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Maresin 1 (MAR1), which is derived from docosahexaenoic
acid biosynthesized by macrophages, has been reported to
improve insulin resistance. Recently, it has been documented
that MAR1 could ameliorate inflammation and insulin resis-
tance in obese mice. These findings led us to investigate the
effects of MAR1 on hepatic lipid metabolism. We found that
MAR1 could stimulate AMP-activated protein kinase (AMPK),
thereby augmenting sarcoendoplasmic reticulumCa2�-ATPase
2b (SERCA2b) expression. This stimulation suppressed lipid
accumulation by attenuating the endoplasmic reticulum (ER)
stress in hepatocytes under hyperlipidemic conditions. Attenu-
ation was mitigated by knockdown of AMPK or thapsigargin, a
SERCA2b inhibitor. We also demonstrated that MAR1 admin-
istration resulted in increased hepatic AMPK phosphorylation
and Serca2b mRNA expression, whereas hepatic ER stress was
reduced in high-fat diet (HFD)-fed mice. Moreover, MAR1
treatment suppressed hepatic lipid synthesis, thereby attenuat-
ing hepatic steatosis inHFD-fedmice. In conclusion, our results
suggest that MAR1 ameliorates hepatic steatosis via AMPK/
SERCA2b-mediated suppression of ER stress. Therefore,MAR1
may be an effective therapeutic strategy for treating non-alco-
holic fatty liver disease (NAFLD) via regulation of ER stress-
induced hepatic lipogenesis.

Non-alcoholic fatty liver disease (NAFLD),3 a type of fatty
liver related to overnutrition, is associated with most common
metabolic disorders, such as obesity, dyslipidemia, and diabe-
tes. Maresin 1 (MAR1), a product of docosahexaenoic acid
(DHA) (1), is a novel pro-resolving lipid mediator derived from

omega-3. MAR1 has potent anti-inflammatory effects (2) and
improves insulin resistance (3). During insulin resistance, vari-
ous inflammatory cytokines, such as monocyte chemotactic
protein 1 (MCP-1) (2), tumor necrosis factor � (4), and inter-
leukin-1� (Il-1�) (5), could impair insulin signaling in various
organs. However, the effect of MAR1 on high-fat diet (HFD)-
induced hepatic steatosis remains elusive.
Disruption of endoplasmic reticulum (ER) homeostasis,

termed as ER stress, has been detected in liver and adipose
tissue of obese animal models (6) and in humans with NAFLD
and/or obesity (7, 8). Ozcan et al. (6) found that animals with
increased expression of chaperones and hepatic ER stress
markers have a higher potential for hepatic steatosis. One pos-
sible explanation is that excessive ER stress in hepatocytes
results in lipogenesis and hepatic steatosis. ER calcium dis-
equilibrium is considered to be one of the initial and pivotal
events contributing to ER stress-mediated apoptosis (9).
The normal function of sarcoendoplasmic reticulum Ca2�-
ATPase (SERCA) is to reuptake Ca2� from the cytosol into
the ER lumen, whereas SERCA dysfunction results in Ca2�

release from the ER lumen, leading to alteration of ER homeo-
stasis and subsequent ER stress (10). In mammals, three differ-
ent isoforms (SERCA1–3) have at least two additional sub-iso-
forms. The main isoform of SERCA2 in the liver is SERCA2b
(11, 12). SERCA2b overexpression attenuated thapsigargin-
and tunicamycin-induced ER stress in hepatocytes (13). How-
ever, the effects of MAR1 on hepatocytes through mechanisms
related to ER stress and SERCA have not been fully elucidated.
AMPK-activated protein kinase (AMPK) has been shown to
maintain energy homeostasis and to attenuate ER stress (14).
Furthermore, 5-aminoimidazole-4-carboxamide ribonucle-
otide (AICAR), a specific AMPK activator, increased SERCA
activity (15). Therefore, this study mainly focused on the sup-
pression of ER stress and attenuation ofNAFLDby theAMPK–
SERCA-mediated pathway.
Our first goal was to investigate the effects of MAR1 on lipid

metabolism and hepatic steatosis under hyperlipidemic condi-
tions. Our second goal was to confirm the underlying mecha-
nism of MAR1-mediated protective effects on palmitate-in-
duced ER stress and lipid accumulation by demonstrating
the AMPK–SERCA2b-dependent pathway in mouse primary
hepatocytes. Finally, wewanted to evaluate the effects ofMAR1
on hepatic AMPK phosphorylation, Serca2b mRNA expres-
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sion, ER stress, and hepatic steatosis in high-fat diet (HFD)-fed
mice in vivo.

