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Despite the well-documented health benefits of �-3 polyunsaturated fatty acids (PUFAs), their use
in clinical management of hyperglycemia and obesity has shown little success. To better define the
mechanisms of �-3 PUFAs in regulating energy balance and insulin sensitivity, we deployed a
transgenic mouse model capable of endogenously producing �-3 PUFAs while reducing �-6 PUFAs
owing to the expression of a Caenorhabditis elegans fat-1 gene encoding an �-3 fatty acid
desaturase. When challenged with high-fat diets, fat-1 mice strongly resisted obesity, diabetes,
hypercholesterolemia, and hepatic steatosis. Endogenous elevation of �-3 PUFAs and reduction of
�-6 PUFAs did not alter the amount of food intake but led to increased energy expenditure in the
fat-1 mice. The requirements for the levels of �-3 PUFAs as well as the �-6/�-3 ratios in controlling
blood glucose and obesity are much more stringent than those in lipid metabolism. These meta-
bolic phenotypes were accompanied by attenuation of the inflammatory state because tissue
levels of prostaglandin E2, leukotriene B4, monocyte chemoattractant protein-1, and TNF-� were
significantly decreased. TNF-�–induced nuclear factor-�B signaling was almost completely abol-
ished. Consistent with the reduction in chronic inflammation and a significant increase in perox-
isome proliferator–activated receptor-� activity in the fat-1 liver tissue, hepatic insulin signaling
was sharply elevated. The activities of prolipogenic regulators, such as liver X receptor, stearoyl-
CoA desaturase-1, and sterol regulatory element binding protein-1 were sharply decreased,
whereas the activity of peroxisome proliferator–activated receptor-�, a nuclear receptor that
facilitates lipid �-oxidation, was markedly increased. Thus, endogenous conversion of �-6 to �-3
PUFAs via fat-1 strongly protects against obesity, diabetes, inflammation, and dyslipidemia and
may represent a novel therapeutic modality to treat these prevalent disorders. (Molecular
Endocrinology 28: 1316–1328, 2014)
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�-3 polyunsaturated fatty acids (PUFAs) are essential
fatty acids that must be derived from the diet because

of the lack of endogenous enzymes for �-3 desaturation in
mammals. Modern diets contain excessive levels of �-6
PUFAs but very low levels of �-3 PUFAs, leading to an
unhealthy �-6/�-3 ratio of �20:1, instead of the ideal 1:1
for humans (1). Eicosanoid products derived from �-6
PUFAs (such as prostaglandin [PG] E2 and leukotriene
[LT] B4 synthesized from arachidonic acid [AA]) are
more potent mediators of inflammation than similar
products derived from �-3 PUFAs (PGE3 and LTB5 syn-
thesized from eicosapentaenoic acid [EPA]). Thus, an im-
balanced �-6/�-3 ratio in favor of �-6 PUFAs is highly
proinflammatory, which is believed to have contributed
to the prevalence of atherosclerosis, obesity, and diabetes
(1–5). Indeed, regular consumption of diets rich in �-3
PUFAs has been associated with low incidences of these
diseases, particularly in Icelandic populations, Inuit in-
digenous people, and Native Americans in Alaska (6–8).
However, using fish oil as the primary source of �-3
PUFAs to treat type 2 diabetes has not met with success
(5, 9, 10). Although nutritional studies suggest that high
�-6/�-3 ratios have contributed significantly to the “obe-
sity epidemic” (11, 12), clinical trials using �-3 PUFAs as
weight-reducing agents have produced conflicting find-
ings of both positive (13–15) and negative effects (16–
18). Thus, further systematic studies are needed to fully
decipher the functions and underlying mechanisms of �-3
PUFAs in the regulation of energy balance and insulin
sensitivity.

To better define the mechanisms by which �-3 PUFAs
improve cardiometabolic risk, we took advantage of fat-1
transgenic mice that carry a Caenorhabditis elegans fat-1
gene encoding a �-3 fatty acid desaturase. This enzyme
can convert �-6 to �-3 PUFAs by adding a double bond at
the �-3 position (19). Consequently, fat-1 not only in-
creases the levels of �-3 PUFAs but also concomitantly
decreases �-6 PUFAs as well as the �-6/�-3 ratio—a goal
cumbersome to achieve through dietary means alone but
strongly advocated for health benefits. Although not fully
equated to a dietary approach, the transgenic method
produces the same types of �-3 PUFAs as those obtained
through diets (19). Importantly, the fat-1 model offers
numerous advantages in the studies of the health benefits
of �-3 PUFAs. For example, the transgenic model allows
elucidation of the mechanisms of actions of �-3 PUFAs
without the compounding issues associated with dietary
approaches, such as dose, composition, and duration of
treatment applied in different studies (15, 20, 21). The use
of fat-1 mice avoid these concerns by feeding exactly the
same diet to the transgenic and wild-type (WT) mice.
Because FAT-1 is an enzyme, the production of �-3

PUFAs in mice is limited by the amount of available sub-
strates: �-6 PUFAs. Indeed, the degree of increase in �-3
PUFAs (�3- to 4-fold) required to improve metabolic
parameters in fat-1 transgenic mice has been shown to be
achievable through dietary means in animals and humans
(22). Using fat-1 mice, we can also readily perform genetic
studies in different obese and diabetic mice by crossing the
transgenic model with these diseased models. Several re-
cent studies have already reported various aspects of met-
abolic phenotypes related to insulin sensitivity and fatty
liver in the fat-1 mice (23–25). However, a systematic
investigation is still needed to better define how altera-
tions in the tissue levels of �-6 and �-3 PUFAs affect
energy balance, lipid and glucose metabolism, chronic
inflammation, and the underlying molecular events. Such
knowledge will help us determine the therapeutic poten-
tial of promoting �-3 desaturation of fatty acids via
FAT-1 activity in the prevention and treatment of obesity
and type 2 diabetes.

