from

reference [98] and reproduced

with permission
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but not from [c-32P]CTP, suggesting that the detected

product is a MEP adduct to a nucleoside derivative. This

compound could not be further purified and characterized

by chemical methods. The search for the gene of an

enzyme catalyzing the coupling of a polyol phosphate to a

nucleotide triphosphate resulted in the finding of the

recently described acs1 gene from Haemophilus influenzae

encoding a bifunctional enzyme, which catalyzes the con-

version of ribulose 5-phosphate into ribitol 5-phosphate

and the further coupling of ribitol 1-phosphate to CTP

yielding the CDP adduct of ribitol [64]. This acs1 H. in-

fluenzae gene presents homologies with the unannotated

ygbP gene from E. coli, and the cognate protein catalyzes

the conversion of MEP into 4-diphosphocytidyl-2-C-

methyl-D-erythritol 22 (Fig. 2c) in the presence of CTP

[65]. The next two genes belong, with the former one, to a

small cluster in the E. coli genome. They were consecu-

tively identified, and the corresponding enzymes

characterized. The unannotated ychB and ygbB genes of E.

coli were revealed by bacterial genomics. Their distribu-

tion in bacterial genomes was identical with that of the

already known genes of the MEP pathway, and the corre-

sponding recombinant proteins catalyzed the next steps: the

phosphorylation of the tertiary hydroxy group yielding 4-

diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate 23

[66], followed by the elimination of UMP yielding 2-C-

methyl-D-erythritol 2,4-cyclodiphosphate (MEcPP) 24 [67]

(Fig. 2c). The two latter compounds were incorporated into

carotenoids by isolated Capsicum annuum chromoplast and

were thus established as intermediates of the MEP path-

way. Sequence homologies led to the identification of the

corresponding genes in Arabidopsis thaliana and tomato

[68, 69].

Isoprenoid biosynthesis is an essential metabolic path-

way. Any deletion of a MEP pathway gene is therefore

lethal. Another approach for the identification of MEP

pathway genes was the deletion of genes in an E. coli

construct capable of utilizing exogenous MVA as iso-

prenoid precursor after the insertion of all genes required

for the conversion of MVA into IPP (MVA kinase, phos-

phoMVA kinase and diphosphoMVA decarboxylase,

Fig. 2a) [70, 71]. Growth after deletion of a MEP pathway

gene is thus restored by addition of exogenous MVA to the

culture medium. This approach was independently utilized

for the characterization of the genes encoding the three

enzymes responsible for the conversion of MEP into

MEcPP 24 [70, 72, 73].

The last steps correspond to the reduction of a tetrol

derivative, MEcPP 24, into a primary allylic (DMAPP, 19)

and/or homoallylic (IPP, 18) alcohol diphosphate (Fig. 2c).

This implies unprecedented elimination as well as reduc-

tion steps, i.e. the involvement of an associated reduction

system. The genes corresponding to these last steps were

found by bacterial genome mining. The search for the

genes accompanying the already known MEP pathway

genes led to the identification of two unannotated genes in

E. coli gcpE and lytB. Their involvement in isoprenoid

biosynthesis was shown using the E. coli mutants capable

of utilizing MVA described above: the lethal deletion of

gcpE or lytB was rescued by the addition of exogenous

MVA [74, 75]. In vivo incorporation of [U-13C6]DX by

E. coli constructs overexpressing MEP pathway genes

followed by 13C-NMR analysis of the resulting crude cell

extracts afforded interesting clues about the respective role

of the GcpE and LytB proteins [76, 77]. Overexpression of

all genes upstream of GcpE was followed by the

accumulation of MEcPP 24 (Fig. 2c). Additional overex-

pression of gcpE resulted in the accumulation of (E)-4-

hydroxy-3-methylbut-2-enyl diphosphate (HMBPP, 25,

Fig. 2), and of gcpE and lytB in the accumulation of IPP 18

as well as DMAPP 19 in a ca. 5:1 ratio, identifying MEcPP

and HMBPP as substrates of respectively GcpE and LytB,

and HMBPP and IPP as well as DMAPP as the reaction

products of the same enzymes.

Characterization of the corresponding enzymatic activ-

ities was rather tricky. The first hints of the role of GcpE

were obtained in vivo with an E. coli strain with a deleted

dxr gene, engineered for the utilization of exogenous MVA

and overexpressing gcpE: in the presence of a cocktail of

cofactors (including those required for reduction reactions),
3H-labeled ME was converted into MEcPP 24 (Fig. 2c),

suggesting that the cyclodiphosphate is the substrate of

GcpE [78]. Further, a crude cell free-system from an E. coli

strain overexpressing gcpE converted MEcPP into (E)-

methylbut-2-ene-1,4-diol in the presence of a phosphatase

[79] or into HMBPP 25 (Fig. 2c) in the presence of fluoride

as phosphatase inhibitor [80]. In contrast, in a MVA uti-

lizing and lytB-deficient E. coli strain HMBPP 25 was

accumulated in sufficient amounts for direct spectroscopic

characterization, indicating that this allylic diol diphos-

phate is most probably the substrate of LytB [81].

Improvements in the enzyme assay methods were only

possible once the real nature of the GcpE and LytB proteins

was recognized. GcpE and LytB share with [4Fe–4S]

cluster enzymes three conserved cysteins serving as

anchors for such a cluster [79, 80, 82]. Most of these

enzymes are quite oxygen sensitive, losing their prosthetic

group and consequently their activity in the presence of air.

They usually require handling under an inert atmosphere in

a glove box as well as reconstitution of their prosthetic

group in the presence of Fe3?, sulfide and dithiothreitol.

This observation opened up new possibilities for the

investigations on the last two steps of the MEP pathway.

When bacterial [4Fe–4S] cluster enzymes are involved in a

reducing process, they are associated in vivo to flavodoxin/

flavodoxin reductase/NADPH for the regeneration of the
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reduced state of the prosthetic group. The former biological

system can be replaced in an enzyme assay by the semi-

quinone radical obtained by photoreduction of deazaflavin.

This approach proved fruitful. Reconstituted recombinant

GcpE enzyme from E. coli [83] or the native as-isolated

protein [84] converted in the presence of the biological or

of the chemical reducing system MEcPP 24 into HMBPP

25 (Fig. 2c). Even dithionite was an effective reducing

agent with the Thermus thermophilus GcpE [85]. Binding

of intermediates to the cluster was suggested by EPR for

the GcpE from E. coli [86].

Similarly, the last enzyme encoded by the lytB gene was

also found to be a [4Fe–4S] enzyme converting HMBPP 25

(Fig. 4) into either IPP 18 or DMAPP 19 in a ca. 1:5 ratio

[82] in the presence of the same associated biological

reducing systems for the E. coli enzyme [87], and even in

the presence of dithionite in the case of the Aquifex aeo-

licus enzyme [88]. Protonation of an allylic anion

intermediate 28 (Fig. 4) is the most likely final step of the

LytB catalyzed reaction (Fig. 4) [89].

Characterization of the cluster was performed by EPR

spectroscopy of the LytB enzyme from E. coli with the

cluster in its reduced [4Fe–4S]1? form from E. coli

obtained upon dithionite reduction [87]. The as-isolated

enzyme presented the signal of a [3Fe–4S]2? cluster,

which represented about 10% of the protein and was most

likely derived from the degradation by oxygen [87]. The

same signal was also reported from the spectrum of LytB

isolated under an inert atmosphere [90]. Mössbauer

spectroscopy allowed the characterization of the GcpE/

IspG from E. coli and Arabidopsis thaliana in the oxi-

dized [4Fe–4S]2? form upon reconstitution with 57Fe

[91].

In plants and other organisms phylogenetically related to

phototrophic phyla, the MEP pathway is localized in the

plastids where flavodoxin is absent. GcpE interacts with

ferredoxin in the cyanobacterium Thermosynechococcus

elongatus [92] and in the malaria parasite Plasmodium

falciparum [93], and activity was characterized in the

presence of the associated reducing system ferredoxin/

ferredoxin reductase/NADPH. In higher plants, the elec-

trons required for the reduction converting MEcPP 24 into

HMBPP 25 are derived also from ferredoxin. Indeed, a

preparation containing Arabidopsis thaliana GcpE and

purified spinach thylakoids afforded upon illumination, and

in the absence of any reducing cofactor, HMBPP 25 from

MEcPP 24 (Fig. 2c) [94], showing that the electron flow

derived from the photo-oxidation of water can be directly

diverted via photosystems I and II towards isoprenoid

biosynthesis. In the dark (or in roots), the electron flow

must come from catabolic processes, and ferredoxin is

associated with the NADPH-dependent ferredoxin reduc-

tase under these conditions [94].

Conclusion: Further Developments

The MEP pathway for the biosynthesis of isoprene units in

bacteria and plant plastids is now completely elucidated. All

genes and enzymes are known. Many structural features of

the enzymes as well as mechanistic aspects of the catalyzed

reactions have, however, still to be deciphered. The dis-

covery of this new metabolic pathway opened additional

unexplored fields in plant and bacterial metabolism.

IPP and/or DMAPP as Precursor of the Isoprene Units?

The origin of the hydrogen atoms found in the isoprene

units derived from MEP pathway was followed by incor-

poration of 2H-labeled DX or ME. If the hydrogen atoms

corresponding to those located at C-1, C-4 and C-5 of MEP

are integrally retained in the isoprene units, quite striking

observations were made on the retention or the loss of the

hydrogen atom at C-4 of DXP corresponding to the

hydrogen atom at C-3 of MEP. Three labeling patterns

were described for isoprene units upon feeding of DX 26 or

ME 27 (Fig. 4) with 2H labeling at C-4 or C-3 respectively:

(i) quantitative loss in all isoprene units wherever they are

derived from IPP or from DMAPP as found in the

carotenoids and phytol from a plant cell culture of Cath-

aranthus roseus [95], (ii) quantitative retention in the

DMAPP derived unit and quantitative loss in those derived

from IPP in the prenyl chains of ubiquinone and mena-

quinone from the bacterium Escherichia coli [40, 96] or

significant retention in the DMAPP derived unit and nearly

complete loss in that derived from IPP in the monoterpene

cineol from Eucalyptus globulus [97] and finally (iii)

retention of deuterium in all isoprene units derived either

from IPP or from DMAPP as observed for phytoene and

the prenyl chain of plastoquinone from a tissue culture of

tobacco BY-2 [98] (Fig. 4). Such apparently contradictory

observations may in fact be explained, keeping in mind that

IspH/LytB, the last enzyme of the MEP pathway, affords

two reaction products, IPP 18 or alternatively DMAPP 19.

Taking into account the stereoselectivity of the introduc-

tion of the proton on the allylic anionic intermediate and of

the elimination of the pro-R proton of IPP by the IPP

isomerase and the trans-prenyl transferase, each labeling

pattern reflects the origin of the isoprene units, the presence

of deuterium representing the signature of a DMAPP ori-

gin, and its absence the signature of an IPP origin [36, 98]

(Fig. 4).
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Cross-Talk Between Cytoplasmic and Plastidial

Compartments in Plant Cells

In plant cells, two pathways contribute to isoprenoid bio-

synthesis: the MVA pathway localized in the cytoplasm

and the MEP pathway found in the plastids. The origin of

the isoprene unit precursors, IPP and/or DMAPP is, how-

ever, scrambled by exchanges of intermediates between

these two cell compartments. This aspect is well illustrated

by the labeling patterns observed after incorporation of

[1-13C] glucose into plant isoprenoids, and was already

clearly documented in the first study on ginkgolide bio-

synthesis. From the labeling pattern observed in the

diterpenes skeleton of ginkgolides, it was deduced that

most of the geranylgeranyl diphosphate (ca. 98%) was

made from isoprene units uniquely derived from the MEP

pathway. A small but significant part of the C20 skeleton

has a composite origin: a C15 farnesyl diphosphate chain

synthesized from isoprene units derived from the MVA

pathway is completed by a fourth unit solely derived from

the MEP pathway [41]. This shows that an acyclic C15

precursor, most probably farnesyl diphosphate, is carried

from the cytoplasm to the plastids. Similar observations

describing a dual origin for isoprene units were later

reported for many other systems from higher plants [41, 55,

99–101], liverwort [102] and hornwort [103], illustrating

the possibility of exchanges of C5, C10 and C15 interme-

diates between cytoplasm and plastids. A striking example

is given by the tobacco BY-2 cell culture where MEP and

MVA pathways can complement each other [104]. Upon

inhibition of the MVA pathway by a sublethal dose of

mevinolin, phytosterol in the cytoplasm are synthesized via

the MEP pathway from exogenous DX. Similarly, upon

inhibition of the MEP pathway by fosmidomycin, the

prenyl chain of the plastidial plastoquinone is synthesized

from MVA, like the isoprene units of sterols [104].

The simultaneous presence of two independent path-

ways opens new understanding of plant physiology at the

level of the regulation of isoprenoid biosynthesis. For

instance, the emission of volatile plant defense terpenoid

is dependent on both pathways: sesquiterpenoids being

preferentially derived from the MVA route whereas

monoterpenoids are synthesized via the MEP pathway

[105, 106]. In addition, a nycthemeral rhythm (corre-

sponding to the succession of day and night) has been

pointed out for the MEP pathway in snapdragon flowers.

Emission of volatile terpenoid synthesized via the MEP

pathway occurs essentially during the day and is con-

trolled by the circadian clock. Both plastidial

monoterpenes and the cytosolic sesquiterpene nerolidol

are derived from MEP pathway, suggesting a unidirec-

tional trafficking of precursor(s) from plastids towards the

cytoplasm [107].

MEP Pathway Enzymes as Targets for Antibacterial

Drugs

The MEP pathway is the major metabolic route for iso-

prenoid biosynthesis in eubacteria. It is present in most

bacterial taxa, including many obligate pathogens as well

as opportunistic pathogens responsible for hospital-

acquired diseases [108, 109]. In addition, some eukaryotes

phylogenetically related to photosynthetic phyla, possess

the MEP pathway, among them the Plasmodium spp.

responsible for malaria [110].

The MEP pathway is absent in humans and animals, and

isoprenoid biosynthesis is an essential metabolic route in

all living organisms. Inhibition of any enzyme of this

pathway has lethal consequences. This means that all

enzymes of the MEP represent unexplored targets for the

design of antibacterial or antiparasitic drugs [109–111].

This aspect is particularly interesting to overcome the

widespread resistance towards most current commercial

antibiotics. The concept has already been validated.

Indeed, despite poor pharmacokinetic properties, a rapid

elimination in urine [112] and the fast appearance of bac-

terial resistance, fosmidomycin, a natural antibiotic and a

potent inhibitor of the second enzyme of the MEP pathway,

the DXP reducto-isomerase [113], is quite effective against

bacterial growth [112, 114] or against simple Plasmodium

infections in rodents and in man [110, 115, 116].
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aspects of the factors that control hormone production are

unknown. For example, steroid hormone biosynthesis is a

step-wise process that requires several enzymes that are

compartmentalized in mitochondria and the endoplasmic

reticulum (ER) (Fig. 1). However, the molecular mecha-

nisms underlying inter-organelle substrate delivery are

largely unexplored. Research carried out over the past

several decades have provided evidence for a key role of

the cytoskeleton in mediating steroidogenesis. The goal of

this review is to provide a brief summary of studies

investigating the role of components of the cytoskeleton in

controlling steroidogenic capacity.

The Cytoskeleton

The cytoskeleton plays a key role in varied cellular pro-

cesses, including motility and migration, organelle and

vesicular transport, cell–cell communication and gap

junction formation, mitosis and meiosis, and maintenance

of cellular morphology. In eukaryotic cells there are three

major cytoskeleton components: microfilaments, interme-

diate filaments, and microtubules. Microfilaments are

comprised of polymerized actin and are integral in the

formation of cleavage furrows during cytokinesis and in

cytoplasmic streaming. Intermediate filaments are larger

in diameter than microfilaments and serve to maintain

cellular structural architecture and spatial distribution of

organelles. Intermediate filaments are comprised of lamins

(form the nuclear envelope), keratin, and vimentins.

Microtubules are formed when tubulin polymerizes and

the dynamic assembly and disassembly of these fibers is

largely regulated by the hydrolysis of GTP. Consistent

with the role of GTP in microtubule function, these

polymers are typically associated with motor proteins

such as kinesin and dynein. Microtubules play a well-

established role in the formation of cilia and flagella and

are gaining much attention for their role in the intracel-

lular transport of vesicles and organelles, particularly

mitochondria in neurons.

Due to the multifaceted roles of cytoskeletal proteins in

general cellular processes, it is not difficult to ascribe

functions for these proteins in the biosynthesis of steroid

hormones in the adrenal cortex and gonads. In fact, four

decades ago observations made on Y1 mouse adrenal cells

that underwent morphological changes in response to

adrenocorticotropin (ACTH) provided clues into the role of

the cytoskeleton architecture in controlling the response of

steroidogenic cells to trophic hormone stimulation [3, 4].

These marked changes in steroidogenic cell morphology

have been confirmed by several researchers [5–7] and

have been subsequently attributed to cAMP-dependent

rapid dephosphorylation of the focal adhesion protein

paxillin [8, 9].

Fig. 1 Steroidogenic

biosynthetic pathways
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Cholesterol Trafficking

The first and rate-limiting step in steroid hormone bio-

synthesis is the delivery of the substrate cholesterol to the

inner mitochondrial membrane, the site of the first enzy-

matic reaction. Efficient delivery of cholesterol requires the

coordination of several steps. First, two receptors, low-

density lipoprotein receptor (LDLR) and scavenger recep-

tor BI (SR-BI), import lipoprotein particles containing

esterified cholesterol molecules into steroidogenic cells. In

humans, the primary source of cholesterol for steroid hor-

mone production is LDL, which is imported via LDLR.

However, SR-BI has been shown to be a major provider of

cholesterol for hormone biosynthesis, particularly in the

rodent [10, 11]. Unlike lipoproteins imported by SR-BI,

both LDL and LDLR are internalized and transported to

lysosomes for processing.

Studies carried out by Crivello and Jefcoate three dec-

ades ago indicated a role for cytoskeletal proteins in

adrenocortical steroidogenesis [12]. Various chemical

inhibitors of microfilament and microtubule formation

have been shown to inhibit corticosterone biosynthesis in

rat adrenal glands [12]. Notably, these studies also found

that inhibitors of microtubule and microfilament polymer-

ization decreased the delivery of cholesterol to P450 side

chain cleavage enzyme (P450scc), suggesting that cyto-

skeleton proteins regulate steroidogenesis by facilitating

the trafficking of substrate to mitochondria. A role for

microtubules in steroidogenesis was also shown by Rajan

and Menon where lipoprotein-stimulated progesterone

synthesis was found to be inhibited by the tubulin poly-

merization inhibitors colchicine and nocodazole [13].

Significantly, the authors demonstrated that microtubule

polymerization inhibitors decreased the degradation of

radiolabeled LDL and high density lipoprotein (HDL) in

cultured rat luteal cells. The role of the cytoskeleton in

facilitating the uptake of HDL for steroidogenesis was also

demonstrated in studies using cytochalasin B, an inhibitor

of actin polymerization [14] and also in experiments using

the endonuclease DNase I [15].

In a series of elegant experiments employing laser

scanning coherent anti-Stokes Raman scattering (CARS)

microscopy it was recently shown that lipid droplets move

along microtubule tracts in Y1 mouse adrenal cells [16].

Interestingly, when CARS and two-photon fluorescence

microscopy were simultaneously used to image lipid

droplets and mitochondria, the investigators found that the

mitochondria interacted with lipid droplets that were highly

motile. In contrast to these studies establishing a role for

microtubules in cholesterol transport in steroidogenic cells,

it has also been found that while colchicine disrupts both

lipid droplet capsules and microtubules, it stimulates cor-

ticosterone biosynthesis in rat adrenocortical cells [17].

Colchicine has also been found to stimulate corticosterone

secretion from wild type Y1 protein kinase A (PKA)

deficient kin-8 mouse adrenal cell lines [18], suggesting

that preventing microtubule polymerization promotes ste-

roidogenesis in a cAMP/PKA-independent manner. These

studies also showed that taxol, an agent that stabilizes

microtubules, inhibits ACTH- and colchicine-stimulated

corticosterone biosynthesis [18].

A role for actin polymerization into microfilaments has

also been demonstrated in Y1 murine adrenal cells. Treat-

ment of Y1 cells with acrylamide to disrupt microfilaments

stimulates corticosterone production in a cAMP-indepen-

dent manner [19]. The stimulatory effect of acrylamide on

adrenal steroidogenesis was shown to be mediated at a step

prior to the conversion of cholesterol to pregnenolone [19],

thus implicating the cytoskeleton in assuring efficient

substrate delivery.

After lipoproteins are processed, cholesterol movement

out of lysosomes is facilitated by Niemann-Pick type C1

(NPC). NPC1 is localized in late endosomes along with the

lipid transfer proteins MLN64 and NPC2 that travel along

microtubules tracks [20, 21]. Thus, the cytoskeleton plays a

key role in directing the positioning of cholesterol in ste-

roidogenic cells. The processing of stored cholesterol esters

is mediated by hormone sensitive lipase (HSL), a neutral

cholesterol ester hydrolase that cleaves the ester bonds to

form free cholesterol substrate [22]. While HSL trafficking

has not been studied in steroidogenic cells, the lipase is

rapidly translocated to the surface of lipid droplets in 3T3-L1

adipocytes upon treatment with the beta-adrenergic receptor

agonist isoproteranol [23]. This translocation, however, is

not dependent on microtubules and microfilaments [23].

Collectively, these studies demonstrate the pivotal role that

the cytoskeleton plays in assuring efficient uptake, process-

ing, and transport of cholesterol in steroidogenic cells.

Steroid Hormone Biosynthesis

As mentioned above, upon delivery of cholesterol to the

inner mitochondrial membrane of human adrenocortical

cells, this substrate is subjected to the sequential actions of

several steroid hydroxylases (cytochrome P450s) and

3b-hydroxysteroid dehydrogenase (3bHSD) leading to the

production of steroid hormones (Fig. 1). In the human

adrenal cortex, production of these steroid hormones

occurs in specific zones, where aldosterone is formed in the

outermost zone (glomerulosa), cortisol in the zona fascic-

ulata (middle zone), and adrenal androgens in the zona

reticularis (inner zone). As shown in Fig. 1, three P450s are

localized in mitochondria (P450scc, P450 11b, P450aldo),

while P450c17, P450c21, and P450c19 are expressed in the

ER, and 3bHSD expressed in both organelles.
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In the first enzymatic process, P450scc (encoded by

CYP11A1) catalyzes the conversion of 27-carbon choles-

terol to a 21- carbon pregnenolone. Once pregnenolone is

formed, it enters the ER where it can be hydroxylated on

carbon-17 by P450c17 (encoded by CYP17) to form 17-

hydroxy pregnenolone or converted to progesterone by

3bHSD (Fig. 1). Importantly, optimal steroid hormone

production requires the movement of pregnenolone out of

mitochondria and into the ER. However, the factors that

regulate inter-organelle delivery of pregnenolone to the ER

are largely unexplored.

In the ER P450c17 also catalyzes a 17,20 lyase reaction

to form the adrenal androgens dehydroepiandrosterone

(DHEA) and androstenedione. Also, both progesterone and

17-hydroxy progesterone can be hydroxylated at the

21-carbon by P450c21 to yield deoxycorticosterone and

11-deoxycortisol, respectively (Fig. 1). The final reactions

in adrenocortical steroid hormone biosynthesis occur in

mitochondria, where 11-deoxycortisol and deoxycorticos-

terone are converted to cortisol and corticosterone,

respectively, by P450 11b hydroxylase (encoded by

CYP11B1). As is the case for the movement of

pregnenolone into the ER, regulated transport of deoxy-

corticosterone and 11-deoxycortisol is also required

for glucocorticoid and mineralocorticoid biosynthesis.

While inter-organelle trafficking of metabolites produced

in the ER back to mitochondria plays a key role in the

biosynthesis of glucocorticoids and mineralocorticoids,

adrenal androgens only depend on the movement of preg-

nenolone out of mitochondria and to ER. In the human

adrenal cortex, expression of P450aldo (encoded by

CYP11B2) in the zona glomerulosa allows for the con-

version of corticosterone to aldosterone in a series of

hydroxylation steps. In the gonads, all reactions except the

initial conversion of cholesterol to pregnenolone, which

takes place in the inner mitochondrial membrane, occur in

the ER (Fig. 1).

Regulation of Steroid Hormone Production

by the Cytoskeleton

The relationship between steroidogenesis and the cyto-

skeleton has been studied in several laboratories that have

used microtubule depolymerization agents to demonstrate

that steroid hormone production is impaired [13, 18, 24–

28]. Immunostaining of microtubules in sheep follicles has

revealed decreases in the amount of polymerized tubulin

prior to ovulation followed by subsequent increases

in microtubule formation as progesterone biosynthesis

increases [29]. Moreover, colchicine prevents increased

progesterone production in these follicular cells [29], pro-

viding support for the importance of dynamic changes in

microtubule structure in response to changing demands for

steroid hormone production. In contrast to the inhibitory

effect of colchicine on progesterone production in sheep

[29], this microtubule polymerization inhibitor has been

shown to stimulate progesterone biosynthesis in porcine

luteal cells [30]. Stabilization of microtubules in porcine

granulosa cells using taxol suppresses both basal and

human choriogonadotropin-stimulated progesterone and

17b-estradiol [31].

In human adrenocortical slices, preventing microtubule

polymerization has been shown to reduce ACTH-stimu-

lated cortisol biosynthesis [32]. However, Benis and

Mattson have also found that stabilizing microtubules

inhibits ACTH-stimulated steroidogenesis in cultured

murine adrenocortical cells [27, 28]. While collectively the

studies described have demonstrated an integral role for

cytoskeletal proteins in controlling hormone biosynthesis,

the use of chemical inhibitors to manipulate cytoskeletal

protein polymer formation has resulted in conflicting

results being found with regard to the specific role of these

proteins. Although it is likely that many of these incon-

sistencies can be attributed to species and cell specific

differences, further investigation is needed to resolve these

conflicting findings. Additionally, more detailed interro-

gation of each of the steps involved in steroidogenesis is

warranted to determine if the cytoskeleton also regulates

processes in hormone production that occur after choles-

terol uptake and transport.

Regulation of Organelle Positioning

by the Cytoskeleton

As discussed earlier, components of the cytoskeleton

function in a wide variety of cellular processes. Extensive

research has provided compelling evidence for the critical

roles of microtubules and microfilaments in cholesterol

transport and steroid hormone secretion [33, 34], however,

less is known about the role of cytoskeletal proteins in the

transport of substrates (pregnenolone, deoxycorticosterone,

and 11-deoxycortisol) between mitochondria and the ER or

increasing the proximity of mitochondria and ER.

Given the well-established role of mitochondrial trans-

port in neurons [35–38], we sought to characterize the role

of dynamic mitochondrial movements in steroidogenesis.

Mitochondria have been visualized in association with

microfilaments [35], microtubules [39, 40], and interme-

diate filaments [41, 42] in various cells types. Further,

mitochondria-bound motor proteins, such as kinesins,

facilitate the movement of these organelles along cyto-

skeletal fibers [43–47].

We postulated that components of the cytoskeleton

facilitate steroidogenesis by promoting inter-organelle
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substrate delivery. We envisioned that agents that induce

steroid hormone biosynthesis might regulate a discrete set

of factors that act to promote the transport of substrates

between mitochondria and the ER. To begin examining

these processes, we employed time-lapsed video micros-

copy of H295R human adrenocortical cells. H295R cells

were plated onto cover slips, labeled with MitoTracker

Red, and mounted into a chamber for microscopic analysis.

Cells were then treated with the bioactive lipid sphingo-

sine-1-phosphate (S1P). S1P was used because we have

previously demonstrated that S1P increases CYP17 gene

expression and steroidogenesis in H295R human adreno-

cortical cells [48]. Several other laboratories have also

shown that S1P stimulates hormone secretion from various

steroidogenic cell types [49–52]. Further, S1P is a well-

established inducer of cell migration [53–57] and chemo-

taxis [58, 59].

As shown in Fig. 2a, administration of S1P to H295R

cells resulted in a 3-fold increase in the rate of mitochondrial

movement. The increase in S1P-stimulated mitochondrial

movement was attenuated when cells were pre-treated with

colchicine, indicating that microtubule polymerization is

required for S1P-dependent mitochondrial trafficking. In

addition to an increase in the rate of mitochondrial traf-

ficking, S1P also promoted cell migration (Fig. 2b).

We also determined the effect of S1P and colchicine on

the secretion of cortisol and DHEA into the cell culture

media. S1P increased the amounts of cortisol and DHEA

produced by the H295R cells while colchicine prevented

this increase (Fig. 3). Interestingly, colchicine did not

decrease the amount of DHEA secreted into the media,

suggesting that the increase in the rate of mitochondrial

trafficking evoked by S1P is dependent on microtubule

polymerization and required for S1P-induced cortisol

secretion. Studies are underway to determine the effect of

ACTH and other agents known to stimulate adrenocortical

steroidogenesis on the positioning of mitochondria in

adrenal cells. Ongoing experiments are also aimed at

defining the precise molecular mechanism by which S1P

(and other inducers of steroidogenesis) promote mito-

chondrial trafficking and at identifying the factors involved

in controlling the microtubule-dependent mitochondrial

movement.

Conclusions and Future Directions

Significant advances have been made in understanding the

complex and multi-faceted mechanisms used to control

steroid hormone biosynthesis. Further, the use of chemical

Fig. 2 S1P stimulates mitochondrial movement and cell migration. a
H295R cells were cultured on cover slips, incubated with MitoTrac-

ker Red (Invitrogen), and then placed in a chamber for time lapsed

video microscopy. Cells were treated with S1P (1 lM) and/or 1 lM

colchicine (colc.) and data was collected for 1 h using an LSM510

confocal microscope system (Carl Zeiss Inc., Thornwood, NY)

equipped with a krypton-equipped with a helium-neon Coherent laser

with an excitation wavelength of 543 nm MitoTracker Red. Emis-

sions were collected with a C-apochromast 40 1.3 NA oil immersion

objective (Zeiss) using a 560-nm long pass filter. b Cells expressing

GFP-labeled tubulin were monitored by time lapsed video micros-

copy. Shown are frames during time course after exposure to 1 lM

S1P

Fig. 3 Colchicine alters the ratio of cortisol and DHEA secreted in

response to S1P. Media was collected from cells treated with S1P

(1 lM) and/or colc. (1 lM) and cortisol and DHEA released

determined in triplicate against standards made up in DME/F12

medium using a 96-well plate enzyme-linked immune assay (Diag-

nostic Systems Corporation, Houston, TX). Results are expressed as

nanomoles per milligram cellular protein
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agents that perturb the polymerization of cytoskeletal pro-

teins has shed light on a key role for microfilaments and

microtubules in regulating the uptake and transport of cho-

lesterol in steroidogenic cells. Our data presented herein

describing that S1P induces rapid increases in the trafficking

of mitochondria in a manner that is dependent on microtu-

bules suggests that the cytoskeleton is also involved in

steroid hormone production at steps subsequent to choles-

terol delivery to mitochondria. It is tempting to speculate that

the increased rate of mitochondrial movement in response to

S1P promotes cortisol biosynthesis by bringing mitochon-

dria in close proximity to the ER, thereby maximizing the

delivery of 11-deoxycortisol to mitochondria for the final

step of steroidogenesis. However, further studies are

required to elucidate the precise role of mitochondrial traf-

ficking in steroidogenesis. Additionally, it is equally likely

that a macromolecular complex containing an unidentified

11-deoxycortisol binding transport protein may mediate this

response. The use of approaches such as RNA interference,

mass spectrometry, and time-lapsed video microscopy are

likely to provide insight into the precise molecular parame-

ters that underlie the role cytoskeletal proteins play in steroid

hormone biosynthesis.
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sterol biosynthetic pathway exists in all eukaryotic king-

doms and is even found in some bacteria [6]. At the stage

of squalene 2,3-epoxide cyclase the pathway bifurcates into

two branches (Fig. 1a). The cycloartenol route is typical

for photosynthetic organisms, while nonphotosynthetic

progenitors and their descendants possess a lanosterol-

based pathway [7]. Further conversions of sterol precursors

include C14 and C4 demethylations, introduction of double

bond(s) into the B ring and, in plants, fungi and protists,

modification of the side chain to form cholesterol (ani-

mals), ergosterol (fungi) and a variety of 24 alkylated and

olefinated products in plants and protists. Sterols stabilize

the membranes, determine their fluidity and permeability

and also serve as precursors for biologically active mole-

cules essential for regulation of growth and development.

In view that humans consume cholesterol from the diet

thereby downregulating sterol biosynthesis, the microbial

ergosterol biosynthetic pathway can serve as a potential

selective target for the treatment of human infections with

ergosterol biosynthetic inhibitors such as itraconazole. The

majority of currently used clinical antifungal drugs (azoles)

are aimed at inhibiting the fungal sterol 14a-demethylase

(CYP51). Many of them have also been proven experi-

mentally to be effective against human infections involving

protozoa [8–11]. However, due to low amino acid identity

of CYP51s across these two biological kingdoms (about

22–24% in average) without direct characterization of

protozoan sterol 14a-demethylases it has been difficult to

predict the potential efficiency of the antifungal drugs

against protozoan infections and impossible to conduct

directed search for new more potent compounds.

Using heterologously expressed (E. coli) and highly

purified CYP51 orthologs from Trypanosoma cruzi (TC)

and Trypanosoma brucei (TB), we studied inhibition of

their activity in vitro, in reconstituted enzyme reactions,

followed by testing the effects of the most promising

compounds on trypanosomal cells. Both of these protozoan

parasites are human pathogens, the origin of endemic dis-

eases that are deadly and so far very difficult to cure. TC is

the causative agent of Chagas disease, or American try-

panosomiasis; while TB species cause sleeping sickness, or

African trypanosomiasis. The organisms belong to the

same family of lower eukaryotes (Trypanosomatidae), both

having complex life-cycles that include insect and mam-

malian stages which are significantly different between the

trypanosomes. TB and TC differ in their insect vectors,

preferred mammalian hosts (though both infect humans),

localization in the host organism, and symptomatic mani-

festation. From our studies, the most interesting differences

between the two trypanosomes lie in their sterol require-

ments. While TC produces endogenous sterols at all life

stages, the TB in the mammalian (bloodstream) stage was

shown to be able to use host cholesterol. Since sterols are

known to play a dual role in eukaryotic organisms [12], we

used TC as a model to study the effect of inhibition of the

production of structural (most abundant) sterols, while TB

was a model to test the possible importance of so called

functional (sparking) sterols, which are synthesized at

hormonal levels, and might be important for the parasite

development and life cycle regulation. In both cases direct

correlation between CYP51 inhibition and antiparasitic

effect in trypanosomal cells has been observed.

Experimental Procedures

Expression and purification of TB, TC, human and Can-

dida albicans CYP51 and use of cytochrome P450

reductase as their electron donor partner, reconstitution of

enzymatic activity in vitro, and inhibition of enzymatic

reaction were performed as described previously [13–15].

Inhibitory potencies of the tested compounds were com-

pared as molar ratio inhibitor/enzyme which causes a

twofold decrease in the enzyme activity (I/E2) expressed

Fig. 1 Divergence in sterol biosynthesis: a in photosynthetic (cyclo-

artenol) and non-photosynthetic (lanosterol) eukaryotes; b in

Trypanosomatidae
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either as a turnover number (initial rate, I/E2, 5 min) or, for

the most potent inhibitors, as percentage of substrate con-

version per 1 h reaction (I/E2, 60 min) [16]. Imidazole

derivatives were from Novartis Research Institute (Vienna,

Austria). Optical high throughput screening (HTS) of

a 20,000 compound library of bioactive molecules

(http://www.fmp-berlin.de/kries/index1.html) against TB

and TC CYP51s took advantage of the P450 property to

change the Soret band absorbance maximum upon ligand

binding [16]. It was carried out at the Screening Unit,

Leibniz Institute for Molecular Pharmacology (Berlin,

Germany) and the details of screening will be described

elsewhere. Web search for structural similarity to reactive

molecules from the screening was done using ChemDiv

data base (http://chemdiv.emolecules.com). Structure of

substrate analogs, YNE and MCP, was confirmed by MS

and NMR data. TB and TC cellular growth and inhibition

experiments, extraction of TC cellular sterols and TLC

analysis were carried out as described [16, 17]. Scanning

electron microscopy of TC amastigotes grown in Brain

Heart Infusion Medium ?10% FBS exposed or not to

CYP51 inhibitors was performed using a Hitachi 2700

scanning electron microscope [18].

Results and Discussion

TB and TC CYP51s Differ in their Substrate

Preferences

Trypanosomatidae, like other non-photosynthetic eukary-

otes (Fig. 1a), cyclize squalene 2,3-epoxide into lanosterol

and not into cycloartenol [19, 20]. In TC, prior to the

CYP51 reaction, lanosterol is converted to form 24-

methylenedihydrolanosterol (Fig. 1b), suggesting that the

postsqualene portion of sterol biosynthesis in this protozoa

is similar to the pathway in filamentous fungi except that

the major sterol products in TC are not limited to ergosterol

[21]. TBCYP51, on the contrary, has strict preference

toward the C4 monomethylated sterols as substrates [14].

