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Stargardt-like macular dystrophy (STGD3) is a dominantly inherited
juvenile macular degeneration that eventually leads to loss of
vision. Three independent mutations causing STGD3 have been
identified in exon six of a gene named Elongation of very long
chain fatty acids 4 (ELOVL4). The ELOVL4 protein was predicted to
be involved in fatty acid elongation, although evidence for this and
the specific step(s) it may catalyze have remained elusive. Here,
using a gain-of-function approach, we provide direct and compel-
ling evidence that ELOVL4 is required for the synthesis of C28 and
C30 saturated fatty acids (VLC-FA) and of C28-C38 very long chain
polyunsaturated fatty acids (VLC-PUFA), the latter being uniquely
expressed in retina, sperm, and brain. Rat neonatal cardiomyocytes
and a human retinal epithelium cell line (ARPE-19) were transduced
with recombinant adenovirus type 5 carrying mouse Elovl4 and
supplemented with 24:0, 20:5n3, or 22:5n3. The 24:0 was elongated
to 28:0 and 30:0; 20:5n3 and 22:5n3 were elongated to a series of
C28-C38 PUFA. Because retinal degeneration is the only known
phenotype in STGD3 disease, we propose that reduced VLC-PUFA
in the retinas of these patients may be the cause of photoreceptor
cell death.

fatty acid biosynthesis � macular degeneration

Three independent mutations in the last exon (exon-VI) of the
ELOVL4 gene are associated with dominant Stargardt-like

macular dystrophy (STGD3) in humans (1–4). These mutations
cause a frame-shift that introduces a stop codon, resulting in
premature termination of the protein and removal of the signal
sequence for targeting the protein to its putative cellular loca-
tion, the endoplasmic reticulum (1, 4). As a result, the mutant
protein mis-localizes and aggregates (3, 5, 6), and, when coex-
pressed with the wild type protein, the mutant and wild-type
proteins associate and mis-localize (3, 7). Based on sequence
homology with a group of functional yeast genes and other
mammalian ELOVLs, the ELOVL4 protein was predicted to be
involved in elongation of very long chain fatty acids (1, 5, 8). For
example, the yeast microsomal Elo1p is responsible for elonga-
tion of carbon chains between 14:0 and 16:0 (9). Yeast Elo2p and
Elo3p, and mammalian ELOVL1, 2, 3, and 5 have been shown
to be involved in elongation of saturated, monounsaturated, or
polyunsaturated fatty acids (PUFA) from 18 to 26 carbons
(10–12). However, a role for ELOVL4 protein in fatty acid
elongation and the specific step(s) it may catalyze have remained
elusive (13, 14). Based on the abundant expression of ELOVL4
protein in photoreceptor cells of the retina (15–17) and to lesser
extents in brain, testis, and skin (17), it was first hypothesized that
ELOVL4 may be involved in the biosynthetic pathway of doco-
sahexaenoic acid (22:6n3, DHA), the most abundant PUFA in
the retina and the brain (1, 16, 18). A series of experiments
carried out in our laboratory (unpublished data) does not
support this hypothesis.

Recent reports establish ELOVL4 as an essential protein for
growth and development, as neonatal lethality is observed in

both homozygous Elovl4 knockout and knockin mouse models
(19–22). Heterozygous knockin animals carrying a mutant
mouse gene, a condition similar to human STGD3, showed slow
but significant changes in retinal morphology (23), accumulation
of lipofuscin (23), and altered visual function (22, 23). Also,
transgenic mice expressing the mutant form of human ELOVL4
that causes STGD3 accumulate undigested phagosomes and
lipofuscin-derived fluorophores in the retinal pigment epithe-
lium (RPE), followed by RPE atrophy and subsequent photo-
receptor degeneration in the central retina (4), as observed in
human dominant STGD3 (1, 24), recessive Stargardt disease
(25), and age-related macular degeneration (26, 27). Further-
more, homozygous Elovl4 knockout and knockin neonates,
which died within hours of birth, exhibited scaly wrinkled skin
and a severely compromised epidermal permeability barrier,
most likely resulting from a global reduction in very long chain
saturated and monounsaturated fatty acids (VLC-FA, chain
length �26:0) in both omega hydroxyl ceramides/glucosylcer-
amides and free fatty acids (19–22).