Materials and Methods

Animals
Fat-1 mice were generated in the C57BL/6 background, and

the mice were derived from one of the previously characterized
transgenic founders (19). All mice were housed under controlled
temperature (22 � 2°C) and 12 hours of the light-dark cycle
with free access to water and food. Mice were fed a regular diet
(RD) (5% by weight, 13.8% energy from fat; Prolab Isopro
RMH 3000 diet), high-fat diet 1 (HFD1) (21.2% fat by weight,
42% energy from fat; Harlan Teklad), or high-fat diet 2 (HFD2)
(safflower oil: HFD1, 1:10 in weight, 52% energy from fat). The
majority of the fat content in the 2 high-fat diets is saturated fat
based on gas-phase chromatography. High-fat feeding started at
6 weeks of age and continued for 12 weeks. In this study, we
have primarily used the fat-1 mice bearing 2 sets of fat-1 trans-
genes (“homozygous”) in the analysis of metabolic phenotypes.
Quantitative PCR assays of tail genomic DNA samples were
performed to determine the heterozygotic and homozygotic na-
ture of litters after the mating of heterozygotic fat-1 mice with
each other. The mRNA expression levels of the fat-1 transgenes
were also determined and found to be consistent with the cor-
responding genotypes (Supplemental Figure 1, A and B). Anal-
ysis of a group of heterozygous fat-1 mice [designated as “fat-
1(H)”], revealed that their body weight, fat mass, and glucose
intolerance were very similar to those of WT control mice fed a
high-fat diet (Supplemental Figure 1, C–F), which was in line
with their higher �-6 PUFA and lower �-3 PUFA tissue contents
than those of the homozygotic fat-1 mice (Supplemental Table
1). In all cases, the WT littermates were used as the control mice
in all subsequent metabolic assays. All procedures were ap-
proved by the Animal Care and Use Committee of the University
of Pittsburgh (Pittsburgh, Pennsylvania) and Nanjing Medical
University.
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Body composition and energy balance studies
Dual-energy X-ray absorptiometry analysis of body compo-

sition was performed on a PIXImus densitometer according to
manufacturer’s protocol. Oxygen consumption, CO2 produc-
tion, respiratory quotient, and activity were measured in up to 8
mice simultaneously by using an indirect calorimeter (Oxymax
Equal Flow System).

Gas chromatography analysis of fatty acids
Lipids were extracted from food and tail samples according

to the method of Bligh and Dyer (26). Gas chromatography was
performed on a PerkinElmer Clarus 500 system. Identification
of components was by comparison of retention times with those
of authentic standards.

Intraperitoneal glucose tolerance test (IPGTT)
The IPGTT was performed by an ip injection of glucose (2

g/kg body weight) after a 16-hour overnight fast. Blood glucose
levels were measured at 0, 15, 30, 60, 90, and 120 minutes after
injection using a Precision Xtra meter (Abbott Laboratories).

Biochemical analyses of insulin, cholesterol,
hepatic triglycerides, LTB4, and PGE2

Serum insulin levels were determined using an insulin ELISA
kit (LINCO Research). Serum cholesterol was measured using a
cholesterol/cholesteryl ester quantification kit (EMD Biosci-
ences). Hepatic triglycerides were measured with a kit from
Sigma-Aldrich. PGE2 and LTB4 were measured by an ELISA
(R&D Systems).

Hepatocyte preparation and transfection
Hepatocytes were isolated from 8- to 10-week-old male mice

fed the RD. Livers were perfused with collagenase solution as
described previously (27). The VP-LXR expression vector and
the liver X receptor response element (LXRE)– and peroxisome
proliferator–activated receptor response element (PPRE)-driven
luciferase reporter gene constructs were provided by Dr. Wen
Xie’s group (28, 29). VP-LXR was created by fusing the VP16
activation domain of herpes simplex virus to the amino terminus
of mouse LXR and driven by a promoter of the rat liver fatty
acid–binding protein gene. Peroxisome proliferator–activated
receptor (PPAR)-� and PPAR-� were driven by a cytomegalo-
virus promoter in the pCMX vector. The LXRE- and the PPRE-
driven luciferase vectors were generated with 3 copies of LXRE
and PPRE elements, respectively, inserted into the tk-Luc vector.
Cells were treated with various agents 24 hours after transfec-
tion. After another 24-hour incubation, cellular luciferase activ-
ity was measured according to the manufacturer’s instructions
(Promega), and activities were expressed as a percentage of the
corresponding controls. Cotransfected �-galactosidase activity
was determined to normalize transfection efficiency.

Analysis of gene expression
Expression levels of monocyte chemoattractant protein-1

(MCP-1), TNF-�, stearoyl-CoA desaturase-1 (SCD-1) were
measured using real-time PCR assays. The cDNA was generated
from total RNA by reverse transcription using random primers
and SuperScript II reverse transcriptase. Mouse 18s-rRNA was
used as a reference gene for cDNA input. The probes were la-

beled with FAM on the 5� end and with BHQ-1 on the 3� end.
Oligonucleotide sequences are listed in Supplemental Table 2.

Western blot
Phosphorylation of Akt was evaluated via Western blot as-

says using antibodies against phospho-Akt and total Akt. Anal-
ysis of TNF-�–induced I�B-� phosphorylation was performed
using an antibody against phospho-I�B-�. A control immuno-
blot was performed with an antibody against I��-�. Each cellu-
lar assay was repeated 3 times as a confirmation. The expression
of SCD-1, PPAR-�, LXR-�, and retinoic acid receptor (RAR)-�
was examined using corresponding antibodies with �-actin as
the control. All Western blot assays of tissue samples were re-
peated at least 3 times with 3 to 4 tissue samples per group.