Results

MAR1 attenuates palmitate-induced TG accumulation caused
by ER stress in hepatocytes

Mouse serum MAR1 levels were �1.5 �M 1 h after MAR1
injection (1�g/mouse) (Fig. S1A). Therefore, we first tested the
inhibitory effects of MAR1 at the concentration range of 0–10
�M on palmitate-induced TG accumulation in mouse primary
hepatocytes. We found that palmitate-induced TG accumula-
tion and expression of lipogenesis-associated genes (including
SREBP1, FAS, and SCD1) were suppressed byMAR1 in a dose-
dependentmanner inmouse primary hepatocytes (Fig. 1,A and
B). Furthermore, palmitate-induced mRNA expression of TG
synthesis-associated genes (such as Gpat1, Me, Mgat, and
Dgat1) was also attenuated byMAR1 in a dose-dependentman-
ner (Fig. 1C). Because palmitate induces ER stress, thereby
resulting in lipid accumulation via SREBP1-mediated signaling
(16, 17), we investigated the effect of MAR1 on palmitate-in-
duced ER stress. As shown in Fig. 1D, treatment of hepatocytes
with MAR1 significantly attenuated palmitate-induced ER
stress-associated gene expression in a dose-dependent manner
as well (Fig. 1D).

MAR1 suppresses palmitate-induced ER stress and TG
accumulation through AMPK activation

Because AMPK has been reported to attenuate ER stress and
TG accumulation in hepatocytes (17), we therefore tested the
effect of MAR1 on AMPK phosphorylation. Notably, MAR1
was able to induce AMPK phosphorylation in a dose-depen-
dent manner in primary hepatocytes (Fig. 2A). Furthermore,
siRNA-mediated silencing of AMPK abrogated the inhibitory
effects of MAR1 on palmitate-induced ER stress and TG accu-

mulation (Fig. 2, B–E). It was reported that G-protein-coupled
receptor 120 (GPR120) has been implicated in the anti-in-
flammatory and insulin-sensitizing effects of omega-3 (18).
Omega-3 ameliorates inflammation and ER stress through
the GPR120-mediated pathway (19). Therefore, we exam-
ined whether GPR120 contributes to MAR1-mediated
AMPK phosphorylation. AH7614, a selective GPR120 antag-
onist, abrogated the effects of MAR1 on AMPK phosphory-
lation (Fig. S2).

AMPK-mediated induction of SERCA2b expression contributes
to the suppressive effect of MAR1 on ER stress and TG
accumulation

To elucidate the AMPK-mediated protective mechanism of
MAR1 on ER stress, we further addressed the effects of MAR1
on the expression of SERCA2b and autophagy in primary hepa-
tocytes. We found that SERCA2 expression was up-regulated
by MAR1 treatment (Fig. 3A). Thereafter, we investigated
whether MAR1-induced AMPK could contribute to MAR1-
mediated up-regulation of SERCA2b expression, and we also
examined whether SERCA2b is involved in the suppressive
effects of MAR1 on ER stress and TG accumulation. As shown
in Fig. 3A, siRNA-mediated silencing of AMPK markedly
reduced the effect of MAR1 on SERCA2 expression (Fig. 3A).
Hypoxia-inducible transcription factor-1� (HIF-1�) has
been reported to modulate Serca2b expression (20). There-
fore, we further examined the effects of AMPK on HIF-
1� expression and HIF-1� on MAR1-mediated induction
of SERCA2b mRNA expression. MAR1 induced HIF-1�
expression in a dose-dependent manner. However, AMPK
siRNA reversed this effect (Fig. 3A). siRNA-mediated sup-
pression of AMPK and HIF-1� expression abrogatedMAR1-
induced Serca2b mRNA expression (Fig. 3B). Additionally,
thapsigargin, a SERCA2b inhibitor and siRNA-mediated

