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Abstract We report structure determination of an octaene
fatty acid, 4,7,10,13,16,19,22,25-octacosaoctaenoic acid (28:
8n–3). The molecular weight and double bond locations
were determined using acetonitrile chemical ionization
mass spectrometry (MS) and MS/MS and were confirmed

 

by MS of hydrogenated and deuterogenated 28:8 and by

 

argentation thin-layer chromatography. 28:8n–3 was 1.2 

 

6

 

0.1%, in oil derived from the heterotrophic dinoflagellate

 

Crypthecodinium cohnii

 

 and a commercial polyunsaturated
fatty acid concentrate derived from fish oils (0.16 

 

6

 

 0.01%),
both components of human dietary supplements. It was not
found in whole bovine retina, cultured Y79 human retino-
blastoma cells, or neonate baboon cerebral cortex. The
long chain polyunsaturates present in the 

 

C. cohnii

 

 oil sug-
gest a possible route for 28:8n–3 biosynthesis similar to that
for biosynthesis of 22:6n–3.
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The omega-3 (or n–3) fatty acids are one of two fami-
lies of fatty acids recognized as essential for the diet of
mammals. They have carbon lengths from 14 (1, 2) to 40
carbons atoms and normally are considered to have 3 to 6
double bonds (trienes to hexaenes) (3, 4) arranged in all-

 

cis

 

, methylene-interrupted configuration, with a double
bond 3 carbons from the methyl terminus. Pentaene and
hexaene n–3 fatty acids with 20 and 22 carbons have been
the subject of considerable study over the past 2 decades
because of their roles in cardiovascular disease and most
recently because of their requirement for development of
mammalian retina and brain. For several years infant for-
mulas supplemented with the hexaene 22:6n–3, presumed
to be particularly important for neural development of
preterm infants (5, 6), have been available commercially
in Europe and elsewhere. Prior to this year, heptaenes
were the most unsaturated fatty acids to be described, the
first example of which was 28:7n–3 found in Baltic her-
ring caught in the spring of 1967 in Finnish waters (7).

Heptaenes have also been reported in mammals, specifi-
cally ringed seal blubbers (8).

In mammals, n–3 fatty acids or chain lengths C14–24
are inter-convertible through enzyme-mediated elonga-
tion, desaturation, and oxidation. Over the past decade,
there has been considerable attention to the specific path-
ways associated with n–3 long chain polyunsaturate (LCP)
synthesis prompted by proposal of a revised pathway of
mammalian hexaene LCP synthesis (9). Heptaene fatty
acids of n–3 structure (38:7n–3 and 40:7n–3) have been
described in human brains of patients with genetic defects
of peroxisomal functions (10), and a 

 

v

 

6 heptaene (28:7n–
6) has been detected in the lipids of herring muscle (11)
and in dinoflagellates (12); however, the pathway for the
introduction of a seventh double bond, presumably be-
tween carbons 4 and 5, is unknown. Very recently an anal-
ogous octaene n–3 fatty acid with a double bond between
carbons 4 and 5, 28:8n–3, was detected in the lipids of
seven dinoflagellates (13).

 

During investigation of extremely long chain fatty
acids we detected a long chain fatty acid of significant
concentration but not previously reported in dietary
sources of 22:6n–3. We report here results of an investi-
gation to determine its structure and its prevalence in
several highly unsaturated lipids, and suggest a possible
biosynthetic mechanism.

METHODS

 

Materials

 

A commercially available oil of the heterotrophic algae 

 

Cryp-
thecodinium cohnii

 

 (

 

C. cohnii

 

), DHASCO™; was obtained from
Martek Biosciences, Inc. (Colombia, MD), and a commercial “fish
oil concentrate” composed of a mixture of ethyl esters with 30%
eicosapentaenoic acid (20:5n–3) and 20% 22:6n–3 was obtained
from Arista, Inc. (Stamford, CT). Both oils are used as dietary
supplements of LCP for humans. Silver nitrate-impregnated thin-

 

Abbreviations: LCP, long chain polyunsaturate; TLC, thin-layer
chromatography; GC, gas chromatography; CI, chemical Ionization;
MS, mass spectrometry.
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layer chromatography (TLC) plates were purchased from Anal-
Tech. Inc. (Newark, DE). Fatty acid standards were obtained
from Sigma (methyl 21:0, methyl 28:0) and (“68A,” Matreya, Ely-
sian, MN). Platinum (IV) oxide monohydrate was obtained from
Aldrich Chemical Co (Milwaukee, WI) and D

 

2

 

 gas from Cam-
bridge Isotopes, Inc. (Cambridge, MA).