Statistical analysis
Data are presented as means � SD. Differences between

groups were analyzed by a two-tailed Student t test or one-way
ANOVA. All values of P � .05 were considered statistically
significant.

Results

Resistance to high-fat diet–induced obesity due to
increased expenditure of energy

We fed 3 different diets to fat-1 transgenic and WT
mice: low-fat RD; HFD1, traditionally used in many stud-
ies (30, 31) with 42% of energy derived from lipids; and
HFD2, an �-6 PUFA-enriched high-fat diet, with 52% of
energy derived from fat. To approximate the composi-
tions of �-6 and �-3 PUFAs in Western diets (1), we
added safflower oil to the HFD1 to elevate the �-6 PUFA
content, resulting in a �-6/�-3 ratio of �20:1 (termed
HFD2). Analyses of fatty acid compositions indicated
that the total levels of PUFAs (including both �-6 and �-3
PUFAs) were very low in the HFD1, representing only
�0.43% of the total diet content in weight (Tables 1 and
2). This is in contrast to those values for the RD and
HFD2, for which the total PUFAs constituted about �2%
and 2.6% of diet weight, respectively. Interestingly, the
ratio of �-6 to �-3 in the HFD1 was even less than that in
the RD (4.5 vs 6.2 in the RD).

Table 1. Analyses of Levels of �-6 and �-3 PUFAs in
Diets

�-6, mg/g �-3, mg/g �-6/�-3 ratio
RD 17.43 � 0.13 2.79 � 0.34 6.22 � 0.41
HFD1 3.54 � 0.13 0.78 � 0.01 4.53 � 0.08
HFD2 25.20 � 0.08 1.26 � 0.01 19.95 � 0.02

The composition of �-6 and �-3 PUFAs in the RD, HFD1, and HFD2
was analyzed using standard protocols (see Materials and Methods).
Compositions of total �-6 or �-3 PUFAs were expressed in milligrams
per gram (grams of food). All data presented are means � SD; n � 6.
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Previous characterizations of fat-1 transgenic mice
maintained on �-6 PUFA-enriched diets or RDs have es-
tablished that global expression of fat-1 cDNA could in-
crease the levels of �-3 and lower �-6 PUFAs in a wide
range of tissues: liver, skeletal muscle, brain, and pancre-
atic islets (19, 32, 33). Our analyses of the tail and liver
samples from transgenic mice further confirmed those
findings (Tables 3 and 4).

Fat-1 transgenic mice fed the RD did not differ in body
weight from age- and sex-matched WT mice (Figure 1A).
When fed the HFD1, WT mice developed severe obesity
with the percentage of fat mass reaching nearly 43% of
the body weight (Figure 1B). The expression of fat-1 led
to a strong suppression of both body weight and fat mass
in mice fed the HFD1 (Figure 1, A and B). Consistent with
these results, analyses of fatty acid compositions in tail
and liver samples suggested that the relative level of �-6
PUFAs in the fat-1 group was �3-fold lower and that the
level of �-3 PUFAs was considerably higher than those in
WT tissues (Tables 3 and 4), resulting in a markedly lower
�-6/�-3 ratio.

To evaluate the impact of a high-fat diet with a high
�-6/�-3 ratio on body weight, we also used the aforemen-
tioned �-6 PUFA-enriched HFD2. After HFD2 feeding,
WT mice rapidly gained body weight and developed se-
vere obesity, with the percentage of fat mass reaching
almost 50% of their body composition (Figure 1, A–C).
All of the fat-1 mice gained weight as a result of HFD2
feeding, but the gain was significantly below those of WT

mice with average fat mass reaching �37% of body com-
position (Figures 1, B and C). The changes in body weight
were primarily at the level of fat mass as there was little
change in lean mass (Figure 1B). The ratio of �-6/�-3 was
sharply reduced in HFD2-fed transgenic mouse (�2.5–
2.9) vs WT (�9–11) tissues (Tables 3 and 4). This was a
result of a significant decrease in �-6 PUFA levels and an
almost 3-fold increase in �-3 PUFA levels. Thus, in the
context of high tissue levels of �-6 PUFAs, the increase in
the levels of �-3 PUFAs and the reduction in �-6 PUFAs
appear to have critical roles in preventing diet-induced
obesity. Interestingly, further examination of different
�-6 and �-3 PUFA species in transgenic tissues revealed a
sharp decrease in AA and a corresponding increase in EPA
(via addition of a double bond to AA) (Tables 3 and 4),
which helps explain the reduced inflammatory state in
fat-1 mice (see below).

To further delineate the lean phenotypes of fat-1 trans-
genic mice, we used an indirect calorimetric approach to
evaluate energy balance. We found that energy intake was
not significantly different between the transgenic and the
WT fed either a regular or high-fat diet (Supplemental
Figure 2, A and B). When fed a RD, transgenic and WT
mice displayed almost identical levels of oxygen con-
sumption, energy expenditure, and physical activity (Fig-
ure 2, A–C). After feeding of a high-fat diet, the values of
energy expenditure, adjusted with lean body mass were
very similar in the 2 genotypes (Supplemental Figure 3, A
and B). With a method used widely in other studies (34–

Table 2. Distribution of �-6 (LA, AA, and DPA) and �-3 (ALA, EPA, and DHA) Species in Diets

�-6 PUFA Species, % �-3 PUFA Species, %

LA AA DPA Total �-6 ALA EPA DHA Total �-3
RD 39.95 � 0.26 0.32 � 0.02 0.08 � 0.00 40.36 � 0.28 3.78 � 0.13 1.23 � 0.08 1.24 � 0.12 6.48 � 0.33
HFD1 3.26 � 0.04 0.17 � 0.01 0.01 � 0.00 3.45 � 0.05 0.63 � 0.00 0.04 � 0.00 0.00 � 0.00 0.76 � 0.00
HFD2 21.91 � 0.09 0.04 � 0.00 0.01 � 0.00 21.95 � 0.09 0.92 � 0.01 0.08 � 0.00 0.00 � 0.00 1.10 � 0.01

Abbreviations: ALA, �-lipoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; LA, linoleic acid. Each species is expressed as a
percentage of all fatty acid peaks, ie, the distribution areas of different �-3 or �-6 PUFA peaks divided by the total peak areas of all detectable
saturated and unsaturated free fatty acids (from the same sample) resolved from the gas chromatography column.

