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Omega23 polyunsaturated fatty acids (PUFAs) are essential com-
ponents required for normal cellular function and have been
shown to exert many preventive and therapeutic actions. The
amount of n23 PUFAs is insufficient in most Western people,
whereas the level of n26 PUFAs is relatively too high, with an
n26yn23 ratio of >18. These two classes of PUFAs are metaboli-
cally and functionally distinct and often have important opposing
physiological functions; their balance is important for homeostasis
and normal development. Elevating tissue concentrations of n23
PUFAs in mammals relies on chronic dietary intake of fat rich in n23
PUFAs, because mammalian cells lack enzymatic activities neces-
sary either to synthesize the precursor of n23 PUFAs or to convert
n26 to n23 PUFAs. Here we report that adenovirus-mediated
introduction of the Caenorhabditis elegans fat-1 gene encoding an
n23 fatty acid desaturase into mammalian cells can quickly and
effectively elevate the cellular n23 PUFA contents and dramatically
balance the ratio of n26yn23 PUFAs. Heterologous expression of
the fat-1 gene in rat cardiac myocytes rendered cells capable of
converting various n26 PUFAs to the corresponding n23 PUFAs,
and changed the n26yn23 ratio from about 15:1 to 1:1. In addition,
an eicosanoid derived from n26 PUFA (i.e., arachidonic acid) was
reduced significantly in the transgenic cells. This study demon-
strates an effective approach to modifying fatty acid composition
of mammalian cells and also provides a basis for potential appli-
cations of this gene transfer in experimental and clinical settings.

The n23 polyunsaturated fatty acids (PUFAs) have been the
subject of increasing investigation and have attracted con-

siderable interest as pharmaceutical and nutraceutical com-
pounds (for review see refs. 1–3). From epidemiology to cell
culture and animal studies to randomized controlled trials, the
cardioprotective effects of n23 fatty acids are becoming recog-
nized (4–6). The n23 fatty acids have been shown to exert
anticancer activity in vitro and in animal models of experimental
cancer (7–9). Supplementation with n23 PUFAs shows thera-
peutic effects on inflammatory and autoimmune diseases such as
arthritis (10–12). Studies with nonhuman primates (13) and
human newborns indicate that n23 fatty acids are essential for
the normal functional development of the retina and brain,
particularly in premature infants (14, 15). In general, a balanced
n26yn23 ratio of the body lipids is essential for normal growth
and development and plays an important role in the prevention
and treatment of many clinical problems (16).

The n26 and n23 PUFAs are synthesized through an alter-
nating series of desaturations and elongations beginning with
either linoleic acid (LA, 18:2n26) or a-linolenic acid (ALA,
18:3n23), respectively. The major end point of the n26 pathway
in mammals is arachidonic acid (20:4n26), and the major end
products of the n23 pathway are eicosapentaenoic acid
(20:5n23) and docosahexaenoic acid (22:6n23). An important
class of enzymes involved in the synthesis of PUFAs is the fatty
acid desaturases, which catalyze the introduction of double
bonds into the hydrocarbon chain at a position determined by the
enzyme specificity. Although in most cases animals contain the

enzymatic activity to convert LA (18:2n26) and ALA (18:3n23)
to the longer-chain PUFAs (where the rate of conversion is
limiting), they lack the 12- and 15-desaturase activities necessary
to synthesize the precursor (parent) PUFAs, LA, and ALA (17).
Furthermore, the n23 and n26 PUFAs are not interconvertible
in mammalian cells (18). Thus, LA, ALA, and their elongation
and desaturation products are considered essential fatty acids in
the human diet. The PUFA composition of cell membranes is, to
a great extent, dependent on dietary intake (19, 20). Neverthe-
less, some plants and microorganisms are able to synthesize the
n23 fatty acid ALA. Recently, a fat-1 gene encoding an n23
fatty acid desaturase has been cloned from C. elegans (21).
Interestingly, this enzyme, when expressed in the plant Arabi-
dopsis, can catalyze the conversion of n26 PUFAs to n23
PUFAs by introducing an n23 double bond into their hydro-
carbon chains. However, whether this fat-1 gene can be
expressed functionally in mammalian cells remains to be
investigated.