In the reconstituted enzyme reaction in vitro the TBCYP51

turnover of obtusifoliol (the substrate of CYP51s from

plants) and norlanosterol (C4-monomethylated analog

of lanosterol) are more than 100-fold faster than the

14a-demethylation of lanosterol, 24-dihydrolanosterol or

24-methylenedihydrolanosterol. We have shown earlier

that the differences in the substrate preferences of TB and

TC CYP51 are connected with a phyla-specific residue in

the B0-helix (plant-specific F105 in TB and other CYP51s

from Trypanosomatidae as opposed to animal/fungi-like

I105 in TCCYP51) [15]. The same TB-like preference for

C4-mononmethylated sterol substrates have been observed

for CYP51 from Leishmania infantum (NCBI accession

number EF192938) (unpublished). Based on the catalytic

properties of TB sterol methyl transferase [22], detailed

analysis of TB sterols [23] and information from the lit-

erature on sterol composition of Leishmania species [12],

31-norlanosterol rather than obtusifoliol appear to be the

natural substrate of TBCYP51 and most likely of all other

CYP51s from Trypanosomatidae except for TC (Fig. 1b).

This finding strongly suggests that Trypanosomatidae

developed a unique postsqualene portion of the sterol

biosynthetic pathway.

Functionally Irreversible Inhibitory Effect of b-Phenyl

Imidazoles is Specific for Trypanosomal CYP51s

Since TB and TC CYP51 share 83% amino acid sequence

identity, it is not surprising that, regardless of the differ-

ences in their substrate preferences, they both were found

to be strongly inhibited by the same groups of imidazole

derivatives (example structures are shown in Table 1). The

strongest inhibition was observed for the b-phenyl imida-

zoles. Several such compounds produced a functionally

irreversible effect with complete inhibition of TB and TC

CYP51 activity at equimolar ratio inhibitor/enzyme [16].

At the same binding parameters (Kd \ 0.1 lM) the inhib-

itory effect of the a-phenyl azoles on the initial rate of TB

and TC CYP51 reaction was similarly strong (I/E2 \ 1),

but reversible, the compounds being easily replaced by the

excess of substrate upon long-term enzymatic reaction.

Thus the difference in the I/E2 values per 5 min and per 1 h

for the a-phenyl azole shown in Table 1 is more than 10-

fold for TCCYP51 and more than 35-fold in the case of

TBCYP51. Finally, imidazoles without an aromatic group

between the azole ring and the amide portion of the mol-

ecule were weakly binding ligands and weak inhibitors.

Proving the importance of detailed preliminary knowl-

edge about target enzyme inhibition for further drug

development, direct correlation between the a- and b-

phenyl azole potencies as CYP51 inhibitors and their

antiparasitic effects in trypanosomal cells was observed

[16]. The b-phenyl azole inhibitor shown in Table 1 pro-

duces EC50 values (effective concentration, inhibitor

concentration in growth media which causes 50% cellular

growth inhibition) of 7 and 1.3 lM, respectively, in pro-

cyclic (insect stage) and bloodstream (mammalian stage)

TB and EC50 \ 1 lM in trypomastigotes (extracellular

form) and amastigotes (intracellular form) of TC, while the

EC50 values for the strongest a-phenyl azole inhibitor, are

16 and 14 lM in procyclic and bloodstream TB; 8 and

20 lM in trypomastigotes and amastigotes of TC. Though

the effect in TB is weaker than in TC, it strongly suggests

that functional sterols must be important in the bloodstream

form of the parasite and that inhibitors of sterol biosyn-

thesis should be envisaged as potential anti-sleeping
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sickness drugs. For the comparison, published EC50 values

in TC cells for benznidazole, one of the two drugs currently

used for clinical treatment of TC infections, were reported

to be within 25–50 lM [24–26]. Much lower values from

our work suggest using the b-phenyl azoles as lead struc-

tures for anti-trypanosomal chemotherapy.

Scanning electron microscopy of the TC cells shows that

treatment with 1 lM CYP51 inhibitor affects the topology

of the TC plasma membrane (Fig. 2a). Ultrastructural

alterations include the formation of blebs at the plasma

membrane, membrane disorganization and alterations in

the parasite shape. Analysis of the sterol composition of TC

amastigotes treated with this azole confirmed that the

parasite membranes are lacking C14-demethylated sterols

(Fig. 2b; TLC of TC epimastigotes and GC–MS analysis of

their cellular sterols can be found in [16]).

Interestingly, extremely potent, functionally irreversible

inhibition by the b-phenyl imidazoles demonstrated by TB

and TC CYP51 appears to be specific for trypanosomal

sterol 14a-demethylases (Table 1). The effect of SDZ

285604 on the fungal CYP51 ortholog (from C. albicans)

is still strong but reversible (I/E2 per 60 min = 8), while

the activity of human CYP51 is only slightly affected by

the presence of up to 100-fold molar excess of both the a-

and b-phenyl azoles. The data indicate that development of

species-specific drugs based on the comparative analysis of

the drug target enzyme inhibition in vitro is possible.

Benznidazole as CYP51 Inhibitor

Despite [40 years of its clinical use as an anti-chagasic

drug, the mechanism(s) of action of benznidazole have

remained elusive. It has been proposed that in trypanosomes,

the drug mediates parasite killing by inducing oxidative

stress [27–29] or that it works as a prodrug activated by TC

nitroheterocycle reductases which reduce the nitro-group

leading to covalent binding or other types of interaction

between nitroreduction intermediates and various cellular

Table 1 Inhibitory effect of azoles on CYP51 from different organisms

CYP51

N

N

H
N

O

Cl

a-Phenyl (SDZ285428)

N

N

H
N

O

Cl

b-Phenyl (SDZ285604)

I/E2
a (5 min) I/E2 (60 min) I/E2 (5 min) I/E2 (60 min)

T. cruzi \1 9 \1 \1

T. brucei \1 35 \1 \1

H. sapiens [100 [100 100 [100

C. albicans [100 [100 \1 8

Numbers are averages of duplicate determinations and varied by not more than 10%
a Molar ratio inhibitor/enzyme which causes a twofold decrease in the activity

Fig. 2 Cellular effects of

SDZ284692 (1 lM) on TC

amastigotes. a Scanning

electron microscopy. b TLC

analysis of extracted sterols.

Sterol standards: 24-

methylenedihydrolanosterol

(M), lanosterol (L), obtusifoliol

(O), cholesterol (C) and

ergosterol (E), 5 nmol each

(lane 1). Sterols from untreated

amastigotes (lane 2) and

amastigotes incubated for 120 h

with SDZ284692 (lane 3). c
Structural formula of the

inhibitor

1120 Lipids (2008) 43:1117–1125

123



components, like DNA, lipids and proteins [30–32]. It has

been shown experimentally that nitroaromatic compounds

can be reduced by lipoamide dehydrogenase and trypano-

thione reductase from TC in vitro, as well as by other known

electron transfer proteins including cytochrome P450

reductase [33].

Since benznidazole is an azole derivative, we tested it in

our reconstituted TCCYP51 reaction to see whether the

anti-chagasic activity of the drug might involve a sterol

biosynthesis inhibitory component. The results show that

benznidazole inhibits TCCYP51 with I/E2 = 42 (5 min)

and, surprisingly, I/E2 = 45 (1 h) (Fig. 3). The rather high

I/E2 value for inhibition of the initial rate of the reaction is

most likely due to low affinity of the binding (benznidazole

does not induce spectral changes in TCCYP51 so the

binding parameters can not be estimated by spectral titra-

tion). The comparable I/E2 for the long-term inhibitory

effect suggests that the drug might act as an irreversible

CYP51 inhibitor, the nitro-group being reduced by cyto-

chrome P450 reductase and then covalently bound to the

P450 protein moiety. This hypothesis needs to be tested in

more detail but it is not excluded that introduction of a

nitro-group into the structures of some known CYP51

inhibitors might lead to the development of new, more

potent drugs.

Search for CYP51 Inhibitors other than Azoles

It is known that azoles, at least those currently used as

clinical and agricultural fungicides, upon long-term treat-

ment often can cause resistance. The mechanism(s) for the

resistance remain unclear, but the three most often sug-

gested reasons are: increase in the sterol flow; mutations in

the target enzyme, or accelerated azole efflux from the cells

[34]. In order to investigate alternative options for the

development of new sets of CYP51 targeted anti-trypan-

osomal drugs, optical HTS of TB and TC CYP51 for

binding ligands other than azoles has been undertaken and

several compounds producing type 1 (substrate-like) or

type 2 (azole-like) spectral responses in the cytochrome

P450 Soret band were identified [best HTS hits are shown

in Table 2(A)]. The most potent inhibitor, N-(4-pyridyl)-

formamide, compound 3, has Kds of 0.8 and 0.5 lM and

I/E2 (5 min) of 7 and 10 for TB and TC CYP51, respec-

tively. It probably coordinates to the heme iron through the

pyridyl nitrogen. This has been supported by results of a

web-database search for structural similarity using com-

pound 3 as template. The strongest ligands from the web

search [Table 2(B)] have bulky structures attached to the

N-(4-pyridyl)-amide moiety, suggesting influence of the

configuration of the non-coordinated portion of the ligand

molecule, which (similar to azole inhibitors) might

enhance the inhibitory effect by forming interactions with

amino acid residues in the CYP51 substrate binding

cavity. Having strong but reversible inhibitory effect on

TCCYP51, comparable with the effects of the a-phenyl

azoles, compound 5 has potential to serve as a lead for the

design of novel non-azole CYP51 inhibitors. It has been

tested in TC cells and produced the EC50 values of 5 lM in

amastigotes and 8 lM in trypomastigotes.

Substrate Analogs

The idea of using substrate analogs as inhibitors of sterol

14a-demethylase has been explored as an attempt to

develop new hypocholesterolemic agents. It has been found

that 7-oxo, 15-keto 15-keto, 15-oxime, 15-hydroxy, 26-oxo

derivatives of lanosterol have potential to inhibit choles-

terol biosynthesis in humans [35–37]. The advantages of

use of substrate analogs as CYP51 inhibitors arise from

their strict specificity for the target enzyme, better cellular

permeability, longer lifetime in aqueous solutions in

comparison to many azoles, and it is quite likely that being

similar to endogenous sterols they would not cause resis-

tance. The major problem, however, appears to be

connected with very strict requirements that CYP51

enzymes have towards their substrates so that minor

alterations in the structure of the sterol molecule can affect

binding and inhibitory potency. Recently we have shown

that two 14a-methylamino derivatives of lanosterol [4,4-

dimethyl-14a-aminomethyl-cholest-7-en-3b-ol (AL7) and

4,4-dimethyl-14a-aminomethyl-cholest-8-en-3b-ol (AL8)]

show inhibitory effect on CYP51 from TC and C. albicans,

the I/E2 values for the initial rate of TCCYP51 catalysis

being 11 and 14 for AL7 and AL8, respectively [15].

In this study two other 14a-derivatized sterols, D7-14a-

methylene cyclopropyl didydrolanosterol (MCP) and D7,

Fig. 3 Inhibitory effect of benznidazole on TCCYP51 activity. I/E
inhibitor enzyme ratio
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14a-yne-dihydrolanosterol (YNE), were studied as

potential TC and TB CYP51 inhibitors (Table 2C). Con-

trary to the amino-derivatized AL7 and AL8 which induce

type 2 spectral responses in TCCYP51, binding of MCP

and YNE cause typical type 1 spectral response (Soret

band maximum 393 nm) (Fig. 4a). Titration with YNE

leads to 35–40% low to high spin transition in the heme

iron of TB and TC CYP51 (not shown) while upon

addition of MCP the high spin content in TBCYP51

reaches 85%, the highest currently observed for a CYP51

enzyme. Under the same conditions maximal high spin

content in TCCYP51 is only 41%. Since TBCYP51 does

not respond spectrally to the C4-double-methylated

CYP51 sterol substrates, including dihydrolanosterol

[14], the fact that structures longer than the methyl group

at the 14a-position (methyl-yne- and especially methyl-

cyclopropyl) having such a profound influence on the

binding parameters was quite unexpected. To test whether

these differences in the maximum spectral response are

connected with the phyla-specific residue in the trypan-

osomal CYP51s described above, binding of MCP to the

TBCYP51-like I105F mutant of TCCYP51 [15] was tes-

ted and 87% high spin form was reached.

Despite of the amplitude of the spectral responses and

the calculated apparent binding parameters, both MCP and

YNE were found to inhibit TCCYP51 activity much more

strongly than they inhibit TBCYP51 (Table 2C). Based on

the fact that in the case of MCP the I/E2 values for the

initial rate of the reaction and long-term inhibitory effect

are comparable (2 and 6, respectively), it is not excluded

that MCP might act as a mechanism based inhibitor. Thus,

the bulky phenyl residue in the B’-helix portion of the

Table 2 Binding and inhibition of trypanosomal CYP51 activity with the HTS hits (A), web-search findings (B) and substrate analogs (C)

(Numbers are averages of duplicate varied by not more than 10% determinations and varied by not more than 10%)

Inhibitor structure TBCYP51 TCCYP51

Kd (lM) I/E2 (5 min) I/E2 (60 min) Kd (lM) I/E2 (5 min) I/E2 (60 min)

A 1

N

SN

O

14 45 [100 9 28 [100

2

N

S

O F
S

O

OH
45a [50 ND 38a [50 ND

3

N
H

O

N

0.8 7 [100 0.5 10 [100

B 4

N
H

O

N

0.4 \1 40 0.8 14 65

5

N
H

O

N

HN

H
N

O

0.6 \1 25 0.2 \1 20

C YNE

HO

1.2 46 [100 1.3 4 25

MCP

HO

0.5 7 28 0.5 2 6

ND not determined
a Type 1 spectral response
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CYP51 substrate binding cavity promotes displacement of

the water molecule from the heme iron coordination sphere

upon binding of MCP or YNE. However, it does not

strengthen the enzyme-ligand interaction and both C4-

double-methylated inhibitors, similar to the preferred sub-

strates, remain selective for TCCYP51. This conclusion

was confirmed by the results from MCP-treated trypanos-

omal cells: while EC50 for TB was higher than 50 lM,

50% cell growth inhibition of TC was reached at 3 lM

(Fig. 4b), more than 90% of the parasite cells being cleared

from TC infected cardiomyoblasts upon treatment with

30 lM MCP (Fig. 4c).

Conclusions

• First, the fact that the b-phenyl imidazoles are strong,

functionally irreversible inhibitors of trypanosomal

but not fungal or human CYP51 opens an opportunity

for the development of species specific CYP51

inhibitors;

• Second, introduction of additional chemically reactive

functional groups (e.g. nitro group) into the structure

of known CYP51 inhibitors might strengthen their

potency;

• Third, optical HTS followed by web-search for struc-

turally similar compounds is a useful method to find

new CYP51 inhibitors;

• Fourth, since so far TCCYP51 is the only trypanosomal

sterol 14a-demethylase with animal/fungal-like sub-

strate preferences, C4-monomethylated substrate based

inhibitors are likely to demonstrate selectivity towards

CYP51 s from TB and all other Trypanosomatidae

sequenced to date;

• We surmise that detailed knowledge of specific inhi-

bition toward CYP51 might provide treatment for

deadly human infections with protozoan parasites.

Fig. 4 MCP as a CYP51 inhibitor. a MCP induced type 1 spectral

responses in TB and TC CYP51 and in the I105F mutant of

TCCYP51. b Dose–response curves of trypanosomal cell growth

inhibition. c Microscopic observation of the inhibition of TC

multiplication by 30 lM MCP within cardiomyoblasts at 72 h. TC

pre-treated with control HPCD (used to dissolve MCP) showed high

levels of parasite multiplication, whereas cells exposed to trypano-

somes pre-incubated with MCP showed dramatic decrease in the

number of intracellular parasites
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Ferreira J, Pavani M, Morello A, Maya JD (2005) Buthionine

sulfoximine increases the toxicity of nifurtimox and benznidazole

to Trypanosoma cruzi. Antimicrob Agents Chemother 49:126–

130

25. de Castro SL, de Meirelles Mde N (1987) Effect of drugs on

Trypanosoma cruzi and on its interaction with heart muscle cell

‘‘in vitro’’. Mem Inst Oswaldo Cruz 82:209–218

26. Saraiva J, Vega C, Rolon M, da Silva R, E Silva ML, Donate PM,

Bastos JK, Gomez-Barrio A, de Albuquerque S (2007) In vitro

and in vivo activity of lignan lactones derivatives against Try-
panosoma cruzi. Parasitol Res 100:791–795

27. Docampo R, Mason RP, Mottley C, Muniz RP (1981) Generation

of free radicals induced by nifurtimox in mammalian tissues.

J Biol Chem 256:10930–10933

28. Docampo R (1990) Sensitivity of parasites to free radical damage

by antiparasitic drugs. Chem Biol Interact 73:1–27
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sterol 27-hydroxylase that catalyzes cholesterol 27-

hydroxylation in many extrahepatic tissues. In addition,

CYP27A1 also metabolizes bile acid intermediates in

the liver and vitamin D3 in the kidney [3]. Partial

or complete lack of CYP27A1 activity results in a dis-

ease cerebrotendinous xanthomatosis manifested by a

variety of phenotypes including tendon xanthomas, bilat-

eral cataracts, premature atherosclerosis, osteoporosis,

neurological and neuropsychiatric abnormalities [4].

Unlike CYP27A1, expression of CYP11A1 is limited to

steroidogenic tissues and the brain, where it catalyzes the

conversion of cholesterol to pregnenolone, the first step in

overall steroid hormone biosynthesis [5]. Partial or com-

plete lack of CYP11A1 activity results in a disorder of

steroidogenesis in which cholesterol accumulates within

the steroidogenic tissues, and the synthesis of all adrenal

and gonadal steroids is impaired [2]. Several different

approaches have been used previously to study membrane

topology of mitochondrial P450s [6–10]. Ou et al. treated

mitochondria from the bovine adrenal cortex with trypsin

and digested CYP11A1 present in these mitochondria into

two fragments. Mitochondria were then washed with

sodium carbonate followed by evaluation of the associa-

tion of the two fragments with the membrane [6]. Usanov

et al. [7] studied the interaction of the mitochondrion-

associated CYP11A1 with antibodies to the whole enzyme

and its fragments. We investigated CYPs 27A1 and 11A1

by combining heterologous expression in E. coli and site-

directed mutagenesis [8, 11]. Residues in the F-G loop, a

putative site of the interaction with the membrane, were

mutated, the mutant P450s expressed in E. coli and their

subcellular distribution and catalytic activities compared

with those of the wild type enzyme. Simultaneously with

our studies, Headlam et al. [10] investigated the F-G loop

as well as several other regions in CYP11A1 by utilizing

cysteine mutagenesis followed by fluorescent labeling of

the mutated residues and measurements of the changes in

the fluorescence upon association of the mutant P450 with

phospholipid vesicles. The N- and C-terminal truncated

variants of CYP11A1 were also generated. Both groups

suggested that the F-G loop is the site of interaction of

mitochondrial P450s with the membrane. In the present

investigation we continued elucidation of the membrane

topology of mitochondrial P450s. We tested whether we

can identify membrane-interacting areas in mitochondrial

P450s other than the F-G loop by combining the meth-

odologies of heterologous expression and proteolytic

digestion with advances in mass spectrometry. CYPs

11A1 and 27A1 were expressed in E. coli, the E. coli

membranes isolated and treated with trypsin. Peptides

remaining after extensive washes of the trypsin-treated

membranes with sodium carbonate were extracted and

identified by MALDI MS. The data obtained suggest that

not only the F-G loop but also a part of the G helix is

embedded in the membrane in mitochondrial P450s.

Experimental Procedure

Materials

Sequencing grade modified trypsin was from the Promega

Corp. (Madison, WI, USA). All other chemicals were

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Membrane Fractionation

Recombinant human CYP27A1 and bovine CYP11A1

were expressed in E. coli as described [12, 13]. Cells were

harvested by centrifugation at 10,000 g for 10 min, resus-

pended in 10 mM HEPES (pH 7.8) containing 10%

sucrose, and treated with 0.2 mg/ml lysozyme on ice for

30 min. Spheroplasts were pelleted at 10,000 g for 10 min,

resuspended in 10 mM HEPES (pH 7.8) containing 10%

sucrose and sonicated using six 10-s pulses at 40% duty

cycle (Sonifier 450, Branson Ultrasonics Corp., Dandury,

CT). The suspension was then layered over a cushion of

55% sucrose topped with 10% sucrose in 10 mM HEPES

(pH 7.8) and subjected to centrifugation in a Ti70 rotor at

35,000 rpm for 60 min. The total membrane fraction was

recovered from the 55% sucrose interface, washed twice

with 25 mM NH4HCO3 (pH 7.9), and placed in pre-

weighed tubes.

Trypsin Treatment

The wet membrane pellet (5 mg) was resuspended in 1 ml of

25 mM NH4HCO3 (pH 7.9) followed by addition of 10 lg of

sequencing grade modified trypsin. The suspension was

sonicated as described above and left for proteolysis for 15 h

at 37 �C. The sample was then subjected to 106,000 g

centrifugation for 20 min in Optima TLX ultracentrifuge

(Beckman Instruments, Inc., Fullerton, CA, USA). The

pellet was collected and washed sequentially with 100 mM

Na2CO3 (pH 11.5) containing 0.3 M NaCl (5 times) and

with water (1 time). Traces of water from the wet pellet were

removed by adding 0.2 ml of methanol/chloroform mixture

(4/1, v/v) and drying the sample in a Vacufuge (Eppendorf

AG, Hamburg, Germany). The dried pellet was then vor-

texed with 0.2 ml of chloroform, the organic phase

discarded, and the membranes dried again. Extraction of

peptides from the dried membranes was carried out with

100 ll of 50% acetonitrile/0.1% trifluoroacetic acid (TFA).

The extracted sample was further purified using ZipTip C18

(Millipore Corporation, Bedford, MA, USA) according to

the manufacture protocol.
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Mass Spectrometry Analysis

Peptide samples after ZipTip purification were dried, dis-

solved in 5 mg/ml a-cyano-4-hydroxycinnamic acid in

50% acetonitrile containing 0.1% TFA, and manually

spotted onto the ABI 01-192-6-AB target plate. Mass

spectrometry (MS) analyses were performed using an

AB4700 Proteomics Analyzer (Applied Biosystems, Fra-

mingham, MA, USA). MS-mode acquisitions consisted of

1,000 laser shots averaged from 20 sample positions. In the

MS/MS-mode acquisitions, 6,000 laser shots were aver-

aged from 60 sample positions for PSD fragments.

Automated acquisition of MS and MS/MS data was con-

trolled by 4000 Series Explorer software 3.0.

Computational Analysis

Free energy of transfer from water to bilayer interface

(DGWW) was computed using Totalizer module of MPEx

(http://blanco.biomol.uci.edu/mpex) based on the Wimley-

White hydrophobicity scale. A function of ‘‘no end

groups’’ as a subsequence of a longer sequence was used

for this calculation. Hydrophobic moment (lH) was also

computed using the Totalizer module of MPEx.

Results

Identification of the Membrane-Interacting Peptides

in CYP27A1 and CYP11A1

A representative MS spectrum of the extract derived from

trypsin-treated CYP27A1-containing E. coli membranes is

shown in Fig. 1a. Manual analysis revealed 4 peptides with

m/z [M ? H]? values expected for the CYP27A1 hydro-

lysis with trypsin. Two of these peptides with m/z

[M ? H]? values 1329.72 and 1485.81 are labeled in

Fig. 1a. Signals for two other peptides with m/z [M ? H]?

values 1645.78 and 1929.95 were very small and could be

seen only after zooming (not shown). In the MALDI

experiment, signal intensity does not linearly correlate with

the concentration of analyte, therefore very small peaks

were annotated as well. A summary of all the peptides

identified in CYP27A1 is given in Table 1. The expected

m/z [M ? H]? values were calculated using MASCOT

software and rounded to two decimal places. The accuracy

of mass measurement in ppm was calculated as a difference

between the expected and observed values divided by the

observed value. Without the internal calibration, the

observed m/z [M ? H]? values for these peptides deviate

from the expected m/z [M ? H]? values in a range of

40 ppm. Figure 1b shows the MS/MS spectrum for the

peptide ion with m/z [M ? H]? value 1329.72. This

spectrum has an immonium ion for Trp and various y- and

b-type fragment ions that collectively confirm the correct

assignment of the amino acid sequence. The MS analysis of

the CYP11A1 sample revealed two CYP11A1 peptides.

One of them with m/z [M ? H]? value 1675.80 is labeled

in Fig. 1c. The zoomed spectrum for the second peptide

with m/z [M ? H]? value 1107.59 is shown in Fig. 1d. The

intensity for this peptide was very low.

Analysis of the Identified Peptides

Membrane-interacting protein sequences usually possess a

unique combination of hydrophobicity and amphiphilicity.

Therefore, the identified peptides were evaluated for two

parameters that render peptides ‘‘membrane-seeking’’: free

energy of transfer from water to the bilayer interface and

hydrophobic moment. Free energy of transfer (DGWW) is

a measure of solubility in the non-polar phase with the

positive value of DGWW being unfavorable for partition-

ing the peptide sequence into the membrane interface.

Hydrophobic moment (lH) detects periodicities in the

hydrophobicity of amino acid sequences and is a measure

of the amphiphilicity of a protein fragment [14, 15]. The

DGWW and lH values of the CYP27A1 and CYP11A1

peptides are shown in Table 1. All of the identified pep-

tides except one, 238AEKYTEIFYQDLR250, have negative

values of DGWW and values of lH from 1.98 to 6.12. This

is consistent with the fact that they were extracted from

the membrane. The 238A-R250 peptide has a positive

DGWW value but a high lH value which strongly increases

the chances for this sequence to interact with the mem-

brane. Trypsin cannot cleave amino acid residues

embedded in the membrane. Therefore, the identified

peptides contain both membrane-bound and soluble

regions. If the soluble region is too long, this may affect

the calculated DGWW, and could be the case with the
238A-R250 peptide.

In addition to the computational analysis, peptides were

examined for the presence of the missed cleavage sites.

One may assume that the missed cleavage sites are located

either in the membrane or close to the membrane surface,

and therefore resistant to proteolysis. Two peptides in

CYP27A1, 227W-R237 and 238Y-K251, and one peptide in

CYP11A1, 238A-R250, contain one missed cleavage site,

and one peptide in CYP11A1, 218L-R225, has two missed

cleavage sites. Also, the CYP27A1 peptides with m/z

[M ? H]? values 1329.72 and 1485.81 represent the same

sequence without and with the trypsin missed cleavage site,

respectively.

The position of the membrane-interacting peptides in the

primary and secondary sequences of CYPs 27A1 and 11A1

is shown in Fig. 2. Peptides in CYP27A1 represent a

contiguous portion of the polypeptide chain comprising the
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putative F-G loop and flanking portions of the F and G

helixes. In CYP11A1, the 218L-R225 peptide is located in

the F-G loop and the 238A-R250 peptide in the C-terminal

portion of the G helix.

Discussion

In the current study, we used CYP27A1- and CYP11A1-

containing E. coli membranes as a model system to study

Fig. 1 Membrane-interacting peptides in CYP27A1 and CYP11A1. a
MS spectrum of the extract from the trypsin-treated CYP27A1-

containing E. coli membranes. Peptides with m/z [M ? H]? values

1329.72 and 1485.81 correspond to CYP27A1, all the other peptides

are of the E. coli origin. b MS/MS spectrum of the peptide ion

with m/z [M ? H]? value 1329.72 that corresponds to the
227WTRPVLPFWK236 peptide in CYP27A1. Multiple fragment ions

matching to this sequence are labeled as follows: b2, WT; b3, WTR;

b6, WTRPVL; b9, WTRPVLPFW; y2, WK; y4, PFWK; and y7,

PVLOFWK. c and d Regular and zoomed MS spectrum of the extract

from the trypsin-treated CYP11A1-containing E. coli membrane.

Peptides with m/z [M ? H]? value 1675.80 and 1107.59 correspond

to CYP11A1

Table 1 Membrane-interacting

peptides in CYPs 27A1 and

11A1

Missed cleavage sites are

underlined
a Free energy of transfer from

water to the bilayer interface

based on the Wimley-White

hydrophobicity scale (DGWW)

and hydrophobic moment (lH)

were computed using the

Totalizer module of MPEx

(http://blanco.biomol.uci.edu/

mpex)

Peptide [M ? H]?

expected

[M ? H]?

observed

D
(ppm)

DGWW

(kcal mol-1)a
Hydrophobic

moment

(lH)a

CYP27A1
210SIGLMFQNALYATFLPK226 1930.01 1929.95 31 -2.36 1.98
227WTRPVLPFWK236 1329.75 1329.72 23 -2.48 5.25
227WTRPVLPFWKR237 1485.85 1485.81 27 -1.67 5.59
238YLDGWNAIFSFGKK251 1645.84 1645.78 36 -1.97 6.12

CYP11A1
218LFRTKTWR225 1107.64 1107.59 45 -0.65 1.39
238AEKYTEIFYQDLR250 1675.83 1675.80 18 4.08 6.11

Fig. 2 Location of the membrane-interacting peptides (underlined)

in the primary and secondary structures of CYPs 27A1 and 11A1.

Boxes indicate putative F and G helices. The secondary structure

consensus prediction program (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_

automat.pl?page=/NPSA/npsa_seccons.html) was used to identify

these structural elements
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membrane topology of these mitochondrial enzymes. Pre-

viously, we developed E. coli expression for both proteins,

showed that they stay associated with the membrane frac-

tion when expressed in E. coli, and are catalytically active

in the E. coli membranes [8, 9, 12, 13]. The membrane

topology of CYPs 27A1 and 11A1 was then studied by

selecting a hydrophobic region in their primary sequence,

the F-G loop, and evaluating how mutations within this

region affect binding to the membrane and activity of the

mutant P450s [8, 9]. Weakened binding of some the

mutants indicated that the F-G loop indeed interacts with

the membrane. Mitochondrial P450s are suggested as

having a peripheral association with the membrane [16,

17]. However, it is not currently clear whether one or

several segments of the primary sequence are associated

with the membrane. Headlam and colleagues began to

address this question by investigating three regions in

CYP11A1, the F-G loop, A’ helix, and the 14 amino acid

residue-segment at the C-terminus [10]. These regions

were selected based on hydrophobicity profiling and sec-

ondary and tertiary structure predictions. The data obtained

indicate the involvement of the F-G loop and possibly

A’ helix, but not the C-terminus of CYP11A1, in the

interactions with the membrane. Thus, although the com-

putational analysis provided a reasonable prediction, not all

of the putative membrane-interacting regions were then

validated by other methods. In the present study a princi-

pally different approach was undertaken. It includes the

protease degradation of the solution-exposed portion of the

membrane-associated CYPs 27A1 and 11A1 and sub-

sequent MS analysis of the recovered membrane-bound

peptides. Consistent with previous studies, peptide(s) from

the F-G loop were extracted from the membrane in CYPs

27A1 and 11A1. Identification of these peptides lends

support to the validity of our approach and serves as

additional evidence for the role of the F-G loop. We also

identified one peptide in CYP27A1 (238Y-K251) and one

peptide in CYP11A1 (238A-R250) that are located outside

the F-G loop, in the N- and C-terminal parts of the G helix,

respectively. The N-terminal part of the G helix represents

a continuation of the F-G loop. Therefore identification of

the 238Y-K251 peptide in CYP27A1 is not an unexpected

finding. In fact, it provides an explanation of our previous

observation that CYP27A1 is associated more tightly with

the E. coli membrane than CYP11A1 [8]. A longer stretch

of amino acid residues in the F-G loop region seem to

interact with the membrane in CYP27A1 than in

CYP11A1. Identification of the 238A-R250 peptide in

CYP11A1 is a more interesting finding because the C-

terminal part of the G helix has never been considered as a

potential membrane-binding site in CYP11A1. Further

studies are required to confirm this unexpected finding. As

any method, the MS-based approach has a limitation. This

limitation is hidden in the procedure of analysis. Certain

classes of long peptides with high hydrophobicity can

escape MS analysis [18], therefore a set of identified pep-

tides may never reach a full completeness. For example,

when purified CYPs 27A1 and 11A1 are digested with

trypsin in solution, we usually obtain peptides covering

about 54% of the primary sequence. If each of the P450s is

subjected to SDS PAGE and digested in gel, the coverage

of the primary sequence by the identified peptides is

*46%. When combined, tryptic peptides from solution

and in-gel digestion cover*65% of the primary sequence.

Thus, MS studies with purified CYPs 27A1 and 11A1 raise

a possibility that not all of the membrane-interacting pep-

tides in CYPs 27A1 and 11A1 were identified in the

present study. Nevertheless, our approach provided a fur-

ther insight into the membrane topology of CYPs 27A1 and

11A1 and is a valuable addition to the other methods in the

field.
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cytochromes P450 interact with electron transfer proteins.

The cytochromes P450 are divided into ten classes

depending on the nature of their redox partners [3]. In gen-

eral, the soluble bacterial cytochromes P450 are more stable

than the membrane bound P450s and therefore easier to

express and to purify.

Besides playing an important role in physiological pro-

cesses, e.g. steroid and vitamin D biosynthesis, drug

biotransformation and degradation of xenobiotics, cyto-

chromes P450 are important for biotechnology [1]. In

particular, steroid-converting cytochromes P450 are useful

in the steroid producing industry. The complex steroid

molecule structure requires complicated, multi-step schemes

for the chemical synthesis of respective steroid compounds.

The preparation of intermediates with protection groups and

their subsequent removal is often necessary, making the

chemical synthesis expensive and time consuming. Fur-

thermore, the basic ring structure of some steroid derivatives

is sensitive to cleavage by a wide variety of chemicals.

Chemical synthesis also requires the use of reagents that are

hazardous to the health of production staff, and constitute a

serious environmental disposal problem [4]. Currently,

chemical and biochemical processes are often combined in

the production of steroids. Biochemical reactions in the

steroid industry are usually performed by whole-cell systems

to avoid the costs of enzyme isolation, purification, stabil-

ization, and to solve the problem of the NAD(P)H co-factor

regeneration [4, 5]. The corresponding biochemical pro-

cesses are used to produce various steroidogenic compounds,

including 11b-, 11a-, 15a- and 16a-hydroxylated products.

These compounds are mainly used for the production of

adrenal cortex hormones and their analogues [4, 6, 7]. They

have a broad therapeutic application in contraceptives, anti-

inflammatory, immunosuppressive, anabolic, and diuretic

drugs.

Although biochemical processes are well established in

the production process of steroids, there is still need for

improvement of the product yield. Needed improvements

include the hydroxylation specificity so as to have fewer by

products, introduction of new hydroxylation sites into a

known substrate or adaptation of the enzyme to a new sub-

strate. The function of enzymes can be modified by replacing

amino acids on positions responsible for the enzyme activ-

ity. Therefore, a basic knowledge of the structure–function

relationship is required. For a predominant number of

enzymes, little or nothing is known about the structure–

function relationship. Directed evolution can be used to

solve this problem. Herein, a number of random mutants in

the whole gene or in parts of the gene are generated, and this

library of mutants is screened using an appropriate test

system to select a protein with the desired function. Thus,

enzymes with an improved function (e.g. higher activity) or

a completely new protein function can be generated.

The difficult part of the directed evolution process is

creation of an efficient screening system. The screening

system should allow selection of protein variants with a

specific function. Development of a screening system for

some selection processes is easy. Evolution of antibiotic

resistance [8] or protein solubility [9] are examples of

simple screening systems. In contrast, conventional detec-

tion methods for steroids, like HPLC and GC-MS, are time

consuming and quite expensive. Appel et al. [10] presented

a simple detection method for steroids. They used a fluo-

rescence based test system to determine the conversion rate

of 11-deoxycortisol to cortisol of a CYP11B1 expressing

Schizosaccharomyces pombe culture. We established an

adaptation of this method to micro titer plate format, and

used it to measure the activity of the steroid hydroxylating

CYP106A2 [11]. CYP106A2 was isolated from Bacillus

megaterium ATCC 13368. This soluble cytochrome P450

is able to hydroxylate steroids such as progesterone, 11-

deoxycortisol, and testosterone. It hydroxylates specifically

3-oxo-D4-steroids, whereas 3b-hydroxy-D5-steroids will

not be converted. CYP106A2 hydroxylates mainly in the

15b position. Other hydroxylation positions described are

6b, 9a and 11a, when using progesterone as substrate [12,

13]. The expression yield in Escherichia coli is high

(8.000 pmol P450/mg total protein, 13.700 nmol/l culture)

[14]. Activity in vitro is achieved using the bovine adre-

nodoxin (Adx) and adrenodoxin reductase (AdR) as

electron transfer partners [15, 16]. In a previous publication

we described the co-expression of Adx and AdR together

with CYP106A2 in E. coli to allow an in vivo activity of

CYP106A2 [11]. In this paper, we demonstrate, (1) func-

tionality of a fluorescence based test system for the directed

evolution of a steroid hydroxylating enzyme, CYP106A2,

(2) improvement of the activity of CYP106A2, and (3)

application of the CYP106A2 model in order to understand

the function of the identified randomly changed amino acid

residues.

Materials and Methods

Reagents and Chemicals

11-deoxycortisol (RSS) and progesterone (P) were from

Sigma Chemicals Co (St Louis, MO, USA). All other

chemicals were from standard sources and of the highest

purity available.

Random Mutagenesis of CYP106A2

Random mutagenesis of CYP106A2 in pACYC_FHH2_8

was performed by error-prone-PCR using the GeneMorph

random mutagenesis kit (Stratagene, La Jolla, CA, USA).
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An average mutation frequency of 0–3 mutations per kb

was achieved according to the manufacturer’s protocol.