To establish the specific step(s) that the ELOVL4 protein
catalyzes in very long chain fatty acid elongation, we overex-
pressed transgenic ELOVL4 protein in rat neonatal cardiomy-
ocytes and a human RPE cell line (ARPE-19), neither of which
express detectable levels of endogenous ELOVL4 protein, and
treated them with several fatty acid precursors. Results obtained
by gas chromatography-mass spectrometry (GC-MS) show that
ELOVL4 protein is indeed a component of a fatty acid elonga-
tion system that catalyzes synthesis of 28:0 and 30:0 VLC-FA and
of C28-C38 VLC-PUFA, the latter being uniquely found in
retina (28, 29), sperm (29, 30), and brain (31). We propose that
these steps are important in these tissues for the local synthesis
of VLC-PUFA (C28-C36) that are esterified into phosphatidyl-
choline in rod outer segment membranes and brain, or amide-
bound into sphingolipids and ceramides in germ cells (32) and
sperm of some mammals (33).

Results
To establish the role of ELOVL4 in fatty acid elongation and to
identify the specific step in which it may be involved, we
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expressed mouse Elovl4 in rat neonatal cardiomyocytes and in
human ARPE-19 cells, neither of which express significant levels
of ELOVL4 mRNA as measured by quantitative real-time PCR
(qRT-PCR) (Fig. 1A). The highest endogenous level of Elovl4
expression was detected in rat retina and skin (Fig. 1 A). Brain
and testis also showed significant levels of expression, which were
1/20 and 1/70 of the retina, respectively. Liver, heart, and
cultured cardiomyocytes showed negligible levels of expression,
corresponding well with previous observations in mice (17). In
cultured rat cardiomyocytes, endogenous Elovl4 expression was
�1/2,500 of that found in the retina (Fig. 1 A). However, when
transduced with adenovirus carrying mouse Elovl4, the expres-
sion levels in cardiomyocytes and ARPE-19 cells increased 1,000
to 3,000-fold compared with nontransduced cells and were
comparable to those observed in rat retina (Fig. 1 A). Transduc-
tion efficiency in both cell types was �90% as determined by
immunocytochemistry (data not shown). Expression of
ELOVL4 protein in transduced cells was confirmed by Western
blot analysis (Fig. 1B) using a specific antibody that recognizes
both mouse and rat ELOVL4 [supporting information (SI) Fig.
S1]. ELOVL4 was not detected in control cells (nontransduced
and GFP-transduced cells) but was abundant in cardiomyocytes
(Fig. 1B) and ARPE-19 cells (data not shown) transduced with
Elovl4. Immunohistochemical localization in rat and mouse
retinas showed that ELOVL4 is confined to photoreceptor inner
segments and to the cytoplasm surrounding photoreceptor nu-
clei (Fig. 1C), consistent with the reported localization of
ELOVL4 protein (3, 16).

We then tested whether expression of ELOVL4 can lead to
elongation of the saturated long chain fatty acid lignoceric acid
(24:0), a precursor of VLC-FA (34, 35). From the fatty acid
methyl ester (FAME) data obtained by GC-MS, we found that
cardiomyocytes and ARPE-19 cells, irrespective of ELOVL4
overexpression, were able to internalize 24:0 and elongate it to