The objective of this study was to examine whether the C.
elegans fat-1 gene can be functionally expressed in mammalian
cells in a high efficiency and whether its expression can exert a
significant effect on cellular fatty acid composition.

Materials and Methods
Construction of Recombinant Adenovirus (Ad). The recombinant Ad
carrying the fat-1 gene was constructed following procedures
similar to those described by He et al. (22). The n23 fatty acid
desaturase cDNA ( fat-1 gene) in pCE8 was kindly provided by
J. Browse (Washington State University, Pullman, WA). The
cDNA insert of pCE8 was released with an EcoRIyKpnI double
digestion, inserted into a shuttle vector, and then recombined
homologously with an adenoviral backbone according to the
methods of He et al. (22). Two first-generation type-5 recom-
binant Ads were generated: Ad.GFP, which carries the green
fluorescent protein (GFP, as reporter gene) under control of the
cytomegalovirus (CMV) promoter, and Ad.GFP.fat-1, which
carries both the fat-1 and GFP genes, each under the control of
separate CMV promoters. The recombinant viruses were pre-
pared as high-titer stocks through the propagation in 293 cells,
as described (23). The constructs were confirmed by enzymatic
digestion and by DNA sequencing.

Cell Cultures and Infection with Ad. Cardiac myocytes were isolated
from 1-day-old rats by using the National Cardiomyocyte Iso-
lation System (Worthington). The isolated cells were placed in
6-well plates and cultured in F-10 medium containing 5%
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(volyvol) FBS and 10% (volyvol) horse serum at 37°C in a tissue
culture incubator with 5% CO2 and 98% relative humidity. Cells
were used for experiments after 2–3 days of culture. Viral
infections were carried out by adding viral particles at different
concentrations (5 3 109 to 5 3 1010 plaque-forming units per

milliliter) to culture medium containing 2% (volyvol) FBS. After
a 24-h incubation, the infection medium was replaced with
normal [15% (volyvol) serum] culture medium supplemented
with 10 mM 18:2n26 and 20:4n26. Forty-eight hours after
infection, cells were used for analysis of gene expression or fatty
acid composition.

RNA Analysis. The fat-1 transcripts were determined by ribonu-
clease protection assay by using an RPA III kit (Ambion, Austin,
TX). Briefly, total RNA was extracted from cultured cells by
using an RNA isolation kit (Qiagen, Chatsworth, CA), according
to the manufacturer’s protocol. The plasmid containing the fat-1
gene, pCE8, was linearized and used as a transcription template.
Antisense RNA probes were transcribed in vitro by using
[33P]UTP, hybridized with the total RNA extracted from the
myocytes, and digested with ribonuclease to remove nonhybrid-
ized RNA and probe. The protected RNAzRNA was resolved in
a denaturing sequence gel and subjected to autoradiography. A
probe targeting b-actin gene was used as control.

Lipid Analysis. The fatty acid composition of total cellular lipids
was analyzed as described (24, 25). Lipid was extracted with
chloroformymethanol (2:1, volyvol) containing 0.005% buty-
lated hydroxytoluene (as antioxidant). Fatty acid methyl esters
were prepared by using a 14% (wtyvol) BF3ymethanol reagent.
Fatty acid methyl esters were quantified with GCyMS by using
an HP-5890 Series II gas chromatograph equipped with a
Supelcowax SP-10 capillary column (Supelco, Bellefonte, PA)
attached to an HP-5971 mass spectrometer. The injector and
detector are maintained at 260°C and 280°C, respectively. The
oven program is maintained initially at 150°C for 2 min, then
ramped to 200°C at 10°Cymin and held for 4 min, ramped again
at 5°Cymin to 240°C, held for 3 min, and finally ramped to 270°C
at 10°Cymin and maintained for 5 min. Carrier gas-f low rate is
maintained at a constant 0.8 mlymin throughout. Total ion
monitoring is performed, encompassing mass ranges from 50–

Fig. 1. Photomicrographs showing
gene-transfer efficiency. Rat cardiac myo-
cytes were infected with Ad.GFP (Left;
control) or Ad.GFP.fat-1 (Right). Forty-
eight hours after infection, cardiomyo-
cytes were visualized with bright light
(Upper) and at 510 nm of blue light (Low-
er). Coexpression of GFP demonstrates vi-
sually that the transgene is being ex-
pressed in cells in a high efficiency.