After cutting the fragment ends with NcoI/HindIII and

ligation with the vector pACYC, the resulting plasmids

were introduced into electrocompetent E. coli Top10F0, due

to its better transforming efficiency. A 100-ml culture

containing ampicillin (100 lg/ml) was inoculated, incu-

bated 16 h at 37 �C and used for plasmid isolation.

The second mutant generation, with a mutation fre-

quency of 0–4.5 mutations per kb, was obtained using

GeneMorph II random mutagenesis kit (Stratagene). It was

generated using mutant A106T/R409L as template.

Co-transformation, Co-expression and Screening

for Improved activity

Co-expression of adrenodoxin, adrenodoxin reductase and

CYP106A2 wild type enzyme or its mutants in E. coli is

described in [11]. The screening procedure in micro titer

plates is based on the method published previously [11].

Expression and Purification CYP106A2, CYP106A2

Mutants, and Adrenodoxin Reductase and Adrenodoxin

Expression of CYP106A2 wild type and mutants, located

on pACYC_FHH2_8, was performed as described in

Simgen et al. [16]. Purification was performed according to

Lisurek et al. [13].

Recombinant bovine adrenodoxin reductase and a

truncated form of bovine adrenodoxin (4–108) were

expressed and purified according to Sagara et al. [17] and

Uhlmann et al. [18].

In Vitro Catalytic Activity

Enzyme activity of CYP106A2 wild type, and mutants was

measured in a reconstituted system with a final volume of

500 ll at 30 �C for 1 min in 50 mM Hepes buffer, pH 7.4

with 0.05% Tween 20. The reconstituted system contained

0.5 lM adrenodoxin reductase, 5 lM adrenodoxin

(4–108), 0.25 lM CYP106A2, a NADPH-generating sys-

tem (1 mM MgCl2, 5 mM glucose-6-phosphate, 1U

glucose-6-phosphate-dehydrogenase, and 0.1 mM NADPH),

and 25–750 lM of the substrate 11-deoxycortisol. Reactions

with progesterone were performed using 140 lM substrate

and stopped after 1 min incubation time by addition of chlo-

roform. Steroids were extracted twice with 500 ll

chloroform, organic phases were combined and evaporated.

The remnant was dissolved in methanol and subjected to

HPLC analysis.

A reversed phase Waters Nova Pak Nukleosil C18

(4 lm, 3.9 9 150 mm) (Waters, Milford, MA, USA),

using acetonitrile:water = 35:65 as mobile phase at a flow

rate of 1 ml/min at 25 �C, was used for HPLC analysis.

The relative amounts of the products were determined

using the relative peak area of the internal standard DOC,

and the respective hydroxylation activity was calculated.

Each reaction was performed a minimum of three times.

Data were fitted by hyperbolic regression using Sigma Plot

(Rockware, Golden, CO, USA).

Molecular Modeling of CYP106A2

The WebLab ViewerLite 4.2 program (Accelrys) was

chosen to map substituted residues in the published model

of CYP106A2 [19]. The Swiss Pdb-Viewer program [20]

was used to simulate H bonds in CYP106A2 mutants.

Results

Development of a Screening System for CYP106A2

Activity

Fast and reliable assay systems are crucial for directed

evolution, so we established a screening system for our

purposes. We decided to use a fluorescence assay due to its

high sensitivity and ease of handling. For this the previ-

ously described activity assay [10, 11] was adopted to

micro titer plates and high-throughput conditions. Tests

were performed to assess the general usability of the

fluorescence assay for our purposes (Fig. 1). E. coli was

co-transformed with plasmids pACYC_FHH2_8 and

Fig. 1 To show the reliability of the fluorescence assay, some wells

of a micro titer plate were inoculated with the E. coli culture and later

the expression was induced by added IPTG. Steroid hydroxylation

takes place only after expression of a functional hydroxylase system

(‘‘inoculated and induced’’). The fluorescence intensity of the 11-

deoxycortisol hydroxylating cultures is almost two times higher than

of cultures without 11-deoxycortisol conversion (culture media in the

wells are not inoculated or no expression of the hydroxylase system)
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pBar_Twin allowing the co-expression of CYP106A2,

AdR, and Adx. To the E. coli cultures in the micro titer

plate, 1 mM IPTG and/or 400 lM RSS were added. The

measured fluorescence of cultures containing IPTG and

RSS was compared with E. coli cultures with induced

protein expression (IPTG presence) but without RSS to

estimate the background fluorescence caused by other

compounds secreted by E. coli. Conversion of RSS in

cultures with a functional hydroxylase system yielded a

twofold higher fluorescence than of cultures without RSS

conversion due to a non-expressed hydroxylase system

(IPTG not present). Cultures with RSS conversion exhibit

the highest fluorescence in this assay, whereas cultures

without RSS show only minimum fluorescence (Fig. 1).

The difference between unspecific and specific fluores-

cence is twofold, therefore the assay is sufficiently specific

to be used as a reliable screening system.

For the screening, three positions on each 96-well plate

were inoculated with clones expressing CYP106A2 wild

type and AdR/Adx. The fluorescence intensity of these

clones was used as a reference to select mutants with

higher activity towards RSS or P. As shown in Fig. 2,

about 25% of mutants exhibit a higher fluorescence

intensity than wild type CYP106A2 in the RSS hydroxyl-

ation assays. Only 30% of the mutants display a lower

fluorescence intensity than wild type CYP106A2 indicating

lower or no enzyme activity. The majority of the clones

display a fluorescence intensity similar to the wild type

controls. For further studies clones were selected which

showed a clear increase in fluorescence intensity (at least

1.5- to 2-fold) compared to the wild type control (Fig. 2).

Approximately 2.100 clones of the first mutant generation

were screened using the substrate RSS and about 1.900

clones using P as substrate. Six CYP106A2 clones were

selected using RSS as substrate and four clones were

selected using P as substrate. Sequencing revealed that

three of the clones from the screening with RSS contained

the same A106T/R409L replacement, the other three

mutants were A106T, D153V/I214F, or D217V replace-

ments. Two of the four clones selected with P as substrate

showed the A106T/R409L double mutation. A106T and

F165I replacements were detected in the two other mutants.

Fig. 2 Analysis of fluorescence formation of first generation

CYP106A2 mutants After 48 h incubation cultures in the micro titer

plates were harvested by centrifugation. The steroids were extracted

with methyl isobutyl ketone (MIBK). The MIBK phase was

transferred into another micro titer plate and treated with a sulfuric

acid/acetic acid mixture. The developing fluorescence was measured

in a micro titer plate reader (kex 485 nm, kem 535 nm) (RFU relative

fluorescence units). a Example of fluorescence values of one micro

titer plate after RSS conversion. Positions 12F, 12G, and 12H (black
background) were inoculated with wild type CYP106A2 giving an

average fluorescence value for wild type CYP106A2. Position 12C

(gray background) shows a mutant with more than twofold increase in

fluorescence. b Distribution analysis of the measured fluorescence

intensities of this micro titer plate. The measured fluorescence

intensities were divided into groups (e.g. RFU of 13.487, 13.054, and

13.999 were combined in the 13.000 RFU group) and plotted versus

the number of clones in this group. The distribution analysis shows

that approximately one-third of the clones are less active or even

inactive as indicated by a lower measured fluorescence intensity and

one-fourth are more active than the CYP106A2 wild type. Black bars
indicate groups that include the RFU values of the wild type
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The A106T/R409L mutant with five detections was the

most common mutation found in the screening, followed

by A106T with two detections. Mutant A106T/R409L,

which has the highest RSS hydroxylation rate of all first

generation mutants, was chosen to generate the second

mutant generation. In the screening assay of the second

generation, where RSS was used as substrate, again about

2.100 clones were tested. The differences between the

fluorescence intensities of the control (mutant A106T/

R409L), and the highest measured fluorescence intensities

were lower compared to the results of the first generation

screening. Seven variants with an 1.2- to 1.5-fold increased

fluorescence intensity were picked. One of these seven

clones showed a A106T/Q189K/T399S/R409L mutation

whereas the other six clones had an identical sequence as

the template (mutant A106T/R409L). Furthermore, two

additional silent mutations were found in A106T/R409L, as

well as in the derived quadruple mutant A106T/Q189K/

T399S/R409L.

After separation of the plasmid pACYC_FHH2_8 car-

rying the sequence of the cytochrome P450 from Adx and

AdR containing plasmid pBar_Twin, the P450 mutants

were expressed in JM109 E. coli cells. The CYP106A2

wild type expressed with a yield of 453 nmol/l culture. The

expression level of the mutants ranges from 17% (A106T)

to 60% (D217V) of the wild type (Table 1). The double

mutant A106T/R409L shows a slightly increased expres-

sion yield (?28 %), compared to the A106T single mutant.

Purification of the proteins was done as described under

‘‘Materials and methods’’. Spectra of the purified proteins

ranged from 250 to 700 nm for the oxidized protein, and

from 400 to 500 nm for the reduced versus reduced and

CO-bound state. Spectra showed the characteristic

absorption of oxidized cytochromes P450 with peaks at

280, 358, 417, 534 and 568 nm. The proteins were in low

spin state. The CO difference spectra showed all P450

characteristics expected with maxima at around 450 nm.

The correct size of the P450 mutants was checked by

SDS-PAGE. SDS-PAGE analysis show high purity of the

proteins after purification (Fig. 3).

Kinetic Investigation of the Mutants

The activity of the purified CYP106A2 mutants was tested

with the substrates RSS and P in vitro. The test system

contained 0.25 lM P450, 0.5 lM AdR, and 5 lM Adx.

The apparent Vmax and Km values of the RSS conversion

were determined. Activity of the mutants with P was cal-

culated as the percentage of progesterone conversion after

1 min incubation time in the presence of 140 lM substrate.

The apparent Km value of the RSS conversion for all

tested mutants was lower (36.9–67.5 lM) than the Km of

the CYP106A2 wild type (93.4 lM) reflecting an improved

substrate binding of the mutants (Fig. 4, Table 2). Also, the

Table 1 Expression level of CYP106A2 and mutants in JM109 cells

transformed with pACYC_FHH2_8 plasmid after 48 h incubation at

30 �C in TB media in the presence of 0.5 mM 5-amino levulinic acid

and 1 mM IPTG

CYP content

(nmol/l culture)

CYP106A2-WT 453.0

D153V/I214F 211.0

A106T/R409L 127.4

D217V 276.0

A106T 77.7

A106T/Q189K/T399S/R409L 273.3

F165I 87.5

Fig. 3 SDS-PAGE analysis of purified CYP106A2 wild type and

mutant proteins. Purified proteins were separated on a 10 % SDS-

PAGE: Lane 1, D153V/I214F; Lane 2, A106T/R409L; Lane 3,

D217V; Lane 4, A106T; Lane 5, CYP106A2 wild type; Lane 6,

A106T/Q189K/T399S/R409L; Lane 7, F165I

Fig. 4 Kinetics of the selected CYP106 mutants. Apparent Vmax

(nmol 15b-OH-RSS/min*nmol P450) (dotted, CYP106A2 WT; dash-
dot-dot, D153V/I214F; short dash, D217V; solid, A106T/Q189K/

T399S/R409L; dash-dot, A106T/R409L; long dash, A106T) is blotted

versus 11-deoxycortisol concentration. The standard deviation was

calculated from three independent experiments
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maximal RSS hydroxylation rate is improved as indicated

by an increased apparent Vmax value. When calculating the

catalytic efficiency kcat/Km, the differences between the

CYP106A2 wild type and the mutants are more dramatic.

For CYP106A2 wild type, an apparent kcat/Km of

30.7 9 103 (M-1 s-1) of the 15b-OH-RSS production was

calculated. Mutant A106T/R409L shows a number of

92.4 9 103 (M-1 s-1), a threefold increase. The activity of

these mutants towards P is similar to RSS hydroxylation

activity. Mutants A106T and A106T/R409L show the

highest progesterone conversion after 1 min incubation

time (Table 3). The second generation mutant A106T/

Q189K/T399S/R409L has an apparent Vmax of 294.1 nmol

15b-OH-RSS/nmol P450*min, which is lower than the

apparent Vmax of the double mutant A106T/R409L used as

template (374.1 nmol 15b-OH-RSS/nmol P450*min), but

still significantly higher than the wild type with 172.1 nmol

15b-OH-RSS/nmol P450*min. Despite the lowered Vmax

this mutant shows an increased apparent kcat/Km due to

an improved Km. Therefore, the catalytic efficiency of

CYP106A2 towards RSS could be improved in two mutant

generations by more than a factor of four. In addition, also

the conversion of P improved in these mutants.

Discussion

CYP106A2 has application for biotechnological purposes.

This enzyme is soluble, easy to express, and is one of the few

known bacterial CYPs with steroid hydroxylation capability.

Our intent was to improve the steroid hydroxylation activity

of CYP106A2 using directed evolution. Previously, we

described a method to obtain steroid conversion in

CYP106A2 and redox partner protein expressing E. coli cells

[11]. The in vivo activity of CYP106A2 in E. coli was

obtained by co-transformation with plasmid pBar_Twin

carrying adrenodoxin and adrenodoxin reductase sequence,

and with plasmid pACYC_FHH2_8 carrying the CYP106A2

sequences and subsequent expression of all three proteins.

The use of two plasmids allows an easier mutagenesis of

CYP106A2 as well as an easier expression of selected

CYP106A2 mutants for further characterization. Both

plasmids, pBar_Twin and pACYC_FHH2_8, can be easily

separated, and after transformation of pACYC_FHH2_8 into

the E. coli expression host only the CYP106A2 mutants can

be expressed.

This in-vivo steroid-converting recombinant E. coli sys-

tem was used as a high-throughput screening system for our

directed evolution studies. Directed evolution requires a fast

screening system with high sensitivity and accuracy.

Established steroid analysis methods are GC-MS, LC-MS,

and immunosorbent assays [21–24]. The drawbacks of these

methods are a lack of fast performance, high costs, and in the

case of immunoassays, cross reactivities of the antibodies.

For example, monoclonal cortisol antibodies show a cross

reactivity of 19% with RSS [23]. We used a fluorescence

assay based on a method described by Appel et al. [10].

Steroids exhibit fluorescence in acidic environment in which

the intensity of the fluorescence depends on the numbers of

hydroxyl groups [25]. This fact is also true for the steroid

pair 11-deoxycortisol and cortisol [10, 11]. The results of our

work show that the 11-deoxycortisol and progesterone

Table 2 Kinetic parameters of the 11-deoxycortisol conversion of CYP106A2 wild type and mutants. (*) This CYP106A2 mutant was obtained

of the second mutant generation when screened with RSS as substrate

Apparent Km

(lM)

Apparent Vmax (nmol 15b-

OH-RSS/nmol P450/min)

Apparent kcat/Km

(M-1 s-1) 9 103
Increase to WT

CYP106A2-WT 93.4 ± 8.8 172.1 ± 4.9 30.7 ± 3.0 1

D153V/I214F 37.3 ± 6.7 181.8 ± 7.6 81.2 ± 15.0 2.64

A106T/R409L 67.5 ± 5.4 374.1 ± 8.8 92.4 ± 7.7 3

D217V 65.9 ± 5.9 325.2 ± 8.5 82.3 ± 7.7 2.68

A106T 58.8 ± 3.6 343.4 ± 5.9 97.3 ± 6.3 3.17

A106T/Q189K/T399S/R409L* 36.9 ± 5.4 294.1 ± 9.9 132.6 ± 19.9 4.32

Table 3 Progesterone conversion of the CYP106A2 mutants com-

pared to the wild type. The in vitro reactions were stopped after 1 min

incubation time and the conversion of P was estimated by the per-

centage of total peak area (P and the hydroxylated progesterone

products 11a-, 9a-, 6b-, and 15b-OH-progesterone) minus the peak

area of the remaining P. The concentration of P was 140 lM. (*) This

CYP106A2 mutant was obtained from the second mutant generation

when screened with RSS as substrate. F165I was obtained exclusively

in the screening with P as substrate

Progesterone

conversion

after 1 min (%)

Increase

to WT

CYP106A2 WT 34.8 ± 2.1 1

D153V/I214F 32.4 ± 1.5 0.93

A106T/R409L 49.9 ± 0.8 1.43

D217V 41.4 ± 1.6 1.18

A106T 50.0 ± 0.5 1.43

A106T/Q189K/T399S/R409L* 39.2 ± 0.1 1.13

F165I 43.5 ± 0.2 1.25
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products of CYP106A2 hydroxylation give a higher fluo-

rescence intensity than their precursors. CYP106A2

hydroxylates mainly in the 15b position. Using progesterone

as substrate, hydroxylations in 6b, 9a and 11a positions can

be observed as side reactions [12, 13]. The mechanism of the

fluorescence formation is not completely understood.

However, steroids with keto groups, side chain on C17, and

a configuration of their hydroxyl groups exhibit a stronger

fluorescence in an acidic milieu than other steroids [10].

Our work shows the functionality of the assay as a

sensitive, accurate and reliable screening method. After

screening of the first mutant generation, six mutants with

higher 11-deoxycortisol hydroxylation rate, and four

mutants with higher progesterone hydroxylation rate were

selected. After further testing, A106T was identified as the

best mutant. In comparison to A106T/R409L with an

apparent kcat/Km of 92.4 9 103(M-1 s-1), A106T showed a

slightly better apparent kcat/Km of the RSS hydroxylation of

97.3 9 103 (M-1 s-1) (Table 2). However, this single

mutant seems to be less stable than the double mutant as

indicated by a lower expression level, and by the number of

selected clones carrying this single mutation. Only one

clone with a A106T mutation could be selected out of six

clones from the screening of the first mutant generation

with 11-deoxycortisol and only one out of four in the

screening with progesterone. Because of higher expression

yield, mutant A106T/R409L was chosen as the template

sequence to generate the second mutant generation.

A106T/Q189K/T399S/R409L was selected in the screen-

ing of the second mutant generation with 11-deoxycortisol

as substrate. It shows a lower apparent Vmax value than

A106T/R409L. However, due to a lower apparent Km, this

second generation mutant displays a much better apparent

kcat/Km than the first generation mutant A106T/R409L

(Table 2). Furthermore, A106T/Q189K/T399S/R409L can

be expressed with an even higher yield of about 273 nmol/

l.

In conclusion, evolution over two generations led to a

4.3-fold improved catalytic activity of CYP106A2 towards

RSS. The estimated progesterone hydroxylation rate of the

mutants is similar to that of the 11-deoxycortisol hydrox-

ylation activity (Tables 2, 3). Here, mutants A106T and

A106T/R409L hydroxylate the progesterone 1.4-fold faster

than the wild type. A106T/R409L converts the progester-

one and the 11-deoxycortisol 1.3-fold faster than A106T/

Q189K/T399S/R409L. These results are expected since

the structures of progesterone and 11-deoxycortisol differ

only in additional hydroxyl groups on C17 and C21 of the

11-deoxycortisol.

We assume that the Q189 K and/or T399S mutations

might have an influence on the flexibility of structure of

the catalytically improved CYP106A2 mutants. The

CYP106A2 model [19] predicts location of Q189 in the G

helix (Fig. 5a). The predicted location of T399 is in the

b4-1/b4-2 loop which is positioned above the heme

(Fig. 5b).

The F and G helices form a flexible loop. The F/G loop

is part of the substrate access channel. In several P450s, the

substrate free protein shows an open conformation, and

after substrate binding, the F/G loop moves towards the

Fig. 5 Mapping of substitutions in the CYP106A2 model. The

CYP106A2 model was obtained from Lisurek et al. [19]. Residues

substituted in the catalytically improved CYP106A2 mutants are

marked. a Residues D153, F165, Q189, I214, and D214 are associated

to the F/G loop. D153 is located at the C terminus of the E helix, F165

in the F helix, Q189 in the G helix, I214 and D217 in the H helix. b
Residue T399 is located in the b4-1/b4-2 loop above the heme. c
CYP106A2 structure as seen from the proximal site. Residue A106

presumably associated with adrenodoxin interaction is mapped. Italic
letters indicate corresponding residues of CYP101 responsible for the

putidaredoxin binding. Mutation of residue R409 might cause

conformational changes of the N-terminus of CYP106A2
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I helix in order to close the access channel. This movement

was observed in CYP101 [26] and in CYP119 [27]. In

CYP101 movement of the H and I helices upon substrate

binding was shown, too. Activating effects of mutations in

this regions of CYP106A2 suggest that the F/G loop in

CYP106A2 undergoes significant conformational changes

upon substrate binding. With I214F and D217V, two

mutated residues located in the H helix of the CYP106A2

model could be identified (Fig. 5a). Furthermore, the loop

between the E and F helix could act as a ‘‘hinge’’. Residue

D153, located in that region, might have influence on the

flexibility of the F/G loop.

Comparison with the CYP101 structure suggests a

function of A106 in CYP106A2 in the interaction with the

redox partner adrenodoxin. Experimental evidence sug-

gested that negatively charged amino acids on the electron

donor [28–32] interact with positively charged residues at

the proximal site of the cytochrome P450, which is usually

centered over the cysteine-pocket of all bacterial cyto-

chromes P450 that interact with ferredoxins [33, 34]. Three

surface arginine residues on the proximal site of CYP101

are necessary for successful electron transfer from puti-

daredoxin [35]. These residues are R72 in the B-helix,

R109 and R112 [36–38] in the C-helix. R112 could be

involved in electron transfer [39]. There are corresponding

positively charged residues in the CYP106A2 model,

namely K53, R97 and R100. Additionally, R364 in the L-

helix of CYP101 could contribute to putidaredoxin binding

[40]. The corresponding position in CYP106A2 is an

arginine (R362). A106 lies in close proximity to the resi-

dues R97 and R100 in or next to the C helix as shown by

the CYP106A2 model (Fig. 5c). This fact and the nature of

the substitution from a non polar alanine to a polar threo-

nine imply a function of the mutant A106T in the binding

of adrenodoxin. The effect of changed redox partner-

cytochrome P450 binding on the activity of the P450

was previously also shown for the couple adrenodoxin/

CYP11A1 [41].

Mutation R409L is most likely not involved in the

interaction with adrenodoxin due to the distance from the

charged residues in the proximal site (Fig 5c). R409 is

connected via H bonds to H378, K377 in the 3-3 sheet, and

to D131 in the b3-1 sheet. Simulations of the CYP106A2

model show that L409 builds H bonds to H378 and to

F376, both are located in the b3-3 sheet (not shown). This

might result in a minimal conformational change of the N-

terminal part of CYP106A2.

In summary, increase of catalytic activity of CYP106A2

by more than a factor of four, proves the functionality of

the screening system. It also demonstrates the usability of

directed evolution as a tool to improve significantly the

activity of this steroid hydroxylating P450. This assay

system has great potential since it is easy to perform and

not limited to a specific hydroxylation position, making this

test applicable for other steroid hydroxylating enzymes.

The assay may be modified by reducing the incubation time

and/or reducing the substrate concentration, which would

elevate the selection pressure towards improved Km values.
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CYP enzymes are the main catalysts involved in the

oxidation of drugs, steroids, and carcinogens and in many

biosynthetic pathways producing sterols, steroids, prosta-

glandins, secondary metabolites. The reactions catalyzed

usually require an external source of reducing equivalents,

NADH or NADPH, and auxiliary proteins to transfer the

electrons to the CYP to catalyze molecular splitting of

atmospheric oxygen. CYP51 (EC1.14.13.70) is regarded as

an ancestral CYP from which other CYPs evolved [9] and

is an important enzyme (C14-demethylase) in the sterol

biosynthesis pathway of most organisms. In yeasts CYP51

catalyzes the 14 a-demethylation of lanosterol, whilst in

filamentous fungi CYP51 catalyzes the 14 a-demethylation

of eburicol.

Recently CYP63s A1, A2 and A3 in P. chrysosporium

have been characterized [10, 11] and CYP53 [12] follow-

ing heterologous expression in E. coli. In the present study

we describe the expression and characterization of CYP51

(GenBank FJ174578) as a prelude to further characteriza-

tion of the CYPome of P. chrysosporium.

Experimental Procedure

Cloning CYP51 into pGEMT-Easy vectorTM, pCWori?

and pYES2.1 TOPO Vectors

A Lambda ZAP II cDNA library for Phanerochaete

chrysosporium was constructed using Strategene reagents

(La Jolla, CA, USA) from total RNA extracted from 3 day-

old cultures of P. chrysosporium ATCC24725. Primer

design was based on information provided by Dr. David

Nelson (http://drnelson.utmem.edu/whiterot.html). Primers

against the CYP51 gene were designed to incorporate an

NdeI site in the forward primer (50-CATCGCCATATGTC

TCTCAGCCAGTACGGG-30) and a 4-His tag and HindIII

site in the reverse primer (50-ACTGCTAAGCTTCTAG

TGATGGTGATGGTCGAAGTTACGCCGCCT-30). PCR

was performed using an annealing temperature of 56 �C

using Expand High FidelityTM DNA polymerase (Roche,

UK). The CYP51 gene (FJ174578) was cloned into

pGEMT-Easy vectorTM (Promega, Southampton, UK).

Positive recombinants were fully sequenced to establish

integrity of each clone. The CYP51 gene was excised and

cloned into pCWori? vector by digestion with NdeI and

HindIII followed by ligation with T4 DNA ligase (Roche,

UK). Positive recombinants were sequenced to establish

integrity prior to expression studies.

Forward (50-ACCATGTCTCTCAGCCAGTA-30) and

reverse (50-GTCGAAGTTACGCCGCCT-30) primers were

designed against the CYP51 gene for use with the pYES2.1

TOPO (Invitrogen, Renfrew, UK) vector system. PCR was

performed as described above and the PCR product used to

transform TOPO10 E. coli cells. The plasmids from posi-

tive clones were verified by sequencing and used to

transform yeast AH22Dura3 cells using the lithium acetate

TRAFO method [13].

Heterologous Expression in E. coli and Isolation

of Recombinant CYP51

The CYP51-pCWori? construct was transformed into E.

coli strain DH5a using ampicillin selection. Overnight

cultures (10 ml) of CYP51 transformants were used to

inoculate one litre volumes of Terrific Broth supplemented

with 20 g l-1 peptone and 0.1 mg ml-1 sodium ampicillin.

Cultures were grown at 37 �C, 230 rpm for 6 h prior to

induction with 1 mM IPTG and expression at 25 �C,

190 rpm for 18 h in the presence of 1 mM 5-aminolevu-

linic acid. CYP51 protein was isolated according to the

method of Arase et al. [14] except that 2% (w/v) sodium

cholate and no Tween20 were used in the sonication buffer.

The solubilized CYP51 protein was purified by affinity

chromatography using Ni2?-NTA agarose as previously

described [15] with the modification that 0.1% (w/v) L-

histidine in 50 mM sodium phosphate, pH 7.5, 25% (w/v)

glycerol was used to elute non-specifically bound E. coli

proteins after the NaCl washes and elution of CYP51 was

achieved with 1% (w/v) L-histidine in 50 mM sodium

phosphate, pH 7.5, 25% (w/v) glycerol. Protein purity was

assessed by SDS polyacrylamide gel electrophoresis [16].

Isolated CYP51 protein fractions were stored at -80 �C.

Heterologous Expression in S. cerevisiae and Isolation

of Recombinant CYP51

Overnight cultures of CYP51 transformants were prepared

in 10 ml of 1.34% (w/v) yeast nitrogen base (YNB) con-

taining 2% (w/v) glucose, 0.005% (w/v) histidine and

grown at 30 �C, 200 rpm. These were used to inoculate one

litre volumes of media containing 1.34% (w/v) YNB, 2%

(w/v) glucose, 0.05% (w/v) leucine and 0.005% (w/v)

histidine. The cells were grown for 20 h at 30 �C and

200 rpm prior to harvesting and washing under sterile

conditions. The harvested cells were resuspended in fresh

one litre volumes of media containing 1.34% (w/v) YNB,

3% (w/v) galactose, 0.05% (w/v) leucine and 0.005% (w/v)

histidine. Galactose dependent expression of the CYP

proteins was achieved by incubation at 25 �C, 120 rpm for

20 h.

All the following operations were performed at 4 �C.

Following centrifugation at 1,5009g, pelleted cells were

resuspended in 0.1 M potassium phosphate buffer, pH 7.4

and homogenized using a C5 emulsiflex homogenizer

(Glen Creston, Stanmore, Middlesex, UK) at 250,000 kPa

pressure. The homogenates were centrifuged for 10 min at
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3,0009g to remove cell debris and then twice at 20,0009g

for 20 min to remove mitochondria. The microsomal

fractions were recovered by ultracentrifugation at

100,0009g for 1 h. Microsomal pellets were resuspended

in 0.1 M potassium phosphate buffer, pH 7.4, 20% (v/v)

glycerol and frozen at -80 �C.

Spectral Determination of CYP51 Protein

Concentrations

Cytochrome P450 concentration was determined by

reduced carbon monoxide difference spectra according to

Omura and Sato [17] with carbon monoxide being passed

through the CYP51 solution prior to the addition of sodium

dithionite. The extinction coefficient of 91 mM-1 cm-1

was used for the calculation of P450 concentration from the

difference in absorbance units between 450 and 490 nm.

Absolute spectra were determined as previously described

[15] between 250 and 700 nm in 50 mM sodium phos-

phate, pH 7.5, 25% (w/v) glycerol for the oxidized protein,

the sodium dithionite reduced protein and the reduced

carbon monoxide-P450 complex. Total protein concentra-

tions were determined by the bicinchoninic acid method

using bovine serum albumin standards. Spectral determi-

nations were made using a Hitachi U-3310 UV/VIS

spectrophotometer (San Jose, CA, USA).

Azole-binding Spectral Determinations

Binding of azole antifungal agents to CYP51 was per-

formed as previously described [18, 19]. Stock

0.1 mg ml-1 solutions of clotrimazole, fluconazole, itrac-

onazole, ketoconazole and voriconazole were prepared in

dimethylsulfoxide (DMSO). Azole was progressively

titrated against Ni2?-NTA agarose purified P. chrysospo-

rium CYP51 (1.8 lM, 0.138 mg ml-1 total protein) to a

maximum DMSO concentration of 1.5% (v/v) with the

spectral difference DA430–412 determined after each incre-

mental addition of azole. Each azole titration experiment

was repeated in triplicate with the mean values and asso-

ciated standard errors being used in subsequent data

analyzes. Clotrimazole concentrations of 0.29, 0.58, 0.87,

1.16, 1.45, 1.74, 2.32, 2.90, 3.48, 4.35 and 5.80 lM were

used. Fluconazole concentrations of 0.33, 0.65, 0.98, 1.31,

1.63, 1.96, 2.29, 2.61, 3.27, 3.92 and 4.90 lM were used.

Itraconazole concentrations of 0.14, 0.28, 0.43, 0.57, 0.71,

0.85, 0.99, 1.13, 1.42, 1.70 and 2.13 lM were used.

Ketoconazole concentrations of 0.19, 0.38, 0.56, 0.75, 0.94,

1.13, 1.32, 1.51, 1.88, 2.26 and 2.82 lM were used. Vo-

riconazole concentrations of 0.29, 0.57, 0.86, 1.14, 1.43,

1.72, 2.00, 2.29, 2.86, 3.43, 4.29 and 5.72 lM were used.

The kd values for each azole were determined by non-linear

regression (Levenberg–Marquardt algorithm) of DA430–412

against azole concentration using the Hill equation

[DA = DAmax/(1 ? kd/[Azole]n)] [20]. The kd is defined

here as the dissociation constant of the non-productive

enzyme–azole complex. Curve-fitting was performed using

the program ProfFit 5.0.1 (Quantumsoft, Zurich). The

[Azole]0.5 values were determined directly from the plot of

DA430–412 against azole concentration and are defined as

the azole concentration required to obtain half the observed

DA430–412 maximum value.

Complementation of Yeast YUG37 Mutant

by P. chrysosporium CYP51

The CYP51: pYES2.1 plasmid was re-engineered by PCR

so that CYP51 retained a stop codon but did not have the 6-

His tag of the pYES2.1 plasmid. The forward and reverse

primers used were 50-ACCATGTCTCTCAGCCAGTA-30

and 50-CTAGTCGAAGTTACGCCG-30, respectively. The

S. cerevisiae strain YUG37 with the CYP51 gene placed

under the control of the doxycycline regulatable tet-O7-

CYC1 promoter was used in this study. The promoter

down-regulates the endogenous CYP51 gene in the pres-

ence of doxycycline and expresses transcripts to levels

comparable to those observed with the strong GAL1 pro-

moter (pYES2.1) in the absence of doxycycline [21, 22].

This mutant allowed the study of P. chrysosporium

CYP51: pYES2.1 complementation by induction in a

doxycycline down-regulated growth condition. Growth

rates of cultures were measured with a Bioscreen CTM

instrument (Labsystems, Finland) by measuring the optical

density at 600 nm in a working volume of 100 ll. An

overnight culture was grown in 1.34% (w/v) YNB, 2%

(w/v) raffinose, 3% (w/v) galactose and 0.01% (w/v)

tryptophan from a single colony. The culture was diluted

tenfold and 50 ll of diluted cells used to inoculate the

BioscreenTM plates with or without 100 lg ml-1 doxy-

cycline in the same media. The YUG37 strain requires an

additional supplement of 0.01% (w/v) uracil.

Data Analysis

Construction and analysis of the CYP51 gene and protein

sequences were performed using the computer programs

Chromas version 1.45 (http://www.technelysium.com.au/

chromas14x.html), ClustalX version 1.8 (ftp://ftp-igbmc.

u-strasbg.fr/pub/) and BioEdit version 5.0.6. (http://www.

mbio.ncsu.edu/BioEdit/bioedit.html). The genomic DNA

sequence for the P. chrysosporium CYP51 gene was

extracted from scaffold 44 deposited in the JGI white-rot

fungus database (http://genome.jgi-psf.org/whiterot1/

whiterot1.home.html) using the initial predictions of Dr.

David Nelson (http://drnelson.utmem.edu/whiterot.fasta.

html). Phylogenic trees were prepared using ClustalX

Lipids (2008) 43:1143–1153 1145

123

http://www.technelysium.com.au/chromas14x.html
http://www.technelysium.com.au/chromas14x.html
ftp://ftp-igbmc.u-strasbg.fr/pub/
ftp://ftp-igbmc.u-strasbg.fr/pub/
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://genome.jgi-psf.org/whiterot1/whiterot1.home.html
http://genome.jgi-psf.org/whiterot1/whiterot1.home.html
http://drnelson.utmem.edu/whiterot.fasta.html
http://drnelson.utmem.edu/whiterot.fasta.html


version 1.8 and Treeview version 1.6.1 (http://taxonomy.

zoology.gla.ac.uk/rod/treeview.html). The online BLOCK

MAKER program (http://blocks.fhcrc.org/blocks/make_

blocks.html) was used to identify conserved ungapped

‘MOTIF’ segments between nine basidiomycete CYP51

sequences. The online SignalP 3.0 (http://www.cbs.dtu.

dk/services/SignalP/) and TargetP 1.1 (http://www.cbs.dtu.

dk/services/TargetP/) were used to predict of the N-termi-

nal membrane anchor region of P. chrysosporium CYP51.

Predotor 1.03 (http://urgi.versailles.inra.fr/predotar/test.

seq) and TargetP 1.1 were used to predict the subcellular

location of P. chrysosporium CYP51. The analyzes of the

Bioscreen CTM data were performed using ProFit 5.01

(QuantumSoft, Zurich, Switzerland).

Chemicals

All chemicals, including fluconazole, itraconazole and

ketoconazole, were obtained from Sigma Chemical Com-

pany (Poole, UK), unless otherwise stated. Voriconazole

was supplied by Discovery Fine Chemicals (Bournemouth,

UK). DIFCO growth media were obtained from Becton

Dickinson UK Ltd (Cowley, UK).

Results and Discussion

Characterization of P. chrysosporium CYP51 Gene

Organization

CYP51 was isolated by PCR from the cDNA library and

cloned into the pGEMT-Easy vectorTM. The full gene

sequence of CYP51 was constructed using the Chromas

1.45, Clustal X 1.8 and BioEdit 5.0.6 computer programs

with the genomic DNA as the template (Fig. 1). The

1,956 bp DNA sequence of the CYP51 cDNA clone, cod-

ing for a protein 550 amino acids long of 62,327 molecular

weight and theoretical pI of 6.27, was compared against the

predicted sequence (http://drnelson.utmem.edu/whiterot.

html) and to a previously deposited predicted sequence

Q68HC3 [23] for the P. chrysosporium CYP51 gene. The

CYP51 cDNA clone was free of any nucleotide changes

from the genome sequence and utilized the same strain.

The CYP51 cDNA isolated was identical to the predicted

sequence by Dr David Nelson (http://drnelson.utmem.edu/

whiterot.html) except for one amino acid (T531A) found at

the last intron-exon boundary. CYP51 was found to contain

7 exons and 6 introns compared to the 6 exons and 5

introns of the predicted Q68HC3 sequence. The extra

intron was located close to the 30 end of the gene (1,839–

1,893 bp). The stop codon of the CYP51 cDNA clone was a

further 10 bases downstream of the predicted CYP51

sequence. The start codon of the Q68HC3 sequence is 67

bases downstream from the start codon in the CYP51

cDNA clone and Q68HC3 has a 9-base shorter exon 3

coding region than that observed for the experimental

CYP51 cDNA clone. In addition, the CYP51 cDNA clone

contained an extra 3 amino acid sequence (126-VYG-128).