A culture of 

 

C. cohnii

 

 was purchased from American Type Cul-
ture Collection (Manassas, VA) and grown in standard recom-
mended media at unregulated room temperature in a dark
chamber. Y79 retinoblastoma cells were obtained from the Na-
tional Institutes of Health (Bethesda, MD) and cultured in RPMI
medium supplemented with 10% fetal calf serum and antibiotics.
Whole frozen bovine retinas obtained after slaughter were ob-
tained from Lawson, Inc. (Lincoln, NE). Neonatal baboon cortex
harvested previously and frozen at 

 

2

 

80

 

8

 

C was thawed, homoge-
nized, and extracted according to published methods (14).
Briefly, pregnant baboons were maintained on a special balanced
casein-based diet with only trace amounts of LCP for the last half
of pregnancy. The neonate was maintained from birth on a con-
ventional human infant formula (Enfamil, Mead-Johnson, Evans-
ton, Indiana) with adequate 18:2n–6 and 18:3n–3 but devoid of
LCP. At 6 weeks of life the neonate was killed and tissues were
harvested for analysis. All animal protocols were approved by the
Cornell Institutional Review Board on research animal use.

Fatty acid methyl esters (FAME) were applied to silver nitrate
(10%)-impregnated silica gel plates (20 

 

3

 

 20 cm) and the plate
was developed twice in a solvent system of hexane–anhydrous di-
ethyl ether–acetic acid 90:10:2. FAME zones were located using
iodine vapor followed by charring at 100

 

8

 

C. For GC analysis, du-
plicate spots were run side-by-side and one lane was used to re-
veal the position of each spot. Spots of interest were then scraped
from the plates and extracted with 5 mL chloroform–methanol
2:1 containing 20% KCl (0.88%) followed by centrifugation. We
found that sonication of the silica gel/extraction slurry dramati-
cally improved recovery of extremely unsaturated FAME.

 

Gas chromatography (GC) and GC/mass 
spectrometry analysis

 

Samples were analyzed quantitatively using a Hewlett-Packard
5890 GC and flame ionization detection. A BPX-70 (Restek,
Bellefonte, PA) capillary column (60 m 

 

3

 

 0.32 mm ID 

 

3

 

 0.25

 

m

 

m) was used for separations. The temperature program was as
follows: isothermal 60

 

8

 

C for 1 min; ramp at 50

 

8

 

C/min to 170

 

8

 

C
and hold for 6.5 min; ramp at 2.5

 

8

 

C/min to 200

 

8

 

C and hold for 2
min; ramp at 15

 

8

 

C/min to 255

 

8

 

C and hold for 8 min. An equal
weight FAME mixture, 68A, was run along with samples to gener-
ate instrumental response factors. The response factor for methyl
22:6n–3 was also used for the unknown (methyl 28:8n–3) peak.
Methyl 21:0 was added quantitatively to each sample as an inter-
nal standard. Compositions are expressed as % of all fatty acids,
by weight.

GC/MS and GC/MS/MS were carried out with a Varian Star
3400cx GC interfaced to a Saturn 2000 ion trap mass spectrome-
ter. Electron impact and chemical ionization (CI) with acetoni-
trile regent gas were used. Under CI conditions, acetonitrile
forms an 

 

m

 

/

 

z

 

 54 ion which adds across double bonds of fatty
acids to yield an (M 

 

1

 

 54)

 

1

 

 ion. Upon collisional dissociation
(M 

 

1

 

 54)

 

1

 

 ions yield fragment ions that are characteristic of dou-
ble bond position. Ion trap parameters for CI–MS and CI–MS/
MS are reported elsewhere (15).

 

Hydrogenation/deuterogenation

 

Aliquots of 

 

C. cohnii

 

 oil were hydrogenated or deuterogenated
catalytically to saturation. Ten mg platinum (IV) oxide monohy-
drate (Aldrich, Milwaukee, WI) was added to a 50 mg/ml hexane
solution of previously methylated algal oil. Either H

 

2

 

 or D

 

2

 

 was

bubbled through the mixture at a rate of 5 ml/min for 2 min,
then the vial was capped. The mixture was heated to 60

 

8

 

C for 3 h,
and H

 

2

 

 or D

 

2

 

 was bubbled through every 20 min. Solvent was
added to replace that lost through evaporation.