Fig. 2. Ribonuclease protection assay of fat-1 transcript levels in cells in-
fected with Ad.GFP (control) and myocytes infected with Ad.GFP.fat-1. Total
RNA (10 mg) isolated from the cells was hybridized with antisense RNA probes,
digested with ribonuclease, and resolved in denaturing PAGE gel. The fat-1
mRNA was visualized by autoradiography. A probe targeting the b-actin gene
was used as a control.
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550 atomic mass units. Fatty acid mass is determined by com-
paring areas of various analyzed fatty acids to that of a fixed
concentration of internal standard.

Measurement of Eicosanoids. Prostaglandin E2 was measured by
using enzyme immunoassay kits (Assay Designs, Ann Arbor, MI)
following the manufacturer’s protocol. (The crossreactivity with
prostaglandin E3 is 16%.) Cultured cells were washed and
incubated with serum-free medium containing calcium iono-
phore A23187 (5 mM). After a 10-min incubation, the condi-
tioned medium was recovered and subjected to eicosanoid
measurement.

Results
Expression of fat-1 Gene in Rat Cardiac Myocytes. The coexpression
of GFP allowed us to identify the cells that were infected and

expressed the transgene. As shown in Fig. 1, 48 h after infection
almost all of the cells (.90%) exhibited bright fluorescence,
indicating a high efficiency of gene transfer and a high expression
level of the transgene. The expression profile of the transgene
also was determined by mRNA analysis using a ribonuclease
protection assay. As shown in Fig. 2, fat-1 mRNA was not
detected in cells infected with Ad.GFP (control) but was highly
abundant in cells infected with Ad.GFP.fat-1. This result indi-
cates that the Ad-mediated gene transfer could confer very high
expression of fat-1 gene in rat cardiac myocytes, which normally
lack the gene.

n23 Desaturase Activity and Its Effect on Fatty Acid Composition. We
tested whether the expression of fat-1 gene in the heart cells can
lead to conversions of n26 fatty acids to n23 fatty acids and,
thereby, a change in fatty acid composition. After infection with

Fig. 3. Partial gas chromatograph traces showing fatty acid profiles of total cellular lipids extracted from the control cells infected with Ad.GFP and the cells
infected with Ad.GFP.fat-1.
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the Ads, cells were incubated in the medium supplemented with
n26 fatty acids (10 mM 18:2n26 and 10 mM 20:4n26) for 2–3
days. After the incubation, fatty acid composition of total
cellular lipids was analyzed. As shown in Fig. 3, the fatty acid
profiles are remarkably different between the control cells
infected just with the Ad.GFP and the cells infected with the
Ad.GFP.fat-1. Cells infected with Ad.GFP had no change in
their fatty acid profiles when compared with noninfected cells
(data not shown). In the cells expressing the fat-1 gene (n23
desaturase), almost all kinds of n26 fatty acids were converted
largely to the corresponding n23 fatty acids, namely, 18:2n26 to
18:3n23, 20:2n26 to 20:3n23, 20:3n26 to 20:4n23, 20:4n26 to
20:5n23, and 22:4n26 to 22:5n23. As a result, the fatty acid
composition of the cells expressing fat-1 gene was changed
significantly when compared with that of the control cells
infected with Ad.GFP (Table 1). Importantly, the ratio of
n26yn23 was reduced from 15:1 in the control cells to 1:1.2 in
the cells expressing the n23 fatty acid desaturase.

Effect on Eicosanoid Production. Because 20:4n26 (arachidonic
acid) and 20:5n23 (eicosapentaenoic acid) are the precursors of
2- and 3-series of eicosanoids, respectively, differences in the
contents of arachidonic and eicosapentaenoic acids may lead to
a difference in production of eicosanoids in the cells. Thus, we
measured the production of eicosanoids in the infected cells
after stimulation with calcium ionophore A23187 by using an
enzyme immunoassay kit that specifically detects prostaglandin
E2 with a 16% crossreactivity with prostaglandin E3. As shown
in Fig. 4, the amount of prostaglandin E2 produced by the control
cells was significantly higher than that produced by fat-1 cells.

Discussion
This study has demonstrated clearly that the fat-1 gene can be
expressed functionally in mammalian cells, and its expression
could confer cells’ capability of converting n26 PUFAs to
corresponding n23 PUFAs, leading to a balanced n26yn23
ratio and a change in eicosanoid production.