These observed differences in the cDNA sequences

translate into differences in the protein sequences in this,

the first experimentally determined CYP51 sequence. The

N-terminal anchor region, as predicted by SignalP and

TargetP, extended to the same serine residue at position 40

of the CYP51 cDNA. TargetP predicted that P. chrysos-

porium CYP51 would be secretory and Predator 1.1

predicted CYP51 would be targeted to the endoplasmic

reticulum. P. chrysosporium CYP51 expressed in E. coli

during this study was localized in the membrane fraction,

confirming the presence of a N-terminal membrane anchor.

The extra intron found in the CYP51 cDNA clone between

base pairs 1839 and 1893 was responsible for the last 20

amino acids of the CYP51 cDNA clone being different to

those previously predicted, utilizing an alternate down-

stream TAG termination site. This 20 amino acid C-

terminal region of P. chrysosporium CYP51 was found to

have a high homology against the C-terminus of two

basidiomycete CYP51 proteins with 55% identity against

A8DBU6 (A. cinnamomea) and 60% identity against

A8NUS3 (C. cinerea) and lesser homology (10 to 25%) to

other basidiomycete CYP51s.

The presence of two possible ATG start codons suggests

that alternate initiation sites for translation might exist. The

existence of possible splice variants was investigated by

PCR using the original forward primer (50-CATCG

CCATATGTCTCTCAGCCAGTACGGG-30) and a modi-

fied reverse primer (50-ACT GCT AAG CTT CTA GTG

ATG GTG ATG CGC CGC CTG TAG AGA ATG-30)
designed to prime against the alternate stop codon (10

bases upstream) as previously predicted. The PCR products

were cloned into pGEMT-Easy vectorTM. Sequencing

these revealed the presence of the same 7 exons and 6

introns as observed previously with no splice variants

present.

Phylogenetic Analysis of P. chrysosporium CYP51

Phylogenetic analysis of P. chrysosporium CYP51 was

performed against other selected basidiomycete and asco-

mycete CYP51 proteins. Analysis of the primary amino

acid sequences using Clustal X and Treeview programs

(Fig. 2) established that P. chrysosporium CYP51 had

greatest homology towards other basidiomycete CYP51

proteins with identities of 65, 65, 64, 57, 56, and 51% with

C. cinereus, C. cinerea, A. cinnamomea, M. globosa,

C. neoformans and U. maydis CYP51 proteins, res-

pectively. However, P. chrysosporium CYP51 only had
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44–46% identity to the remaining fungal CYP51 proteins

and identities of 39, 37 and 30% to rat (Q64654), human

(Q16850) and sorghum (P93846) CYP51 proteins,

respectively.

Expression of P. chrysosporium CYP51 in E. coli

Expression of CYP51 protein in E. coli resulted in the

isolation of 62 nmol CYP51 per litre culture in the

Fig. 1 Phanerochaete chrysosporium CYP51 gene structure. The

DNA sequence of the CYP51 cDNA clone (GenBank FJ174578)

was compared against the JGI genomic DNA sequence (http://

genome.jgi-psf.org/whiterot1/whiterot1.home.html) using the pro-

grams Clustal X 1.8 and BioEdit 5.0.6. The genomic DNA sequence

contains both exons (upper-case) and introns (lower-case). The exon–

intron boundaries were determined by sequencing the CYP51 cDNA

clone. The possible alternate ‘start’ and ‘stop’ sites are underlined.

The P. chrysosporium CYP51 gene is comprised of 7 exons and 6

introns
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solubilized cellular protein fraction. Native CYP51

accounted for 1.1% of the total protein isolated in the

solubilized fraction. Purification of CYP51 on Ni2?-NTA

agarose increased the purity of the CYP51 preparation by

71-fold, with native CYP51 now accounting for 81.1% of

the total protein and a 55% recovery of active CYP51

relative to the original solubilized fraction.

The purified CYP51 fraction gave characteristic abso-

lute and reduced carbon monoxide difference spectra

(Fig. 3a) of a P450 monooxygenase. The ferric-P450 form

existed in the low-spin state, characterized by a heme Soret

c band at 417 nm in addition to a, b and d bands at 565,

535 and 355 nm, respectively. An additional spectral peak

was observed in the near ultraviolet at 293 nm. One elec-

tron reduction of CYP51 with sodium dithionite resulted in

small blue-shift of the Soret c band from 417 to 415 nm.

Reduction of CYP51 to the ferrous form also caused the a
and b bands to merge with an absorption maximum of

550 nm. Binding of carbon monoxide to the dithionite-

reduced ferrous-P450 resulted in a typical red-shift of the

Soret c band from 415 to 445 nm in the formation of the

CO-ferrous P450 complex. A significant amount of P420

was also observed when carbon monoxide was bound to the

dithionite-reduced form of the protein, suggesting insta-

bility in the presence of dithionite. This was supported by

the observation that the carbon dioxide difference spectra

obtained (Fig. 3b) contained no visible P420 as dithionite

was added last just prior to the measurement of the

absorbance spectrum.

SDS polyacrylamide gel electrophoresis indicated that

the Ni2?-NTA agarose purified CYP51 protein was over

90% pure with an apparent molecular weight of 63 kDa.

Azole-binding to P. chrysosporium CYP51

Spectral titrations of Ni2?-NTA agarose purified CYP51

protein (1.8 lM) against the five azole antifungal

compounds clotrimazole, fluconazole, itraconazole, keto-

conazole and voriconazole were performed in triplicate.

Figure 4 shows the Type II spectral titration (Fig. 4a)

obtained with fluconazole and the associated binding satu-

ration curve (Fig. 4b). Similar Type II titrations and azole

Fig. 2 Phylogenetic tree of basidiomycete and ascomycete CYP51

proteins. ClustalX 1.8 and Treeview 1.6.1 computer programs were used

to construct the phylogenetic tree from selected basidiomycete and

ascomycete CYP51 protein sequences. Basidiomycete sequences

included were Phanerochaete chrysosporium (FJ174578), Cryptococcus
neoformans (AAF35366), Ustilago maydis (P49602), Antrodia cinna-
momea (A8DBU6), Coprinus cinereus (Q68HC4), Coprinopsis cinerea
(A8NUS3), Malassezia globosa (A8Q3I7) and Puccinia graminis
(PGTG07202: http://www.broad.mit.edu/annotation/genome/puccinia_

graminis). Ascomycete sequences included were Candida albicans

(P10613), Candida tropicalis (P14263), Schizosaccaromyces pombe
(Q09736), Saccharomyces cerevisiae (P10614), Penicillium digitatum
(Q9P340), Ashbya gossypii (Q759W0), Mycosphaerella graminicola
(C_100070; http://genome.jgi.doe.gov/Mycgr1/Mycgr1.home.html),

Aspergillus fumigatus CYP51A (B0Y5N0), Aspergillus fumigatus
CYP51B (B0YC83), Aspergillus nidulans CYP51A (AN1901—http://

www.broad.mit.edu/annotation/genome/aspergillus_group/MultiHome.

html) and Aspergillus nidulans CYP51B (AN8283: http://www.

broad.mit.edu/annotation/genome/aspergillus_group/MultiHome.html)
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binding saturation curves were also obtained for clotrima-

zole, itraconazole, ketoconazole and voriconazole (not

shown) indicative of the co-ordination of the triazole N-3

with the heme as a sixth ligand [24]. The binding of azoles

to CYP51 was found to be sigmoidal obeying the Hill

equation [DA = DAmax/(1 ? k/[Azole]n)] [20]. The kd

values (±SD) obtained for clotrimazole, fluconazole,

itraconazole, ketoconazole and voriconazole were 0.25 lM

(±0.05), 0.35 lM (±0.04), 0.45 lM (±0.06), 0.40 lM

(±0.02) and 0.28 lM (±0.04), respectively, indicating that

P. chrysosporium CYP51 bound all five azoles with equal

affinity. Apparent Hill numbers (±SD) of 2.19 (±0.22),

1.85 (±0.12), 1.59 (±0.09), 1.62 (±0.05) and 2.27 (±0.14)

were obtained for clotrimazole, fluconazole, itraconazole,

ketoconazole and voriconazole, respectively. The [Azole]0.5

values obtained for clotrimazole, fluconazole, itraconazole,

ketoconazole and voriconazole were 0.54, 0.56, 0.51, 0.56

and 0.49 lM, respectively, equating to 27–31% of the

1.8 lM CYP51 protein present. The [Azole]0.5 values

obtained were comparable to those previously obtained

with Candida albicans [25, 26] at 0.13 lM (33% of 0.4 lM

P450 present) for ketoconazole and 0.11 lM (60% of the

0.2 lM P450 present) for fluconazole.

Only one azole molecule can bind to the heme group at

the P450 enzyme active site (one to one binding) as the

sixth co-ordinated ligand to produce the characteristic type

II binding spectra observed. Therefore there are two pos-

sible causes of the positive cooperativity observed for the

binding of azoles to P. chrysosporium CYP51. Firstly, two

or more specific azole binding sites exist on the cyto-

chrome P450 molecule with positive cooperativity being

exerted between the binding sites (multiple site

Fig. 3 Absolute and reduced carbon monoxide difference spectra of

P. chrysosporium CYP51. The absolute spectrum of CYP51 was

determined between 250 and 700 nm (a) in the absence (trace 1) and

presence (trace 2) of 5 lM sodium dithionite and in the presence of

5 lM sodium dithionite saturated with carbon monoxide (trace 3). A

reduced carbon monoxide difference spectrum (b) was obtained using

Ni2?-NTA agarose purified P. chrysosporium CYP51 expressed in E.
coli (2.6 lM and 0.2 mg ml-1 total protein) as previously described

by Omura and Sato [17] with the sample and reference cuvettes

saturated with carbon monoxide prior to addition of dithionite to the

sample cuvette only. The extinction coefficient was 91 mM-1 cm-1

Fig. 4 Spectral titration of fluconazole against P. chrysosporium
CYP51. Fluconazole was progressively titrated against Ni2?-NTA

agarose purified P. chrysosporium CYP51 (1.8 lM, 0.138 mg ml-1

total protein) to a maximum DMSO concentration of 1.5% (v/v) with

the spectral difference DA430–412 determined after each incremental

addition of azole (a). Fluconazole concentrations of 0.33, 0.65, 0.98,

1.31, 1.63, 1.96, 2.29, 2.61, 3.27, 3.92 and 4.90 lM were investigated.

The spectral titration was repeated in triplicate with the mean values

and associated standard errors being used to construct the fluconazole

saturation curve (b). Non-linear regression (Levenberg–Marquardt

algorithm) of the Hill equation [DA = DAmax/(1 ? kd/[Azole]n)] was

used to analyze the data
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cooperativity) with only one azole molecule directly

coordinated as the sixth ligand of the heme prosthetic

group and the other azole molecule acting as a positive

allosteric effector/regulator. Secondly, cytochrome P450

molecules aggregate in vitro to form oligomers which then

display positive cooperativity between the monomers dur-

ing azole binding (multimer cooperativity).

Ouellet et al. [20] have observed similar positive

cooperative binding with clotrimazole and econazole to

Mycobacterium tuberculosis CYP130. They established

that for CYP130 the binding of econazole did not involve

multiple binding sites within a single CYP130 molecule by

determining a 1:1 stoichiometry for bound azole using

econazole and miconazole, a structurally similar azole that

exhibited no cooperativity. Ouellet et al. [20] managed to

abolish the observed binding cooperativity towards econ-

azole by the inclusion of 50 mM KCl, suggesting that the

observed cooperativity may have arisen from protein–

protein interactions between CYP130 molecules that were

disrupted by the inclusion of the ionic KCl.

The azole binding buffer used for the P. chrysosporium

CYP51 studies contained 92 mM sodium cations from the

50 mM sodium phosphate, pH 7.5 present and strong

positive cooperative allosterism was observed for all five

azoles, especially clotrimazole and voriconazole. The

addition of an additional 0.5 M NaCl to the binding buffer

did not dissipate the positive allosterism towards clotrim-

azole and voriconazole binding (data not shown). Both the

kd and apparent Hill number values did not significantly

alter in the presence of 0.5 M NaCl, although the observed

Amax values decreased by 10–12%. Therefore, the observed

azole binding allosterism with P. chrysosporium CYP51

was not disrupted by the inclusion of 0.5 M NaCl, sug-

gesting that the allosterism was not due to electrostatic

protein–protein interactions between CYP51 molecules.

However, the azole binding buffers used did not contain

any detergent. Therefore the possibility that the allosteric

azole-binding observed was caused by hydrophobic pro-

tein–protein interactions could not be excluded. Further

investigations are required to confirm the origins of the

observed allosterism for azole binding to P. chrysosporium

CYP51 which exhibited a high affinity for all five azole

antifungals examined in this study.

Expression and Functional Analysis

of P. chrysosporium CYP51 in S. cerevisiae

CYP51 protein was successfully expressed using the

pYES2.1 vector in Saccharomyces cerevisiae, although

overall protein yields were low at 1.5 nmol CYP51 per litre

of culture in an AH22 host strain. In S. cerevisiae (yeast),

the deletion of the CYP51 (ERG11) gene has been shown to

be lethal to the cell [27, 28]. Complementation studies were

performed using a yeast CYP51 mutant YUG37:erg11,

which carries a doxycycline repressible tet-O7-CYC1 pro-

moter upstream of the native CYP51 (ERG11) gene, in the

absence and presence of 100 lg ml-1 doxycycline. Control

experiments in the presence and absence of pYES2 and

addition of doxycycline caused a distinctive decrease in

the growth levels (Fig. 5c, d) while complementation by

the pYES2.1 P. chrysosporium CYP51 construct (Fig. 5b)

was observed under the same conditions. The wild type

parent YUG37 yeast strain (Fig. 5a), was insensitive to

doxycycline. These results confirm the ability of the

P. chrysosporium CYP51 protein to couple with the native

yeast cytochrome P450 reductase (CPR) in vivo to catalyze

the 14a-demethylation of lanosterol to 4, 4-dimethyl-

ergosta-8, 14, 24-trienol when transcription of native

CYP51 is down-regulated.

Other Properties of P. chrysosporium CYP51

A comparison of the nine basidiomycete CYP51 proteins

using the BLOCKMAKER program identified nine con-

served ‘MOTIF’ regions (Table 1). Only three of these

nine basidiomycete CYP51s have been demonstrated to be

functionally active (P. chrysosporium [this study]; C.

neoformans [23]; U. maydis [29]). Blocks A, C, E and H

are highly conserved with 46, 41, 44 and 43%, respec-

tively, of the amino acid residues conserved among all nine

fungal species. Blocks D, F and G are moderately con-

served with 33, 33, and 29%, respectively, of the residues

being absolutely conserved amongst all nine species. Block

B was highly conserved (42%) for eight of the nine

basidiomycete CYP51 sequences, with the exception of P.

graminis CYP51 (PGTG07202.2) where block B appeared

to be largely missing. Block B contains the B’helix–B’C

loop region of the CYP51 molecule. The reason for the

absence of this region in P. graminis CYP51 appears to be

an incorrect assignment of the intron/exon boundaries in

the genomic database, as within the designated ‘intron 2’

the amino acid sequence ‘LATPVFGTKMVYDVPNAIL

MRPK’ can be deduced, which has a high homology (70%

to A8Q3I7) to the first 23 residues of block B (Table 1).

The DNA sequence deposited for ‘intron 2’ also contains a

long run of unknown nucleotides (N) suggesting that this

region was the end of a sequencing run leading to the

remainder of block B being missing from the current

deposited sequence.

Comparing the fungal CYP51 proteins with the published

crystal structure for M. tuberculosis CYP51 [30], the heme

and fluconazole binding domains could be identified. Block

H contained the main C-terminal heme-binding domain

PFGXGRHRCXGEXFAY. The other heme-binding

domains PXHSXXR, AGQHTS, and AEEXYXXLTTPV

FGKXVVYDCPNXXLMEQKKFVKXGL are present in
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blocks F, E and B, respectively. Blocks B, E and F contain the

binding sites for fluconazole and other azole drugs. The

residues through which the azoles interact appear less

conserved than those of the heme-binding sites, allowing

differences in azole specificity amongst CYP51 proteins

from different species.

Fig. 5 Growth curves for the

YUG37:erg11 yeast strain

measured using a Bioscreen

CTM instrument in the absence

(solid line) and in the presence

of 100 lg ml-1 doxycycline

(dashed line). The sample

frequency was 20 min. The

response to doxycycline

treatment of the wild-type

YUG37 strain (a), YUG37:erg11
carrying the pYES2.1 plasmid

with P. chrysosporium CYP51

(b), YUG37:erg11 (c) and

YUG37:erg11 carrying the

control pYES2.1 plasmid (d)

was investigated

Table 1 Identification of conserved regions in basidiomycete CYP51 proteins

Block Residues Block sequence

A 55 51 P*****PP*VFH**P**GSA**YG*DP**F***CR*KYG**FTF*L*G***TVAL

B 53 130 LTTPVFGK*VVYD*PN***M*QK*F*K*G***E****Y***I**E***F****

C 46 206 *E**ILTASRTLQG*EVR**L***FA**Y*DLD*G*TP**F**PNL

D 27 252 PL*S***RD*A****S*FY**I***R*

E 39 308 *IAH*MIALLMAGQHTSSAT*SW**L*LA**P*****L*

F 43 371 *P**D**I*ETLR*H*PIHSI*R*V**D**VP**L********

G 34 414 Y*IPKG****A*P**SQ*DP*IW*******P*RW

H 44 469 D*G*G**S*G**SPY*PFGAG*HRC*GEQFAY*Q*********R

The on-line program BLOCKMAKER (http://blocks.fhcrc.org/blocks/make_blocks.html) was used to identify conserved ungapped ‘MOTIF’

regions of amino acid residues between P. chrysosporium CYP51 cDNA (FJ174578) and eight other basidiomycete CYP51 proteins from

Puccinia graminis (PTGT07202 http://www.broad.mit.edu/annotation/genome/puccinia_graminis), Coprinopsis cinerea okayama7#130

(A8NUS3), Antrodia cinnamomea (A8DBU6), Coprinus cinereus (Q68HC4), Cryptococcus neoformans var. grubbi (Q870D1), Cryptococcus
neoformans var. neoformans (Q9P8P1), Malassezia globosa CBS7966 (A8Q3I7) and Ustilago maydis (P49602). Amino acid residues conserved

between eight of the nine sequences are listed and non-conserved amino acid residues are represented by a star symbol. The conserved sequence

of block B does not include data from P. graminis CYP51, as this region (B’ helix–B’C loop) appeared to be absent from the assembled sequence

PTGT07202. The amino acid sequence of block B therefore represents the conserved residues of seven out of the eight remaining sequences. The

residue numbers of each block relates to the start position in the P. chrysosporium CYP51 protein
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An alignment of deposited full length CYP51 sequences

in the EXPASY (http://expasy.org/) and NCBI (http://

www.ncbi.nlm.nih.gov/Genbank/) databases (93 sequences

including 10 mammalian, 14 other animal, 42 yeast and

fungal, 17 bacterial, 10 plant) and recently elucidated

CYP51 sequences for Mycobacterium avium, Wheat,

Poplar, Tomato, Arabidopsis thaliana, Dog, Monosiga

ovata, Aspergillus nidulans, Trypanosoma brucei and

Aspergillus niger was created using the computer program

ClustalX. This alignment identified ten conserved amino

acid residues amongst all the CYP51 proteins. For P.

chrysosporium CYP51, the ten conserved residues corre-

sponded to 219G, 380E, 383R, 393R, 446R, 488G, 490G,

492H, 494C and 496G. The amino acid residue 219G was

located in block C and residues 380E, 383R and 393R were

located in block F, which participates in binding azole

antifungal agents. Residue 446R was located in block G

and residues 488G, 490G, 492H, 494C and 496G were

located in block H, the main C-terminal heme-binding

region of P. chrysosporium CYP51. The eight conserved

amino acids within blocks F and H confirms the importance

of these two regions in correct CYP51 function. Many

recently deposited CYP51 sequences have been identified

from automated DNA sequencing results generated during

genome mapping projects. In most cases functionality of

‘putative’ CYP51s have not been demonstrated by cloning

and expression studies. Once more CYP51 sequences have

been verified by cloning and expression, the number of

conserved CYP51 residues may rise above 10 when only

reliable CYP51 sequences are aligned.

Further studies on CYP51 and other CYPs present in P.

chrysosporium are required to unravel the biological

functions of this complex CYPome. Our study indicates the

importance of analyzing actual transcript and protein when

studying and comparing the annotated or unannotated

cytochromes P450 sequences of genome projects such as

for P. chrysosporium as well as in comparisons between

the sequences of CYP51s across the Kingdoms of Life.
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absorption and circulatory concentrations of non-cholesterol

sterols. Berge et al. observed that lower baseline PS con-

centrations were associated with two common sequence

variations, 145 G [ C (D19H) and 1289 C [ A (T400 K) of

the ABCG8 half-transporter gene [11]. Other researchers

found that variations in T400 K may explain cross-sectional

differences in plasma PS concentrations and determine the

responsiveness for changes in plasma PS concentrations

[12]. Further, variations in D19H may be associated with

responsiveness to atorvastatin therapy [6]. In addition, these

SNPs may also explain the inter-individual responsiveness to

dietary PS [12] or cholesterol [3, 13] interventions in

humans. Such findings implicate SNP variations in ABCG5/

G8 as playing key roles in regulating circulatory sterol

concentrations. It remains nevertheless unclear whether

ABCG5/G8 polymorphisms could also affect sterol absorp-

tion and synthesis kinetics in response to PS intervention.

The NPC1L1 protein is a key modulator of cholesterol

influx from micelles into intestinal mucosal cells [1, 4, 14].

Variations in the NPC1L1 gene have been shown to be

associated with an improved LDL-C lowering effect [4],

and may explain inter-individual variations in LDL-C level

response to ezetimibe treatment [1, 15, 16]. Several rare

genotype variations in NPC1L1 are associated with reduc-

tions in sterol absorption and circulatory LDL-C

concentrations [1]. Some common SNPs in NPC1L1 such as

872 C [ G (L272L) have shown to be associated with inter-

individual variation in ezetimibe response [1, 16]. In terms

of PS supplementation, however, human trials have yet to

be performed to address whether NPC1L1 polymorphisms

play a role in the cholesterol lowering responsiveness.

Moreover, no data are currently available to identify the

combined effects of the ABCG5/G8 and NPC1L1 genotype

SNP variations on changes in sterol absorption, cholesterol

synthesis and plasma sterol concentrations in context of PS

intervention. Subsequently, the aim of the present study

was to investigate in 82 hypercholesterolemic men whether

the SNP variations in ABCG5/G8 and NPC1L1 are indi-

vidually or mutually associated with (1) basal absorption

and circulatory concentrations of cholesterol and PS, (2)

with changes in absorption and circulatory concentrations

of cholesterol and PS after supplementation with 2 g/day of

PS, and (3) with inter-individual variation in cholesterol

lowering response to PS intervention.

Experimental Procedure

PS Enriched Diet Intervention and Blood Lipid

Analyses

A randomized, crossover design was employed with two 4-

week intervention phases, separated by a 4-week washout

period in 82 hypercholesterolemic men characterized by

high vs. low basal plasma PS concentrations. The experi-

mental protocol was approved by the Ethics Committee of

the Faculty of Medicine at McGill University. Details of

volunteer recruitment, study diet, blood collection and

analysis for testing serum concentrations of total choles-

terol (TC), high density lipoprotein (HDL), LDL,

triacylglycerol (TG) as well as plasma PS concentrations

have been previously described by Houweling et al. [17].

Analyses of Sterol Absorption and Synthesis

On day 25, subjects were randomly designated to receive a

single bolus of either 100 mg of D7-campesterol (n = 43)

or D7-sitosterol (n = 39) within a 10 g aliquot of marga-

rine in order to measure campesterol or sitosterol

absorption. Simultaneously, 75 mg of 13C2-cholesterol was

orally given to all subjects for measurement of cholesterol

absorption. On day 28, subjects also received a 25 g oral

dose of D2O (isotope purity [ 99%), to measure choles-

terol synthesis rate during the following 24-h period. All

isotope chemicals were purchased from CDN Isotope,

Pointe-Claire, Quebec, Canada.

The absorption indices of campesterol, sitosterol and

cholesterol in the red blood cell (RBC) free sterol pool

were assessed using a single stable isotope tracer method,

which has been validated previously [18]. Total sterols

were extracted and separated with the method as reported

previously [19]. Free cholesterol 13C enrichments were

measured by differential isotope ratio mass spectrometry

(IRMS), using an automated dual-inlet system (SIRA 12;

Isomass, Cheshire, UK). Free PS deuterium (D) enrich-

ments were measured by differential IRMS, using a dual-

inlet system (VG Isomass 903 D; Cheshire, England). The

absorption indices of campesterol and sitosterol were

expressed as the averaged D enrichments between 24–72 h

over baseline (0 h), relative to standard mean ocean water,

in the RBC free sterol pool. The absorption index of cho-

lesterol was expressed as the averaged 13C enrichments

between 24 and 96 h above the baseline level (0 h) in the

RBC free sterol pool. Cholesterol fractional synthesis rate

(FSR) was defined as the rate of incorporation of D from

body water into RBC free cholesterol during the last 24 h

of each treatment phase, and expressed as FSR in pools per

day (pool per day) as previously described [19, 20].

Analyses of ABCG5/G8 and NPC1L1 Genotype SNPs

The ABCG5/G8 polymorphisms, 1950 G [ C (Q604E),

145 G [ C (D19H), 1289 C [ A (T400 K) and 1572

(A632 V), as well as the NPC1L1 polymorphisms, 872

C [ G (L272L) and 3929 G [ A (Y1291Y), were screened

from the published SNP data demonstrating an established
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functional significance for cholesterol modulation. DNA

was extracted from 0.5 to 1.0 mL of plasma by QIAamp

DNA Blood Mini Kit (Qiagen Inc, Canada). SNPs in

ABCG5/G8 and NPC1L1 were determined using PCR-

based TaqMan allele discrimination assays (Applied Bio-

systems, Foster City, CA, USA). The primers used for PCR

have been described previously [6, 21–23]. A 7500 Real

Time PCR thermal-cycler (Applied Biosystems, Foster

City, CA, USA) was used for PCR analysis. Reactions

were initially subjected to 92 �C for 10 min, and then 40

cycles, each of which was started at 95 �C for 15 s and

60 �C for 1 min for absolute quantification and then 60 �C

for 1 min for allelic discrimination.

Statistical Analyses

Subjects were classified according to the criteria of (1) the

screening sum of basal circulatory plasma PS concentra-

tions (campesterol ? sitosterol) into a high PS group

([50th percentile, n = 41) and a low PS group (\50th

percentile, n = 41), or (2) responsiveness in serum lipid

profiles to PS intervention into PS responders and non-

responders. Subjects demonstrating a placebo adjusted

reduction in both TC and LDL in response to PS intake

were classified as responders; they were otherwise classi-

fied as non-responders. The SNP variations whose allele

frequencies were abiding by the Hardy–Weinberg distri-

bution equation were included in the statistical analysis.

Prior to the analysis of diet–SNP interaction, the minor

homozygous variants (mutant homozygote, n B 4) were

collapsed to the heterozygote group. Similarly, in analyz-

ing the combined effect of two transporter genes, due to the

limited number of participating subjects and the similarity

in phenotypes in terms of cholesterol metabolism, NPC1L1

haplotypes with either or both heterozygous L272L and

Y1921Y were combined into one heterozygous category.

For serum TC, LDL-C, HDL-C and TG concentrations,

data at baseline (day 1) and endpoint (day 29) of each

phase were compared by performing analysis of covariance

(ANCOVA) of proc mixed linear mode (SAS 9.1, Cary,

NC, USA) to identify treatment effects and their interac-

tions with high vs. low basal plasma PS concentrations and

genotype variations. When treatment effect was identified

as significant, Duncan’s post hoc tests were utilized at

particular time points. The normality distribution was

evaluated with Shapiro–Wilk test (p [ 0.05). Unpaired

one-tailed t-test or one-way ANOVA was employed

between individuals with high and low basal plasma PS

concentrations or among the different common polymor-

phisms within the same phase where appropriate. A two-

way ANOVA was employed to examine the interaction of

metabolic parameters with different common polymor-

phisms. The distribution patterns of two factors were

analyzed by chi-square test followed by one-sided Fisher’s

exact test. All data are expressed as mean ± standard error

of the mean. The level of significance was established at

a = 0.05, unless otherwise noted.

Results

Responders and Non-Responders to PS Intake

Eighty-two hypercholesterolemic men completed the

crossover study with consumption of a placebo spread or a

spread delivering 2 g/day of PS. Responders were those who

showed a reduction (placebo adjusted) in both TC and LDL-

C; otherwise they were classified as non-responders in that at

least one of TC and LDL-C was not reduced. Responders

(n = 51, 62%) and non-responders (n = 31, 38%) clearly

manifested differing serum cholesterol responses to PS

intervention for both TC (-12.7 ± 1.2% vs. 4.42 ± 1.2%,

respectively, p \ 0.0001) and LDL-C (-18.3 ± 2.0% vs.

9.41 ± 2.5%, respectively, p \ 0.0001) (Table 1).

Absorption indices of campesterol, sitosterol and cho-

lesterol did not differ among responders and non-

responders (Table 2). In terms of cholesterol synthesis rate

expressed as FSR, responders demonstrated a 20.7% lower

FSR (4.68 ± 0.27% vs. 5.65 ± 0.43%, p \ 0.05) in com-

parison to non-responders during the control phase. In the

phase of PS intake, however, the difference in FSR values

between responders and non-responders became very nar-

row (6.30 ± 0.37% vs. 6.64 ± 0.48%), because the

responders achieved a greater percentage increase in FSR

(38.5 ± 4.8% vs. 24.3 ± 5.9%, p \ 0.05) than did non-

responders.

Table 2 also indicates that subjects with low basal PS

plasma concentrations were characterized as possessing

low sterol absorption and high cholesterol FSR, a pattern

that was reversed in subjects with high basal plasma PS

concentrations. We also noticed a trend (p = 0.086, chi-

square test, followed by Fisher’s exact test) of responders

converging in the high basal PS group vs. non-responders

in the low basal PS group. Among responders there were

less individuals categorized with low basal PS (43% of

total 51 responders) than identified with high basal PS

concentrations. Inversely, in the group of non-responders,

there were more individuals possessing low basal PS levels

(61% of total 31 non-responders).

Relation of ABCG5/G8 Gene Polymorphism Variations

with Responsiveness to PS Intake

The genotype frequencies of ABCG5/G8 common poly-

morphisms, T400 K, D19H and A632 V, were identified to

abide with Hardy–Weinberg equilibrium [24]. As listed in
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Table 3, individuals with high and low basal plasma PS

concentrations were almost equally distributed across the

majority of the wild type homozygote SNP cohorts

examined. However, in the heterozygote SNP cohorts,

individuals with low basal PS out-numbered those with

high basal PS concentrations. In terms of responsiveness to

PS intervention, non-responders of heterozygous individ-

uals were predominantly clustered within the low basal PS,

but not within the high basal PS group. Most typically, for

the ABCG8 T400 K polymorphisms, TT and TK/KK,

individuals with high and low basal PS concentrations were

differently distributed (p \ 0.05). Among homozygote

(TT) carriers, 61 and 39% were categorized as high and

low basal PS individuals, respectively. Among heterozy-

gote (TK/KK) carriers, this distribution was reversed to be

33 and 67% in individuals with high and low basal PS

concentrations, respectively.

In view of the distribution of responders and non-

responders among different ABCG8 T400 K polymor-

phisms, the numbers of responders and non-responders

were not different (p = 0.38) among the high vs. low basal

PS groups possessing TT polymorphism. However, for the

TK/KK polymorphism, 10 of 11 non-responders were

concentrated in the low basal PS group and only one non-

responder was characterized as having a high basal PS

concentration (p \ 0.05; Fig. 1). This pattern was consis-

tently reflected in cholesterol response to PS intake.

Individuals carrying the TT genotype manifested a similar

cholesterol response among the high vs. low basal PS

groups (Fig. 2). In the individuals carrying TK/KK geno-

types, those in the high basal PS group presented a 2.5-fold

greater response in TC (-10.4 ± 2.3% vs. -3.0 ± 3.4%,

p \ 0.05) and a 3.9-fold greater response in LDL-C

(-16.6 ± 6.3% vs. -3.4 ± 5.7%, p \ 0.05) as compared

with those in the low basal PS group.

ABCG8 T400 K polymorphisms were also identified to be

associated with variations in basal plasma PS concentration.

With the T400 K polymorphism, TT carriers presented

higher plasma concentrations of campesterol (12.2 ±

0.8 lmol/L vs. 9.7 ± 0.9 lmol/L, p \ 0.05), sitosterol

(6.5 ± 0.4 lmol/L vs. 5.1 ± 0.5 lmol/L, p \ 0.05) and

sum of campesterol and sitosterol (18.7 ± 1.2 lmol/L vs.

14.8 ± 1.4 lmol/L, p \ 0.05), respectively, as compared

with TK/KK carriers (Fig. 3).