Table 3. Analysis of �-6 and �-3 PUFAs Species in the Tail Samples

�-6 PUFA Species, % �-3 PUFA Species, %

�-6/�-3 RatioLA AA DPA Total �-6 ALA EPA DHA Total �-3

WT RD 21.06 � 0.16 2.55 � 0.05 0.08 � 0.00 23.72 � 0.03 0.80 � 0.01 0.17 � 0.01 3.03 � 0.02 4.52 � 0.01 5.25 � 0.01
fat-1 RD 19.57 � 0.63a 0.19 � 0.05a 0.03 � 0.01 19.85 � 0.63a 2.47 � 0.17a 0.82 � 0.14a 3.28 � 0.09a 6.74 � 0.58a 2.96 � 0.28a

WT HFD1 4.47 � 0.27 1.57 � 0.23 0.03 � 0.01 6.14 � 0.15 0.41 � 0.06 0.10 � 0.01 1.57 � 0.11 2.24 � 0.12 2.74 � 0.24
fat-1 HFD1 1.86 � 0.13a 0.04 � 0.01a 0.01 � 0.00 1.94 � 0.55a 0.73 � 0.11a 0.70 � 0.15a 2.20 � 0.43a 3.75 � 0.45a 0.52 � 0.17a

WT HFD2 21.31 � 0.60 4.07 � 0.44 0.16 � 0.02 25.58 � 0.55 0.25 � 0.02 0.09 � 0.03 1.62 � 0.13 2.32 � 0.13 11.04 � 0.68
fat-1 HFD2 19.01 � 0.54a 0.18 � 0.03a 0.01 � 0.00a 19.20 � 0.54a 2.46 � 0.46a 0.94 � 0.03a 2.13 � 0.13a 6.63 � 0.37a 2.90 � 0.20a

Abbreviations: ALA, �-lipoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; LA, linoleic acid. Compositions of �-6 or �-3 PUFAs
were expressed using relative percentages, ie, the distribution areas of �-3 or �-6 PUFA peaks divided by the total peak areas of all detectable
saturated and unsaturated presented are means � SD; n � 6.
a P � .01 when the fat-1 group was compared with the WT control group.
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36), differences in energy expenditure were revealed when
we put the whole-body weight (including fat tissues) into
the consideration of energy balance. Under the HFD1
regimen, oxygen consumption of the fat-1 group was
markedly elevated (Figure 2D), and energy expenditure
was significantly higher than that of WT mice at most
time points of the dark phase (Figure 2E, shaded region)
as well as some time points of the light phase (Figure 2E).
Consistent with these observations, total physical activity
of the fat-1 group was also significantly elevated com-
pared with that of WT mice (Figure 2F). Similar results
were observed in HFD2-fed mice (Figure 2, G–I). The
differences in energy expenditure observed in high-fat
diet–fed mice were probably not an indirect result of dras-
tic differences in body weight between the 2 genotypes at
the end of prolonged high-fat feeding. In transgenic mice
fed the HFD2 for 3 weeks, we observed elevated oxygen
consumption and energy expenditure (adjusted with total
or lean body mass) (Supplemental Figure 4, A–C). Inter-
estingly, fat-1–induced production of �-3 PUFAs also led
to a marked increase in the respiratory quotient (Supple-
mental Figure 4, D and E), which suggested biased usage
of fuel toward carbohydrate or protein owing to the low
lipid levels in the tissues of transgenic mice (see below).
Taken together, these data suggest that endogenous pro-
duction of �-3 PUFAs and reduction in the levels of �-6
PUFAs did not have a significant impact on energy intake
but could induce increased energy expenditure.

Changes in �-6 and �-3 compositions via
fat-1 expression attenuate high-fat diet–induced
insulin resistance

Changes in �-6 and �-3 PUFA compositions in fat-1
mice had profound influences on glucose metabolism and
insulin sensitivity. The intraperitoneal glucose tolerance
test showed that, despite their similarity in body weight
while fed the RD, fat-1 mice have much better glucose
tolerance than their WT counterparts (Figure 3A). Con-
sistent with such divergence in glucose tolerance curves,

activation of Akt by insulin was also much stronger in
primary hepatocytes isolated from transgenic mice than
in those from WT mice (Figure 3B), suggesting that im-
proved insulin signaling was (at least in part) responsible
for the enhanced glucose tolerance.