Figure 1. MAR1 ameliorates palmitate-induced TG accumulation and expression of lipogenic genes in primary hepatocytes. A, Oil Red-O staining in
hepatocytes in the presence of 200 �M palmitate and MAR1 (0 –10 �M) for 24 h. TG accumulation was quantitated by isopropyl alcohol extraction. Western blot
analysis of SREBP1 (processed), FAS, and SCD1 expression (B) and quantitative RT-PCR ofGpat1,Me,Mgat, andDgat1mRNA expression (C) in hepatocytes in the
presence of 200 �M palmitate and MAR1 (0 –10 �M) are shown. D, Western blot analysis and quantitative RT-PCR of ER stress markers in hepatocytes in the
presence of 200 �M palmitate and MAR1 (0 –10 �M) for 24 h. Means� S.D. were calculated from three independent experiments. One-way ANOVA with Tukey
post hoc was performed. ***, p� 0.001 and **, p� 0.01 when compared with expression levels in the controls. !!!, p� 0.001, !!, p� 0.01, and !, p� 0.05 when
compared with palmitate treatment.
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suppression of SERCA2b, significantly reduced the effects of
MAR1 on palmitate-induced TG accumulation and ER stress
markers (Fig. 3, C and D; Fig. S3).

MAR1 administration stimulates phosphorylation of AMPK
and SERCA2b expression, leading to attenuation of hepatic
steatosis in HFD-fed mice

Based on the results of in vitro models, we subsequently
assessed the effect of MAR1 on lipid accumulation in mice. To
this end, we performed histological analysis by staining with
H&E andOil Red-O. In thismousemodel, HFD treatment for 8
weeks increased hepatic TG accumulation and lipogenesis-as-
sociated gene expression in the liver. However, intraperitone-

ally administered MAR1 for 8 weeks markedly restored these
changes (Fig. 4, A–C). Similar to the TG accumulation in the
liver, hepatic ER stress was also attenuated by MAR1 adminis-
tration (Fig. 4D). Furthermore, HFD induced suppression of
AMPK phosphorylation; SERCA2 protein and Serca2b mRNA
expression in the liver were markedly reversed by MAR1 treat-
ment (Fig. 4E). MAR1 administration significantly reduced
HFD-induced serum-free fatty acids and TG levels (Fig. S1, B
and C). MAR1 treatment did not affect calorie intake, although
it significantly decreased the body weight gain in the HFD (Fig.
S4, A and B). Moreover, MAR1 administration markedly
reduced the weight of liver and epididymal adipose tissue in
HFD-fed mice (Fig. S4, C and D).

Figure 2. AMPK contributes to the effects of MAR1 on palmitate-induced TG accumulation and ER stress. A, Western blot analysis and quantitative
RT-PCR of ER stress markers in hepatocytes in the presence of 200 �M palmitate and MAR1 (0 –10 �M) for 24 h. Western blot analysis of ER stress markers’
phosphorylation and expression and quantitative RT-PCR of spliced Xbp-1 mRNA expression (B) and Oil Red-O staining (C) in transfected hepatocytes with
sequence-scrambled siRNA or AMPK siRNA in the presence of 200 �M palmitate and MAR1 (10 �M) for 24 h are shown. TG accumulation was quantitated by a
TG assay kit. Western blot analysis (D) and quantitative RT-PCR (E) of lipogenic markers in transfected hepatocytes with sequence-scrambled siRNA or AMPK
siRNA in the presence of 200 �M palmitate and MAR1 (10 �M) for 24 h are shown. Means� S.D. were calculated from three independent experiments. One-way
ANOVA with Tukey post hoc was performed. ***, p� 0.001 and **, p� 0.01 when compared with expression levels in control or sequence-scrambled siRNA. !!!,
p� 0.001 and !!, p� 0.01 when compared with palmitate treatment. ###, p� 0.001 and #, p� 0.05 when compared with palmitate plus MAR1 treatment.

Figure 3. AMPK-mediated induction of SERCA2b expression is involved in the effects of MAR1 on palmitate-induced ER stress and TG accumulation
in primary hepatocytes. Western blot analysis of SERCA2 and HIF-1� expression (A) and quantitative RT-PCR of Serca2b mRNA expression (B) in transfected
hepatocytes with sequence-scrambled siRNA, AMPK siRNA, and HIF-1� siRNA in the presence of palmitate (200 �M) and MAR1 (0 –10 �M) for 24 h are shown.
Oil Red-O staining (C) and Western blot analysis and quantitative RT-PCR expression (D) of ER stress markers in treated hepatocytes with thapsigargin (30 nM)
(26) in the presence of 200 �M palmitate and MAR1 (10 �M) for 24 h are shown. TG accumulation was quantitated by a TG assay kit. Means�S.D. were calculated
from three independent experiments. One-way ANOVA with Tukey post hoc was performed. ***, p� 0.001, **, p� 0.01, and *, p� 0.05 when compared with
expression levels in control or sequence-scrambled siRNA. !!!, p� 0.001 and !!, p� 0.01 when compared with palmitate or MAR1 treatment. ###, p� 0.001, ##,
p� 0.01, and #, p� 0.05 when compared with palmitate plus MAR1 treatment.
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Discussion