Table 1 Baseline and endpoint plasma concentrations of plant sterols and lipid profiles between responders vs. non-responders

Subjects Phases Plasma plant sterol concentrations

(lmol/L)a
Plasma lipid concentrations (mmol/L)a

Campesterol Sitosterol TC LDL HDL TG

Respondera Control

Baseline (day 1) 20.06 ± 1.49 12.50 ± 1.13 5.73 ± 0.14 3.68 ± 0.12 1.18 ± 0.03 2.02 ± 0.15

Endpoint (day 29) 17.09 ± 1.28 10.10 ± 0.96 5.45 ± 0.14 3.61 ± 0.12 1.10 ± 0.03 1.68 ± 0.11

%Changeb -5.5 ± 5.5% -38.7 ± 10.9%*** -4.3 ± 1.4% -0.5 ± 2.3% -5.1% ± 1.7%* -10.0 ± 3.7%

PS intake

Baseline (day 1) 19.03 ± 1.65 11.63 ± 1.36 6.05 ± 0.14 3.95 ± 0.11 1.22 ± 0.04 2.06 ± 0.16

Endpoint (day 29) 20.95 ± 1.42 12.26 ± 1.01 5.01 ± 0.13 3.20 ± 0.11 1.07 ± 0.03 1.65 ± 0.12

%Changeb 24.9 ± 7.6% 34.4 ± 12.9% -17.0 ± 1.2%*** -18.8 ± 1.5%*** -11.8 ± 1.6%*** -14.7 ± 4.0%*

Inter-phase

differencec
30.0 ± 6.9% 71.9 ± 13.2% -12.7 ± 1.2% -18.3 ± 2.0% -6.73 ± 1.7% -4.73 ± 5.0%

Non-

respondera
Control

Baseline (day 1) 17.01 ± 1.64 12.50 ± 1.95 5.77 ± 0.14 3.61 ± 0.12 1.21 ± 0.05 2.18 ± 0.22

Endpoint (day 29) 14.48 ± 1.72 9.61 ± 1.37 4.85 ± 0.15 3.05 ± 0.11 1.02 ± 0.04 1.73 ± 0.13

%Changeb -2.37 ± 13.3% -40.1 ± 11.0%** -15.8 ± 1.8%*** -14.7 ± 2.0%** -15.4 ± 2.2%** -11.2 ± 6.7%*

PS intake

Baseline (day 1) 16.91 ± 1.80 13.98 ± 2.30 5.40 ± 0.14 3.20 ± 0.11 1.18 ± 0.05 2.30 ± 0.18

Endpoint (day 29) 18.01 ± 1.23 13.30 ± 1.92 4.78 ± 0.16 3.02 ± 0.13 1.03 ± 0.05 1.62 ± 0.12

%Changeb 26.6 ± 10.2% 20.5 ± 11.5% -11.4 ± 1.7%** -5.2 ± 2.5% -12.4 ± 2.2%* -23.6 ± 4.8%**

Inter-phase

differencec
24.2 ± 17.8% 60.6 ± 16.9% 4.42 ± 1.2% 9.41 ± 2.5% 2.98 ± 1.9% -12.5 ± 7.3%

Values are means ± SEM
a Responders are those subjects who showed a reduction (placebo adjusted) in both TC and LDL-C; otherwise they were classified as non-responders (at least

one of TC and LDL-C was not reduced)
b %Change is percentage change of endpoint value (day 29) over that of baseline (day 1). Differences between two values were analyzed by paired t-test, the

significance was expressed as * p \ 0.05, ** p \ 0.01, *** p \ 0.001
c Inter-phase differences were the values of %change of PS intake phase subtracted by %change of control phase
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Table 2 Sterol kinetic profiles in response to PS intake in hypercholesterolemic men with high and low basal PS concentrations

Subjects Phases Absorption index (per mL)3 Cholesterol synthesis rate

(% pool per day)3

Campesterol or sitosterol Cholesterol

Responder1 Control

All (n = 51)2 60.1 ± 6.8 5.47 ± 0.21 4.68 ± 0.27a

H_PS (n = 29)2 74.8 ± 10.0 5.61 ± 0.30 4.47 ± 0.36a

L_PS (n = 22)2 40.8 ± 7.0a 5.29 ± 0.27 4.98 ± 0.43a

PS intake

All2 36.4 ± 5.3 (-40.8 ± 3.5%)4 3.52 ± 0.16 (-34.0 ± 2.7%)4 6.30 ± 0.37 (38.5 ± 4.8%)4, b

H_PS2 46.9 ± 8.3 (-40.8 ± 4.7%)4 3.66 ± 0.22 (-32.6 ± 3.6%)4 6.39 ± 0.56 (44.6 ± 6.4%)4, b

L_PS2 22.4 ± 3.9 (-40.9 ± 5.4%)4, b 3.33 ± 0.22 (-35.9 ± 4.0%)4 6.18 ± 0.44 (29.9 ± 6.9%)4, b

Non-responder Control

All (n = 31)2 64.3 ± 8.3 5.06 ± 0.29 5.65 ± 0.42

H_PS (n = 12)2 65.7 ± 14.6 5.46 ± 0.58 4.34 ± 0.46

L_PS (n = 19)2 63.5 ± 10.5a 4.83 ± 0.32 6.52 ± 0.56

PS intake

All2 39.1 ± 5.0 (-32.9 ± 5.4%)4 3.26 ± 0.23 (-34.7 ± 3.1%)4 6.64 ± 0.48 (24.3 ± 5.9%)4

H_PS2 41.8 ± 9.3 (-26.7 ± 11.5%)4 3.92 ± 0.46 (-27.0 ± 6.2%)4 5.14 ± 0.37 (26.9 ± 10.7%)4

L_PS2 37.5 ± 6.1 (-36.7 ± 5.2%)4, b 2.88 ± 0.21 (-39.2 ± 3.2%)4 7.64 ± 0.69 (22.5 ± 7.3%)4

Values are means ± SEM. Different superscript letters represent significant inter-phase differences (p \ 0.05)
1 For description of responders and non-responders, see Table 1
2 H_PS and L_PS represent high ([50th percentile, n = 41) and low (\50th percentile, n = 41) sum of PS (campesterol ? sitosterol) concentrations

at screening, respectively. All represents total subjects (n = 82). The distribution of responders and non-responders among H_PS and L_PS groups

was analyzed using chi-square test, followed by one-side Fisher’s exact test
3 Absorption indices and synthesis rates were the endpoint values of each phase
4 The values in parentheses are the percentage change of values in PS intake phase over that in control phase

Table 3 Distribution of ABCG5/G8 and NPC1L1 gene polymorphisms in hypercholesterolemic men with high vs. low basal PS levels

SNP name SNP type SNP subjects numbers

By responsivenessa By basal plasma plant sterol

concentrationsb

Respondera Non-respondera H_PSb L_PSb

H_PSb L_PSb H ? L_PSb H_PSb L_PSb H ? L_PSb

ABCG8

A632 V AA (68) 27 (59%)c 19 (41%)c 46 10 (45%)c 12 (55%)c 22 37 (54%)c 31 (46%)c

VA (11) 2 (40%)c 3 (60%)c 5 2 (33%)c 4 (67%)c 6 4 (36%)c 7 (64%)c

T400 K* TT (51) 20 (59%)c 14 (41%)c 34 11 (65%)c 6 (35%)c 17 31 (61%)c 20 (39%)c

TK/KK (28) 9 (53%)c 8 (47%)c 17 1 (9%)c 10 (91%)c 11 11 (39%)c 17 (61%)c

D19H DD (70) 25 (57%) 19 (43%) 44 12 (46%) 14 (54%) 26 37 (53%) 33 (47%)

DH (9) 4 (57%) 3 (43%) 7 0 (0 %) 2 (100%) 2 4 (44%) 5 (56%)

NPC1L1

L272L G/G (43) 15 (58%) 11 (42%) 26 7 (41%) 10 (59%) 17 22 (51%) 21 (49%)

G/C,C/C (36) 14 (56%) 11 (44%) 25 5 (45%) 6 (55%) 11 19 (53%) 17 (47%)

Y1291Y G/G (55) 19 (54%) 16 (46%) 35 7 (35%) 13 (65%) 20 26 (47%) 29 (53%)

G/A,A/A (24) 10 (63%) 6 (37%) 16 5 (63%) 3 (37%) 8 15 (63%) 9 (37%)

Distributions of responders and non-responders among subjects with high and low basal PS levels at different SNPs were analyzed by chi-square test,

followed by one-side Fisher’s exact test, significant was considered at * p \ 0.05
a, b For description of responders vs. non-responders and H_PS (n = 41) and L_PS (n = 38), see Table 1
c Percentage in parenthesis represents the % of the stated subject numbers over the total subject numbers
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Relation of NPC1L1 Gene Polymorphism Variations

with Cholesterol Responsiveness to PS Intake

Two sets of NPC1L1 common polymorphisms, L272L and

Y1291Y, were identified to abide with Hardy–Weinberg

equilibrium and thus further analyzed. Results show that

these SNPs were not related to basal cholesterol concen-

trations, nor with PS or cholesterol absorption indices (data

not shown). Moreover, the numbers of responders and non-

responders possessing different SNP variations were not

statistically different (Table 4). However, heterozygous

carriers demonstrated a trend of an enhanced cholesterol

lowering effect in response to PS intervention, as compared

to homozygous counterparts. With L272L polymorphisms,

the mutant G allele carriers (n = 37) showed a trend of a

greater reduction in TC (-9.8 ± 2.0% vs. -4.1 ± 1.6%,

p = 0.057) and LDL-C (-14.5 ± 3.3% vs. -4.4 ± 2.5%

p = 0.082) in comparison with their wild type counterparts

(C/C, n = 42). Similarly, for the Y1291Y polymorphism,

carriers of the mutant A allele (n = 24) showed a trend

toward a greater TC lowering effect (-9.4 ± 2.1% vs.

-5.6 ± 1.6%, p = 0.073) compared with their wild type

counterparts (n = 55).

In terms of haplotypes of L272L and Y1291Y, indi-

viduals with either heterozygous L272L or heterozygous

Y1291Y manifested a similar trend (0.05 \ p \ 0.1, two-

way ANOVA) of greater reductions in TC and LDL-C as

compared to their homozygous counterparts (Table 4).

Subsequently, all haplotypes with any heterozygous SNPs

were merged into one heterozygote category. TC concen-

trations in these individuals were lowered 1.3-fold more

(-9.3 ± 1.8% vs. -4.1 ± 1.7%, p \ 0.05) than those of

homozygous subjects. Similarly, LDL-C was reduced 2.4-

fold more (-13.4 ± 3.0 vs. -3.9 ± 2.9, p \ 0.05).

Interactions of ABCG8 and NPC1L1 Polymorphism

Variations with Cholesterol Responsiveness to PS

Intake

Since the functions of ABCG5/G8 and NPC1L1 transport-

ers are counter-opposing, when the two genotype variations

coexist in one subject, the contribution of an individual

SNP variation to phenotype cannot be correctly appreciated

unless background effects are adjusted. Subjects were

hence categorized into four subgroups according to the

Fig. 1 Number of responders and non-responders with high and low

basal plasma PS concentrations among different ABCG8 T400 K

polymorphisms R responder, Non-R non-responder. For description of

H_PS and L_PS groups, see Table 2. Subject distributions between

basal PS levels (H_PS vs. L_PS) and responsiveness (R vs. Non-R) in

different SNP variations (TT vs. TK/KK) were analyzed by Chi-

square test, followed by one-side Fisher’s exact test (SAS 9.1).

Significance of difference was set at * p \ 0.05

Fig. 2 Changes in plasma TC and LDL in response to PS interven-

tion among subjects with different ABCG8 T400 K polymorphisms.

Analysis of covariance with mix linear mode (SAS 9.1) was used to

analyze the interaction of PS levels and SNP variation in response to

PS intervention. Main treatment p \ 0.0001, interaction of SNP and

PS levels (H_PS vs. L_PS), p = 0.079 for TC and p = 0.016 for LDL.

Significance of difference in %TC and %LDL (both placebo adjusted)

was set at * p \ 0.05

Fig. 3 Basal plasma PS concentrations among subjects with different

ABCG8 T400 K polymorphisms. Unpaired t-test for differences

among polymorphisms, significance of the difference was set at

* p \ 0.05
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heterozygosity of polymorphisms and phenotype charac-

teristics: (1) Ho_Ho (ABCG8 T400T ? NPC1L1

homozygote); (2) He_Ho (ABCG8 T400 K ? NPC1L1

homozygote); (3) Ho_He (ABCG8 T400T ? NPC1L1 het-

erozygote); (4) He_He (ABCG8 T400 K ? NPC1L1 het-

erozygote) (Table 5).

These four subgroups showed an overall difference in

PS induced alterations in plasma LDL-C concentration

(p \ 0.05, two-way ANOVA). It was further revealed that

individuals with ABCG8 T400 K heterozygous genotypes

against homozygous NPC1L1 background (He_Ho) were

the most refractory cohort to PS intervention, exhibiting a

minimal change in LDL-C. Indeed, LDL-C levels in these

individuals were slightly increased (?1.6 ± 7.2%) as a

result of PS intake. In contrast, individuals with NPC1L1

heterozygous genotypes against homozygous ABCG8

background (Ho_He) displayed the most pronounced LDL-

C lowering effect (-13.6 ± 4.0%). The LDL-C response

in these two subgroups presented a striking contrast

(p \ 0.05). A similar difference (p \ 0.05) was also seen

for TC. As He_Ho classified individuals demonstrated a

limited reduction in TC (-1.9 ± 4.4%), whereas Ho_He

individuals showed a more enhanced reduction in TC

concentrations (-9.3 ± 2.5%).

Table 4 Single nuclear polymorphisms and haplotypes of NPC1L1 on lipid in response to PS intake

SNP type Allele loci and names Plasma lipid changes (%, placebo adjusted)

?872 C [ G

(L272L)

?3929 G [ A

(Y1291Y)

TC LDL HDL TG

Wild typea C/C -4.1 ± 1.6 -4.4 ± 2.5 -1.8 ± 1.9 -4.9 ± 6.2

Mutant alleleb C/G, G/G -9.8 ± 2.0 -14.5 ± 3.3 -4.8 ± 2.1 -7.0 ± 5.3

p-Value main effectc \0.0001 \0.0001 \0.0001 \0.0001

p-Value SNP effectc 0.057 0.082 NS NS

Wild typea G/G -5.6 ± 1.6 -8.3 ± 2.7 -3.9 ± 1.7 -2.1 ± 5.3

Mutant alleleb G/A, A/A -9.4 ± 2.1 -10.9 ± 2.9 -1.7 ± 2.6 -14.5 ± 5.5

p-Value, main effectc \0.0001 \0.0001 \0.05 \0.0001

p-Value, SNP effectc 0.073 NS NS NS

Haplotypes

Homozygote (n = 38) C/C G/G -4.1 ± 1.7 -3.9 ± 2.9 -2.9 ± 2.0 -6.1 ± 7.2

Heterozygote (n = 41) C/G, C/C, C/G G/G, G/A, G/A -9.3 ± 1.8 -13.4 ± 3.0 -3.9 ± 2.1 4.8 ± 5.8

p-Value, main effectc \0.0001 \0.0001 \0.0001 \0.0001 -20.2 ± 6.4

p-Value, SNP effectc \0.05 \0.05 NS NS

NS not significant
a Wild type: homozygote with major allele
b Mutation variant: mutation heterozygote and minor homozygous allele
c Analysis of covariance with using baseline value as a covariate, the results were adjusted by the factor of SNPs

Table 5 Interaction of ABCG8 T400 K SNP and NPC1L1 L272 and/or Y1291Y haplotypes for responsiveness of PS intake

ABCG8 NPC1L1 Basal plasma plant

sterol concentrations

(lmol/L)

Absorption index

(%change)3
Synthesis

rate

(%change)3

Plasma lipid change (%, placebo adjusted)4

T400 K1 L272L/

Y1291Y2
Campesterol Sitosterol Campesterol

or sitosterol

Cholesterol Cholesterol TC LDL-C HDL-C TG

Ho Ho 12.1 ± 1.0 6.5 ± 0.6 -33.2 ± 5.4 -33.8 ± 4.2 33.0 ± 7.5 -4.8 ± 1.8 -5.7 ± 3.0ab -4.4 ± 2.2 -6.4 ± 9.0

He Ho 10.0 ± 1.6 5.7 ± 1.0 -37.4 ± 8.7 -42.9 ± 4.7 37.5 ± 11.7 -1.9 ± 4.4 ? 1.6 ± 7.2a 1.4 ± 4.9 -5.3 ± 10.1

Ho He 12.3 ± 1.3 6.4 ± 0.6 -37.6 ± 5.7 -27.7 ± 3.8 34.5 ± 6.7 -9.3 ± 2.5 -13.6 ± 4.0b -3.2 ± 3.1 -5.1 ± 6.1

He He 11.0 ± 1.6 5.6 ± 0.9 -38.7 ± 6.9 -38.0 ± 6.9 30.3 ± 8.5 -8.7 ± 2.5 -13.3 ± 4.1b -3.7 ± 2.5 6.4 ± 7.4

Different superscript letters indicate the difference among the subgroups
1, 2 Ho: homozygote, He: heterozygote; For ABCG8 T400 K, Ho (TT), He (TK/KK); for NPC1L1, Ho (872 C [ G ? 3929 G/G); He (872

C [ G ? 3929 G/G, 872 C/C ? 3929 G [ A, 872 C/G ? 3929 G [ A)
3 %Change of kinetic values of PS intake phase over that of control phase
4 %Change of values in PS intake phase subtracted by values of control phase. A two-way ANOVA, with adjustment for SNP effects, significance

was set at p \ 0.05
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Discussion

The present work represents the first investigation of the

relationship between genotype polymorphism variations in

two important sterol transporter genes, ABCG5/G8 and

NPC1L1, and their response in cholesterol absorption and

synthesis kinetics, as well as serum cholesterol concen-

trations, to dietary PS intervention. Results indicate that

variations in both ABCG5/G8 and NPC1L1 polymorphisms

have a profound effect on inter-individual responsiveness

of cholesterol concentrations.

Inter-individual variation in PS-induced cholesterol

response exists as a re-occurring problem encountered in

clinical trials [1–4]. In this trial approximately one third of

subjects (38%) were non-responders. It has been postulated

that genetic predispositions could be attributable for

response variations. ABCG5/G8 transporters have been

suggested to limit sterol absorption by both pumping the

sterol back to the intestinal lumen and promoting biliary

secretion from the liver [9, 10]. The results of the current

study with hypercholesterolemic men indicate that differ-

ent SNP profiles of ABCG5/G8 are related to varying

serum cholesterol response. Our results exemplify that

homozygous carriers of ABCG8 T400 K polymorphisms

are more likely to be responders, whereas carriers of het-

erozygous polymorphisms showed a trend to be classified

as non-responders. ABCG8 T400 K was previously sug-

gested by Plat et al. [12] to explain the inter-individual

variation in PS metabolism in healthy volunteers after

consumption of PS esters. These investigators observed

that TT carriers possessed higher plasma campesterol and

sitosterol concentrations in comparison to TK/KK carriers,

a finding consistent with the results observed in the present

study. In view of polymorphism distribution, it was further

noticed that individuals with high basal plasma PS con-

centrations were more likely to possess the TT

polymorphism, whereas individuals with low basal PS

were predominantly carrying the TK/KK polymorphism. In

terms of cholesterol response to PS intervention, our study

further revealed that the varying cholesterol response

among carriers with T400 K polymorphisms were likely

associated with basal plasma PS concentrations. A poor

responsiveness to PS intervention is associated with het-

erozygous polymorphism (TK/KK) of ABCG8 T400 K in

addition to a low basal plasma PS concentration.

NPC1L1 is another important sterol transporter protein

that plays a critical role in intestinal uptake of both PS and

cholesterol [14, 24]. NPC1L1 protein is also the postulated

target for ezetimibe intervention, by which cholesterol

absorption is suppressed [2]. Previously, Hegele et al.

observed that NPC1L1 haplotype variations were associ-

ated with inter-individual differences in plasma LDL-C

response to ezetimibe [1]. However, whether NPC1L1

polymorphism variations also explain the suppression in

cholesterol absorption and plasma concentration as a result

of PS intake remains unclear. The present study reveals the

trends indicating that polymorphisms in NPC1L1 L272L

and Y1291Y augment the extent of PS-induced cholesterol

lowering in comparison to wild type counterparts. There is

an understanding that under certain circumstances, haplo-

types may be a useful way to reduce the complexity of the

candidate-gene association analyses [25], which is consis-

tent with our findings that haplotypes of two SNP L272L

and Y1291Y mutant alleles elicited a similar response to

PS intervention. Obviously, our results are consistent with

NPC1L1 being closely involved in inter-individual varia-

tion in response to PS intervention, as it has been observed

with ezetimibe therapy [1].

Another novel finding of the present study is the

description of the combined effect of ABCG8 and NPC1L1

transporter genotype variations on the response to PS

intervention. Kajinami et al. suggested that combined

analysis of different polymorphisms is more informative

than single locus analysis for defining the responsiveness of

a patient to statin therapy [6]. These authors found that

polymorphisms in ABCG8 and CYP7A1, both of which are

functionally significant in the secretion of cholesterol from

the liver into bile, interact in an allele-cumulative manner

in atorvastatin-treated subjects. However, in the present

study, the combined actions of ABCG8 T400 K and

NPC1L1 haplotypes of L272L/Y1291Y seem more com-

plex than simply being cumulative; the phenotype

expression of each individual polymorphism may interfere

with the concurrence of two counteracting transporter gene

polymorphisms. To more specifically expose the charac-

teristics of target SNP variations, we singled out target SNP

variants and pooled in common wild type background

polymorphisms to more specifically portray the character-

istics of target SNP variations.

Very recently, a case–control study by Rudkowska et al.

[26] also tested the same sets of SNPs in ABCG5/G8 and

NPC1L1 among 26 hyperlipidemic subjects after PS

intervention, but small sample size in their study design

made the results ineligible for statistical analysis. In

extending of Rudkowska et al.’s [26] work, our trial

recruited more subjects, and plasma lipid response was

analyzed in context of background adjusted SNPs of

ABCG8 and NPC1L1. Subsequently, the results of the

present trial managed to unravel that heterozygous ABCG8

T400 K genotypes attenuate the cholesterol lowering

response, while heterozygous haplotypes of NPC1L1

L272L/Y1291Y enhance cholesterol lowering response to

PS, in comparison with their respective wild type homo-

zygous counterparts.

Limitations of this study include the fact that SNPs

represent the most frequent form of polymorphism in the
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human genome [24]. According to the National Center for

Biotechnology Information database, so far, 280 of

ABCG5/G8 and 70 of NPC1L1 common polymorphism

variations have been identified in the human genome. This

study involves less than ten common polymorphism can-

didates that have known or predicted functional

consequences with sterol metabolism based on previous

studies [1, 4, 12, 13, 15]. Whether these individual or

combined common polymorphisms are adequate to fully

explain inter-individual variations of sterol metabolism

cannot be fully identified from previous [1, 4, 12, 13, 15]

and the present studies.

In conclusion, this study examined the role of ABCG5/

G8 and NPC1L1 transporter gene common polymorphisms

in explaining inter-individual responsiveness to PS inter-

vention in the context of their impact on cholesterol

absorption and synthesis. In the ABCG8 T400 K poly-

morphism, heterozygous carriers with low basal plasma PS

concentrations showed a minimal cholesterol reduction as

compared to homozygote carriers. In contrast, among

NPC1L1 L272L/Y1291Y haplotypes, heterozygous carriers

manifested a maximal cholesterol reduction as compared to

homozygote carriers. Such a pattern was more obviously

demonstrated after background SNP adjustment. Results

suggest that common polymorphisms of sterol transporter

genes, together with basal circulating plasma PS concen-

trations, are indicative of the expected cholesterol lowering

effect induced by dietary PS intake.
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Introduction

Cholesterol is required for the proper structure and function

of multiple transport and signaling pathways in mammalian

membranes, especially plasma membranes [1–9]. Further-

more, cholesterol is also a required substrate for

peroxisomal enzymes involved in the synthesis of bile acids

(for intestinal lipid absorption) and for the synthesis of

steroids—potent hormones that regulate glucose metabo-

lism, lipid metabolism, reproduction, etc. Conversely,

accumulation of excess cholesterol results in formation of

cholesterol crystals in membranes [10–12] and lysosomes

[13–15]. Accumulation of excess cholesterol in the plasma

membranes inhibits numerous intracellular functions

(mitochondrial ATP–ADP exchange, microsomal UDP-

glucuronyltransferase, Na?–Ca2? exchange in heart sarco-

plasmic reticulum) but also plasma membrane functions

such as ion transport (Na?, K?-ATPase, anion transport),

receptor function (acetylcholine receptor, insulin receptor),

nutrient transport (glucose), proteins involved in trans-

membrane signaling (adenylate cyclase), and others [13, 16,

17]. Formation of intracellular cholesterol crystals is cyto-

toxic [13, 18] and can result in formation of atherosclerotic

plaques [19–26]. It is thought that excess cholesterol-

induced death of macrophages is the main cell type that

undergoes necrosis near the lipid cores of atherosclerotic

lesions [13]. Thus, excess cholesterol is associated with

significant pathologies including atherosclerosis, cardio-

vascular disease, Niemann-Pick C disease, Alzheimer’s

disease, as well as others.

While enhanced free cholesterol efflux, increased

esterification, and decreased cholesteryl ester droplet

hydrolysis have been considered as serving protective

roles against cholesterol-induced macrophage cytotoxicity

[13]), some early studies suggest a potential role for

intracellular sterol binding/carrier proteins such as sterol

carrier protein-2 (SCP-2). SCP-2 has been detected in

macrophages and arteries [27, 28]. Furthermore, incuba-

tion of rat peritoneal macrophages with acetylated LDL

(AcLDL) resulted in a dose- and time-dependent increase

not only in cellular cholesterol, but also in both SCP-2

protein and mRNA which were upregulated as much as

2.6-fold [15, 29]. In contrast, hepatic SCP-2 and SCP-x

(product of alternate transcription site of the SCP-2 gene)

were both deficient in adult Niemann-Pick C mice, a

murine model sharing similar pathologies and lysosomal

cholesterol accumulation as observed in human NPC

disease [30, 31]. Finally, hepatic SCP-2 protein levels

were reduced 60% in mildly and 90% in severely

hypercholesterolemic diabetic rats [32]. Taken together,

these data suggest a potential protective role for SCP-2 in

accumulation of crystalline cholesterol and cytotoxicity.

However, the mechanism(s) whereby SCP-2 may be

protective is as yet unclear. However, both in vitro and

intact cell studies indicate that SCP-2 dramatically

enhances cholesterol transport from a variety of model

and biological membranes, including lysosomal mem-

branes [1–3, 33, 34]. While these studies suggest that

SCP-2 similarly facilitate removal of cholesterol from

cholesterol crystals, this possibility remains to be

examined.

Because cholesterol is not readily visualized in real-

time, either in vitro or in living cells, the availability of a

fluorescent sterol with properties closely mimicking those

of cholesterol represents a major technological advance for

elucidating the mechanism(s) of protein-mediated sterol

crystal dissolution, sterol organization in membranes, ste-

rol dynamics, and sterol-protein interactions. Since the

discovery of dehydroergosterol (DHE) in membranes of

eukaryotes such as yeast Candida tropicalis [35] and Red

Sea sponge Biemna fortis [36], DHE has been studied in

model membranes [37–40], biological membranes of var-

ious intracellular organelles including plasma membrane

sub-fractions [1–3, 9, 34, 41–43]), lipoproteins [44–47],

cholesterol binding protein-sterol complexes [48–50], and

annular cholesterol surrounding hormone receptors [51,

52]. These studies have shown DHE to be an excellent

probe molecule with structural and functional properties

that closely mimic those of cholesterol. More recent studies

involve fluorescence resonance energy transfer (FRET)

from DHE [3, 41, 53] to other sterols or to protein aromatic

amino acid residues to determine intermolecular interaction

distances [48, 54–56]. DHE has provided direct visualiza-

tion of sterol in living cells by early confocal [41], multi-

photon [41], and video [57] studies. Three-photon excita-

tion laser scanning microscopy has enhanced real-time

visualization of DHE in sterol-rich and –poor domains in

the plasma membrane of living cells [38, 58, 59] while

improved video imaging allowed resolution of DHE in

larger structures such as microvilli/filopodia in living cells

[60, 61].

Because of these properties of DHE and the propensity

of DHE to form microcrystals in aqueous buffers [39, 48,

54] at very similar concentrations as cholesterol [19, 20,

62, 63], DHE was used in the present investigation to: (1)

elucidate the crystal structure of DHE monohydrate, (2)

examine spontaneous transfer from DHE microcrystals,

(3) determine if SCP-2 enhances DHE transfer from DHE

microcrystals to acceptor cholesterol crystals, model

membranes, plasma membranes, and sub-fractionated

vesicles, (4) examine the real-time intracellular effects of

SCP-2 on microcrystalline DHE within living cells by

multi-photon laser scanning imaging microscopy

(MPLSM).
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Materials and Methods

Materials

Ergosterol (Fig. 1a) was used to synthesize dehydroergos-

terol (Fig. 1b) as described previously [38, 64] The

ergosterol (98% pure) was purchased from Steraloids

(Wilmington, NH). Materials used in the synthesis included

Burdick-Jackson (Muskegon, MI) ‘‘Purified Plus’’ solvents

(methanol, chloroform, ethyl ether) and JT Baker (Mal-

linckrodt Baker, Phillipsburg, NJ) ‘‘Baker Analyzed’’

glacial acetic acid (99 ? % pure), acetic anhydride (99?%

pure) from VWR (Atlanta, GA), and anhydrous mercuric

acetate from Fisher Scientific (Pittsburgh, PA) in order to

obtain the highest purity of DHE ([99%) determined as

described [65, 66]. Human recombinant 13.2 kDa SCP-2

was isolated and purified as described earlier [67]. Lipids

including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-

line (POPC), 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine]

(DOPS), and cholesterol were purchased from Avanti Polar

Lipids (Alabaster, AL).

Crystal Growth

Colorless needle shaped crystals of DHE were grown by

slow evaporation of a saturated 95% ethanol solution. A

Bausch and Lomb 10 9 microscope was used to identify a

suitable colorless needle 0.2 mm 9 0.2 mm 9 0.05 mm

from a representative sample of crystals of the same habit.

The crystal was coated in a cryogenic protectant (mineral

oil), and was then fixed to a glass fiber which in turn was

fashioned to a copper mounting pin. The mounted crystal

was then placed in a cold nitrogen stream (Oxford) main-

tained at 110 K.

Crystallography

A BRUKER SMART 1000 X-ray three-circle diffractom-

eter was employed for crystal screening, unit cell

determination, and data collection (Bruker-AXS, Madison,

WI). The goniometer was controlled using the SMART

Software Suite, version 5.056 (Microsoft NT operating

system). The sample was optically centered with the aid of

a video camera so that no translations were observed as the

crystal was rotated through all positions. The detector was

set at 5.0 cm from the crystal sample (CCD-PXL-KAF2,

SMART 1000, 512 9 512 pixel). The X-ray radiation

employed was generated from a Mo-sealed X-ray tube

(Ka = 0.70173 Å with a potential of 50 kV and a current

of 40 mA) and filtered with a graphite monochromator in

the parallel mode (175 mm collimator with 0.5 mm

pinholes).

Dark currents were obtained for the appropriate expo-

sure time 30 s and a rotation exposure was taken to

determine crystal quality and the X-ray beam intersection

with the detector. The beam intersection coordinates were

compared to the configured coordinates and changes were

made accordingly. The rotation exposure indicated

acceptable crystal quality and the unit cell determination

was undertaken. Sixty data frames were taken at widths of

0.3� with an exposure time of 30 s. Over 200 reflections

were centered and their positions were determined. These

reflections were used in the auto-indexing procedure to

determine the unit cell. A suitable cell was found and

refined by nonlinear least squares and Bravais lattice pro-

cedures (Table 1). The unit cell was verified by

examination of the hkl overlays on several frames of data,

including zone photographs. No super-cell or erroneous

reflections were observed. After careful examination of the

unit cell, a standard data collection procedure was initiated.

This procedure consists of collection of one hemisphere of

data collected using omega scans, involving the collection

1201 0.3� frames at fixed angles for /, 2h, and v (2h =

-28�, v = 54.73�), while varying omega. Each frame was

exposed for 30 s and contrasted against a 30 s dark current

exposure. The total data collection was performed for

duration of approximately 13 h at 110 K. No significant

intensity fluctuations of equivalent reflections were

observed.

Analysis of Crystal Structure

The structure of dehydroergosterol was solved by stan-

dard direct methods and further refined employing

Fig. 1 The structural differences between ergosterol and fluorescent

reduced ergosterol (DHE). a Ergosterol (ergosta-5,7,22-trien-3b-ol)

contains three double bonds. b Reduced ergosterol (ergosta-

5,7,9(11),22-tetraen-3b-ol) contains an additional double bond

located between carbon 9 and carbon 11 of the third ring, forming

a conjugated triene system
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SHELXS and SHELX97 [68]. CCDC 639255 contains the

supplementary crystallographic data for this paper. These

data can be obtained free of charge from the Cambridge

Crystallographic Data Centre via http://www.ccdc.cam.

ac.uk/data_request/cif. Since chirality is known, reflec-

tions were merged since the configuration would be

determined. In this file, the hydrogen atoms of the water

molecules were disordered and therefore omitted. A large

ratio of Ueqmax/Ueqmin was due to terminal CH3 groups

that may be dynamically disordered and as such was not

modeled.

Dehydroergosterol Donors: Microcrystals in Aqueous

Buffer

DHE microcrystal dispersions were formed by adding

small amounts of DHE from ethanolic stock solutions to a

buffered solution of PIPES, pH 7.4 as described earlier [38,

66]. No filtering was performed and the microcrystals were

observed previously to exist in irregular shapes with sizes

ranging up to several microns when created by this

technique [38, 54].

Cholesterol Acceptors: Microcrystals in Aqueous

Buffer

Cholesterol acceptor microcrystal dispersions were formed

by adding small amounts of cholesterol from ethanolic

stock solutions to a buffered solution of PIPES, pH 7.4

similarly as described for DHE earlier [38, 66]. The

resultant solution of microcrystals was not filtered.

Membrane Acceptors: Large Unilamellar Vesicles

Large unilamellar vesicles composed of POPC: DOPS:

cholesterol (55:10:30 molar ratio) were formed exactly as

described earlier [38, 69, 70].

Membrane Acceptors: Plasma Membrane, Caveolin-1

and Cholesterol-Rich Sub-Fraction (CAVCR),

and Non-caveolin-1 and Cholesterol-Poor

Sub-Fraction(non-CAVCP)

Madin-Darby canine kidney (MDCK, American Type

Culture Collection) cells were grown as described previ-

ously [71] for 72 h at 37 �C and 5% CO2 in the presence of

Dulbecco’s Modification of Eagle’s medium (D-MEM)

(Cellgrow/Mediatech, Herndon, VA). The high glucose

medium was supplemented with 2 mM L-glutamine, 1 mM

sodium pyruvate, 0.25 lg/L Fungizone, 100 units/L peni-

cillin, 100 lg/L streptomycin, and 5% serum supreme from

(Bio-Whittaker/Canbrex, East Rutherford, NJ) as well as

0.1 mM nonessential amino acids (Cellgrow/Mediatech,

Herndon, VA), and 43.9 mM sodium bicarbonate (Invit-

rogen, Carlsbad, CA). Following washing with phosphate

buffered saline (PBS), the cells were covered with

serum-free medium and incubated with DHE (20 lg/ml)

added directly to the media from a stock solution derived

from absolute ethanol and containing \1 mol% butylated

hydroxytoluene (BHT) that was originally stored at

-80 �C. The amount of ethanol added was kept below 0.3%

to prevent any deleterious effects on the cells. CAVCR

(binding fraction) and non-CAVCP (non-binding fraction)

were resolved by concanavalin-A affinity chromatography

from purified plasma membranes [42, 43, 71–73]. Purity of

the plasma membrane, binding, and non-binding fractions

was determined as described in the cited papers using

western blotting of a panel of protein markers for plasma

membranes (Na?K?-ATPase, SRB1), caveolae (caveolin-1

and GM1), and non-caveolae (Na?K?-ATPase).

Excitation and Emission Anisotropy of DHE

Measurements of the wavelength dependence of anisot-

ropy for both the excitation and emission of DHE were

performed using a Cary Eclipse spectrofluorometer (Var-

ian, Palo Alto, CA) with a Peltier temperature controlled

holder kept at 24 �C. The slits of both the excitation and

emission monochromators were set to 5 nm bandwidths

with scan speed set at 120 nm/min. The emission scan of

anisotropy was performed with an excitation wavelength

of 324 nm. Two excitation scans of anisotropy were made

with the fluorescence emission collected at 375 nm and

425 nm.

Table 1 Comparison of low temperature structure (173 K) of

ergosterol and the low temperature structure (110 K) of dehydroer-

gosterol (reduced ergosterol)

Formula C28H44O1 H2O C28H42O1 H2O

Formula weight 414.6 412.6

Space group P21 P21

Cell constants

A 9.902 (1) 9.975 (1) Å

B 7.518 (1) 7.4731 (9) Å

C 34.657 (7) 34.054 (4) Å

b 94.25 (3) 92.970 (2)�

V 2,572.9 (5) 2,535.1 (5) Å3

Z 4 4

Dcal 1.071 1.081

Rf[I [ 2r(I)] 6.8 6.9

Lobkovsky (2000) private communication (ergosterol). This work

(reduced ergosterol)
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Measurement of DHE Fluorescence Anisotropy During

Exchange Assays

All measurements of fluorescence anisotropy over time

(*4 h) were made using a T-format of an ISS PC1

spectrofluorometer (ISS Instruments, Champaign, IL)

with rotating cuvette turrets as well as with UV-grade

Glan-Thompson excitation and emission polarizers. The

excitation wavelength was set at 324 nm and the emis-

sion was collected using a Schott KV389 cutoff filter

(Schott Optics, Duryea, PA). Baseline DHE fluorescence

anisotropy of the donor microcrystals (2.5 lM 10 mM

PIPES buffer, pH = 7.4) was measured for 20 min to

ensure a stable baseline and obtain initial DHE anisot-

ropy. After addition of 10-fold excess of acceptor

(contains no DHE), DHE anisotropy was recorded at

20 s intervals for 4 h to monitor sterol transfer between

DHE microcrystal donors and acceptor cholesterol

microcrystals or membranes. Residual light scatter con-

tributions were corrected using controls and subtracting

the residual fluorescence anisotropy from all experi-

mental data. To prevent inner filter artifacts, absorbance

of sample solutions at the excitation wavelengths

were \0.15. The equations r ¼ Ipl�Ipd

Iplþ2Ipd
was where r is the

anisotropy, Ipl and Ipd is the emission intensity measure

with polarizers parallel and perpendicular, respectively,

to the excitation polarizer set vertically, and IT is total

emission intensity [74].

Determination of Sterol Exchange: Polarization Assay

Sterol exchange between DHE microcrystal donors and

acceptor cholesterol microcrystals, large unilamellar vesi-

cles, plasma membranes, binding fraction, or non-binding

fractions was determined by using a fluorescent sterol

(DHE) exchange assay as previously established [42, 43,

71, 75]. Time dependent anisotropy changes was modeled

with the equation

rðtÞ ¼ fdðtÞrdðtÞ þ faðtÞraðtÞ ð1Þ

where r(t) was the measured anisotropy over time, fd(t) was

the fractional intensity resulting from the donor, fa(t) was

the fractional intensity resulting from DHE transfer into the

acceptor, rd(t) was the donor anisotropy, and ra(t) was the

acceptor anisotropy for the membrane. Crystalline donor

anisotropy (rd = 0.09) was constant for microcrystalline

DHE and approximately independent of the concentration

of crystals. DHE crystalline anisotropy was highly

depolarized as compared to the anisotropy of DHE within

membrane vesicles, which varied depending upon

concentration as a result of self-quenching effects as seen

in other studies [76–79]. The acceptor anisotropy was

typically derived from the a standard curve that must be

measured from varying dehydroergosterol mole fractions

(Xa = Ca/CT) of the particular acceptor and fit to the

equation

ra Xað Þ ¼ r0 þ b�1Xa þ b�2 Xað Þ2 ð2Þ

where r0 is the anisotropy at infinite dilution [71]. How-

ever, since for 10-fold dilution 0 \ Xa \ 0.1 and dr
dXa
� 0;

the effect of self-quenching would be minimal so that ra(t)

was fixed to r0 of each acceptor membrane type.

The fractional intensity contribution to the anisotropy of

the DHE in the acceptor was described by the following

equation:

faðtÞ ¼ f1 1� e�atð Þ þ f2ð1� e�btÞ ð3Þ

where f1 and f2 are related to the fractional pool sizes of

easily exchangeable cholesterol within the acceptor

membrane vesicle with half-times

t1
1=2 ¼

lnð2Þ
a

and t2
1=2 ¼

lnð2Þ
b

ð4Þ

The donor fractional intensity is related to the acceptor

contribution by the following equation:

fdðtÞ ¼ 1� faðtÞ ð5Þ

Combining these concepts formulated the equation,

r(t) = (1 - fa(t))rd ? fa(t)ra which is further simplified:

rðtÞ ¼ rd þ f1 1� e�atð Þ þ f2 1� e�bt
� �� �

ðra � rdÞ ð6Þ

The anisotropy curves were plotted and fitted by non-

linear regression to Eq. 5 using Sigma Plot 8.0 (Systat

Software, San Jose, CA) and the half-times were calculated

using Eq. 3. The initial rates of the exchange of sterol from

the microcrystalline form of DHE to membrane vesicles

was calculated from the derivative of r(t) evaluated at

t = 0.

drðtÞ
dt
jt¼0 ¼ f1aþ f2b½ �ðra � rsÞ ð7Þ

DHE Spectra at the Beginning and at the End

of Exchange Assays

Steady state fluorescence emission spectra of DHE excited

at 324 nm were obtained with a PC1 Photon Counting

Fluorometer (ISS Instr., Champaign, IL). Light scatter was

minimized by use of narrow excitation slits, low concen-

tration, and cutoff filters. Residual Raman scattering was

subtracted. Absorbance at the excitation wavelength was

maintained below 0.15 to avoid potential inner filter

effects. Spectra were analyzed with Grams32 (Thermo

Galactic, Salem, NH).
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Cell Culture of Control and SCP-2 Overexpressing

L-cells

Murine L cells and L-cells transfected with cDNA corre-

sponding to the 15-kDa pro-SCP-2 protein were cultured

on Lab-Tek Chambered coverglass (Nunc, Naperville, IL)

at 37 �C and 5% CO2 overnight in Higuchi medium [80],

supplemented with 10% fetal bovine serum (Hyclone,

Logan, UT), as described earlier [42]. The cells with

transfected cDNA overexpressed SCP-2 protein so that it

comprised 0.036% of the total cytosolic proteins while the

level in the control mock transfected L-cells was negligi-

ble. Subsequently, the cells were washed with PBS

followed by the addition of serum-free medium containing

DHE (20 lg/ml) added directly from the ethanolic stock

solution previously described (\0.3% ethanol added). The

cells on the cover glass was incubated for 24 h and washed

with PBS followed by the addition of serum containing

media. Cells were removed for imaging at approximately

12 h time points.