As expected, HFD1 feeding induced strong glucose in-
tolerance in WT mice (Figure 3A). However, transgenic
mice that strongly resisted weight gain displayed a glucose
disposal curve almost identical to that of the transgenic
mice maintained on the RD (Figure 3A). Similarly, HFD2
feeding resulted in overt hyperglycemia (fasting blood
glucose of �200 mg/dL) and strong glucose intolerance in
WT mice; however, these effects were markedly attenu-
ated in transgenic mice (Figure 3A). Homeostasis model
assessment further demonstrated that WT mice fed either
high-fat diet were insulin resistant, whereas fat-1 mice
maintained their insulin sensitivity despite the challenge
of the high-fat diets (Figure 3C). Recently, we reported
that endogenous production of �-3 PUFAs via fat-1 ex-
pression in pancreatic islets could augment insulin secre-
tion (37). We measured blood insulin concentrations im-
mediately after ip injection of glucose. With RD feeding,
the transgenic mice displayed modestly higher concentra-
tions of blood insulin at 15, 30, and 60 minutes than the
WT mice (Figure 3D). In high-fat diet–fed mice, blood
concentrations of insulin in the 2 genotypes did not dif-
ferentiate within the first 15 minutes even though the WT
mice had higher blood glucose concentrations than the
transgenic mice at this time point (Figure 3A). At later
time points (�30 minutes) when blood glucose levels
were still very high, the WT mice had dramatically higher
concentrations of insulin than the transgenic mice (Figure
3D), indicative of differential states of insulin resistance in
these mice. Taken together, these data suggest that the
improved glucose tolerance in fat-1 mice was at least in
part a result of enhanced insulin sensitivity. Further stud-
ies (such as those using glucose clamps) are needed to
evaluate this issue.

Table 4. Analysis of �-6 and �-3 PUFA Species in the Liver Samples

�-6 PUFA Species, % �-3 PUFA Species, %

�-6/�-3 RatioLA AA DPA Total �-6 ALA EPA DHA Total �-3

WT RD 13.13 � 0.20 3.25 � 0.12 0.04 � 0.00 17.05 � 0.10 0.05 � 0.01 0.27 � 0.01 6.03 � 0.32 6.45 � 0.30 2.65 � 0.15
fat-1 RD 9.44 � 0.67a 3.04 � 0.22 0.03 � 0.01 13.26 � 1.50a 0.06 � 0.01 0.65 � 0.11a 9.59 � 0.09a 10.30 � 0.46a 1.29 � 0.09a

WT HFD1 5.09 � 0.21 2.96 � 0.28 0.05 � 0.01 8.18 � 0.34 0.03 � 0.06 0.09 � 0.01 2.14 � 0.09 2.26 � 0.40 2.96 � 0.05
fat-1 HFD1 1.98 � 0.23a 0.75 � 0.09a 0.01 � 0.00 2.75 � 0.57a 0.13 � 0.03a 1.85 � 0.26a 6.16 � 1.05a 8.84 � 1.87a 0.32 � 0.02a

WT HFD2 20.27 � 1.98 6.78 � 0.64 0.24 � 0.04 29.42 � 1.70 0.16 � 0.05 0.18 � 0.07 2.99 � 0.42 3.45 � 0.21 8.52 � 0.05
fat-1 HFD2 17.09 � 1.80 5.53 � 0.43b 0.03 � 0.01a 24.12 � 2.22a 2.27 � 0.46a 0.82 � 0.12a 6.49 � 0.92a 10.56 � 2.96a 2.45 � 0.31a

Abbreviations: ALA, �-lipoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; LA, linoleic acid. Compositions of �-6 or �-3 PUFAs
are expressed using the relative distribution area of the peaks in a given run of a gas chromatography assay. Data are means � SD; n � 5.
a P � .01, fat-1 group compared with the WT control group.
b P � .05.
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Fat-1 expression protects against high-fat
diet–induced hypercholesterolemia and
hepatic steatosis

Fat-1 expression led to a strong suppression of HFD1-
and HFD2-induced hypercholesterolemia (Figure 4A).
Remarkably, hepatic triglyceride levels in the transgenic
animals were �10-fold lower than those of the WT mice
under the RD regimen (RD panel, Figure 4B). Feeding of

HFD1 and HFD2 induced severe he-
patic steatosis in WT mice but not in
fat-1 mice (Figure 4B). Thus, the in-
crease in �-3 PUFA levels and the
concomitant decrease in �-6 PUFA
levels as a result of fat-1 expression
could have profound beneficial in-
fluence on cholesterol metabolism
and hepatic triglyceride levels. Inter-
estingly, when we performed meta-
bolic analysis of heterozygotic fat-1
transgenic mice with less ability to
convert �-6 PUFAs to �-3 PUFAs
than the homozygotic transgenic
mice, a striking dichotomy was
found in body weight and insulin
sensitivity between these 2 geno-
types, with the heterozygotic trans-
genic mice gaining as much body
weight and having as much glucose
intolerance as the WT mice (Supple-
mental Figure 1, C–F). However, the
blood cholesterol levels of these 2
genotypes were similar and sharply
lower than that in the WT mice
(Supplemental Figure 1, G and H).
This result suggests that lipid metab-
olism is more sensitive to the eleva-
tion of tissue �-3 PUFAs than energy
balance and glucose metabolism.

Expression of genes involved in
the regulation of lipogenesis
and inflammation

To probe the underlying mecha-
nisms, we studied the activities and
expression of some of the key regu-
lators of lipid biosynthesis, oxida-
tion, and inflammation. Stimulation
of the LXR can lead to activation of
SCD-1 expression and SREBP-1 and
subsequently lipogenesis in the liver
(38–41). After transfecting an LXRE-
driven luciferase reporter gene into
the primary hepatocytes isolated

from RD-fed transgenic or WT mice, we found that, in the
absence of cotransfection of LXR, luciferase reporter ac-
tivity was significantly lower in the cells of transgenic
mice than in those of cells of WT mice (Figure 5A).
Cotransfection with an LXR-�–expressing construct re-
sulted in an increase in reporter activity (Figure 5A); how-
ever, LXR-�–induced luciferase activity was sharply re-