Disruption of ER homeostasis in the liver could contribute
considerably to the alteration of lipidmetabolism, thereby lead-
ing to hepatic steatosis (21) and apoptosis (22). Therefore,
appropriate regulation of hepatic ER stress appears to be a
promising therapeutic strategy for treating hepatic diseases,
including NAFLD. To the best of our knowledge, this investi-
gation demonstrates for the first time that MAR1 can amelio-
rate lipid-induced hepatic ER stress and steatosis in in vitro
and in vivo models through AMPK-mediated induction of
SERCA2b. First, we have shown that MAR1-induced AMPK
activation protected against palmitate-induced ER stress and
TG accumulation in mouse primary hepatocytes. Second,
MAR1 markedly induced Serca2b mRNA expression through
the AMPK-mediated pathway. Finally, MAR1 administration
increased AMPK phosphorylation and SERCA2b activity,
thereby attenuating HFD-induced ER stress and TG accumu-
lation in the mouse liver.
Chronic low-grade inflammation has been associated with

the development of obesity-mediated metabolic disorders. The
resolution of inflammation is coordinated and regulated by a
large panel of mediators (23). One of them involves maresins,
specialized pro-resolving mediators (SPM) with anti-inflam-
matory properties derived from DHA. Specifically, SPM exert
protective effects against necroinflammatory hepatic injury by
suppressing hepatic COX-2 expression and reducing oxidative
burden (24). MAR1 also exerts its protective effect against sep-
sis-induced inflammatory response via reducing serum lipopo-
lysaccharide through inhibition of NF�B activity (25). MAR1
improves insulin sensitivity and attenuates adipose tissue
inflammation in diet-induced obese mice through up-regula-
tion of adiponectin, GLUT4, and Akt phosphorylation in white
adipose tissue (3). So far, there have been no studies that were
focused on the cellular effects and the underlying mechanisms
of MAR1 on lipid-induced hepatic ER stress and steatosis.
Previous studies have demonstrated that disturbed ER

homeostasis-induced apoptosis (27) and lipid accumulation
(28) in the liver may contribute to the development of NAFLD.
Furthermore, elevated ER stress has been detected in the adi-
pose tissue and livers of patients with NAFLD (7). ER stress has
been reported to be associated with obesity, hepatic lipid

metabolism, insulin resistance, and diabetes (29, 30). There-
fore, investigating the mechanisms that could regulate hepatic
ER stress may help to develop the effective therapeutic
approaches for treating NAFLD. To support this idea, obesity-
relatedmetabolic disorders, such as atherosclerosis (31), diabe-
tes (32), andNAFLD (33), are ameliorated by ER stress suppres-
sion. In this study, we found that MAR1 significantly mitigated
hyperlipidemia-induced ER stress markers (e.g. IRE-1, eIF2�,
and CHOP) and TG accumulation in both in vitro and in vivo
models.
Based on these results, we next investigatedMAR1-mediated

mechanisms by which palmitate-induced ER stress is attenu-
ated. Activation of AMPK has been reported to be involved in
the development of NAFLD (34–38). Omega-3 fatty acids,
including eicosapentaenoic acid and DHA, have been reported
to activate AMPK and consequently improve lipid metabolism
in the liver and skeletal muscle (39, 40). In this study, we dem-
onstrated thatMAR1markedly augmented AMPK phosphory-
lation. Additionally, we showed that siRNA-mediated suppres-
sion of AMPK markedly reduced the effect of MAR1 on
palmitate-induced ER stress and TG accumulation in primary
hepatocytes. These results suggest that AMPK plays an impor-
tant role inMAR1 suppression of hepatic steatosis. However, it
remains elusive whether MAR1 activates AMPK directly or
indirectly in hepatocytes. Therefore, further studies are needed
to identify the specific receptors for MAR1.
Altered Ca2� homeostasis in the ER causes ER stress, which