Multi-Photon Laser Scanning Microscopy (MPSLM)

of Dehydroergosterol

A Bio-Rad MRC-1024 MP (Zeiss, Thornwood, NY) laser

scanning confocal/multi-photon microscopic imaging sys-

tem was used to obtain images of the fluorescence emission

of the structural distribution of DHE within living cells

over the 60-h time period. The MRC-1024 MP was coupled

to a Zeiss Axiovert 135 inverted microscope (Zeiss,

Thornwood, NY) with heated incubator and stage. A Zeiss

40 9 Plan-Apochromat (1.4 N.A.) was used for real-time

imaging from t = 0 to t = 60 h. The cells on chambered

cover glass were maintained in a 37 �C CO2 incubator

between imaging time points. Imaging software, Meta-

Morph 4.5 (Molecular Devices, Downingtown, PA), was

used to determine the mean integrated intensities from

labeled cells (both control and SCP-2 overexpressing L-

cells) at each time point from collective measurements of

*50 cells while mean integrated intensities of autofluo-

rescence were obtained similarly using unlabeled cells

(both control and SCP-2 overexpressing L-cells). Multi-

photon excitation of the DHE was provided by a pulsed

mode-locked Coherent Mira 900F (Coherent, Palo Alto,

CA) tuned to 900 nm. Two photomultipliers of an external

detector system (Dr. Zipfel, Cornell University, Ithaca,

NY) was used in combination with two emission filters

(Chroma Technology, Rockingham, VT), 375/50 nm and

455/30 nm, to simultaneously collect the emission in two

distinct spectral regions. The ratio of the integrated mea-

surements collected from the two channels was used to

determine the intracellular monomeric versus crystalline

distributions of DHE.

Data and Statistical Analyses

Curve-fitting and non-linear regression analyses were per-

formed within the scientific data and analysis and graphing

software, SigmaPlot v.8 (Systat Software, Inc., San Jose, CA).

Results

Dehydroergosterol Monohydrate Crystal Structure

Solution and Refinement

DHE monohydrate crystal screening, unit cell determina-

tion, and data collection on a suitable cell were performed

as described in ‘‘Materials and Methods’’. The data was

reduced (SAINT, Bruker-AXS, Madison, WI) and merged.

The structure of DHE was solved by standard direct

methods and further refined using software developed by

G.M. Sheldrick as described in ‘‘Materials and Methods’’.

The crystal refinement results were provided in Table 2.

A dehydroergosterol monohydrate crystal was grown

from saturated 95% ethanol solution to the dimensions

0.20 9 0.20 9 0.10 mm3 along the a, b, c axes. The de-

hydroergosterol monohydrate symmetry of diffraction was

found to be monoclinic (Note: the cholesterol monohydrate

has an apparent monoclinic symmetry, but close inspection

of the twinned crystals revealed triclinic symmetry; [81,

82]). The space group was thus P21, with reduced cell

parameters a = 9.9747(11) Å, b = 7.4731(9) Å, c =

34.054(4) Å, a = 90�, b = 92.970�(2), c = 90�. The DHE

unit cell is smaller than that reported by Bernal [83] who

reported an A2 structure of eight molecules in the unit cell

with a = 9.5 Å, b = 7.5 Å, c = 75.2 Å, b = 96� from

data recorded with photographic film from an impure

crystal. In this case the cell reported by Bernal in 1940 was

a superstructure of the cell reported in this manuscript. The

volume of the dehydroergosterol monohydrate crystal unit

cell was 2535.1(5) Å3, with a density of 1.081 mg/m3, in

agreement with that calculated from the assuming the unit

cell contained 4(C28H44O2)�4H2O. A dimer unit of two

(C28H44O2)�H2O forms the asymmetric volume of the unit

cell with four molecules of (C28H44O2)�H2O in the unit cell

(Fig. 2a, b) similar to ergosterol monohydrate, while cho-

lesterol monohydrate has eight molecules in its unit cell.

From the 32,269 reflections collected, only 8,865 with

intensity I [ 2r(I) were obtained and used for resolving the

structure. Large amplitudes of atomic thermal vibrations

primarily accounted for the high proportion of weak

reflections. All 64 (only asymmetric volume atoms are

detected, the remainder are generated by symmetry)

n-hydrogen atoms were detected in electron density maps.

A full-matrix least-squares on F2 revealed goodness of fit

of 1.041, final R indices [I [ 2r(I)] of R1 = 0.0688 and
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wR2 = 0.1766, and R indices (all data) R1 = 0.0688 and

wR2 = 0.1766.

The molecules are packed in staggered layers (Fig. 2a,

b) with the intermolecular separation of 5.50(1) Å

between the centroids of the molecules. The hydrophilic

ends of the DHE molecules are located inward toward the

water molecules while the hydrophobic ends of the

molecules are directed outward toward the hydrophobic

ends of the adjacent DHE molecules. The hydrogen

atoms apart of the water molecules were disordered and

have not been included (Fig. 2a, b). The ring system of

the DHE molecule (Fig. 1b) is approximately planar

where the ring A had a chair conformation, ring B was

significantly planar, ring C was formed a partial chair

structure with that was planar except for the last carbon

joining ring D, and ring D was a distorted. The DHE

molecules stack in a parallel mode normal to the diagonal

of the a and c axes.

The Effect of Excitation and Emission Wavelength

on Anisotropy of Aqueous Dispersions

of Microcrystalline Dehydroergosterol

Anisotropy excitation spectra were acquired as described in

the ‘‘Materials and Methods’’ and graphed as shown in

Fig. 3a. The open circles represent the excitation anisot-

ropy spectrum acquired with the emission monochromator

fixed to 375 nm with a 5 nm bandwidth. This spectrum

revealed that the anisotropy was relatively constant across

much of the excitation wavelengths with only a slight

increase in anisotropy at the longer wavelengths. Typically

this observation has been made when transition moments

are near collinear which occurs when the emission origi-

nates from the same state as the absorption band. The

closed circles (Fig. 3a) represent the excitation anisotropy

spectrum acquired with the emission monochromator fixed

to 425 nm with a 5 nm bandwidth wherein the greatest

enhancement in emission arises under crystal formation. In

this spectrum, the anisotropy was relatively constant across

the shortest wavelengths but decreased gradually at the

longer wavelengths indicative of a larger displacement of

Table 2 Crystal data and structure refinement for dehydroergosterol

Empirical formula C28 H44 O2

Formula weight 412.63

Temperature 110 (2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P21

Unit cell dimensions a = 9.9747 (11) Å, a = 90�
b = 7.4731 (9) Å, b = 92.970(2)�
c = 34.054 (4) Å, c = 90�

Volume 2,535.1 (5) Å3

Z 4

Density (calculated) 1.081 Mg/m3

Absorption coefficient 0.065 mm-1

F(000) 912

Crystal size 0.20 9 0.20 9 0.10 mm3

Theta range for data collection 2.10–24.99�
Index ranges -11 B h B 11, -8 B k B 8,

-40 B l B 40

Reflections collected 32,269

Independent reflections 8,865 [R(int) = 0.0563]

Completeness to theta = 24.99� 99.4%

Absorption correction None

Max. and min. transmission 0.9935 and 0.9870

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 8,865/1/542

Goodness-of-fit on F2 1.041

Final R indices [I [ 2r(I)] R1 = 0.0688, wR2 = 0.1766

R indices (all data) R1 = 0.1180, wR2 = 0.2142

Absolute structure parameter 0 (3)

Largest diff. peak and hole 0.505 and -0.331 e Å-3

Fig. 2 Crystal structure of dehydroergosterol monohydrate. The unit

cell consists of four dehydroergosterol monohydrate molecules, two

(a, b) of which are unrelated by crystal symmetry. a 3-D ball and stick

representation of the orientation of the a and b molecules in the

crystallographic unit cell. The hydrogen atoms on the water molecules

were disordered and are not shown. b 3-D space-filling representation

of the orientation of the a and b molecules in the crystallographic unit

cell. Molecules of oxygen are shown in dark gray, hydrogen in white,

and carbon in light gray
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transition moments. Due to the restrictive environment

within the crystal and the observed higher quantum yield,

this was suggestive of an involvement in a different state

possibly the result of formation of an excited state dimer

rather than simple homotransfer or self-quenching that has

been observed in vesicles [38, 54]. Despite the different

states involved in the fluorescence emission, the emission

anisotropy spectrum (Fig. 3b), acquired with excitation

wavelength fixed to 324 nm and a 5 nm bandwidth,

showed very little dependence upon wavelength. This was

in agreement with the excitation anisotropy measured at

324 nm (Fig. 3a) where only a slight difference existed

using the acquisition emission wavelengths of 375 nm and

425 nm.

Sterol Exchange Between Donors and Acceptors

DHE has proven to be a useful probe for cholesterol

transfer because it is a naturally-occurring fluorescent ste-

rol [35, 36] exhibiting structural and functional properties

closely resembling those of cholesterol as detailed in the

Introduction [1, 2, 38, 39, 45, 51, 75, 84–87]. The theo-

retical basis for the DHE exchange assay has been

previously established with respect for exchange of sterol

from donor membranes to acceptor membranes [42, 43, 71,

76, 77, 88, 89]. Briefly, at high concentrations of DHE in

membranes, significant depolarization or decrease in

anisotropy occurs as a result of resonance energy transfer

(RET) between DHE molecules. Upon addition of 10-fold

excess (by sterol) acceptor cholesterol microcrystals

or acceptor membranes, the donor DHE microcrystal

exchanges DHE one-for-one with cholesterol in the

acceptor, resulting in release of DHE from self-quenching,

thereby increasing polarization or anisotropy. Typically, a

standard curve is determined by measuring the polarization

or anisotropy as a function of the mole fraction of the

fluorescent sterol within donor and acceptor (if different

membrane type). Thus, a determination is made from the

standard curve of the mol percent of DHE that has been

exchanged. However, in this study, the donor consists of

microcrystalline DHE with low anisotropy (r * 0.09) that

remains constant until the amount of aqueous DHE falls

below the critical micelle concentration (CMC) which is

quite low (*30 nM). By implication, sterol exchange

observed by increasing anisotropy would be the result of

increasing localization of sterol within the acceptor.

Because of the 10-fold excess of acceptors, the acceptor

anisotropy occurs between r(Xa = 0) = r0 (anisotropy at

infinite dilution) to r(Xa = 0.1) & r0. This approximation

implies that only the fractional contributions of the

anisotropy depend upon the sterol mole fractions (see

‘‘Materials and Methods’’).

Effect of Cholesterol Transfer Proteins on the Sterol

Exchange Between Crystalline Dehydroergosterol

and Crystalline Cholesterol

Sterol exchange between dehydroergosterol microcrystals

and cholesterol microcrystals was determined with a fluo-

rescence polarization assay as described in ‘‘Materials and

Methods’’. Baseline anisotropy of DHE microcrystals in

buffer alone was essentially unchanged over a 4 h time

period (Fig. 4a). At the end of this incubation period, the

emission spectrum of DHE microcrystals (excited at

324 nm) was obtained. As shown in Fig. 4b, the raw

emission spectra exhibited four major peaks near 355, 373,

397, and 426 nm. After correction for background, the

ratios of emission peaks as 426 nm/355 nm and 426 nm/

Fig. 3 Excitation and emission anisotropy of DHE. a Plots of the

anisotropy versus excitation wavelength over the region 280–350 nm

for emission collected at 375 nm (open circles) and 425 nm (closed

circles). b Plot of emission anisotropy over the region 370–550 nm,

resulting from excitation at 324 nm. Bandwidths were 5 nm for both

excitation and emission monochromators
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Fig. 4 Anisotropy and spectral measurements of microcrystal dis-

ruption involving DHE and cholesterol. Exchange of sterol was

monitored using polarized light as described in the ‘‘Materials and

Methods’’ with excitation at 324 nm. a 2.5 lM DHE was added to

buffered 10 mM PIPES (pH 7.2) to form microcrystals. The

polarization was monitored for 225 min and converted to anisotropy.

This curve represents the donor only curve and remains flat over the

time period. b Emission spectrum of the DHE microcrystals after

baseline anisotropy measurement of (a), approximately 4 h. c Time-

dependent changes in anisotropy involving donor 2.5 lM DHE as a

result of the addition of 25 lM cholesterol to the solution as a 10-fold

excess of acceptor. d Emission spectrum after measurement of the

spontaneous sterol exchange in (c), at approximately 4 h. e Sterol

exchange between a donor 2.5 lM DHE microcrystal dispersion in

the presence of 25 lM cholesterol microcrystal dispersion with the

addition of 2.5 lM BSA. f Emission spectrum acquired after the

sterol exchange in (e) at approximately 4 h. g Sterol exchange

between a 2.5 lM DHE microcrystal dispersion (donors) in the

presence of 25 lM cholesterol microcrystal dispersion (acceptors)

with the addition of 2.5 lM SCP-2. h Emission spectrum of the

combination in (g) acquired at 4 h
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373 nm were 3.7 and 2.5, respectively—consistent with

DHE being localized primarily in crystalline structures as

described earlier [38, 48, 54]. The ratio of 455 nm/375 nm

was 1.5 at the endpoint.

To examine spontaneous sterol exchange between donor

and acceptor microcrystals, 10-fold excess acceptor cho-

lesterol microcrystals were added to donor DHE

microcrystals in aqueous buffer. The DHE anisotropy

increased slowly (Fig. 4c), consistent with one-for-one

exchange of DHE in the donor DHE microcrystals and

cholesterol in the cholesterol microcrystal acceptors.

Analysis as described in ‘‘Materials and Methods’’ revealed

that the anisotropy change best fit a single component with

a long half-time t1
1/2 = 130 min and a very low

exchangeable fraction of 0.057 of the total donor sterol

(Table 3). After correction for background, the ratio of

455 nm/375 nm was 1.4—again consistent with DHE

being localized primarily in crystalline environment. These

findings suggested that very little DHE had transferred to

the cholesterol microcrystal and the environment basically

exhibited similar properties as that in DHE microcrystals

determined by spectral analysis.

To determine if proteins known to enhance lipid transfer

between membranes might also facilitate DHE exchange

between microcrystals, the effects of two classic choles-

terol transfer proteins were tested: (1) An extracellular

cholesterol transfer protein (bovine serum albumin, BSA);

(2) An intracellular cholesterol transfer protein (SCP-2).

Addition of albumin or SCP-2 to DHE microcrystal donors

alone did not significantly alter the anisotropy or spectral

properties (not shown). Addition of bovine serum albumin

to DHE microcrystal donors in the presence of 10-fold

excess cholesterol microcrystal acceptors (Fig. 4e)

significantly decreased the half-time of transfer (Table 3).

The initial rate did not change significantly and the overall

exchangeable fraction, though slightly lower, was similar

to the spontaneous (Table 3) as corroborated by the spec-

tral properties (Fig. 4f) where the ratio of 455 nm/375 nm

was 1.3. In contrast, SCP-2 rapidly increased the DHE

anisotropy with increasing time of DHE exchange between

DHE microcrystal donors and cholesterol microcrystal

acceptors (Fig. 4g). Analysis of the exchange curves as

described in ‘‘Materials and Methods’’ indicated that

they optimally fit two components: (1) the contribution

t1
1/2 = 74 ± 4 min with a total exchangeable fraction of

0.0867 ± 0.0003 and (2) the contribution t2
1/2 = 6.1 ±

0.3 min with a total exchangeable fraction of 0.0732 ±

0.0006. The first fraction was increased only about 1.5-fold

more than the spontaneous (Table 3), but the 2.5 lM SCP-

2 significantly reduced the half-time t1
1/2 of DHE exchange

by 2.2-fold which was similar to the 2.5 lM BSA

(Table 3). Furthermore, SCP-2 induced the formation of a

second component, nearly as large as the first. The half-

time t2
1/2 of the new component induced by SCP-2 was very

short, near 6 min or a nearly 22-fold faster exchange

(Table 3) which contributed to an initial rate increase of

29-fold over the spontaneous. Finally, SCP-2 significantly

altered the emission spectra of DHE at the end of the

exchange process (Fig. 4h). After correction for back-

ground, the ratio of 455 nm/375 nm was 0.6—consistent

with a significant amount of transferred DHE being local-

ized in a less crystalline/more disordered region of the

acceptor cholesterol microcrystals.

In summary, spontaneous DHE exchange between DHE

microcrystals and cholesterol microcrystals was best fit by

a single, very slow component. While BSA only decreased

Table 3 Initial rates and kinetic multi-exponential analysis of molecular sterol exchange

Donor-acceptor Protein added Initial rate (pmol/min) t1
1/2 (min) f1 t2

1/2 (min) f2

DHE-Chol None 0.3 ± 0.06 130 ± 20 0.057 ± 0.001 – –

BSA 0.45 ± 0.03 60 ± 2 0.0400 ± 0.0002 – –

SCP-2 8.8 ± 0.7 74 ± 4 0.0867 ± 0.0003 6.1 ± 0.3 0.0732 ± 0.0006

DHE-LUV None 0.435 ± 0.002 813 ± 1 1a – –

SCP-2 40 ± 10 133 ± 1 0.8684 ± 0.0007 0.31 ± 0.07 0.0314 ± 0.0002

DHE-PM None – – – – –

SCP-2 4.67 ± 0.06 72.9 ± 0.6 0.9431 ± 0.0006 – –

DHE-CAVCR None – – – – –

SCP-2 3.9 ± 0.1 270 ± 20 0.299 ± 0.003 3.7 ± 0.3 0.0453 ± 0.0002

DHE- non-CAVCP None – – – – –

SCP-2 – – – – –

Fluorescence polarization exchange curves for DHE sterol transfer from DHE donor to cholesterol crystals and membrane vesicles. The

exchanges involving LUV, PM, CAVCR, and non-CAVCP were measured in the absence or presence of SCP-2 (1.5 lM) followed by

determination of initial rates and kinetic analysis as described in ‘‘Materials and Methods’’. Half times t1
1/2 and t2

1/2 were in minutes with the

corresponding fractions, f1 and f2, representing the fractions due to the exchangeable components. Values represent the mean ± SE (n = 3–4)
a Value was fixed during fit
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the half-time of the slow component of DHE exchange

without inducing a rapid exchangeable component, the

intracellular cholesterol transport protein SCP-2 dramati-

cally facilitated DHE exchange by decreasing the half-time

over twofold and inducing the formation of a second DHE

pool with very short, nearly 22-fold shorter, half-time,

thereby nearly tripling the total fraction of sterol available

for exchange under the experimental conditions.

Effect of SCP-2 on Sterol Exchange Between

Crystalline Dehydroergosterol and Model Membranes

of Large Unilamellar Vesicles

Large unilamellar vesicles consisting of 55 mol% POPC:

35 mol% Chol: 10 mol% PS were made by extrusion as

described in the ‘‘Materials and Methods’’. The exchange

assay previously described was used to examine the ability

of SCP-2 to enhance sterol exchange from out of a crys-

talline domain with that of model membrane associated

cholesterol. DHE was added to 10 mM PIPES buffer at pH

7.2 to form a 1.5 lM solution of DHE. The aqueous dis-

persion of microcrystalline DHE (not shown) gave a

baseline anisotropy of r = 0.09 and remain unchanged

over a 4 h period similar to Fig. 4a. This experiment was

repeated in the presence of 1.5 lM SCP-2 (not shown),

which also was unchanged over a 4 h time period. How-

ever, when the 55:35:10 (POPC:CHOL:PS) LUVs were

added in 10-fold excess to the 1.5 lM DHE microcrystal-

line dispersion, the anisotropy began to slowly rise with

time indicative of sterol exchange as observed in Fig. 5a

(closed circles). After 4 h, a spectrum of the solution was

acquired which revealed a significant drop in the amount of

crystalline DHE (Fig. 5b) as revealed by the ratio of

455 nm/375 nm = 0.82. As shown in Table 3 a single

half-time component of 813 ± 1 min was calculated with

the fraction fixed to 1 at infinitely long time. This was

justified by the near linear slope of the curve over the 4 h

time period. The initial rate calculated was very close to

that of the BSA mediated and spontaneous DHE to cho-

lesterol crystal exchange. Another solution of 1.5 lM DHE

microcrystalline dispersion was made in PIPES buffer,

after 10 min the acceptors (10 9 LUVs) was added along

with SCP-2 for a final protein concentration of 1.5 lM.

This created a significant increase in anisotropy over the

period of the 4 h as seen in Fig. 5a (open circles) with a

corresponding increase in monomeric DHE content as seen

in the emission spectrum (Fig. 5c) acquired immediately

after the exchange time period. This spectrum showed very

little excimeric emission as demonstrated by the low ratio

of 455 nm/375 nm = 0.18. As shown in Table 3, a long

half-time component of 133 ± 1 and an extremely short

half-time of 0.31 ± 0.07 were calculated. The respective

fractions of 0.8684 ± 0.0007 and 0.0314 ± 0.0002

revealed that the majority of the exchangeable sterol was in

the slower fraction but 3% was located in a rapid

exchangeable fraction which contributed to an initial rate

of 40 ± 10 pmol/min. The addition of SCP-2 to the sterol

Fig. 5 Sterol exchange between donor DHE microcrystals and large

unilamellar vesicles (LUVs). Large unilamellar vesicles (55 mol %

POPC: 35 mol % cholesterol: 10 mol % PS) were prepared as

described in the ‘‘Materials and Methods’’. a Spontaneous and SCP-2

mediated exchange of sterol between a 1.5 lM solution of DHE

microcrystals (donor) and a 10-fold excess of LUVs (acceptors) in

PIPES buffer were monitored by anisotropy measurements with

excitation at 324 nm. b Spectrum acquired after 4 h of the sponta-

neous exchange (DHE ? 10-fold access LUV). c Spectrum acquired

after 4 h of the SCP-2 mediate exchange (DHE ? 10-fold access

LUV ? 1.5 lM SCP-2)
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exchange involving DHE microcrystals and LUVs boosted

the initial rate 92-fold. The overall exchangeable sterol was

90% of the total sterol, which was clearly evident of the

spectrum acquired after 4 h (Fig. 5c).

Effect of SCP-2 on Nonfluorescent Mechanisms

in Mixtures of Crystalline Cholesterol and Model

Membranes of Large Unilamellar Vesicles

In order to determine if the time-dependent enhancement of

anisotropy was independent of the fluorescent sterol DHE

and potentially a result of changes in residual scatter,

several control experiments were performed using the same

experimental and instrumental parameters but with cho-

lesterol crystal donors. First, the anisotropy of cholesterol

crystals in PIPES buffer was monitored for 4 h. Second, the

anisotropy of the mixture of cholesterol crystal donors in

the presence of 10-fold excess of LUV cholesterol accep-

tors was monitored for 4 h. Last, the anisotropy of the

mixture of cholesterol crystal donors in the presence of 10-

fold excess of LUV acceptors and SCP-2 was monitored

for 4 h as shown in Fig. 6. In all three cases, the anisotropy

of the weak residual light scatter leaking through the

KV389 filter remained constant over time implying that the

changes in anisotropy in the case of DHE were not a scatter

artifact involving crystals, LUVs, and the protein.

Effect of SCP-2 on Sterol Exchange Between

Crystalline Dehydroergosterol and Biological

Membranes of Three Types: Plasma Membranes

as well as the Sub-Fractions: CAVCR and Non-CAVCP

Biological membranes in the form of vesicles were isolated

by previously established methods and used to determine

the significance of crystalline sterol domain exchange in

complex systems. The plasma membranes of MDCK cells

were isolated using differential (Percoll) centrifugation

with subsequent sub-fractionation into two portions,

CAVCR and non-CAVCP, through the use of concanavalin

A affinity purification technique as described in ‘‘Materials

and Methods’’ and characterized in studies involving

diverse cell types [42, 71–73, 90]. The cholesterol-rich sub-

fraction (CAVCR) also contained proteins such as caveo-

lin-1 and GM1 gangliosides as opposed to the cholesterol-

poor sub-fraction (non-CAVCP). They were also highly

purified and relatively free of contamination from endo-

plasmic reticulum.

Baseline anisotropy of DHE microcrystals in buffer

alone was again essentially unchanged over a 4-h time

period. The anisotropy of the 1.5 lM DHE microcrystals in

the presence of 10-fold excess of MDCK PM acceptor

membrane vesicles showed no change over 4 h (Fig. 7a)

and the spectrum acquired after the 4 h showed almost no

change in the spectrum (not shown). However, with the

same conditions and including 1.5 lM SCP-2 at the time of

addition of acceptors changed the dynamics completely

(Fig. 7a). The anisotropy increased rapidly in nearly 4 h,

corresponding to a single large exchangeable fraction of

0.9431 ± 0.0006 with a half-time of 72.9 ± 0.6 min

(Table 3). The emission spectrum at 4 h (Fig. 7d) revealed

mostly monomeric type emission as evidenced by the

emission ratio of 455 nm/375 nm = 0.2. The CAVCR sub-

fraction of the MDCK PM also exhibited enhanced

exchange in the presence of 1.5 lM SCP-2 as shown in

Fig. 7b (closed circles) albeit with the introduction of two

components, one slow and one fast. The slow component

resulted in a half-time of 270 ± 20 min with an

exchangeable fraction of 0.299 ± 0.003 and the fast

component in a half-time of 3.7 ± 0.3 min albeit a small

fraction of 0.0453 ± 0.0002. No changes were evident in

the spontaneous exchange of the CAVCR sub-fraction

without SCP-2 as shown in Fig. 7b (open circles). As

previously observed in the PM, the spectrum after the

exchange in the presence of SCP-2 was that of mostly

monomeric DHE with an emission ratio of 455 nm/

375 nm = 0.3 (Fig. 7e). Sterol exchange, whether spon-

taneous or with SCP-2, was nonexistent in the non-CAVCP

sub-fraction of the PM (Fig. 7c) with the spectrum (Fig. 7f)

revealing a crystalline type emission with an emission ratio

of 455 nm/375 nm = 1.5. Herein SCP-2 provided greater

enhancement of sterol transfer within the first hour as

compared to an earlier study using CAVCR membrane

vesicles containing DHE as donors to similarly obtained

cholesterol containing acceptors [71]. Also, SCP-2 did not

Fig. 6 Time dependent anisotropy measurements of cholesterol

microcrystals with large unilamellar vesicles (LUVs). Large unila-

mellar vesicles (55 mol % POPC: 35 mol % cholesterol: 10 mol %

PS) were prepared as described in the ‘‘Materials and Methods’’. a
Using the same instrumental setup for measuring the anisotropy of

DHE (Fig. 4), residual scatter was monitored for approximately 4 h

using a 1.5 lM solution of cholesterol microcrystals (donor) and a 10-

fold excess of LUVs (acceptors) in PIPES buffer
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significantly enhance sterol exchange between DHE con-

taining donor non- CAVCP acceptor vesicles [71].

Multi-Photon Laser Scanning Microscopy

of Dehydroergosterol Monohydrate

DHE in a solution of 90% ethanol and 10% water was

evaporated at room temperature on chambered cover glass

and imaged by multi-photon laser scanning microscopy

using the instrumental setup described in the ‘‘Materials

and Methods’’. Many microcrystals of DHE monohydrate

were formed as seen by the small fluorescent plate struc-

tures (Fig. 8). Changes in shape and sizes occurred

depending upon conditions such as concentration, tem-

perature, and water content and subsequently rate of

evaporation. DHE in anhydrous ethanol evaporated under

nitrogen, typically formed longer structures as observed in

cholesterol [20].

Multi-Photon Imaging of Crystalline Dehydroergosterol

Disappearance in SCP-2 Overexpressing Cells

as Compared to Control L-cells

L-cells and L-cells overexpressing SCP-2 were cultured as

described in the ‘‘Materials and Methods’’. After supple-

menting the cells with crystalline DHE for 24 h, cells were

Fig. 7 Sterol exchange between donor DHE microcrystals and

acceptors of biological plasma membrane fractions and sub-fractions.

Plasma membranes were isolated from Madin-Darby canine kidney

(MDCK) cells followed by sub-fractionation of the plasma membrane

isolation, to yield CAVCR and non-CAVCP vesicles as described in

the ‘‘Materials and Methods’’. Sterol exchanges were performed in a

quartz cuvette with a 1.5 lM solution of DHE microcrystals as donors

and a 10-fold excess of acceptor membrane vesicles in 10 mM PIPES

buffer at pH 7.2. The anisotropy was measured with an ISS PC1

spectrofluorometer using excitation at 324 nm and the kinetic curves

plotted for the spontaneous and SCP-2 mediated exchange of sterol

from the donor DHE microcrystals to the following acceptors: a
plasma membrane; b CAVCR; and c non-CAVCP. After a 4 h sterol

exchange assay, spectra were acquired at 324 nm excitation to

determine the structural form of the DHE. Spectra were plotted for the

SCP-2 mediated exchanges (DHE donor microcrystals ? 10-fold

access acceptors ? 1.5 lM SCP-2) for the following acceptors: d
plasma membrane after 4 h showing mostly monomeric DHE; e
CAVCR after 4 h showing mostly monomeric DHE; f non-CAVCP

after 4 h showing microcrystalline DHE
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washed and serum containing media was added. Both

control and SCP-2 overexpressing cells with phagocytosed

crystals of DHE were immediately imaged by multi-photon

microscopy using dual channel detection as described in

the ‘‘Materials and Methods’’ at time t = 0. Power, gain,

and black level were adjusted initially to minimize

photobleaching, saturation, and dynamic range and main-

tained throughout the time based experiment. After the

instrumental acquisition parameters were set appropriately,

images of the autofluorescence of L-cells were acquired.

Due to the brightness of the emission of microcrystalline

DHE, no autofluorescence was observable in either the blue

channel (Fig. 9a) or UV channel (Fig. 9b). Similar images

(not shown) of the SCP-2 overexpressing cells were

acquired. Images of the DHE emission from microcrystals

of DHE in control cells and cells overexpressing SCP-2

were obtained by collecting the fluorescence in the blue

and UV channels at t = 0. Figure 9c, d were multiphoton

images acquired of the microcrystalline DHE in L-cells

overexpressing SCP-2 at the initial time point. Subse-

quently, cells on several chambered cover glass were

imaged at 12 h increments using multi-photon laser

scanning microscopy using both channels. Representative

images acquired from the blue (Fig. 9e) and UV channels

(Fig. 9f) reveal the character of the remaining DHE in L-

cells overexpressing SCP-2 after 60 h. Integrated intensity

measurements were made of the dual channel acquisition

images of cells across multiple regions of each slide and

the mean integrated intensity was plotted as a function of

time for both SCP-2 overexpressing and control cells

(Fig. 10a). The rate of disappearance of DHE crystalline

fluorescence (Fig. 10a) appeared linear over the period of

60 h for both cell types and did not appear significantly

different between cell types due to large variability espe-

cially in the control L-cells. The SCP-2 overexpressing

cells took up more microcrystals and trended toward faster

disappearance as compared to the control cells. The

emission at in the UV channel (375 nm) also decreased

more rapidly even than that of the blue channel (455 nm)

as seen in the graph of the ratio of the blue channel to UV

channel (455 nm emission/375 nm emission) over time

(Fig. 10b); which implied that at longer time points,

monomeric DHE was distributed faster throughout the

cellular membranes with a substantial portion effluxed out

of the cell [89].

Discussion

Excess cholesterol is cytotoxic and can result in deleterious

accumulation of crystalline cholesterol within the cell [10–

12]. While increased excretion, intracellular esterification

of cholesterol, and reduced hydrolysis of cholesteryl esters

can in part prevent toxicity due to excess cholesterol [13],

other factors may exist to enhance dissolution of crystalline

cholesterol and transport from the cell. Early studies with

macrophages, NPC fibroblasts, and hypercholesterolemic

rats suggested a potential role for intracellular sterol

binding/carrier proteins such as SCP-2 [15, 30–32]. In fact

SCP-2 has been shown to enhance transfer of DHE out of

microcrystals and exchange with cholesterol within intact

lysosomal membranes [38]. This was somewhat surprising

since even though DHE microcrystals appeared in large

quantities of lysosomes as determined by fluorescence

imaging/colocalization and isolation of intact lysosomes,

SCP-2 has been observed in only very small amounts

within lysosomes. Since cells can accumulate excess cho-

lesterol in microcrystalline patches within the plasma

membrane [10], a part of the current study was undertaken

with dehydroergosterol, a naturally-occurring fluorescent

sterol analog, and purified SCP-2 to determine if this pro-

tein enhanced the transfer/exchange of sterol between

crystals and between crystals and membrane acceptors,

especially plasma membranes and associated membrane

domains. Together the data presented herein provide new

Fig. 8 Multi-photon laser scanning microscopy of DHE monohy-

drate microcrystals. The microcrystals were formed by evaporation

from a solution of DHE in 90% ethanol and 10% water onto a

chambered cover glass. The microcrystals were then imaged through

a Zeiss 63X plan-Apochromat 1.4 NA oil immersion objective using a

Bio-Rad MRC-1024 MP laser scanning microscopy imaging system

with a Coherent titanium:sapphire femto-second mode-locked laser

tuned to an excitation wavelength of 900 nm. This grayscale image of

the plate-like structures represents the DHE crystalline enhanced

fluorescence filtered through a Chroma Technology 455/30 nm

dichroic filter. White scale bar in the lower right-hand corner of
the image represents 4 lm
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insights on the potential role of SCP-2 in dissolution of

crystalline sterol and transfer of crystal derived sterol to

cellular derived membrane fractions of enriched choles-

terol and caveolin-1.

At the outset, the crystal structure of dehydroergosterol

monohydrate was determined for the first time from DHE

synthesized with a purity [99%. Comparison with the

crystal structure of cholesterol monohydrate reveals overall

similarities such as its organization into a bilayer system

albeit with subtle differences, suggesting that it would be a

suitable donor for SCP-2-mediated sterol transfer. Similar

to ergosterol monohydrate, dehydroergosterol monohydrate

crystallizes in the space group P21 with two molecules in

the asymmetric unit while cholesterol monohydrate crys-

tallizes in the space group P1 with four molecules in the

asymmetric unit. If the unit cell of dehydroergosterol

Fig. 9 The effect of SCP-2

overexpression on DHE

microcrystals in living cells.

Living cells on chambered

cover glass were incubated with

DHE microcrystals for 24 h.

Cells were washed with PBS

three times and the replaced

with serum containing media.

The cells were immediately

imaged at t = 0 using multi-

photon laser scanning

microscopy imaging. Multi-

photon excitation of the DHE

was accomplished at 900 nm

with simultaneously mostly

crystalline DHE fluorescence

emission was collected using a

D455/30 nm filter (blue

channel) and mostly monomeric

DHE fluorescence emission was

collected using a D375/50 nm

filter (UV channel). The cells on

chambered cover glass were

returned to the incubator and

subsequently imaged every 12 h

up to 60 h. Image of L-cells

without DHE labeling

(autofluorescence) collected

using the blue channel a and the

UV channel b. The gain and

black levels were adjusted to

reduce the autofluorescence to

near zero as seen in the images

(a, b). Fluorescence emission of

DHE microcrystals in living

cells overexpressing SCP-2 as

imaged in the blue channel c
and UV channel d at time t = 0.

Fluorescence emission of DHE

microcrystals in living cells

overexpressing SCP-2 as

imaged in the blue channel e
and UV channel f at time

t = 60 h. Scale bar in lower
right corner represents 10 lm
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monohydrate was doubled and the space group reduced to

P1 then the transformed unit cell of dehydroergosterol

monohydrate would be comparable to cholesterol mono-

hydrate. Although, cholesterol monohydrate has triclinic

symmetry, it does have some pseudo-symmetry such that

the cholesterol monohydrate can easily be mistaken for

monoclinic [81, 82]. The low temperature monohydrate

crystalline structure of ergosterol was quite similar to the

reduced form (Table 1) where the main effect of the

addition of the two double bonds (Fig. 1) forming the

conjugated system brought about the shortening of the

longest axis c and with the decrease in the angle b bringing

it closer to approximating an orthorhombic system. The

space group reduced cell parameters of dehydroergosterol

monohydrate measured to be slightly smaller (a =

9.9747(11) Å, b = 7.4731(9) Å, c = 34.054(4) Å, a = 90�,

b = 92.970�[2], c = 90�) than those of cholesterol

monohydrate (a = 12.39 Å, b = 12.41 Å, c = 34.36 Å,

a = 91.9�, b = 98.1�, c = 100.8�) as reported previously

[81]. In comparing dehydroergosterol monohydrate to the

cholesterol monohydrate reported by Craven [81, 82] the

intermolecular distance between the centroids of the stag-

gered ring system for dehydroergosterol monohydrate

[5.50(1)Å] was significantly shorter than cholesterol

monohydrate [6.33(1) Å]. Consistent with previous mea-

surements of force-area isotherms of monolayers formed

using mixtures of either high mol% dehydroergosterol or

cholesterol with POPC, the density of dehydroergosterol

monohydrate (qDHE = 1.081 mg/m3) was slightly larger,

with a ratio of qDHE/qChol = 1.034, than that of cholesterol

monohydrate (qChol = 1.045 mg/m3) [38, 81]. Taken

together, these data would suggest that dehydroergosterol

was arranged in a slightly closer packed configuration than

cholesterol.