26:0 (Fig. 2). This elongation step is probably catalyzed by other
endogenously expressed elongases (14, 36). However, VLC-FA
elongation products beyond 26:0 were detected only in Elovl4-
transduced cells (Fig. 2). The Elovl4-transduced cells showed
significant elongation of 26:0 to 28:0 relative to the two controls
(79% increase in cardiomyocytes compared with 11% and 9% in
control cells) (Fig. 2B). In ARPE-19, there was a 77% increase
in 28:0 compared with 11% and 12% in the control cells (Fig.
2D). The 28:0 was further elongated to 30:0 in both cell types
expressing ELOVL4. From these experiments, we conclude that
ELOVL4 is necessary for the conversion of 26:0 to 28:0 and
probably of 28:0 to 30:0. Because these fatty acids are incorpo-
rated into sphingolipids and ceramides, our findings support
earlier results in which deletion of Elovl4 in mice resulted in
reduced VLC-FA levels in skin and neonatal lethality because of
defects in skin barrier permeability (19–21).

In the retina, sphingolipids and ceramides are minor compo-
nents of the lipid pool (18). Instead, n3 and n6 VLC-PUFA are
esterified into phosphatidylcholine molecular species (28) that
have been shown to interact with rhodopsin (37), the major
phototransduction protein in the retina. These VLC-PUFA can
be synthesized from long chain polyunsaturated fatty acid (LC-
PUFA) precursors in the retina, although the elongase(s) re-
sponsible for their biosynthesis has never been identified (38).
Therefore, we hypothesized that ELOVL4 may play a role in
biosynthesis of the VLC-PUFA found in the retina, brain, and
sperm.

To test this hypothesis, we examined the ability of Elovl4-
transduced cardiomyocytes to elongate the VLC-PUFA precur-
sors eicosapentaenoic acid (20:5n3) and docosapentaenoic acid
(22:5n3). Elovl4- or GFP-transduced and nontransduced cardi-
omyocytes treated with 20:5n3 or 22:5n3 for 48 h or 72 h
elongated both precursors to C24 and C26 n3 PUFA, indepen-
dent of transgene expression (Fig. 3). However, Elovl4-

Fig. 1. Transgenic expression of mouse ELOVL4 in rat cardiomyocytes and ARPE-19 cells. (A) Comparison of quantitative expression of Elovl4 gene in different
rat tissues and in ARPE-19 cells by qRT-PCR, and presented relative to the expression of the housekeeping gene Rpl 19. The values represent the means (� SEM)
of n � 3 after normalizing with Rpl 19 calculated by the comparative threshold cycle (Ct) method. Significant expression of Elovl4 was observed in transduced
cells. B, brain; R, retina; S, skin; T, testis; H, heart; L, liver; C, cardiomyocytes; C-E, Elovl4-expressing cardiomyocytes; R-C, RPE-Choroid; A, ARPE-19; A-E,
Elovl4-expressing ARPE-19 cells. (B) Western blots showing expression of ELOVL4, GFP, and �-actin in cardiomyocytes transduced with or without recombinant
adenoviruses. The nontransduced and GFP-expressing controls did not show ELOVL4 expression, whereas Elovl4-transduced cells showed abundant ELOVL4
protein expression. (C) ELOVL4 immunolabeling is detected in mouse and rat retinas, using affinity-purified ELOVL4 antibodies (green). Nuclei were stained with
4�,6-diamidino-2-phenylindole (blue). Images were captured by using an Olympus FluoView Confocal Microscope with 20� and 60� objective lenses. IS, inner
segments of rod and cone photoreceptors; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cells layer.
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transduced cells, but not the controls, further elongated each of
these precursors to 28:5n3, 30:5n3, 32:5n3, 34:5n3, 36:5n3, and
38:5n3 (Fig. 3 B and C). In the Elovl4-transduced cells, the major
VLC-PUFA products were 34:5n3 and 36:5n3. In addition,
34:6n3 and 36:6n3, products of desaturase activity, were also
generated, probably by the pathways shown in Fig. 4. Identifi-
cation and confirmation of each of the VLC-PUFA peaks on the
chromatogram are described in Figs. S2 and S3.