According to recent studies (16), the ratio of n26 to n23
essential fatty acids in today’s diet is around 10–20:1, indicating
that today Western diets are deficient in n23 fatty acids com-
pared with the diet on which humans evolved and their genetic
patterns were established (n26yn23 ' 1:1; ref. 26). Because the

n26 and n23 fatty acids are metabolically and functionally
distinct and have many opposing physiological functions, their
balance is important for homeostasis and normal development.
However, the n23 and n26 PUFAs are not interconvertible in
the human body, because mammalian cells lack the n23 fatty
acid desaturase. Therefore, balancing the n26yn23 ratio in
human subjects or animals mainly relies on increased consump-
tion of n23 PUFAs-enriched foods or n23 PUFA supplements.
Because of these facts and the emergence of possible preventive
and therapeutic actions of n23 PUFAs, an international scien-
tific working group has called for recommended dietary intakes
(decrease the intake of n26 fatty acids and increase the intake
of n23 fatty acids; ref. 27). Such a dietary recommendation has
been made recently by the American Heart Association.

Although dietary supplementation with n23 PUFAs is a safe
intervention, it has a number of limitations. For example, to achieve
a significant increase in tissue concentrations of n23 PUFAs in vivo
requires a chronic intake of high doses of n23 PUFAs for a period
of several months. Bioavailability of fatty acids to cells from the diet
involves a series of physiological processes, including digestion,
absorption, transport, and metabolism of fat. Thus, the efficacy of
dietary intervention varies dependent on the physiological and
health status of an individual. For example, a patient in critical
condition or who has gastrointestinal problems may not be able to
ingest or absorb high-fat foods or n23 PUFA supplements. In
addition, encapsulated fish oil supplement is unlikely to be suited to
lifetime daily use, because of possible caloric excess and individual
sensory aversion to fish oils. Ingestion of some species of fish from
coastal waters and lakes may carry toxic amounts of mercury or
organic toxins. Furthermore, dietary intervention needs a change
in dietary habits that some people may not be able to sustain.
Therefore, an alternative approach that can quickly and effectively
increase cellular n23 PUFA contents and balance the n26yn23
ratio, without the need for a lengthy intake of high fat, would
be desirable.

Our findings as presented here suggest that gene transfer of
the n23 fatty acid desaturase could be such a desirable inter-
vention that can quickly and effectively provide therapeutic and
disease-preventive effects of n23 fatty acids, without the need
for the ingestion of supplements or a change in dietary habits. In

Table 1. PUFA composition of total cellular lipids from the
control cardiomyocytes and the transgenic cells expressing
a C. elegans fat-1 cDNA

Mol % of total fatty acids Control fat-1

n26 Polyunsaturates
18:2n26 14.2a 9.2b

20:2n26 1.2a 0.3b

20:3n26 1.6a 0.4b

20:4n26 15.2a 4.1b

22:4n26 4.4a 1.0b

22:5n26 0.2a 0.0b

Total 36.8a 15.0b

n23 Polyunsaturates
18:3n23 0.2b 3.6a

20:4n23 0.0b 0.6a

20:5n23 0.1b 6.1a

22:5n23 1.2b 5.8a

22:6n23 1.0a 1.3a

Total 2.5b 17.4a

n26yn23 ratio 14.7a 0.9b

Values are means of four measurements. Values for each fatty acid with the
same letter do not differ significantly (P , 0.01) between control and fat-1. Fig. 4. Enzyme immunoassay of prostaglandin E2 levels in the control cells

and the cells expressing fat-1 gene. Values are means 6 SD of three experi-
ments and expressed as a percentage of control. *P , 0.01.
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comparison with dietary intervention, this approach is more
effective in balancing the n26yn23 ratio because not only does
it elevate tissue concentrations of n23 PUFAs, but it also
decreases the levels of excessive endogenous n26 PUFAs. Thus,
this study demonstrates an effective approach to modifying fatty
acid composition of mammalian cells and provides a basis for
potential applications of this gene transfer in experimental and
clinical settings. Our data also point to a promise for the use of

heterologous genes in human gene therapy. Certainly, further
study in this regard is warranted.
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