 

Derivatization

 

Preparation of FAME from natural oils for GC was by saponifi-
cation/methylation using standard methods reported previously
(16, 17). Briefly, samples were treated with methanolic NaOH
and 14% BF

 

3

 

/methanol and extracted into hexane. Internal
standard was added to the FAME mixtures.

 

RESULTS AND DISCUSSION

 

Figure 1A

 

 is a GC/MS chromatogram obtained under
CI conditions of methyl esters of fatty acids derived from
the heterotrophic marine dinoflagellate 

 

C. cohnii

 

 (18)
from the commercial oil. This oil is well known to be dom-
inated by 45–50% 22:6n–3, with negligible amounts of
shorter chain n–3 fatty acids. The chromatogram inten-
sity axis is expanded to emphasize low abundance fatty
acids. The large peak appearing at 34 min was previously
unreported in this oil. This peak consistently yields a
strong mass spectral peak at 

 

m

 

/

 

z

 

 476 as shown in Fig. 1B;

Fig. 1. A) A section of the GC – CI(acetonitrile)/MS total ion
chromatogram from a FAME mixture of an extract of C. cohnii oil.
B) Mass spectrum from the latest eluting peak in A, producing a
base peak at m/z 476, the (M 1 54)1 ion of 28:8.
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subtracting 54 daltons due to the reagent group yields a
FAME of molecular mass 422 corresponding to 28 carbons
and 8 double bonds, 28:8.

MS/MS was performed on the isolated (M 

 

1

 

 54)

 

1

 

 ion
at 

 

m

 

/

 

z

 

 476. The results in 

 

Fig. 2

 

 show that collisional disso-
ciation produces a series of 9 fragments corresponding to
cleavage between the double bonds. These data strongly
indicate the structure of 28:8n–3.

Prior to 1999, no octaene fatty acid had been reported
in spite of considerable research on marine oils (19, 20).
Very recently 28:8n–3 was detected in the lipids of several
photosynthetic dinoflagellates, but not in a heterotrophic
dinoflagellate species, such as 

 

C. cohnii

 

 (13). In view of its
novelty, the assignment was confirmed in several ways.
Separate aliquots of the 

 

C. cohnii

 

 mixture were hydroge-
nated or deuterogenated catalytically over Pt catalyst for 3
h. GC of the hydrogenated mixture yielded a series of
peaks of fully saturated fatty acids, including a peak of the
same retention time as genuine methyl 28:0 standard and
of a relative intensity similar to that of methyl 28:8n–3 of
the untreated mixture. The CI mass spectrum of the methyl
28:0 peak of the deuterogenated peak is presented in 

 

Fig.
3

 

. The envelope of isotopically substituted peaks is cen-
tered at 16 daltons greater than the hydrogenated com-
pound. For comparison, the 22:6n–3 peak is centered at
12 daltons greater than hydrogenated 22:6n–3. The enve-
lope of peaks evidently results from a statistical distribu-
tion of D catalytically exchanged for H, and in both cases
yields the average mass from the addition of the expected
number of D.

As a final check on the degree of unsaturation of this
compound, a FAME mixture from the heterotrophic single
cell organism 

 

C. cohnii

 

 was separated by degree of unsatu-
ration by argentation TLC. The results are shown in 

 

Fig.
4

 

. The hexaene spot from 22:6n–3 is dominant as ex-

pected. No spot for heptaenes is observed; however, a
peak for octaene is clear. This spot was scrapped off and the
results of GC analysis are shown in the inset to Fig. 4. The
peak in question dominants the chromatogram, again con-
firming the assignment and degree of unsaturation.

The concentration of 28:8n–3 was investigated quanti-
tatively in two dietary supplement sources with a high
abundance of 22:6n–3. Commercial 

 

C. cohnii

 

 oil was highest
with 1.20 

 

6

 

 0.06% (mean 

 

6

 

 SD, by weight) of all fatty
acids as 28:8n–3. A published fatty acid composition of
this oil specifically lists 5 fatty acids of below 1% abun-
dance (21). The fatty acids of 

 

C. cohnii

 

 cultured in our lab-
oratory had 0.23 

 

6

 

 0.04% of fatty acids as 28:8n–3. The
origin of this difference is unclear and may be traceable to
strains, growing conditions, or lipid extraction and pro-
cessing. Finally, a sample of fish oil concentrate commonly
used as a dietary supplement contained 0.16 

 

6

 

 0.01%
28:8n–3. Though the detailed treatment of this product is
not known to us, such products are typically distilled

Fig. 2. The CI(acetonitrile)/MS/MS spectrum shows the frag-
mentation of m/z 476 peak observed in Fig. 1. The fragments are
consistent with methylene-interrupted omega-3 fatty acid as shown;
a fragments carry the ester and v fragments carry the terminal (v)
carbon, as indicated.