We suggest that ELOVL4 protein is a component of an
elongase system necessary for the biosynthesis of VLC-PUFA
(beyond C26) that are incorporated into ceramides, sphingomy-
elin, and the sn-1 position of phosphatidylcholine, an activity that
has not been established (28, 29, 37). To explore this possibility,
we separated total lipids from 20:5n3-treated Elovl4-transduced
cells into individual lipid classes by two-dimensional thin layer
chromatography (39) and analyzed the FAME from each class
by GC-MS. The VLC-PUFA synthesized by ELOVL4 were
present in these three complex lipids and in the free fatty acid
pool (Fig. S4). There were no detectable VLC-PUFA in phos-
phatidylinositol, phosphatidylethanolamine, or phosphatidlyser-
ine (data not shown).

Discussion
Previous studies established that the ELO family of proteins
comprises enzymes involved in fatty acid elongation (8, 12, 14).
Mammalian ELOVLs that share similar specific conserved
motifs with ELOVL4, such as the dilysine endoplasmic reticulum
(ER) retention motif (KXKXX) and a conserved histidine-rich
motif (HXXHH) believed to act as an iron-chelating ligand used
for electron transfer for O2-dependent redox reactions, are also
involved in fatty acid biosynthesis (3, 40). Our findings establish
ELOVL4 as a component of an elongation system for both
saturated and polyunsaturated fatty acids. We propose that
ELOVL4 is involved in very long chain fatty acid biosynthesis
and specifically elongates both saturated and unsaturated C26 to
C28 products (Fig. 4). Given the absence of further elongation
without the expression of ELOVL4, we suggest that this enzyme

also catalyzes the elongation of C28 to C30-C38 products.
However, final proof of its involvement in these subsequent
elongation steps will come when specific C28–C36 precursor
fatty acids become available for testing. It is interesting in this
elongation scheme that 20:5n3 and 22:5n3, but not 22:6n3, are
predicted precursors of VLC-PUFA (Fig. 4). When bovine
retinas were incubated with either [14C]-22:5n3 or [14C]-22:6n3,
22:5n-3 was selectively converted to 24:5n3, whereas 22:6n3 was
not (41). Furthermore, when retinas were incubated with [14C]-
acetate, radioactivity accumulated in 24:5n3 and was further
incorporated into fatty acids with chain lengths up to 36 carbons,
indicating the retina as the site of elongation of VLC-PUFA (41).
Similarly, after intravitreal injection of radiolabeled 20:5n3 and
22:6n3, only 20:5n3 was incorporated to any extent into the
VLC-PUFA (38).

Although STGD3 is an autosomal dominant disease, it is
expressed in the retina as a loss of function because the mutated
product, a truncated protein, acts in a dominant negative manner
by binding and dimerizing with the wild type protein, which most
likely leads to loss of enzymatic activity (3, 6, 7). In support of
this suggestion are recent reports (42, 43) that mice heterozygous
for Elovl4 expression do not have retinal degeneration or loss of
function, leading the authors to conclude that the pathology in
STGD3 is not due to haploinsufficiency. Because the ELOVL4
protein is required for the synthesis of both VLC-FA and
VLC-PUFA but expression of the STGD3 phenotype is only in
the retina and not in the skin, we suggest that the pathology in
the retina results from the loss of VLC-PUFA rather than
VLC-FA.