Figure 1. Body weight and body composition of fat-1 transgenic and WT mice fed regular or
high-fat diets. A, Body weights of the mice maintained on a standard chow diet (RD) or a high-
fat diet (HFD1 or HFD2) for 12 weeks. Although the body weights for each group at the start
were not significantly different from each other, the high-fat diet regimen significantly increased
the body weights of WT mice when cross-compared to not only the weight of the mice fed the
RD but also the weight of the fat-1 mice fed the same high-fat diet at the same time point (6 or
12 weeks) in a one-way ANOVA. B, Body composition (fat mass and lean mass) using dual-
energy X-ray absorptiometry. n � 10 to 12 for different groups. Data are means � SD. #, P �
.01; *, P � .05; HFD1- and HFD2-fed fat-1 mice cross-compared with RD-fed mice and WT mice
fed the same diet in a one-way ANOVA. C, Side-by-side comparisons of 2 pairs of male fat-1
transgenic and WT mice fed the HFD1 or HFD2, respectively, for 12 weeks.
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duced in fat-1 hepatocytes (Figure 5A). To further
confirm the specificity of these responses to LXR, we
applied an LXR-specific agonist, T0901317, to enhance
luciferase activity. Agonist-elicited responses were signif-
icantly attenuated in fat-1 primary hepatocytes (Figure
5A). Consistent with the notion of SREBP-1c being a
downstream component of the LXR signaling cascade,
SREBP-driven luciferase reporter gene activity was signif-
icantly decreased in fat-1 transgenic hepatocytes (Figure
5A). In contrast to the reduced activity of these prolipo-
genic transcription regulators, the activity of PPAR-�, a
nuclear receptor that is critical in promoting lipid oxida-
tion, was markedly enhanced, which was further con-
firmed in the presence of exogenously introduced PPAR-�
and PPAR-� agonist, GW7647 (Figure 5B). Similarly, the
activity of PPAR-� was also found to be significantly in-
creased in fat-1 hepatocytes (Figure 5C). A reduction in
LXR activity should also predict decreased expression of
SCD-1. Indeed, hepatic expression of SCD-1 mRNA and

protein was reduced in transgenic mice compared with
that in WT mice (Figure 5, D and E). Western blot assays
also revealed that hepatic expression levels of nuclear re-
ceptors, particularly LXR-�, RAR-� (a heterodimeric
partner of LXR), and PPAR-�, in transgenic mice were
similar to those in WT mice (Figure 5, F–H), suggesting
that alterations in nuclear receptor activities were un-
likely to result in changes in expression.

Lipotoxicity and inflammation are implicated in the
development of insulin resistance (42). Long-term dietary
intake of �-3 PUFAs has been demonstrated to attenuate
inflammation in vivo (43, 44). To evaluate inflammation
in fat-1 mice, we measured mRNA levels of TNF-�) and
MCP-1 in the liver and/or adipose tissues. After feeding of
the HFD1- or HFD2, expression of MCP-1 mRNA was
sharply reduced in the liver and adipose tissues of trans-
genic mice (Figure 6A). Similarly, TNF-� mRNA was de-
creased in the adipose tissues of fat-1 mice (Figure 6A).
Western blot analyses revealed that TNF-�–induced acti-

Figure 2. Energy expenditure in fat-1 and WT mice fed the RD, HFD1, or HFD2. Oxygen consumption and energy expenditure were assessed
using a comprehensive laboratory animal metabolic monitoring system in fat-1 and WT mice fed the RD, HFD1, or HFD2 for 12 weeks. Oxygen
consumption, 24-hour profiles of average energy expenditure, and 24-hour total physical activity values during the light phase and dark phase
were measured in male fat-1 transgenic and WT mice (A–C, RD; D–F, HFD1; G–I, HFD2). Data are means � SD of 4 mice per group. #, P � .01;
*, P � .05.

1322 Li et al PUFAs and Resistance to Diabetes and Obesity Mol Endocrinol, August 2014, 28(8):1316–1328

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 17 December 2014. at 04:52 For personal use only. No other uses without permission. . All rights reserved.



vation of NF-�B was markedly at-
tenuated (Figure 6B). To further
evaluate the inflammatory condi-
tions in transgenic mice, we exam-
ined the tissue contents of PGE2 and
LTB4 (both of which are derived
from AA). Consistent with the re-
duction in �-6 PUFA levels, hepatic
contents of PGE2 and LTB4 were sig-
nificantly lower in almost all of the
fat-1 transgenic groups than in the
WT groups (Figure 6, C and D). We
also measured serum concentrations
of adipocyte-derived cytokines. Se-
rum leptin levels were markedly
lower and serum adiponectin levels
(adjusted with fat weight) were
higher in high-fat diet–fed trans-
genic mice than in WT mice (Figure
6, E and F). Blood concentrations of
TNF-� and interleukin-6 were also
significantly lower in high-fat diet–
fed transgenic mice than in WT mice
(data not shown). Thus, altered lipid
metabolism and reduced inflamma-
tion could have contributed to the
resistance of fat-1 mice to diet-induced
obesity, hepatic steatosis, insulin resis-
tance, and hypercholesterolemia.

Discussion

Fat-1 transgenic mice provide a
highly efficient model to investigate
the global impact of varying the spe-
cies of PUFAs on energy balance and
insulin sensitivity in vivo. Although
several earlier reports have indicated
subsets of metabolic phenotypes in
fat-1 mice, such as fatty liver and
insulin resistance (23–25), this study
represents a first systematic investi-
gation on a wide range of metabolic
issues, including energy balance,
body composition, glucose and lipid
metabolism, insulin sensitivity, in-
flammatory state, and the expres-
sion of many important underlying
regulators in metabolism. Conse-
quently, a series of metabolic bene-
fits have been revealed in the fat-1