Fig. 3. Single stage mass spectrum of the peak resulting from
deuterogenation of 28:8n–3. The isotopic cluster centered at m/z
455 corresponds to the MH1 ion of 28:8n–3 (mol mass 422) plus
16 D atoms (32 daltons).

Fig. 4. Argentation TLC plate and associated gas chromatograms
demonstrating that the slower migrating band corresponds to the
GC peak identified as 28:8n–3.
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which would be expected to select against 28:8n–3; thus
the concentration in the original oil as a fraction of LCP
may be underrepresented in the commercial product.

Mammalian retina and cerebrum are rich in LCP, par-
ticularly 22:6n–3, and thus are a candidate for presence of
28:8n–3. 28:8n–3 was below our estimated detection lim-
its in a sample of 5 bovine retinas (

 

,

 

17.5 ng/1.76 g tissue)
and cultured Y79 human retinoblastoma cells (

 

,

 

7 ng/5 

 

3

 

10

 

8

 

 cells). The chemically reducing environment of the
rumen is thought to be a harsh environment for unsatu-
rates, typically hydrogenating and isomerizing methylene-
interrupted 

 

cis

 

 double bonds to the energetically more
favorable 

 

trans

 

 and conjugated forms (22). Thus, despite
their reliance on LCP for brain and nervous function, ru-
minant tissue tends to be low in unsaturates, and these
first results indicate that 28:8n–3 is not synthesized under
normal conditions in the steer. Y79 cells were cultured
using fetal calf serum in the culture media, which was the
only source of unsaturated fatty acids. The bovine calf is
known to be born with low levels of essential fatty acids, in-
cluding a high 20:3n–9/20:4n–6 ratio, thus the abun-
dance of 

 

v

 

3 fatty acids is typically low (23).
A baboon neonate was maintained on an LCP-free diet

for 6 weeks of life and thus relied on its inherent synthetic
capacity to produce LCP. 28:8n–3 was also below detec-
tion limits in neonatal baboon cerebral cortex (

 

,

 

35 ng/
1.4 g tissue). In all samples of retina or brain, LCP supply
was either small or nonexistent. Thus, the failure to detect
28:8n–3 is evidence for a low synthetic capability, but does
not address the transport and incorporation of dietary
28:8n–3 in these 22:6n–3-rich tissues, or the possible syn-
thesis of 28:8n–3 from excess 22:6n–3.

Both 28:8n–3 and 22:6n–3 contain the maximal num-
ber of methylene-interrupted double bonds in a straight-
chain fatty acid which also has a 

 

2

 

CH

 

2

 

2

 

CH

 

2

 

2

 

 group at
both ends of the molecule. They also share a double bond
across the 4–5 positions numbered from the carboxyl
group. Unless it is consumed from marine foods, mam-

 

mals synthesize 22:6n–3 from 18:3n–3 in a series of alternat-
ing desaturations and elongations, as shown in 

 

Fig. 5

 

. The
five enzymatic steps are 18:3n–3 

 

➝

 

 18:4n–3 

 

➝

 

 20:4n–3 

 

➝

 

20:5n–3 

 

➝

 

 22:5n–3 

 

➝

 

 22:6n–3 corresponding sequen-
tially to 6-desaturation, elongation, 5-desaturation, elon-
gation, and a net 4-desaturation which is presently ac-
cepted to be a multi-step/multi-organelle process (9). We
observe, remarkably, that the final four steps from 18:4n–
3 to 22:6n–3 could be repeated for the conversion of
24:6n–3 to 28:8n–3. In Fig. 5 these four repeat steps are
set off in dashed boxes. We note that the small peak de-
tected at 29.5 min was identified by molecular weight as
24:6n–3 in Fig. 1, indicating that it is available in this or-
ganism, albeit at very low levels. This intriguing parallel
between 22:6n–3 and 28:8n–3 synthesis suggests that
studies of 28:8n–3 biosynthesis may be a useful tool in elu-
cidation of the details of 22:6n–3 synthesis.

Dietary supplements containing 22:6n–3 are widely
consumed around the world across all ages of the life cy-
cle from preterm infants to the elderly. Our data indicate
that the increasing consumption of marine oils translates
into an increase in 28:8n–3 consumption, a change that
warrants investigation of its physiological consequences.
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