The function of VLC-PUFA in the retina or in any tissue is
largely unknown. Their synthesis in retina, brain, and testis but
not liver (which lacks ELOVL4 expression) indicates that VLC-
PUFA are synthesized locally in these tissues (38, 41, 44, 45).
Also, VLC-FA, which we have also shown to be synthesized by
ELOVL4 (Fig. 2), are abundant in skin ceramides (19–22). Thus,
the tissues that can locally synthesize or are abundant in VLC-
PUFA and/or VLC-FA are the same tissues with the highest

Fig. 2. Biosynthesis of 28:0 and 30:0 from 24:0 in cardiomyocytes and ARPE-19 cells expressing Elovl4 transgene. Cardiomyocytes or ARPE-19 cells were
transduced with or without recombinant Elovl4 or GFP viruses for 24 h and then cultured in 24:0-supplemented complete media for 72 h. Total lipids extracted
from an aliquot of homogenate equivalent to 500 �g of protein were converted to FAME and analyzed by GC-MS in the SIM mode. (A and B) Cardiomyocytes
without (A) and with (B) 24:0. (C and D) ARPE-19 cells without (C) and with (D) 24:0. The 26:0, 28:0 and 30:0 response values were obtained by using the m/z ratios
410.4, 438.4, and 466.5, respectively. Sample concentrations were determined by comparison to external standards, using 25:0 and 27:0 as internal standards.
Multivariate ANOVA with posthoc Scheffé test was used to determine statistical significance. F, no significant difference; **, P � 0.01; ***, P � 0.001 (n � 3).
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levels of Elovl4 expression (Fig. 1 A). We have shown that
expression of ELOVL4 in cells that do not normally express the
protein confers on them the ability to synthesize VLC-PUFA and
VLC-FA from shorter chain precursors that are present in
tissues expressing ELOVL4. Based on this result and the studies
in refs. 38, 41, 44, and 45, we conclude that ELOVL4 plays a
major role in the local biosynthesis of VLC-PUFA in the retina,
brain, and testis in biosynthesis of VLC-FA found in the skin.

Because of their great length and minor abundance, which
makes them difficult to analyze, VLC-PUFA have been largely
ignored since their discovery �20 years ago (28, 31). However,
because of their unusually long hydrocarbon chains (�C26), the
proximal end of which resembles a saturated fatty acid and the
distal end a PUFA, they may play important roles in biological
systems that cannot be replaced by the more common shorter
chain fatty acids (C16-C18) or even the C20-C22 PUFA (46). By
their structure, some are able to span and reside within both
leaflets of the lipid bilayer, thereby giving stability to highly
curved cellular membranes such as surrounding nuclear pore
complexes (47) or, putatively, the rims of photoreceptor disk
membranes and sperm heads. It was recently reported that

cytes in A above cultured with 22:5n3 synthesized C24-C26 in all treatment
groups. They also synthesized the same n3 VLC-PUFA as found for 20:5n3. Note
that each chromatogram was normalized to endogenous 20:1, which did not
change among the sample groups.

Fig. 3. Biosynthesis of VLC-PUFA in cardiomyocytes expressing Elovl4 trans-
gene. GC-MS allowed identification of the VLC-PUFA derived from sample
equivalent to 2.0 mg of protein from cardiomyocytes treated with 20:5n3 or
22:5n3 for 72 h after transduction with recombinant Elovl4 or GFP viruses for
24 h (n � 3). The PUFA response values were obtained by using the m/z ratios
79.1, 108.1, and 150.1 in SIM mode and abundances were compared by
normalizing the chromatograms to the response of 20:1. (A) Rat cardiomyo-
cytes expressing ELOVL4 (red) or GFP (green) and nontransduced cells (blue)
were cultured without precursors for 72 h. All cells, irrespective of ELOVL4
expression, synthesized C22-C26 PUFA. ELOVL4 expression in the absence of
precursors resulted in elongation of endogenous precursor to C28-C38 VLC-
PUFA. (B) Cardiomyocytes in A above cultured with 20:5n3 synthesized C24-
C26 in all treatment groups. Significant biosynthesis of C28-C38 n3 VLC-PUFA
occurred in Elovl4-transduced cells (red), but not in GFP (green) and nontrans-
duced cells (blue), with accumulation of 34:5n3 and 36:5n3. (C) Cardiomyo-