Figure 3. Attenuation of diet-induced insulin resistance in fat-1 transgenic mice. A, IPGTT.
Male mice, maintained on the RD, HFD1, or HFD2, were injected ip with glucose (2 g/kg
body weight). Blood glucose was measured at the indicated time points (means � SD) (n �
10 –12 for different groups). B, Western blot assays and quantitative analysis of insulin (Ins)-
induced phosphorylation of Akt (p-Akt) in primary hepatocytes isolated from male fat-1
transgenic or WT mice fed the RD. Cells were stimulated with insulin (0, 0.1, 0.2, 0.4, 1.0,
and 5.0 nM) for 15 minutes. The image represents 1 of 3 independent experiments. C,
Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated using the
formula (fasting plasma insulin � plasma glucose)/22.5. The mean fasting plasma insulin
levels for each group are as follows: WT on RD, 0.585 ng/mL; fat-1 on RD, 0.647 ng/mL; WT
on HFD1, 1.567 ng/mL; fat-1 on HFD1, 0.683 ng/mL; WT on HFD2, 1.009 ng/mL; and fat-1
on HFD2, 0.655 ng/mL. The mean fasting blood glucose levels for each group are as follows:
WT on RD, 138 mg/dL; fat-1 on RD, 98 mg/dL; WT on HFD1, 192 mg/dL; fat-1 on HFD1, 115
mg/dL; WT on HFD2, 198 mg/dL; and fat-1 on HFD2, 143 mg/dL. D, Insulin concentrations
measured at the indicated time points during the IPGTT in male fat-1 transgenic or WT mice
fed the RD, HFD1, or HFD2. #, P � .01; *, P � .05.
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mice, and such results may guide us to treat major meta-
bolic diseases by adjusting the levels of �-3- and �-6
PUFAs in humans.

Numerous clinical and epidemiological studies have
shown that excessive levels of �-6 PUFAs as well as low
levels of �-3 PUFAs in diets contribute to the pathogenesis
of obesity and diabetes mellitus (1, 45–47). The meta-
bolic phenotypes of fat-1 transgenic mice have provided
novel perspectives about the requirements of �-6/�-3 ra-
tios and the relative levels of �-3 PUFAs in regulating
energy balance, insulin sensitivity, and lipid metabolism.
We found that transgenic expression of fat-1 did not alter
energy intake levels but significantly increased energy ex-
penditure as well as total physical activity in high-rat diet–
fed mice. The values of energy expenditure adjusted with
lean mass alone did not differ between transgenic and WT
mice, but significant elevation of energy expenditure and
oxygen consumption was revealed in fat-1 transgenic
mice when we adjusted those values with total body
weight, a method also adopted in recent studies (34–36).
Consistent with such interpretations, transgenic mice also
showed elevated energy expenditure even during short-
term high-fat feeding when the WT mice have not shown
overt obesity. Taken together, our data suggest that fat-
1–induced production of �-3 and a reduction in �-6
PUFAs levels favor a lean phenotype, primarily through
stimulation of energy expenditure.

Previous attempts to use fish oil as the primary source
of �-3 PUFAs to treat type 2 diabetes have not met with
success (9). Modern Western diets generally contain low
levels of PUFAs and sharply imbalanced �-6/�-3 PUFA
ratios (1–5). Indeed, our studies revealed that it would
take a significant drop in �-6 (particularly AA) PUFAs
and a several fold increase in �-3 PUFAs (primarily EPA)
to fend off obesity and type 2 diabetes (Tables 3 and 4) in
the fat-1 mice after feeding of the HFD1 or HFD2. Such a
magnitude of alterations in PUFA contents can be hardly

achieved clinically through fish-oil compensation without
other major nutritional interventions to reduce the intake
of �-6 PUFAs. We want to emphasize that simply reduc-
ing the �-6/�-3 ratio is not likely to be sufficient to coun-
ter obesity and diabetes; the absolute levels of �-3 PUFAs
also appear to be critical. On this note, we observed that
heterozygotic fat-1 mice had less ability to convert �-6 to
�-3 PUFAs than the homozygous fat-1 transgenic mice
used in this study (see Material and Methods and Supple-
mental Table 1). Such transgenic mice, after being fed the
HFD1, failed to differentiate themselves from the WT
mice in obesity and insulin resistance, even though their
�-6/�-3 ratio was nearly identical to that of fat-1 mice fed
the HFD2 (Tables 3 and 4). The HFD1 contained a very
low content of total PUFAs, which was in contrast to that
of the HFD2 (Tables 1 and 2). The high levels of dietary
�-6 PUFAs in the HFD2 provided sufficient substrates for
the FAT-1 enzyme to produce high levels of �-3 PUFAs in
the tissues (Tables 3 and 4). Interestingly, the heterozy-
gotic transgenic mice still managed to resist the HFD1-
induced hypercholesterolemia and hepatic steatosis (Sup-
plemental Figure 1, C–H), suggesting a more stringent
requirement of �-3 PUFAs in managing blood glucose
and body weight than in lipid control. Interestingly, an
earlier study of fat-1 mice fed a high-fat diet failed to
show differences in body weight between the fat-1 and
WT mice, which might also be due to the heterozygotic
nature of their transgenic mice (23–25). Thus, our find-
ings help explain why the benefits of daily intake of �-3
PUFAs have been primarily on blood lipid levels and he-
patic steatosis (9, 48), not on glucose control and body
weight. Any future clinical trials of �-3 PUFAs as an agent
to correct hyperglycemia should couple high (and tolera-
ble) doses of �-3 PUFAs with reduction in the dietary
intake of �-6 PUFAs.