can partially attenuate disruptions to homeostasis. However,
when the defense system does not respond properly, various
signals can result in apoptosis, lipid accumulation, and inflam-
matory responses. Therefore, the potential role of ER stress in
the development of NAFLD supports the therapeutic relevance
of approaches that maintain Ca2� homeostasis and attenuate
ER burden to reduce ER stress. It is documented that SERCAs
are essential to modulate the movement of calcium across the
ER membrane. Thus, SERCAs play an important role in main-
taining Ca2� homeostasis and cell viability. Activation of ER
SERCA ameliorates imbalanced calcium homeostasis during
ER stress, leading to attenuation of ER stress-induced apoptosis
and lipid accumulation in hepatocytes (41). In this study, we
found that MAR1 stimulated SERCA expression and Serca2b

Figure 4.MAR1 administration attenuates hepatic steatosis and both AMPKphosphorylation and SERCA2b expression. A, H&E and Oil Red-O staining
on liver sections of experimental animals: ND, HFD, and HFD plus MAR1 (HFD�MAR1). TG accumulation was quantitated by a TG assay kit. Western blot analysis
(B) and quantitative RT-PCR (C) of lipogenic markers are shown. ER stress markers’ phosphorylation and expression and quantitative RT-PCR of spliced Xbp-1
mRNA expression (D) in liver of experimental mice are shown. Western blot analysis of AMPK phosphorylation and SERCA2 expression and quantitative RT-PCR
of Serca2bmRNA expression (E) in livers of experimental mice are shown. Means�S.D. were obtained from five individual animals. One-way ANOVA with Tukey
post hoc was performed. ***,p�0.001, **,p�0.01, and *,p�0.05 when compared with ND treatment. !!!,p�0.001, !!,p�0.01, and !,p�0.05 when compared
with the HFD.

MAR1 ameliorates NAFLD through AMPK signaling

3984 J. Biol. Chem. (2018) 293(11) 3981–3988



mRNA expression through AMPK-dependent pathway in
hepatocytes. Furthermore, thapsigargin, a SERCA2 inhibitor,
abrogated the suppressive effects of MAR1 on ER stress and
lipid accumulation in both in vitro and in vivo models. These
results suggest that SERCA2may contribute to the suppressive
effects of MAR1-induced AMPK activation on hepatic ER
stress and lipid accumulation.
Herein, MAR1 administration significantly reduced HFD-

induced serum-free fatty acids and TG levels in mice. These
results suggest thatMAR1may ameliorate hepatic steatosis not
only through direct effects on liver but also attenuation of
hyperlipidemia. We found that MAR1 administration reduced
liver and epididymal adipose tissue weight and body weight,
although it did not affect the calorie intake in mice. MAR1
treatment increased fatty acid oxidation-associated genes such
as Cpt1 and Fabp3 mRNA expression in differentiated 3T3-L1
cells and epididymal adipose tissue of mice (Fig. S5, A and B).
Furthermore, MAR1 treatment augmented the levels of serum
adiponectin and fibroblast growth factor 21 (FGF21) (Fig. S5, C
and D) that were reported to stimulate fatty acid oxidation in
adipocytes (42, 43). These results suggest that fatty acid oxi-
dation may contribute to MAR1-mediated protective effects
on hepatic steatosis and loss of body weight. Further studies
in fatty acid oxidation-associated genes in hepatocytes and
adiponectin and FGF21-knockout animal models are needed
to elucidate the involvement of fatty acid oxidation in
MAR1-associated protective effects on hepatic steatosis and
body weight loss as an additional signal transduction path-
way in mice.

Conclusions

We demonstrated that MAR1 suppresses lipid-induced ER
stress throughAMPK-mediated induction of SERCA2b expres-
sion, thereby attenuating hepatic steatosis and lipid metabo-
lism (Fig. 5). Our results suggest that MAR1-mediated regula-
tion of lipid-induced ER stress through the AMPK–SERCA2b
pathway is a novel effective therapeutic strategy for treating
NAFLD.