Fig. 4. Schematic diagram of in vivo n3 VLC-PUFA biosynthetic pathway
mediated by ELOVL4 and other ELO families [modified after Suh and Clandinin
(38)]. 18:3n3, 20:5n3, or 22:5n3 can be converted to VLC-PUFA through con-
secutive enzymatic activities of desaturases and elongases. Although some
elongases are specific for a single step, others are nonspecific or multifunc-
tional and act at several steps (e.g., human ELOVL5 and murine ELOVL2) (11).
We propose that ELOVL4 is essential for elongation of saturated 26:0 to 28:0
and of 26:5n3 to 28:5n3. It is also possible that ELOVL4 is necessary for
generating (C30–C38):5n3 because these fatty acids are formed only in
ELOVL4 expressing cells. However, other ELOVLs may be responsible for
elongations of some of these VLC-PUFA (C30–C38) by using products gener-
ated by ELOVL4 elongase activity. The synthesis of 34:6n3 and 36:6n3 in our
study suggests desaturase activity on their shorter chain precursors. However,
the specific desaturase(s) involved is not known.
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retinas of STGD3 knockin mice that carry the human pathogenic
5-bp deletion in the mouse Elovl4 gene have reduced levels of
C32-C36 acyl phosphatidylcholines and altered retinal function
(48). Thus, it seems reasonable to suggest that significant
reduction of these VLC-PUFA, which may be necessary for
normal retinal function, may contribute to Stargardt-3 macular
dystrophy.

In summary, we have shown that ELOVL4 is necessary for
synthesis of VLC-FA and VLC-PUFA, the latter of which are
mainly present in retinal outer segment membranes in phos-
phatidylcholine. This unique class of phospholipids, which con-
tains VLC-PUFA in the sn-1 position and 22:6n3 in the sn-2
position (37), may be necessary for normal function of the retina,
and their absence or reduction may cause photoreceptor degen-
eration seen in STGD3 patients.

Materials and Methods
Construction of Recombinant Adenovirus Carrying Mouse ELOVL4. Recombinant
adenovirus carrying the mouse Elovl4 gene was constructed by using Adeno
X Expression Systems 2 with creator technology protocols (Clontech). Briefly,
the Elovl4 cDNA (from the translation start codon to the termination codon)
was cloned in frame with the lox P site of the pDNR-CMV donor vector. The
purified donor plasmid was sequenced and ELOVL4 protein expression veri-
fied by Western blot analysis after transfection of the plasmid into HEK 293
cells. Cre-lox recombination reaction was carried out to transfer the cloned
Elovl4 cDNA to the pLp-Adeno-X CMV Adenovirus type 5 acceptor backbone,
which places the Elovl4 cDNA under the control of the CMV promoter.
Recombinants were selected, sequenced, confirmed, purified, and digested
with PacI and then transfected into HEK 293 cells to generate virus particles.
The recombinant viruses were prepared as high-titer stocks through the
propagation in HEK 293 cells by double cesium chloride purification, and
dialyzed against a 10 mM Tris (pH 8.0) buffer that contained 80 mM NaCl, 2 mM
MgCl2, and 10% glycerol (49). Infectious adenovirus titer was determined in
triplicate by plaque-forming assay and expressed as plaque-forming units
(pfu) per ml.

Cell Culture. Rat neonatal cardiomyocytes were isolated from 1- or 2-day-old
rats, using the National Cardiomyocyte Isolation System (Worthington). The
isolated cells (5 � 106) were plated in 10-cm tissue culture plates and cultured
in DMEM:F-12 (1:1) medium containing 10% (vol/vol) FBS and 5% (vol/vol)
horse serum supplemented with sodium pyruvate (1 mM), penicillin (100
units/ml), and streptomycin (100 units/ml) at 37°C in a tissue culture incubator
with constant supply of 5% CO2 in 95% relative humidity. Cells were used for
experiments after 2–3 days in culture. ARPE-19 cells (2 � 106) were cultured
under the same conditions as cardiomyocytes.