DHE in its crystalline form yields enhanced red shifted

emission reminiscent of the excimeric emission of pyrene

although with much less increase in fluorescence and some

spectral structure. Pyrene forms crystals that are mono-

clinic with four molecules in a unit cell and belong to the

space group P21/a such that the pyrene molecules are

arranged as sandwich dimers, forming the basis of the

excimer. Such a parallel arrangement observed of the

stacking of parallel dehydroergosterol molecules could also

form the basis of excimeric sandwich dimers although at

interplanar distances *1.5-fold greater than in pyrene

crystals. The larger distance in the DHE crystal could

explain the lower amount of enhanced emission from

monomer to excimer as compared to the pyrene crystal.

Also, the vibrational level structure observed in the dif-

ference spectra (crystalline-monomer) could indicate a

somewhat longer-lived ground state dissociative dimer. At

the present time, the enhanced red-shifted emission seems

to be relegated to the crystalline form as this spectral

characteristic has not been observed in highly concentrated

solutions (not saturated and with no observable crystals) of

DHE in ethanol. As such the existence of such enhance-

ment in emission has proven to be a very useful tool to

detect the existence of crystalline form in biological sys-

tems [91, 92].

Kinetic experiments, utilizing anisotropy measurements

of aqueous dispersions of DHE microcrystals in the vicinity

of 10-fold excess of acceptors, suggested that the addition

of SCP-2, but not albumin, significantly enhanced disrup-

tion of the DHE microcrystalline structure when in the

presence of excess cholesterol. Of greater significance, in

experiments with model membranes containing POPC,

cholesterol, and DOPS, SCP-2 enhanced exchange of sterol

between microcrystals and LUVs nearly 92-fold more in

the initial rate than the spontaneous exchange, even

affecting two dynamic pools of cholesterol within the

Fig. 10 Disappearance of microcrystalline DHE from L-cells and L-

cells overexpressing SCP-2. a The background corrected integrated

intensities obtained from images of DHE emission collected through

the D455/30 nm filter (blue channel) were plotted for both control L-

cells and cells overexpressing SCP-2. b The ratio of the background

corrected integrated intensities of monomer to crystalline that were

acquired using the D455/30 nm filter (blue channel) and the D375/

50 nm filter (UV channel) were plotted for both control L-cells and L-

cells overexpressing SCP-2. Each point was derived from mean

integrated intensities obtained from collective measurements of

*50 cells and corrected for residual background autofluorescence;

the error bars represent the standard error
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model membrane acceptors. The question remains, how-

ever, whether model membrane system studies would

reflect the DHE transfer between microcrystals and bio-

logical membranes such as the plasma membrane.

The plasma membranes of many types of cells contain

specialized cholesterol-rich microdomains [13, 18]. The

localization of the protein caveolin to these regions can

result in membrane invaginations (50–100 nm) which are

morphological features visualized by electron microscopy

and defined as caveolae. By selectively partitioning specific

lipids and proteins, these membrane regions represent a

nexus organizing multiple cell membrane functions such as

reverse cholesterol transport, cell recognition, signaling,

immune function, and potocytosis [4, 9, 93–97]. Although

plasma membrane cholesterol-rich microdomains such as

caveolae are important not only in normal cell physiology,

aberrant microdomains are associated with metabolic dis-

eases (cardiovascular, diabetes, obesity, Niemann-Pick C

disease, Alzheimer’s disease, as well as others) [19–26],

pathogen entry, and the action of many bacterial and viral

toxins [98–104]. In order to better understand the potential

role of such microdomains in the removal of crystalline

sterol, kinetic experiments were repeated with vesicles

derived from the plasma membrane of MDCK cells: (1).

plasma membrane acceptors and (2). affinity-purified

acceptors consisting of CAVCR and non-CAVCP mem-

brane vesicles sub-fractionated from plasma membrane

isolation. Although the CAVCR sub-fraction was previ-

ously shown to contain proteins such as caveolin-1 and

GM1 that are typically considered caveolae proteins and

the non-CAVCP were shown to be void of these proteins,

the argument remains at the edge of the definitive due to

the invasive nature of the isolation [71, 73, 105]. Whether

or not the cholesterol-rich vesicles can truly be considered

to behave similarly to intact caveolar membranes, the two

sub-fractions, respectively represent biological derived

membrane substrates with and without a complement of

active proteins thought to be involved in sterol uptake/

efflux [9, 106]. As such, these fractions were used to

characterize the interaction of crystalline sterol and active

proteins in a biologically relevant lipid microsystem. In the

plasma membrane fraction, a rather large amount (94%) of

the sterol was exchangeable with a half-time on the order

of 73 min, a value somewhat faster than that of MDCK

membrane fractions but typical of other organellar types

[71, 107]. Due to the large size of this rapid exchangeable

pool and variability in isolations, it is possible that a much

smaller fast component was obscured. Noticeably, in the

binding sub-fraction (CAVCR) of the MDCK plasma

membrane, a significantly faster component emerged that

represented about 5% of the total sterol and 13% of the

total exchangeable pool. However, only about 35% of the

total sterol was exchangeable compared to approximately

58% when using plasma membrane binding fraction donors

as well [71]. Similar to the plasma membrane vesicles, in

LUVs almost all of the sterol was available for exchange in

both the spontaneous and the SCP-2 enhanced. Two

dynamic pools were observed wherein the majority (87%)

pool had exchange rates on the order of a typical choles-

terol-rich microdomain sub-fraction and a small pool (3%)

had a very fast exchange rate (half-time on the order of s).

Significant enhancement, as a result of the addition of SCP-

2, occurred for the transfer of DHE out of microcrystals

into membranes vesicles, both model and cellular except

for the non-CAVCP, as might be expected at the outset.

Although the largest bulk transfer occurred from plasma

membrane vesicles, the CAVCR showed significant

decrease in half-time but with less exchangeable sterol

availability, possibly due to an intrinsic protein-cholesterol

binding interaction (e.g., caveolin).

Multi-photon laser scanning microscopy with its optical

sectioning capability has proven indispensable in observing

naturally occurring fluorophores like DHE that absorb in

ultraviolet wavelengths. With this technique, microcrystals

of DHE have been observed to incorporate into L-cells

[38]. This was not surprising since L-cells have been

shown to take up latex beads nearly 2 lm in diameter

[108]. Noninvasive spectroscopic imaging measurements

revealed that living cells work to reduce the amount of

intracellular crystalline sterol and showed that lysosomes

play a major role in this process but little was known about

whether SCP-2 might aid in the intracellular dissolution

process [38]. L-cells overexpressing SCP-2 were used to

determine the rate of disappearance of microcrystalline

DHE monohydrate in real-time as compared to control

cells. Cellular monomeric DHE that remained within the

cell localized in lipid storage droplets and intracellular

membranes with substantial accumulation in the plasma

membrane as formerly observed in L-cells [38, 58].

Previous studies have demonstrated the ability of protein

interaction in facilitating uptake of aqueous dispersions of

cholesterol aggregates. In cells overexpressing the scav-

enger receptor class B type I (SR-BI) it was shown that SR-

BI effected uptake of free radiolabeled cholesterol ([3H]

cholesterol) to stimulate cholesterol esterification after a

5 h incubation period with similar effectiveness as lipo-

proteins [109]. Moreover, SR-BI was shown to facilitate

uptake of cholesterol from mixed bile salt micelles [110].

In conclusion, not only the low solubility of cholesterol

in aqueous media but also the build up of crystalline pat-

ches in cellular membranes presents many challenges to

biological systems. However, small lipid binding proteins

such as SCP-2 in combination with specialized regions of

lipid-protein systems can facilitate and mediate the

exchange of sterol though sequestered in microcrystalline

form in order to adequately transport and access the sterol
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for further utilization. Therefore the observed enhanced

transfer effects with SCP-2 reveal the possibility of lipid-

protein processes to remediate cholesterol aggregation

within the cell. This was demonstrated herein through the

use of the naturally occurring fluorescent cholesterol ana-

log, DHE, in monohydrate crystalline structures somewhat

resembling that of cholesterol monohydrate but with

unique fluorescent spectral properties.
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Historical Perspective

In order to resolve the dynamics and factors governing

cholesterol trafficking within cells, it is important to rec-

ognize that the cholesterol molecule has very few polar

constituents (Fig. 1a). Consequently, cholesterol is poorly

soluble in aqueous environments such as cytosol as evi-

denced by critical micellar concentrations of cholesterol

and other sterols being very low, near 20–30 nM [1–5].

The physiological impact of cholesterol’s low aqueous

solubility is that spontaneous cholesterol desorption from

the cytofacial leaflet of the plasma membrane or lysosomal

membrane into the cytosol for transfer to intracellular sites

for esterification, oxidation, or secretion is extremely slow

(t1/2 3 h-days) [6–9]. Therefore, it is important to resolve

factors that influence the solubility of cholesterol in the

cytoplasm as well as to understand how the architecture

and properties of cholesterol in the plasma membrane

govern cholesterol movement from serum lipoproteins/

albumin into the membrane exofacial leaflet, across the

bilayer, and from the membrane cytofacial leaflet into the

cytoplasm either as vesicles or to cholesterol binding

proteins.

Multiple physical approaches in model or fixed cell

systems have been used to resolve the properties of cho-

lesterol in membranes and the influence of cholesterol on

membrane structure. Membrane cholesterol organization

has been examined using electron microscopy to visualize

the membrane at magnifications up to 100,0009 [10].

X-ray diffraction has been applied to membranes to

determine cholesterol orientation and depth as well as

determine lipidic crystal structures [11, 12]. By using

deuterated molecules and cooled neutron beams, neutron

scattering profiles of phospholipid/cholesterol bilayers

have been measured and neutron scatter off of the deute-

rium atom has been used to accurately determine

cholesterol’s location within the membrane [11, 12].

Electron scattering has had limited use due to high

vacuum requirements but has yielded some packing ori-

entation of cholesterol-rich domains [11–13]. Calorimetry

or thermal analysis resolves the effects of cholesterol level

on lipid phase transitions in model membranes of various

lipid compositions [14]. Unfortunately the complexity of

lipid compositions in biological membranes broadens/

abolishes lipid phase transitions—thereby limiting the

usefulness of calorimetry. By placing the membranes in a

strong magnetic field with exposure to electromagnetic

radiation, nuclear magnetic resonance (NMR) measure-

ments involving the interaction with the nonzero spin of

certain nuclei such as 1H and 13C have provided not only

detailed structural information (e.g. order parameter) on

cholesterol but also its interaction strengths with phos-

pholipid constituents of the membrane [12, 15, 16]. While
1H and 13C labeled cholesterols provide probes with

structure most closely resembling that of cholesterol, it is

difficult to incorporate large amounts of these labeled

sterols into biological membranes and the time-scale of

NMR measurements precludes resolution of cholesterol

dynamics on the biological time scale [17]. Another

technique, electron spin resonance (EPR) involves the

exploitation of the paramagnetism of certain molecules

with unpaired spins, usually 14 N [15]. Due to the nature

of the low natural paramagnetism of lipids, EPR probes

are synthesized with spin labels such as nitroxide free

radicals (e.g. dimethyl nitroxide referred to as doxyl).

The properties of doxyl labeled sterol analogs such as

Fig. 1 Structures of cholesterol

and fluorescent cholesterol

analogs. a Naturally occurring

sterols: cholesterol and

fluorescent sterol

dehydroergosterol (DHE).

b Photo-activatable cholesterol

analog (FCBP). c Cholesterol-

rich microdomain preferring

cholesterol analogs: Dansyl-

cholesterol (DChol); BODIPY-

cholesterol analog (LZ260).

d Cholesterol-poor

microdomain preferring

cholesterol analogs: BODIPY-

coprostanol analog 3; BODIPY-

cholesterol analog LZ110a; 22-

NBD-cholesterol
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SL-cholestane, SL-cholesterol, and SL-androstane have

recently been examined in POPC large unilamellar

vesicles (LUVs). Using EPR, it was found that the

SL-cholestane was moved deeper within the membrane as

a result of the bulky doxyl replacing the OH group but

with correct membrane orientation similar to the SL-cho-

lesterol which had the doxyl replacing two methyl groups

in the cholesterol tail [16]. However, EPR showed that the

SL-androstane molecule was upside down in membrane

orientation. This was due to the hydroxyl at the terminal

end of the lipid chain and the replacement of the OH

by the doxyl group [16]. Other techniques to examine

cholesterol architecture in membranes have included

radiolabeled methods, Raman scattering, and absorption

techniques including infrared and optical rotation disper-

sion/circular dichroism. While these approaches have been

very useful for studies of model membrane systems,

purified biological membrane fractions in vitro, or mem-

branes of fixed cells, they have not provided much insight

into cholesterol dynamics in living cells.

Obviously, a great deal of effort has been made to

design both suitable cholesterol analogs and the respective

experimental methods to gain insights into the lipid domain

structure and dynamics of biological membranes. Never-

theless, there is concern whether the behavior of the

cholesterol analogues truly reflects that of cholesterol.

Most of the probes have been chosen for the respective

studies based on their close structural and organizational

resemblance to the cholesterol molecule in both natural and

artificial membranes. Until recently it was almost univer-

sally accepted that cholesterol represents the unique and

essential building block of the cell membrane which

defines, to a great extent, the normal function of biological

organisms including man and most animals. Under this

paradigm even small alterations in the chemical structure

of cholesterol would be predicted to be incompatible with

animal life (rev. in [18]. But is cholesterol really essential

for normal cell organization and function? How stringent

are the stereo- and physico-chemical criteria for the

membrane sterol molecule that creates a platform (envi-

ronment) for membrane proteins? Several studies suggest

that many aspects of the original paradigm—i.e. compati-

bility with life—may be met by sterols other than

cholesterol. (i) Simple animal cells such as yeast (Candida

tropicalis, Saccharomyces cerevisiae) and Red Sea sponge

(Biemna fortis) synthesize dehydroergosterol (DHE,

Fig. 1a) as a major membrane sterol component [19–21].

DHE differs from cholesterol by having an ergosterol side-

chain (i.e. branched methyl and double bond), an ergosterol

B ring (two double bonds), and a C ring with an additional

double bond that maintains the extended cyclopentanoph-

enanthrene ring structure (Fig. 1a). (ii) DHE completely

replaces the requirement for cholesterol as the only sterol

source in the diet of the worm C. elegans [19]. (iii) Mouse

L-cell fibroblasts lack the enzyme 3b-hydroxysteroid-D24-

reductase (desmosterol reductase, Dhcr24) [22]. Desmos-

terol differs from cholesterol in having an extra double

bound in the side chain. When cultured in chemically

defined medium the L-cells synthesize desmosterol, replace

membrane cholesterol with desmosterol, and grow nor-

mally despite the absence of cholesterol [22, 23]. (iv)

Mouse L-cells cultured in chemically defined medium

containing DHE accumulate DHE which replaces as much

as 90% of endogenous membrane sterol without adverse

effects on membrane phospholipid or fatty acid composi-

tion, sterol/phospholipid ratio, activity of cholesterol

sensitive enzymes in the plasma membrane, or cell growth

[24]. Similar observations have been made with cultured

human fibroblasts and MDCK cells [25–27]. (v) Most of

the cholesterol in the developing and early neonatal rat

retina can be replaced by desmosterol without alteration in

function [28]. (vi) Ablation of the enzyme 3b-hydroxy-

steroid-D24-reductase (desmosterol reductase, Dhcr24) in

mice is not lethal and such mice exhibit only a mildly

altered phenotype evidenced by disturbances occurring in

steroid homeostasis [18, 29]. The development of these

viable ‘‘cholesterol-free mice’’, where almost all of the

cholesterol is replaced by desmosterol, shows that there is

not an absolute requirement for cholesterol to maintain life

[18, 29]. It should be noted, however, that the same

mutation in humans causes severe abnormalities, likely due

to the inability of human embryos to access maternal

cholesterol which is in contrast to mouse embryogenesis

where maternal cholesterol is available [18]. Taken toge-

ther, these data suggest that the membranes of mammalian

and other animal cells can tolerate small changes in the

structure of the cholesterol side (desmosterol, DHE) and

ring structure (DHE) and remain viable. However, not all

small changes in the cholesterol structure are equally well

tolerated. For example, loss of the Dhcr7 gene in mice

(Smith–Lemli–Opitz syndrome in humans) results in

accumulation of 7-dehydrocholesterol and very short-lived

mice (rev. in [29]. Much further work needs to be done to

establish the exact substitutions/changes in cholesterol

structure that can be accommodated to maintain viability.

Advent of Fluorescent Sterols

More recently fluorescence detection has been widely used

to study cholesterol not only in vitro, but also in real-time

imaging of fluorescent sterols (Fig. 1b–f) in living cultured

cells or in vivo. Fluorescent sterols, like other fluorescent

probes, provide ease of handling with very high level sen-

sitivity of detection, relatively short detection times, and

multiplexing of several probes [17]. These characteristics of
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fluorescence detection have made it very beneficial in uti-

lizing small quantities of fluorescent sterols not only for use

with traditional spectrofluorometers but also in newly

developed systems. In particular, fluorescent sterols and

other probes have brought about the widespread use of laser

scanning confocal microscopy (LSCM) and multiphoton

laser scanning microscopy (MPLSM) to simultaneously

study the interaction of lipids like cholesterol and proteins/

receptors in real-time within living cells.

With rare exception, the fluorophores present in most

commercially available fluorescent sterols (Avanti Polar

Lipids, Alabaster, AL; Invitrogen, Carlsbad, CA; Sigma, St.

Louis, MO, USA) as well as those synthesized in individual

laboratories are synthetic chemical tags that have been

used to localize cholesterol in membranes. This includes

the weakly fluorescent photoactivatable free cholesterol

benzophenone FCBP that photocross-links to proteins or

lipids (Fig. 1b), the cholesterol-rich microdomain preferring

cholesterol analogs such as dansyl-cholesterol (6-dansyl-

cholestanol) and BODIPY-cholesterol analog LZ260

(Fig. 1c), and the cholesterol-poor microdomain prefer-

ring BODIPY-coprostanol, BODIPY-cholesterol analog

LZ110a, 22-NBD-cholesterol (Fig. 1d), 25-NBD-choles-

terol (not shown), etc. [16, 30–38]. Although there is

considerable discussion regarding the solubility and orien-

tation of these synthetic fluorescent sterol probes in

membrane bilayers, especially 22-NBD-cholesterol and

25-NBD-cholesterol, at low concentrations some are

thought to mimic the distribution and orientation of cho-

lesterol [16, 35–37]. However, relatively few have been

examined with regards to their ability to be bound by

intracellular cholesterol-binding proteins (e.g. SCP-2,

ADRP) or their real-time uptake, distribution, and efflux

dynamics in living cells. One exception is 22-NBD-cho-

lesterol which has been shown to be not only bound with

high affinity (nM Kds) by SCP-2 and ADRP, but with ori-

entation within the binding site similar to cholesterol—

suggesting that this probe may be suitable for study of

intracellular cholesterol trafficking [4, 39–44]. Indeed,

22-NBD-cholesterol has proven useful for real-time imaging

of HDL-mediated cholesterol uptake, efflux, and intracel-

lular trafficking in living cells such as L-cell fibroblasts as

well as rat macrophages and lymphocytes [43, 45, 46]. Sterol

carrier protein-2 (SCP-2) overexpression facilitated (i.e.

decreased t1/2 of efflux) of protein mediated NBD-

cholesterol cytosolic efflux [43]. Concomitantly SCP-2

overexpression decreased the slower, vesicular cholesterol

transfer—likely by binding and sequestering ligands (i.e.

phosphatidylinositides, fatty acyl CoAs) that regulate

vesicular trafficking [43, 47–53].

However, there is a small group of naturally fluorescent

lipids that includes sterols such as DHE (Fig. 1a) as well as

some fatty acids (parinaric acids), retinoids (retinol,

retinoic acid), carotenes, and steroids (estriol). Because of

the tremendous interest of biologists and membraneologists

in cholesterol-rich microdomains (also called lipid rafts or

caveolae) over the past 15 years (review in [54–63], DHE

has emerged as a popular, potentially less perturbing

fluorescent sterol probe since it does not contain additional

bulky fluorescent groups added to the sterol structure.

Although this ultraviolet (UV) light absorbing and fluo-

rescent sterol (i.e. DHE) was first chemically synthesized

over 50 years ago [64], it was its detection at high level in

membranes of eukaryotes such as yeast C. tropicalis [19]

and Red Sea sponge B. fortis [21] that suggested its

potential usefulness as a probe for cholesterol. Conse-

quently, the focus of the remainder of the current review is

on the use of naturally fluorescent DHE as a probe of

cholesterol behavior in sterol-protein interactions, lipo-

proteins, model membranes, biological membranes, and

lipid rafts/caveolae. Since cholesterol itself has very few

structural/chemical features suitable for UV/VIS or optical

imaging, the advent of DHE with many properties mim-

icking or very similar to those of cholesterol, has proven to

be a major asset for probing/elucidating real-time sterol

dynamics by video and MPLSM imaging in living cells.

For additional insights, the reader is referred to earlier

reviews on DHE, synthetic fluorescent sterols, spin labeled

sterols, photoreactive sterols, and chemical tags of cho-

lesterol [65–68].

Effect of Sterol Structure and Purity on Sterol

Architecture and Dynamics in Membranes

Despite the fact that DHE is a naturally occurring fluo-

rescent sterol appearing in sponge and yeast, it is not

generally obtained from these sources. Instead, DHE from

commercial (Sigma, St. Louis, MO, USA) as well as lab-

oratory sources is chemically synthesized by an adaptation

of a 50-year-old method [64, 69–71]. However, synthetic

DHE prepared by this established method, especially that

obtained from commercial sources, may contain a signifi-

cant sterol impurity, varying from batch to batch, and as

high as 20–40% [43, 70, 71]. It is important to note that not

only the quantity, but also the chemical structure of the

sterol and the presence of cholesterol oxidation products

are known to significantly affect the structure and/or

function of model membranes (rev. in [54, 55, 70, 72, 73],

biological membranes [13, 74–80], lipid raft/caveolae [58,

81–88], and cholesterol-requiring plasma membrane

receptors [66, 89–91]. Because of this sensitivity it is

essential that fluorescent sterols such as DHE not contain

other sterols (e.g. ergosterol starting material or side

products produced during DHE synthesis) or oxidation

products. Such sterols/oxidation products may be
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non-fluorescent, potentially toxic (e.g. oxidized sterols),

alter membrane structure, and/or not faithfully reflect the

properties of cholesterol as accurately as pure DHE. This is

even more important for real-time imaging of fluorescent

DHE in living cells where such impurities may compete

with DHE for uptake and/or may be toxic. Therefore, the

following text deals with procedures for removing unre-

acted substrate (ergosterol), identifying side reaction or

oxidation products, removing impurities, and modifying

the synthesis procedure to prevent these artifacts. The DHE

synthesis procedures described below tested ergosterol

substrate obtained from several manufacturers (Steraloids,

Wilmington, NH, USA; Aldrich Chemical Co., Milwaukee,

WI, USA; Fluka Chemie, Steinheim, Switzerland; Sigma

Chemical, St Louis, MO, USA), but all other reagents were

in common from the same manufacturer: ‘‘Purified Plus’’

methanol, chloroform, and ethyl ether were from Burdick–

Jackson (Muskegon, MI, USA); ‘‘Baker Analyzed’’ 99+%

pure glacial acetic acid was from Mallinckrodt Baker

(Phillipsburg, NJ, USA), 99+% pure acetic anhydride was

from VWR (Atlanta, GA, USA), and anhydrous mercuric

acetate was from Fisher Scientific (Pittsburgh, PA, USA).

Identification of Potential Impurities Obtained Through

the Classical DHE Synthesis Procedure

DHE was synthesized from ergosterol by a classical pro-

cedure established over 50 years ago [64, 69]. Purity of

DHE was determined by high performance liquid chro-

matography as described [69]. The HPLC elution profile

was monitored as follows: absorbance at 205 nm (all

constituents), absorbance at 325 nm (DHE), and fluores-

cence emission at 375 nm (DHE). When the elution profile

of commercially available DHE was monitored at 205 nm

absorbance, at least two major peaks were obtained with

retention times of 11.75 and 15.3 min, respectively

(Fig. 2a). The latter peak comprised at least 20% of total

sterol. To determine which of these peaks represented

DHE, the elution profile was monitored by absorbance at

325 nm (Fig. 2b) and fluorescence emission at 375 nm

(Fig. 2c). Only the larger peak near 11.75 min absorbed at

325 nm (Fig. 2b) and fluoresced (Fig. 2c). The smaller

peak at 15.3 min comprising about 20% of total sterol was

not DHE since it did not absorb or fluoresce at wavelengths

typical of DHE. HPLC chromatograms (not shown) of

DHE prepared by our laboratory from only one lot of

ergosterol (Steraloids), but not from subsequent lots from

the same or other sources, yielded pure DHE ([99%). All

other preparations yielded DHE which was highly (20–

40%) impure. To further resolve the impurity, complete

absorbance spectra were obtained. The absorption spec-

trum of[99% pure DHE showed maxima at 310, 325, and

342 nm (Fig. 3a). In contrast, absorbance spectra of impure

synthetic DHE exhibited several additional peaks at 235,

242, and 251 nm (Fig. 3b), more clearly revealed by a

difference spectrum (Fig. 3c). The latter absorbance max-

ima were not consistent with the starting material,

ergosterol, which exhibited absorption maxima at much

longer wavelengths 271, 281, and 293 nm (not shown). It is

important to note that HPLC elution profiles, whether

monitored at 205 or 242 nm (wavelength at which the

impurity absorption was highest), were unable to clearly

distinguish whether the impurity was unreacted ergosterol

or an as yet unidentified compound with similar retention

time (not shown). While mass spectra of the impure DHE

detected DHE at (M + 1)+ of 395.3 and (M-OH)+ of 377.5

as expected (Fig. 4a), an additional component appeared

with (M + 1)+ of 397.3 and (M-OH)+ of 379.3 (Fig. 4a).

Fig. 2 HPLC analysis of DHE. a–c DHE synthesized by established

method as described in Methods. d–f DHE synthesized by an

improved method as described in Methods. Reversed phase HPLC

was performed and elution of organic compounds was detected by

absorbance at 205 nm (a, d). Elution of DHE was specifically

detected by absorbance at 325 nm (b, e) and by fluorescence emission

at 375 nm upon excitation at 325 nm (c, f). The peak with retention

time at 11.75 min was due to DHE while that at 15.3 min was due to a

non-fluorescent sterol

Lipids (2008) 43:1185–1208 1189

123



Surprisingly the APCI mass spectrum of this additional

component was identical to that of ergosterol (Fig. 4b)—

suggesting that the impurity was possibly an isomer of

ergosterol. Indeed it was reported nearly 60 years ago that

small amounts of nitric acid or mercuric nitrate catalyze

not only the formation of the tetraene DHE but also a side

product, i.e., mercurated triene, of ergosterol due to double

bond rearrangement [92, 93]. The spectral characteristics

(i.e., maxima at 235, 242, and 251 nm) of the DHE

impurity were the same as those of an isomer of ergos-

terol (5,7,22-cholestatrien-24b-methyl-3b-ol) known as

ergosterol D [64, 94]. Ergosterol D is a triene [i.e.

(7,9(11),22-cholestatrien-24b-methyl-3b-ol)] which differs

from ergosterol (i.e. 5,7,22-cholestatrien-24b-methyl-

3b-ol) in that the double bonds in the B ring are each

displaced one carbon atom position.

Based on the above data, a general scheme of DHE

synthesis and formation of the ergosterol D isomer was

established (Fig. 5). This scheme suggests that the syn-

thesis of pure DHE involved steps I, II (but not IIA), and

III (Fig. 5). The presence of some as yet unknown factor

(‘‘impurity’’) in starting material ergosterol, however,

resulted in rearrangement in the double bonds in the B

ring of ergosterol (essentially a competing side reaction)

as shown in step IIA (Fig. 5). This side reaction product

was an isomer of ergosterol, ergosterol D [i.e. (7,9,22-

cholestatrien-24b-methyl-3b-ol)] distinct from the original

ergosterol (5,7,22-cholestatrien-24b-methyl-3b-ol) and

DHE. In further support of this scheme, the absorbance

spectrum of each product during DHE was monitored

(Fig. 5). The UV absorbance spectrum of ergosterol ace-

tate (step I, Fig. 5) exhibited three absorption maxima

(Fig. 3d) essentially identical to pure ergosterol (not

shown). Hence, ergosterol acetate formation did not alter

UV absorbance spectrum of ergosterol. In Fig. 3e is

shown the UV absorbance spectrum of the intermediate

product taken 16 h into the 18 h dehydration step (step II,

Fig. 5). This spectrum was broad with vibrational bands

that were no longer distinct (cf. Fig. 3d). Figure 3f clearly

showed that during formation of DHE acetate (step II

in Fig. 5), the side reaction product ergosterol D acetate

(step IIA in Fig. 5) was concomitantly formed. Finally,

saponification (step III, Fig. 5) of the DHE acetate and

the ergosterol D acetate and recrystallization resulted

in a UV absorbance spectrum (Fig. 3f) consistent with

presence of both DHE (longer wavelength peaks) and

Fig. 3 Absorption spectra of

DHE. a Pure (*99%) DHE

synthesized by an improved

method as described in

Methods. b Commercially

available DHE (Sigma).

c Difference spectrum was

calculated by subtraction of

a from b. This spectrum shows

the triene impurity alone. Note:

it was necessary to use

absorbance spectra to

characterize the impurity, since

the emission and excitation

spectra determined the impurity

was non-fluorescent (not

shown). d UV absorbance

spectrum of ergosterol acetate.

e UV absorbance spectrum

taken after 16 h dehydration of

ergosterol acetate. f UV

absorbance spectrum of the

resultant DHE acetate with

impurity from the dehydration

step
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ergosterol D (peaks between 230 and 260 nm) as

indicated.

Removal of Impurities from DHE: Modified DHE

Synthesis Procedure

The fact that HPLC, absorbance spectra, and mass spectral

analysis did not detect any other organic contaminant in

ergosterol starting material suggested that a water soluble

inorganic contaminant might be a contributing factor to the

formation of the non-fluorescent ergosterol D side reaction

product. Therefore, in an effort to remove potential water-

soluble contaminants, the ergosterol was dissolved in

chloroform, washed at least three times with an equal

amount of deionized water, dried under N2, dissolved in

hot methanol and recrystallized three times, and then dried

under N2. HPLC analysis to detect all constituents

(absorbance at 205) revealed only a single peak was

detectable, retention time 11.7 min (Fig. 2d). Likewise,

when DHE was specifically monitored by absorbance at

325 nm (Fig. 2e) and fluorescence emission at 375 nm

(Fig. 2f) in each case only a single peak was detectable,

again with retention time of 11.7 min. HPLC chromato-

grams and absorbance spectra indicated that DHE

synthesized by the modified method was C99% pure.

Furthermore, APCI mass spectroscopy detected only a

single peak with [99% (not shown).

Monomeric Versus Crystalline DHE

Many of the spectroscopic properties of DHE as a fluo-

rescent sterol probe have been elucidated in organic

solvents [64, 65, 95] and in aqueous buffers [69, 70, 96]. In

organic solvents such as ethanol, DHE exhibits three UV

excitation maxima (311, 324, and 340 nm) and three red-

shifted emission maxima (354, 371, and 390 nm) charac-

teristic of the DHE monomer. Interestingly, however, in

aqueous buffers DHE exhibits a prominent spectral

enhancement of the emission maxima near 404 and 426 nm

Fig. 4 Atmospheric pressure chemical ionization (APCI) mass

spectra of the DHE and ergosterol. Mass spectral analysis was

performed with a Thermo Finnigan LCQ Deca ion trap liquid

chromatograph mass spectrometer (Thermo Finnigan, San Jose, CA,

USA) in atmospheric pressure chemical ionization (APCI) ion mode

with sample flow rates of 200 ll/min near the quadrupole ion trap

mass analyzer involving ultra-high purity helium gas. Samples were

brought up in 1 lM solutions of equal volumes of MeOH and H2O

where both the methanol and H2O were HPLC grade Burdick and

Jackson (Muskegon, MI, USA) purchased from VWR (Atlanta, GA,

USA). a Mass spectrogram of impure DHE (Fig. 2a–c). The daughter

ion resulting from the parent ion minus a hydroxyl group was

indicated by (M-OH)+ while plus a proton was indicated by

(M + 1)+. The impurity was observed as a daughter ion resulting

from the parent ion losing a hydroxyl group (M-OH)+ and gaining a

proton (M + 1)+. b Mass spectrogram of commercially available

ergosterol (99% pure), with the observed (M + 1)+ and (M-OH)+

daughter ions. Note that the ergosterol had the same mass as the triene

impurity
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as a possible result of excimeric emission—reflecting DHE

in microcrystalline structures, but with only a slight (about

5 nm) red shift in both absorbance maxima and emission

maxima [70]. For instance, the respective excitation and

emission maxima at 324 and 370 nm in ethanol shifted to

329 and 375 nm in aqueous such that the difference in the

similar vibronic levels was maintained at 46 nm. This was

consistent with solvent polarity (i.e. dielectric constant) or

pH having only a very minor effect on DHE and that

charge separation does not occur. Many different organic

solvents were used in a previous study to show that the

Stokes shift varied between 3,867 and 4,000 cm-1 [95].

The DHE excitation and emission of the aqueous disper-

sion was similar to spectra of DHE polycrystalline powder;

and both forms also exhibited similar lifetimes and corre-

sponding fractions in a dual lifetime analysis [96].

Advantage has been taken of the distinction in the

spectral characteristics to differentiate monomeric and

microcrystalline (mostly in lysosomes) forms of DHE in

living cells visualized by multiphoton imaging [70]. In

order to determine quantitatively the amount of the crys-

talline component and monomeric, the DHE was examined

by fluorescence spectroscopy wherein the ratio of fluores-

cence intensity measurements at the wavelengths 426 and

373 nm was computed. Under monomeric conditions, such

as the case in an organic solvent (e.g. ethanol) or low

concentrations of DHE in model membranes (e.g. large

unilamellar vesicles or LUVs), the ratio was measured as

I426/I373 * 0.3 and would increase to approximately I426/

I373 * 3.4 for an aqueous dispersion of DHE in a buffered

solution with pH. 7.4 [70]. Thus, the spectral properties of

DHE give important insights on the cholesterol organiza-

tion in membranes or organelles (e.g. lysosomes).

DHE Properties in Lipoproteins, Cholesterol-Binding

Proteins, and Peptides

Dehydroergosterol has been directly incorporated into lipo-

proteins in vitro [97–99] or in vivo by feeding animals (rats,

Fig. 5 General scheme of

synthesis of DHE. Step I is the

conversion of ergosterol to

ergosterol acetate. Step II is the

dehydration of the ergosterol

acetate to form a new double

bond in the C ring. Step IIA is

the competing side reaction

which causes formation of the

triene impurity in DHE. Note

that this triene impurity had the

same molecular mass as

ergosterol because it was an

isomer of ergosterol, i.e.

ergosterol D. Step III is the

saponification of the DHE

acetate to yield DHE product
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rabbits) dietary DHE followed by isolation of serum lipo-

proteins [100, 101]. These studies showed that DHE was

localized in the surface monolayer surrounding the neutral

lipid cores of triglyceride/cholesteryl ester rich lipoproteins

similarly as cholesterol. In addition, DHE and a similar

synthetic fluorescent cholesterol analog (cholestatrienol,

CTE) have been used to examine the structure of the sterol

binding site of cholesterol-binding proteins such as sterol

carrier protein-2 (SCP-2) [2, 39, 102–105] and liver fatty

acid binding protein (L-FABP) [2, 106, 107]. SCP-2 and

L-FABP generally bound one mole of fluorescent sterol/mole

protein. The fluorescent DHE or CTE were highly ordered in

the binding pockets as indicated by markedly increased

polarization as compared to aqueous buffer. The intermo-

lecular distance between the DHE or CTE fluorophore and

Trp or Tyr residues of these proteins measured by a fluo-

rescence resonance energy transfer (FRET) in these studies

was in the range of 16–19 Å, indicating close molecular

interaction [108]. Finally, FRET between Trp of mellitin

(peptide from bee venom) and DHE incorporated in model

membranes indicated that mellitin bound to the membrane,

bound mellitin Trp was in close proximity to DHE (i.e. a few

angstroms), and DHE was non-randomly distributed within

the model membrane [109]. Taken together these findings

were consistent with DHE as a useful probe for examining

the interactions and location of cholesterol in cholesterol-

binding proteins and lipoproteins.