Molecular analyses of fat-1 mouse tissues have re-
vealed some underlying mechanisms about how �-3
PUFAs affect metabolism. We probed some of the key
regulators of inflammation. The conversion of �-6 PUFAs
to �-3 PUFAs via fat-1 led to a decrease in the levels of AA
and AA-derived lipid mediators of inflammation, such as
PGE2 and LTB4, in the livers of fat-1 mice. Similar find-
ings have been reported in islet and colon tissues of fat-1
mice (32, 37), implying a broad down-regulation of in-
flammation. Chronic low-grade inflammation, particu-
larly via TNF-�-induced NF-�B activation, exerts a
strong negative effect on insulin sensitivity and insulin
signaling (49–51). The molecular phenotypes of fat-1
mice appear to favor a lessened inflammatory state. Ac-
cordingly, TNF-�-induced NF-�B signaling was signifi-
cantly attenuated. Hepatic and adipose expression of
MCP-1 was dramatically lower in high-fat diet–fed fat-1

Figure 4. Profiles of plasma total cholesterol and hepatic triglyceride
content in fat-1 transgenic and WT mice. Plasma total cholesterol (A)
and hepatic triglyceride content (B) in fat-1 transgenic and WT mice
fed a regular or high-fat diet for 12 weeks. Data are means � SD.
n � 10 to 12 mice/group. #, P � .01; *, P � .05.
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mice than in WT mice, which by in-
ference indicated reduced infiltra-
tion of monocytes and macro-
phages. PPAR-�, the activation of
which is known to dampen inflam-
mation and sensitize the actions of
insulin (52, 53), was stimulated in
cells derived from fat-1 mice. Levels
of proinflammatory mediators, such
as PGE2 and LTB4, were markedly
reduced in the tissues of transgenic
mice. Taken together, these data
suggest that attenuation of inflam-
mation contributes (at least in part)
to enhanced glucose metabolism in
fat-1 transgenic mice.

By inference, suppression of lipo-
genesis and elevation of lipid oxida-
tion should lead to reduced adipos-
ity and tissue triglycerides. The
exploration of some nuclear recep-
tors helped us delineate the mecha-
nisms underlying the phenotypes in
lipid metabolism. In this context,
changes in �-3 and �-6 PUFAs com-
positions via fat-1 expression mark-
edly inhibited the activities of proli-
pogenic LXR and SREBP-1 and
elevated the activity of PPAR-�, a
nuclear receptor that is critical for
promoting lipid oxidation (54). Be-
cause we did not see an alteration in
protein expression in these nuclear
receptors, the sharply increased �-3
PUFA levels on their activities were
probably acting as the ligands of
LXR or PPARs and potently out-
competed the binding of oxysterol.
A reduction in the hepatic expres-
sion of SCD-1 in fat-1 transgenic
mice might also have contributed to
elevated energy expenditure and re-
duced obesity, both of which were
evident in SCD-1 knockout mice
(55). Although the mechanisms un-
derlying the antiobesity phenotype
in the fat-1 mice remain to be sys-
tematically investigated, it is tempt-
ing to propose that the effect on en-
ergy expenditure is mediated at least
in part through a recently identified
�-3 PUFA receptor, GPR120 (56).

Figure 5. Evaluation of the activities of LXR, SREBP-1, PPAR-�, and SCD-1. A–C, The LXRE-
or PPRE-driven luciferase (luc) reporter was expressed in the presence or absence of the
corresponding nuclear receptors, LXR (A), PPAR-� (B), and PPAR-� (C), in primary
hepatocytes isolated from fat-1 transgenic and WT mice. Note the difference in scale
between the left panel (no cotransfection of LXR) and right panel (with cotransfection of
LXR). An SREBP-responsive luciferase reporter (SREBP-luc) was also expressed in primary
hepatocytes to assess the activity of SREBP-1. The agents T0901317 (2 �M), GW7647
(1 �M), and 15-PGJ2 (1 �M) are specific agonists for LXR, PPAR-�, and PPAR-�, respectively.
Luciferase activity was expressed as the percentage of control activity (with luciferase activity
in wild-type cells in the absence of cotransfection set as 1.0). Each condition was assessed in
quintuplet. D, Hepatic expression of SCD-1 mRNA in fat-1 transgenic and WT mice after
HFD1 and HFD2 feeding. n � 5 per group. E, Hepatic SCD-1 expression was examined and
quantified by immunoblot analyses of 4 samples per group (HFD1) using an antibody to
SCD-1. F–H, Western blot assay and quantification of LXR� (F), RAR� (G), and PPAR� (H) in
livers of male transgenic and wild-type mice fed the RD. Control immunoblots were
performed using an antibody against �-actin. Representative images of 3 repeats are shown
here. #, P � .01; *, P � .05.
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Deficiency of GPR120 in mice and
humans produced symptoms very
similar to those of WT mice fed low
�-3 PUFA diets, including reduced
energy expenditure, obesity, insulin
resistance, and an elevated state of
inflammation (57). Alternatively,
the drastic reduction in AA (�-6) by
fat-1 expression (Tables 3 and 4)
is predicted to reduce AA-derived
2-arachidonoyl glycerol and anad-
amide, 2 endogenous ligands for en-
docannabinoid receptor, CB1 (58).
Genetic and pharmacological block-
ade of CB1 has been shown to cause
leanness, increased energy expendi-
ture without a concomitant reduc-
tion in food intake, and enhanced
insulin sensitivity, which are all sim-
ilar to those in fat-1 mice fed high fat
diets (58, 59). Taken together, the
interactions of these molecular
events should explain at least in part
the global impact of changing PUFA
species on metabolism, particularly
the phenotypes of leanness and resis-
tance to hepatic steatosis after high-
fat feeding.

Recently, a wide range of health
benefits have been reported in fat-1
transgenic mice, such as suppression
of osteoporosis (60) and cancer
growth (61, 62), as well as enhance-
ment of insulin secretion and protec-
tion of pancreatic islets from inflam-
matory assault (37, 63). Because
nutritional compensation through
fish oil can only provide a limited
increase in �-3 PUFAs, converting
excessive tissue �-6 PUFAs to �-3
PUFAs via fat-1 gene therapy may
represent a powerful strategy to
treat obesity and type 2 diabetes.
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