Adenovirus infections of cardiomyocytes and ARPE-19 cells were carried
out as described in refs. 50 and 51. After 24 h of incubation, the infection
medium was replaced with normal [15% (vol/vol) serum] culture medium
supplemented separately with either 50 or 100 �g/ml of the sodium salt of 24:0
or either 30 or 50 �g/ml of 20:5n3 or 22:5n3 (conjugated to BSA fraction V) (34).
After incubation with these fatty acids for 48 or 72 h, cells were washed in PBS

containing 50 �M fatty acid free BSA fraction V and then washed twice more
with only PBS. They were then scraped and stored as pellets at �80°C until
used.

Production and Characterization of Affinity-Purified ELOVL4 Antibodies. A
synthetic 12-amino acid peptide corresponding to amino acids 301–312 of the
mouse ELOVL4 protein was conjugated to keyhole limpet hemocyanin and
injected s.c. into rabbits for polyclonal antibody production after collection of
preimmune serum. Affinity-purified antibodies were collected by using im-
mobilized peptide antigen (Bethyl Laboratory). The affinity-purified antibody
specificity was determined by Western blot analysis on HEK 293 cells trans-
fected with mouse Elovl4 and on lysates from mouse and rat retinas, brain, and
skin and on bovine retina lysates. On 10% or 12% polyacrylamide gels, the
antibody recognizes an �32-kDa protein, which was specifically blocked by
preincubation of the antibody with the antigenic peptide (Fig. S1). This size is
similar to that reported by Grayson and Molday (3) for the human ELOVL4
protein. The antibody also showed intense labeling of ELOVL4 protein in the
inner segment and the perinuclear region of the outer nuclear layer of mouse
and rat retinas (Fig. 1C) in agreement with the localization reported in human
retina (3) and other mammalian retinas (16) and was specifically blocked by
the peptide (data not shown). Immunocytochemistry, Western blot analysis,
and details of lipid extractions and analyses are described in detail in SI Text.

FAME Analysis by GC-MS. Fatty acid methyl esters were identified and quan-
tified by using an Agilent Technologies 6890N gas chromatograph (GC) with
a 5975B inert XL mass spectrometer (MS) detector (Agilent Technologies). The
GC-MS was operated in the electron impact (EI) single ion monitoring (SIM)
mode. For VLC-FA analysis, the injection volume was 1 �l and the inlet, held at
320°C, was set to pulsed splitless mode. An Agilent Technologies HP-5ms
column (30 m � 0.25 mm � 0.25 �m) was used with a helium carrier gas flow
rate of 1.2 ml/min. The oven temperature began at 160°C, was ramped to
320°C at 3°C/min, and was held at 320°C for 20 min. The MS transfer line, ion
source, and quadrupole temperatures were 320°C, 230°C, and 150°C, respec-
tively. The 26:0, 28:0, and 30:0 response values were obtained by using the m/z
ratios 410.4, 438.4, and 466.5, respectively. Sample concentrations were de-
termined by comparison to external standards, using 25:0 and 27:0 as internal
standards. Multivariate ANOVA with post hoc Scheffé tests determined sta-
tistical significance (P � 0.05).

For VLC-PUFA analysis, the injection volume was 1 �l and the inlet, held at
290°C, was set to pulsed splitless mode. An SGE BPX70 column (35 m � 0.22
mm � 0.25 �m) was used with a helium carrier gas flow rate of 1.2 ml/min. The
oven temperature began at 90°C for 10 min, was ramped to 290°C at 3°C/min,
and was held at 290°C for 12.3 min. The MS transfer line, ion source, and
quadrupole temperatures were 290°C, 230°C, and 150°C, respectively. The
PUFA response values were obtained by using the m/z ratios 79.1, 108.1, and
150.1 in SIM mode. Comparisons were made by normalizing the chromato-
grams, using the response of 20:1.
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