DHE Properties in Membranes

Model Membranes

The usefulness of DHE and cholestatrienol (CTE) as fluo-

rescent cholesterol analogs in model membranes in a series

of investigations spanning several decades demonstrated the

usefulness of these probes to monitor cholesterol structural

(polarization, limiting anisotropy, order) and dynamic

(lifetime, rotational rate) properties in membranes [12, 65,

70, 95, 96, 108, 110–120]. The lifetime studies resolved for

the first time at least two DHE domains in model membranes,

one less sensitive to the aqueous than the other, and that these

domains were dependent on the lipid composition, temper-

ature, and other properties of the membrane [54, 119]. This

possibility was further supported by model membrane

studies of DHE exchange which provided kinetic evidence

for the existence of multiple sterol containing domains in

membranes [118, 121–124]. DHE was especially useful for

these studies because the spontaneous exchange of DHE

between model membranes was very similar to that of

radiolabeled cholesterol [117]. Further, these dynamic and

kinetic pools of DHE represent lateral sterol-rich and—poor

domains rather than pools in the outer vs. inner leaflet

because: (i) the transbilayer distribution of sterol across

model membrane bilayers is uniform, unless membranes

are very highly curved (rev. in [12]), (ii) the transbilayer

migration rate of DHE is very rapid (much faster than kinetic

exchange rates between membranes) and is very similar to

that of cholesterol [108], (iii) Dynamic (lifetime) and DHE

kinetic exchange studies determined that the presence of a

large and a small DHE pool, (iv) DHE kinetic exchange

studies determined that the large sterol pool corresponded to

very-slowly (days) exchangeable sterol, while the small pool

(generally\10%) was rapidly exchangeable. The pool size

and half-times of exchange were dramatically affected by the

presence of acidic phospholipids and, even more so by the

presence of sphingolipids in the model membranes. The

sterol carrier protein SCP-2 rapidly facilitated DHE transfer

between model membranes by decreasing the half-time of

exchange and increasing the size of the rapidly exchangeable

domain. This action of SCP-2 was mechanistically due not

only to the presence of a sterol binding site in this protein, but

also the membrane interaction domain comprised on a pos-

itively charged face of an N-terminal amphipathic a-helix

[125–127]. These studies demonstrated that the properties of

DHE and/or CTE closely reflected those of cholesterol in

model membranes.

Suitability of DHE as a Probe for Cholesterol

in Biological Membranes

Dehydroergosterol is non-toxic to animal cells as shown by

its presence in membranes of yeast (C. tropicalis, S. ce-

revisiae) and Red Sea sponge (B. fortis) as well as its

ability to completely replace cholesterol as the only sterol

source in the diet of animals such as C. elegans or cultured

L-cells [19–21, 24, 128]. Unlike most synthetic fluorescent

tagged sterols which can only be incorporated at very low

amounts into cell membranes, DHE taken up by cultured

cells can replace nearly 90% of total cholesterol without

adverse effect on cell viability, plasma membrane struc-

ture, plasma membrane phospholipid composition or sterol/

phospholipid ratio, or plasma membrane sterol sensitive

enzymes [24]. Plasma membrane receptors such as the

oxytocin receptor are exquisitely sensitive to the structure

of the sterol with which it interacts. In cholesterol-depleted

membranes, only cholesterol and DHE are effective in

reconstituting activity of this highly sterol-sensitive plasma

membrane protein [89–91]. In cultured cells DHE codis-

tributes with cholesterol in plasma membranes,

microsomes, mitochondria, and lysosomes [24, 129, 130].

Delivery of DHE into Cultured Cell Membranes

Dehydroergosterol may be delivered to living cells for

uptake and incorporation into plasma membranes by
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several methods: (i) While relatively slow, the simplest is

delivery as micro-crystalline DHE from a stock solution in

ethanol over a 2-day period as described previously [24,

70]. DHE can enter the cells by exchange between the

micro-crystals and the cell surface plasma membrane, a

process that may be facilitated by albumin in the medium

[131–134]. Concomitantly, the cultured cells also phago-

cytose DHE micro-crystals from the medium as shown by

MPLSM colocalization with lysosomal markers [70]. Over

time the endocytosed DHE micro-crystals may be digested/

disrupted in the lysosome or outside the lysosome by

intracellular cholesterol-binding proteins such as SCP-2.

Consequently, most DHE delivered in this fashion is

codistributed similarly as cholesterol in all subcellular

membranes including plasma membranes, plasma mem-

brane cholesterol-rich lipid rafts, plasma membrane

cholesterol-poor non-rafts, lysosomes, endoplasmic retic-

ulum, and mitochondria [6, 7, 24, 26, 27, 129, 135–137].

The presence of DHE micro-crystals in MPLSM images of

cells cultured with DHE micro-crystals can be reduced by

pulse labeling the cells with DHE micro-crystals for sev-

eral hours followed by washing and incubation in DHE free

medium for several days. (ii) An even slower, but more

physiological method is to deliver DHE complexed to

serum lipoproteins [100, 101]. In this method, the DHE is

dissolved in organic solvent which is used to coat the inside

of a tube or (to increase surface area) a tube containing

celite (diatomaceous earth), the solvent is evaporated,

serum lipoproteins are added in buffer with antimicrobial

agent, incubated overnight with shaking at 37 �C, followed

by sedimentation to remove particulates and filtration to

assure sterility. (iii) A faster, but less efficient method to

deliver DHE as a component of large unilamellar vesicles

(LUVs) over a 1-day period as described previously [70].

The DHE present in the LUVs enters the cell either by

exchange with the cell plasma membrane (potentially

facilitated by albumin in the medium) or, depending on the

charge of the LUV, by facilitated fusion with the cell

plasma membrane. While the LUV method completely

avoids the presence of micro-crystalline DHE, less total

DHE is incorporated into the cells since incubation with

larger amounts of LUVs concomitantly results in incor-

poration large amounts of carrier phospholipid which itself

may alter cell membrane properties depending on the

specific phospholipid polar head group (e.g. choline, eth-

anolamine, etc.) and esterified fatty acids (saturated,

monounsaturated, polyunsaturated). (iv) The most rapid

method for delivery of large amounts of DHE into cells is

to deliver DHE as dehydroergosterol-methyl-b-cyclodex-

trin (DHE-MbCD) complexes prepared by adding DHE to

an aqueous solution of MbCD (3 mM DHE and

30 mM MbCD). This mixture was overlaid with N2, con-

tinuously vortexed under light protection for 24 h at room

temperature, and filtered through a 0.2-lm filter to remove

insoluble material and DHE crystals. Then, 20 lg of DHE

was added to the cells in the form of DHE-MbCD com-

plexes and allowed to incubate for 45 min at room

temperature in PBS. Prior to imaging, cells were washed

three times with PBS. With this technique DHE enters the

cell by exchange between the DHE-MbCD complexes and

the cell plasma membrane. The cyclodextrin-based method

for DHE delivery to the cell may proceed, in addition to the

clathrin mediated pathway, through the caveolae-depen-

dent endocytosis due to non-selective cholesterol loading

onto the plasma membrane by cyclodextrin. The major

drawback of this method is that large excess of MbCD

by itself can deplete cells of cholesterol while very high

quantities of DHE-MbCD at high molar ratios can increase

total sterol content. Therefore, care must be taken to

optimize the DHE-MbCD molar ratio and concentration in

the medium to maintain unaltered total sterol content in the

cell and cell membranes.

In summary, the above methods of DHE delivery differ

in rapidity, the amount of DHE that can be delivered, and

potentially DHE distribution in the cell may differ from

one loading method or another. The latter may be an

advantage of a particular method if it is desirable to

preferentially label a specific cellular compartment. Alter-

nately, if uniform distribution of DHE is desired, this

potential problem may be minimized if the cells are incu-

bated over sufficient time for the DHE to equilibrate

between all cellular compartments.

DHE Architecture in Purified Biological Membranes

Dehydroergosterol has been used to probe the structural

(polarization, limiting anisotropy, order), dynamic (life-

time, rotational rate), and kinetic (exchange) environment

of cholesterol in plasma membranes [6, 7, 54, 55, 135,

138–141], microsomes [6, 7], mitochondria [6, 7, 142,

143], and lysosomes [8, 129]. DHE has revealed several

important structural and dynamic aspects of the cholesterol

microenvironment in biological membranes.

First, in contrast to model membranes, DHE was found

to be asymmetrically distributed across the plasma mem-

brane bilayer (rev. in [12, 144, 145]. DHE revealed that the

cytofacial leaflet of plasma membranes from L-cell fibro-

blasts [12, 24, 146, 147], erythrocytes [144], and brain

synaptosomes [145, 148–151]. While other methods (filipin

staining, exchange, cholesterol oxidase accessibility, neu-

tron diffraction, etc.) have also been used to measure

transbilayer cholesterol distribution, many have significant

limitations including accessibility of membrane cholesterol

(filipin, cholesterol oxidase), production of a potential

perturbant (cholesterol oxidase produces cholesterone), and

poor dynamic resolution (neutron diffraction) (rev. in [12].
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While measurements of transbilayer sterol distribution by

different methods may therefore not necessarily agree,

multiple methods (DHE, NBD-cholesterol quenching, and

exchange assays) indicate that the cytofacial leaflet of

erythrocytes has more cholesterol than the exofacial leaflet

[144, 152]. Likewise, several methods (DHE, cholesterol

oxidase) indicate that the synaptosomal plasma membrane

has more cholesterol in the cytofacial leaflet than the

exofacial leaflet [12, 145, 148–150]. The transbilayer dis-

tribution of sterol is a major determinant of the transbilayer

fluidity gradient present in these membranes, the cytofacial

cholesterol-rich leaflet is more rigid (less fluid) than the

relatively cholesterol-poor exofacial leaflet (rev. in [146,

147, 149, 153–159]. The transbilayer migration rate of

DHE in model membranes and plasma membranes is rel-

atively fast, t1/2 of sec–min depending on the membrane

examined (rev. in [12, 108, 144, 145]. Rapid transbilayer

migration of DHE is also supported by the finding that

uptake of DHE into and non-vesicular transport across

cultured hepatocyte-derived cells (i.e. from basolateral to

canalicular plasma membrane) is also very rapid, i.e. t1/2 of

1–3 min [160]. The finding of rapid transbilayer sterol

movement suggested that the asymmetric transbilayer dis-

tribution in the plasma membrane was not due to restricted

movement of cholesterol from one leaflet to the other, but

was instead a property of the lipid bilayer itself. DHE

transbilayer distribution has broad applicability in studies

of the action of anesthetics, cholesterol lowering drugs

(statins), alcohol (chronic and acute), lupus erythematosus,

aging, apoE, and sterol carrier proteins all of which can

alter plasma membrane or synaptosomal plasma membrane

transbilayer sterol distribution and/or transbilayer fluidity

[26, 135, 136, 145, 149, 150, 154, 161–172].

Second, the DHE lateral distribution in both model and

biological membranes was not uniform, but instead

reflected sterol-rich and poor domains (rev. in [54, 55]. The

exchange kinetics of DHE and radiolabeled cholesterol

between model membranes was indistinguishable [117].

For a kinetic sterol exchange assay between biological

membranes, cellular organellar membranes can be isolated

from cells supplemented with DHE to act as donors and

without supplementation of DHE to act as acceptors. Not

only exchange kinetics but also lifetime analysis resolved

multiple sterol domains; and cholesterol binding/transfer

proteins such as SCP-2 (and less so L-FABP) rapidly

facilitated DHE transfer from these purified membrane

fractions to other intracellular membranes in vitro [54, 55].

With regards to cholesterol movement between purified

intracellular organelle membrane fractions, the most rapid

spontaneous DHE transfer occurred from mitochondrial

membranes to microsomal membranes, mitochondrial to

lysosomal and to plasma membranes, and plasma mem-

branes to microsomal membranes [173]. Least rapid

spontaneous DHE transfer occurred from lysosomal to

plasma membranes. However, in the presence of the

SCP-2, the DHE transfer was markedly enhanced in the

approximate order of plasma membrane to microsomal

membranes and plasma membranes to lysosomal mem-

branes [173]. This order was followed by enhanced transfer

from mitochondrial membranes to microsomal membrane,

mitochondrial membranes to plasma membranes, and a

nearly equal transfer between mitochondrial and plasma

membranes. Other than the transfer between mitochondrial

and plasma membranes, the reverse transfer was markedly

slower in both spontaneous and SCP-2 mediated [173].

Thus, in vitro exchange dynamics of DHE revealed that: (i)

spontaneous sterol transfer was very slow, but vectorial;

(ii) spontaneous sterol transfer from lysosomes and lyso-

somal membranes was extremely slow, despite the fact that

this is the route of LDL-receptor mediated cholesterol

uptake; (iii) cholesterol-binding proteins such as SCP-2

rapidly enhanced the extent and directional transfer of

sterol transfer from lysosomes and lysosomal membranes

to the plasma membrane.

Physiological Significance of in Vitro Studies with

DHE and Other Fluorescent Sterols: Cultured Cells

and Animals

The significance of the above findings in living cells was

confirmed with DHE and other fluorescent sterols in a

variety of cultured cells including L-cells, CHO cells,

macrophages, and hepatocyte derived cell lines [39, 43, 45,

160, 174–176]. Studies with transfected L-cells showed that

uptake and efflux of fluorescent sterols was highly depen-

dent on the expression of cholesterol binding proteins (e.g.

such as SCP-2) in the cytosol. Furthermore, transhepato-

cyte transfer of DHE was very rapid and not vesicular.

Since hepatocytes have very high levels of intracellular

cholesterol binding proteins (e.g. SCP-2, L-FABP) taken

together such data suggested that rapid transhepatocyte

cholesterol trafficking from the basolateral to canalicular

membrane for efflux was facilitated by these proteins in the

cytosol. The physiological impact of cholesterol binding

proteins such as SCP-2 and L-FABP on cholesterol uptake,

esterification, and excretion into bile was confirmed by

studies with SCP-2 transgenic (i.e. overexpressing or

antisense cDNA treated) mice and rats [177–179] and

gene-targeted mice wherein SCP-2/SCP-x [180–182],

SCP-x [183], or L-FABP [184–189] were ablated.

Studies with radiolabeled cholesterol were consistent

with many of the findings shown with the fluorescent DHE

and other sterols in cultured cells [43, 45, 172, 190–197].

In one study, it was shown that overexpression of L-FABP

in L-cell fibroblasts enhanced the transfer or radiolabeled

cholesterol from the plasma membrane to the endoplasmic
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reticulum for esterification [194]. Transfer was inhibited

by drugs that bound/competed with cholesterol for the

L-FABP binding site. In another study, L-cells were trans-

fected with the cDNA that encodes for the 13.2 and 15 kDa

SCP-2 proteins respectively. In nearly all tissues and

cells examined the 15 kDa SCP-2 undergoes complete

N-terminal post-translational cleavage to yield the mature

13.2 kDa SCP-2 (rev. in [173]. Despite the fact that only

the 13.2 kDa protein was found in both cases, different

effects on the intracellular trafficking of cholesterol were

observed [191]. In early experiments using radiolabeled

cholesterol, 15 kDa SCP-2 transfected L-cells showed an

enhanced uptake of [3H]cholesterol after 4 hours including

a resultant increase in esterification of the exogenous

radiolabeled cholesterol as shown by the 30% increase in

[3H]cholesteryl ester levels with no enhancement in the

13.2 kDa SCP-2 transfected L-cells as compared to the

control cells. Both the 15-kDa- and the 13.2-kDa SCP-2

transfected L-cells showed a significant increase (15- and

11-fold, respectively) in the initial [3H]cholesteryl ester

synthesis rate compared to control cells after treatment

with sphingomyelinase. This experiment was important in

order to examine the effect of SCP-2 expression on the

intracellular movement of cholesterol from the plasma

membrane to the endoplasmic reticulum for esterification

[192]. The resulting data corresponded with the afore-

mentioned fluorescent in vitro assays where greater

enhancement occurred in the direction of exchange of DHE

from plasma membrane to microsomal vesicle [6, 173].

The increased rate in ester synthesis resulted in a 1.5

increase in the [3H]cholesteryl ester levels, while at satu-

ration (1 hr treatment), the radiolabeled cholesteryl ester

levels were increased 1.6- and 1.3-fold for 15- and

13.2-kDa SCP-2 overexpression [192]. Inhibition of

microsomal cholesteryl ester synthesis by drug treatment in

the sphingomyelinase treated cells showed no differences.

The overexpression of 13.2-kDa SCP-2 did not elevate

cholesterol homeostasis of free cholesterol while elevat-

ing esterified cholesterol levels [192]. Treatment with

[3H]oleic acid revealed that the 15-kDa SCP-2 over-

expression resulted in a specific increase of cholesterol

esterification as opposed to the 13.2-kDa SCP-2 over-

expression which resulted in esterification into triacyl-

glycerols[192]. Using [3H]cholesterol and the fluorescent

22-NBD-cholesterol in conjunction with high density

lipoproteins (HDL), L-cells overexpressing SCP-2 were

shown to inhibit the HDL mediated efflux of cholesterol of

61 and 157%, respectively [43]. However, most of the

inhibition occurred in the slower component while the

faster component of the efflux pool (protein-mediated) was

somewhat less affected. Clearly, both the radiolabeled

cholesterol uptake and HDL-mediated 22-NBD-cholesterol

efflux studies in living cells reveal that the effects of SCP-2

expression on cellular cholesterol transport become

increasingly significant over longer time periods.

Overexpression of SCP-2 also had an inhibitory effect

on the in vitro enhancement of SCP-2 on the exchange of

DHE and cholesterol between purified lysosomal mem-

branes as seen by the initial rates [8]. Lipid analysis of

lysosomal membranes revealed a significant decrease in the

cholesterol to phospholipid ratio as a result of a small

decrease in the cholesterol mass with a corresponding

increase in phosphatidylserine; however, lyso-bis-phos-

phatidic acid (LBPA), which is involved in lysosomal

cholesterol trafficking, was dramatically decreased by

nearly threefold. Furthermore, sterol exchanges involving

lysosomal membranes isolated from normal CWN human

fibroblasts and NPC1 human fibroblasts revealed an

apparent similar effect [25]. The exchange of sterol from

the fast kinetic pool was increased dramatically (twofold

increase in initial rate) upon addition of SCP-2 in vitro

for the NPC1 lysosomal membranes when compared to

the control CWN lysosomal membranes as determined

by DHE polarization exchange assays. The decreased

expression of SCP-2 in NPC1 fibroblasts, as seen in murine

models of Niemann-Pick type C disease [198], allowed for

a higher exchange rate of the fast kinetic pool as compared

to CWN fibroblasts with larger normal expression of SCP-

2. In fact, the lysosomal membranes from CWN human

fibroblasts showed much slower spontaneous initial rate of

sterol exchange as well. However, the trend was reversed

in the slower but larger kinetic pool, where higher levels

of SCP-2 caused a higher rate of sterol transfer in vitro.

Both cell types exhibited similar sterol kinetic pool frac-

tions for the isolated lysosomal membranes [25] despite

differences in sterol transfer rates. With the exception of

the pool fraction sizes, sterol transfer characteristics

examined as a function of expression of SCP-2 in lyso-

somal membranes isolated from control and transfected

murine fibroblasts appeared consistent with those seen in

CWN and NPC1 human fibroblasts [8] possibly through

membrane lipid domain alteration and/or involvement with

LBPA [199]. Exchanges between lysosomal donors to

mitochondrial acceptors revealed similar results whereas

SCP-2 overexpression removed the fast kinetic pool but

enhanced the slower kinetic pool both in rate and in pool

size [173]. In the reverse exchange (mitochondrial donor

to lysosomal acceptors), no fast kinetic pool was detected

in the control. However, SCP-2 overexpression still

reduced the early exchange of sterol as seen by the 6-fold

reduction in initial rate by shifting most of the sterol into

the non-exchangeable pool [173]. In part, this might

explain the large pool of non-exchangeable sterol observed

in exchange assays using mitochondrial membrane vesi-

cles isolated from steroidogenic MA-10 Leydig cells

[143].
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Thus, modulation of directional cholesterol transport

and cholesterol esterification as well as membrane lipid

composition has been demonstrated to occur as a function

of expression levels of L-FABP or SCP-2, possibly through

the interaction of proteins/receptors involved with choles-

terol trafficking and lipid sensing/signaling. The resulting

evidence has been obtained with assays using different

labeled sterols including the fluorescent cholesterol analog

DHE.

Plasma Membrane Sterol-Rich Microdomains:

In Vitro Studies

Based on findings with delivery of dansyl-cholesterol, the

method and duration of fluorescent sterol delivery (e.g.

micro-crystals, lipoproteins, LUV, or cyclodextrin com-

plexes) may affect the distribution of fluorescent sterol to

lipid rafts/caveolae or non-rafts (see Sect. 6.3 and [32].

When transformed cells (L-cells, MDCK cells) or primary

mouse hepatocytes were cultured with DHE (micro-

crystals or LUV) under conditions to maximize DHE

incorporation and equilibration, biochemical fractionation

by affinity chromatography of purified plasma membrane

vesicles yielded sterol-rich lipid rafts/caveolae, caveolae,

and lipid rafts, respectively [26, 27, 70, 136]. DHE was

codistributed similarly as cholesterol into sterol-rich

and—poor domains [26, 27, 70, 82, 102, 135, 136, 172,

182, 196]. Lipid raft/caveolae associated receptors such

as the oxytocin receptor are sensitive to the structure of

the sterol with which it interacts and both cholesterol and

DHE, but not other sterols, are effective in reconstituting

activity of this highly sterol-sensitive plasma membrane

protein in cholesterol-depleted lipid rafts/caveolae [89–

91]. DHE mobility (fluorescence polarization) differed

significantly in lipid rafts/caveolae from non-rafts. While

spontaneous DHE transfer from lipid rafts/caveolae was

relatively slow, that from non-rafts was essentially non-

detectable. SCP-2 dramatically enhanced DHE transfer

from lipid rafts/caveolae, but not from non-raft domains.

Further examination of the plasma membrane cholesterol

partitioning revealed that sterol transfer, as resolved using

DHE in fluorescence polarization kinetic assays, from

caveolae/raft domains with introduction of SCP-2 was

enhanced as compared to plasma membrane vesicles

[136]. Principally, the initial rate of the caveolae/raft

fractions was increased by a factor of 5 with a larger

portion of the sterol arranged in an exchangeable kinetic

pool as compared to the overall plasma membrane frac-

tion [136]. A possible mechanism for this enhancement

may involve: (i) SCP-2 directly binding cholesterol as

shown by fluorescent sterol binding assays and cross-

linking by photoactivatable cholesterol (Fig. 1b) [39–41,

44]; (ii) SCP-2 directly interacting with caveolin-1 within

the plasma membrane as observed from in vitro (coIP,

CD) and in vivo (two hybrid, double immunofluorescence

FRET, double immunogold EM) assays that revealed an

average molecular interaction distance of *48Å was

measured [200]. Specifically, SCP-2 has been shown to

directly interact with the N-terminal sequence of amino

acids of caveolin-1 [201]. Finally, DHE transfer from

lipid rafts/caveolae to serum lipoproteins was remarkably

specific for the type of lipoprotein/apoprotein, while

that to non-rafts was very slow and not specific [27].

The importance of resolving cholesterol structure and

dynamics in these cholesterol-rich plasma membrane

microdomains is underscored by the fact that lipid rafts/

caveolae function not only in reverse cholesterol trans-

port, but also in cell recognition, signaling, immune

function, and potocytosis (rev. in [58, 60, 82, 84, 85, 87].

Furthermore, lipid rafts/caveolae were shown to mediate

the action of potential bioterror toxins and serve as entry

portals for a host of bioterror pathogens (rev. in [82,

202].

Plasma Membrane Sterol-rich Microdomains:

Real-time Imaging of DHE in Plasma Membranes

of Living Cells

Recent improvements in imaging microscopy allowed the

direct, real-time visualization of DHE in living cells by

conventional (DHE delivered as micro-crystals) or video

(DHE delivered as cyclodextrin complexes) UV fluores-

cence microscopy [39, 160, 174–176] and by MPLSM

(DHE delivered as LUV or micro-crystals) multiphoton

laser scanning microscopy [71, 82, 203, 204]. Analysis of

intracellular localization and distribution of DHE at the

plasma membrane can be accomplished after segmenta-

tion of specific regions of interest such as cellular

organelles and performed on a cell by cell basis [70, 203].

Previously, two techniques involving image segmentation

of the plasma membrane of cells labeled with DHE and

multiple fluorescent probes (i.e. Nile Red, ECFP-Mem,

and DiO) were validated and compared [203]: (i) sub-

traction and sliding window and (ii) rank statistic-based

methodology. The subtraction technique was performed

with the DHE and Nile Red colocalization experimental

results by subtracting the DHE channel from the Nile Red

channel. This procedure worked very well with Nile Red

as it only very weakly stained the PM as compared to the

significantly brighter labeling by the DHE. Noise was

reduced by using a sliding window analysis technique

where window size, intensity thresholding, and the signal

to noise ratio was optimized. In the rank statistic-based

technique, two small windows are created in the image
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and the pixel intensities in each window ranked from the

lowest to highest; then a comparison is made by using

Miller’s rank statistic. The solution is optimized based

upon intensity thresholding. The segmented plasma

membrane regions were smoothed using geometric

moments functions based on the intensity distribution

within the segmented PM. Subsequently, geometric ref-

erence and spatial intensity measurements were

calculated. Spatial statistical analysis was performed using

pixels with DHE intensities higher than the median

intensity to test for complete spatial randomness (CSR).

Monte Carlo simulations were run using the narrowed

data set (peak intensities—relative higher concentrations)

as well as the complete data set [203].

Multiphoton Imaging of DHE Incorporated into L-Cells

from Ethanolic Stock Diluted in Aqueous Medium

L-Cell fibroblasts grown on chambered coverglass were

incubated with the fluorescent sterol analog, DHE, from

ethanolic stock solution as described above and imaged by

multi-photon microscopy. Despite multiple washings of the

cells, images from a single channel covering the range

350–450 nm revealed very bright patches of fluorescence

Fig. 6 Real-time multiphoton imaging of DHE in living L-cell

fibroblasts. L-cells were plated onto chambered coverglass incubated

with DHE by three different techniques and imaged by multi-photon

laser scanning microscopy using a MRC-1024MP system with

external non-descanned detection. Excitation occurred at a wave-

length of 900 nm using a femto-second modelocked titanium:sapphire

laser and the emission was detected through a D400/100 and UV

440LP dichroic filter. a Image of L-cells that were incubated for two

days with 20 lg DHE from ethanolic stock solution added to 1 ml

media (ethanol \ 0.5%) wherein large accumulation of crystalline

DHE occurred. The high intensities (crystalline DHE) was kept under

saturation levels and within the instrumental dynamic range; thus

lowering the sensitivity of detection of monomeric DHE within the

plasma membrane. b Image of L-cells that were incubated for one day

with 20 lg DHE in the form of large unilamellar vesicles (65:35 mol

% POPC:DHE). c Image of L-cells that were incubated for 45 min

with 20 lg dehydroergosterol methyl-b-cyclodextrin complexes.

Insets Regions that included a section of the plasma membrane and

outlined in a white rectangle were magnified 92.5. Bars 20 lm
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emission (Fig. 6a). By monitoring the ratio of the 455 to

375 nm region, the areas that were either mostly micro-

crystalline or mostly monomeric were distinguished [70].

The micro-crystalline DHE phagocytosed by the cells was

largely found to be in lysosomes [70] but breakdown of the

microcrystals occurred over time (*2–3 days) such that

monomeric DHE was distributed throughout the cell into

the plasma membrane, lipid storage droplets, endoplasmic

reticulum, and other organellar membranes. This was also

observed in organelles isolated from cells incubated for

several days on DHE from ethanolic stock solution [6, 8,

70, 102, 129]. As a result of the increased localized con-

centration of micro-crystalline DHE and its enhanced

excimeric fluorescence, difficulties arise in detecting low to

moderate amounts of monomeric DHE (Fig. 6a, inset).

This is due to the intense emission arising from crystalline

DHE which can cause saturation of the PMTs [70, 204].

Plasma membrane sterol can be detected by imaging cells

that do not have residual large amounts of crystalline DHE.

Multiphoton Imaging of DHE Incorporated into L-Cells

from LUV Diluted in Medium

Dehydroergosterol in the form of LUVs was taken up by

living cells (Fig. 6b) in largely monomeric form as indi-

cated by the emission peak ratios [70]. There was almost

no appearance of DHE micro-crystals [70]. As a result,

sensitivity of detection can be increased by using an

emission dichroic/filter combination with broader band-

width and higher photomultiplier gain. Thus, DHE with its

low quantum yield can easily be detected at the plasma

membrane (Fig. 6b, inset) and in intracellular compart-

ments as had been observed from previous spectroscopic

studies [8, 70, 102, 135, 172]. Signal saturation may occur

as a result of accumulation of unesterified or esterified

monomeric DHE in lipid storage vesicles (Fig. 6b), distinct

and much less intense than micro-crystalline DHE

observed in lysosomes upon culturing cells with DHE

micro-crystals. MPLSM images of cells supplement with

DHE as LUV revealed that DHE was non-randomly dis-

tributed into sterol-rich and poor-domains within the

plasma membrane of living L-cells [70, 203, 204].

Multiphoton Imaging of DHE Incorporated into L-Cells

from DHE-MbCD Complexes Diluted in Aqueous

Medium

L-Cell incubation with DHE-MbCD complexes also yiel-

ded the monomeric DHE form as visualized by real-time

multi-photon imaging in a confocal slice through the cell

(Fig. 6). Within 45 min, heterogeneous regions of the

plasma membrane were strongly labeled with DHE

(Fig. 6c, inset), evidenced by the strong patchy outline at

the cellular periphery. Other intracellular membranes were

weakly labeled throughout the cell (Fig. 6c). In many of

the cells, morphological structures such as microvilli and

filopodia were also visible as a result of the strong signal

from the fluorescent DHE. The non-random distribution of

DHE in to sterol-rich and poor-domains at the plasma

membrane was consistent with other studies wherein DHE

was supplemented as LUV to the cells [70, 203, 204]. This

would suggest that supplementation of cells with DHE-

MbCD complexes also non-selectively loaded the different

domains in the plasma membrane.

Image Analysis of DHE Distribution After Multiphoton

Imaging

While MPLSM and visual inspection of DHE at the plasma

membrane of cells supplemented with DHE as micro-

crystals, LUV, or DHE-MbCD complexes revealed

that DHE was non-randomly distributed into sterol-rich

and poor domains, a mathematical framework substantiat-

ing this observation requires additional analysis [70, 203,

204].

Image analysis originally consisted of intensity mea-

surements using region of interests and the use of

colocalization, ratiometric, and fluorogram techniques.

Further structured segmentation of the plasma membrane

has permitted examination of the distribution of DHE

through the use of inferential statistics, utilizing hypothesis

testing and correlation determination, and has opened

up an opportunity to do distributional modeling [71, 203].

Segmentation analysis of the MPLSM images of cells

supplement with DHE as LUV confirmed that DHE was

indeed non-randomly distributed into sterol-rich and poor-

domains within the plasma membrane of living L-cells

[203, 204].

Summary and Discussion

The naturally occurring fluorescent sterol DHE [19, 21] has

proven a powerful probe for use in investigating membrane

structure and cholesterol domain dynamics in vitro [8, 54,

55, 65, 70, 102, 172], for examining cholesterol-protein

interactions in vitro [2, 39, 96, 101, 102, 108, 205], and for

first time visualization in real-time of the distribution of

cholesterol in the plasma membranes in living cells [70,

203, 204]. Successful application of the fluorescent DHE to

investigation of the function and organization of sterols in

membranes, especially lipid raft/caveolae microdomains of

living cells, requires the use of highly purified DHE. This is

due to the fact that lipid rafts/caveolae are highly sensitive

not only to cholesterol content [58, 60, 82, 84, 85, 87, 88],

but also to sterol structure [89], and sterol oxidation. The
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present review yielded new insights into this problem and

potential applications of DHE imaging in living cells.

The presence of a non-fluorescent sterol impurity was

observed not only in commercially available DHE, but also

in DHE synthesized in the present laboratory from ergos-

terol obtained from multiple commercial sources. The

appearance of the non-fluorescent sterol impurity was

somewhat variable (20–40%) depending on the commer-

cial source and batch of the ergosterol substrate but without

dependence on any other reagent used for the synthesis.

While both HPLC and APCI mass spectroscopy suggested

that the impurity was either ergosterol or an ergosterol

isomer, the unique UV spectral absorption characteristics

of this impurity provided evidence that the non-fluorescent

sterol impurity was an isomer of the initial ergosterol

(5,7,22-cholestatrien-24b-methyl-3b-ol). This isomer,

known as ergosterol D [i.e. 7,9(11),22-cholestatrien-24b-

methyl-3b-ol], was not present in the ergosterol starting

material but potentially arose from the rearrangement of

double bonds in the B ring of the ergosterol during the

dehydration step (Step IIA, Fig. 5). Purifying the ergosterol

created a non-detectable yield of the ergosterol D impurity

during DHE synthesis. While the nature of the water sol-

uble component facilitating formation of the side reaction

ergosterol D isomer was not identified, it has been reported

that small amounts of nitric acid or mercuric nitrate cata-

lyze the formation of the tetraene DHE as well as a side

product, i.e., mercurated triene, and so such impurities may

be possible contaminants in the original ergosterol [64].

Recently, real-time multiphoton imaging of the naturally

occurring fluorescent sterol DHE in the plasma membrane

of living cells [70, 82, 203, 204] was used to examine sterol

distribution directly with high optical sectioning capability

[206–209]. While subcellular distribution (plasma mem-

brane, lysosome, lipid droplet, etc.) of DHE was highly

dependent on the method of delivery (microcrystals, LUV,

MbCD), DHE at the plasma membrane was found to be

distributed non-randomly into sterol-rich and sterol-poor

regions in plasma membranes of living cells with the size

range of sterol-rich clustering domains estimated to be

from 200 (limit of optical microscopy) to 565 nm [70, 71,

82, 203]. Due to the diffraction limit of resolution, there is

uncertainty about whether these regions, as visible under

laser scanning microscopy, are contiguous lateral domains

[70, 71, 203] or represent artificial enhancement of the

intensity as a result of microvillar/filopodial extensions

and/or folding [210, 211] of the plasma membrane.

Video imaging studies involving HepG2 cells had

resolved regions in the size range of 2,000–3,000 nm and

had shown evidence of sterol-rich and sterol-poor distri-

bution in the plasma membrane as well as canalicular

microvilli of the polarized cells [210]. It was concluded,

however, that these were not regions of enrichment but

represented microvilli [210]. This same conclusion was

reached following subsequent video imaging studies

involving methyl-b-cyclodextrin complexes using a pulse

chase method and the cell lines Hep G2, J774, and TRVb1

[211] where artifactual enhancement of the fluorescent

emission was the result of rough surface topology and cell

protrusions [211]. However, other studies using filipin,

which labels all cholesterol in the plasma membrane

without differentiating between sterol-rich or sterol-poor,

did not reveal any enhancement in intensity as a result of

plasma membrane ruffling or tubule sizing issues [212,

213].

Differences in results obtained by video imaging may be

due to several factors: strong photobleaching of the fluo-

rescent sterol as a result of video imaging techniques,

saturation of all the plasma membrane with fluorescent

sterol for video imaging, and video imaging’s weak reso-

lution in the Z-axis facilitating the need for deconvolution.

In contrast, the MPLSM imaging studies used a loading

methodology wherein only small amounts (non-saturable)

of DHE were introduced into the plasma membrane over

longer period of time to minimize the initial perturbations

within the membrane [70, 71, 203]. With multi-photon

excitation used in MPLSM, less extraneous photobleaching

of the fluorescent sterol occurred with fluorescence emis-

sion from only the excitation volume at a radial resolution

on the order of 300 nm while shorter dwell times mini-

mized photodamage. The combination of probing sterol

organization and distribution with low amounts of fluo-

rescent sterol together with the resolution enhancement

resulting from low yield in the 3-photon excitation volume

element, cross-interference from the rough surface topol-

ogy was reduced.

Available data from many experimental studies of the

plasma membrane in general suggest cholesterol is the

driving force for microdomain formation and cholesterol is

not uniformly or homogeneously distributed but that the

plasma membrane of living cells consists of areas of cho-

lesterol segregation (regions that are cholesterol-rich and

cholesterol-poor) [56, 214]. Biochemical studies also sup-

port this concept and demonstrate that purified cholesterol-

rich microdomains isolated from cultured cell (L-cell,

MDCK, primary hepatocytes) represent nearly one-third of

the plasma membrane, are rich in cholesterol as well as

saturated/monounsaturated fatty acylated phospholipids,

and are comprised of physically distinct, liquid-ordered

membrane phases intermediate between fluid liquid-crys-

talline and rigid gel phases [26, 82, 102, 136, 172, 182,

215–217]. Studies with purified microdomains from L-cell

and MDCK plasma membranes showed that both exoge-

nous (e.g. HDL) and endogenous (e.g. SCP-2) cholesterol

binding proteins preferentially donate or extract choles-

terol from cholesterol-rich, but not cholesterol-poor,
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microdomains [26, 27, 136, 137, 172]. The microdomain/

lipid raft concept, despite controversy in details, provides a

framework for biologists studying localization and function

of membrane protein receptors, transporters, and down-

stream signaling molecules that regulate uptake of

cholesterol [86, 87, 218–239], fatty acids [240–242], glu-

cose [243–254], and other activities [216, 255–260].
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