Experimental procedures

Cell cultures, reagents, and antibodies

The mouse primary hepatocytes were purchased from Zen-
Bio (Research Triangle Park, NC). Cells were cultured on col-
lagen type-1–coated 6-well plates with Hepatocyte Plating
Medium (ZenBio). After 12 h of attachment, the medium was
exchanged with Hepatocyte Maintenance Medium (ZenBio)
supplemented with 10% fetal bovine serum (Invitrogen), 100
units/ml penicillin, and 100 �g/ml streptomycin (Invitrogen).
Cells were cultured in a humidified atmosphere of 5% CO2 at
37 °C. Mycoplasma was not detected in hepatocytes. MAR1
(Cayman Chemical, Ann Arbor, MI) and thapsigargin (Sigma)
were dissolved in ethanol. Sodium palmitate (Sigma) conju-
gated to 2% BSA (fatty acid-free grade; Sigma) was dissolved
in Dulbecco’s modified Eagle’s medium. The final concen-
tration of ethanol did not affect cell viability. In all experi-
ments, cells were treated with palmitate-BSA and MAR1 for
24 h and 2% BSA/ethanol was used as a control. AH7614
(Sigma) was dissolved in dimethyl sulfoxide (DMSO). Anti-
phospho-IRE-1 (1:1000), anti-IRE-1 (1:2500), anti-phospho
eIF2� (1:1000), anti-eIF2� (1:1000), anti-CHOP (1:1000),
anti-phospho-AMPK (1:1000), and anti-AMPK (1:2500)
were purchased from Cell Signaling (Beverly, MA). Anti-
SREBP1 (1:2500), anti-FAS (1:2500), anti-SCD1 (1:2500), HIF-1�
(1:1000), SERCA2 (1:1000), and anti-�-actin (1:2500) were sup-
plied from Santa Cruz Biotechnology.

Animals, feeding, and treatments

This study was approved by the Institutional Animal Care
and Use Committee of Korea University, Seoul, Republic of
Korea. Animal studies were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (National
Institutes of Health publication, 8th Ed., 2011). A control (n�
5) and two experimental groups (5 animals each) of 8-week-old
male C57BL/6J (B6) mice were fed a normal diet (ND; Bro-
gaarden, Gentofte, Denmark) and a HFD (Research Diets, New
Brunswick, NJ), respectively, for 8 weeks. The HFD plusMAR1
group (n � 5) was administered MAR1 intraperitoneally (35

Figure 5. Schematic diagram of the effects of MAR1 on NAFLD.
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�g/kg/day) for 8 weeks. The ND group was injected with etha-
nol and used as a control. Post-administration, all animals were
sacrificed under anesthesia after overnight fasting (12 h).

Western blot analysis

Hepatocytes were harvested, and proteins were extracted
with lysis buffer (PRO-PREP; Intron Biotechnology, Seoul,
Republic of Korea) for 60 min at 4 °C. Protein samples (30 �g)
were subjected to 12% SDS-PAGE and transferred to a nitrocel-
lulose membrane (Amersham Biosciences). The membrane
was probed with primary antibody followed by secondary anti-
body conjugated with horseradish peroxidase (Santa Cruz Bio-
technology). The samples were detected with enhanced chemi-
luminescence kits.

RNA extraction and quantitative real-time PCR

Total RNA from harvested hepatocytes was isolated using
TRIzol reagent (Invitrogen). Gene expression was measured
by quantitative real-time PCR (qPCR) using the fluorescent
TaqMan 5�-nuclease assay on an Applied Biosystems 7000
sequence detection system (Foster City, CA). qPCR was per-
formed using cDNA with 2� TaqMan Master Mix and 20�
premade TaqMan gene expression assays (Applied Biosys-
tems). qPCR conditions were 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1minusing PCRprimers for
mouse Serca2b (Applied Biosystems; Mm01201431_m1), mouse
glycerol-3-phosphate acyltransferase 1 (Gpat1) (Applied Biosys-
tems; Mm00833328_m1), mouse maleic enzyme 1 (Me) (Applied
Biosystems; Mm00782380_s1), mouse (monoacylglycerol acyl-
transferase 1 (Mgat) (Applied Biosystems; Mm00487690_m1),
mouse diacylglycerol acyltransferase 1 (Dgat1) (Applied Biosys-
tems;Mm00515643_m1), andmouse fatty acid-binding protein 3
(Fabp3) (Applied Biosystems; Mm02342495_m1). The mRNA
of carnitine palmitoyltransferase 1a (CPT1) was quantified using
the following primers: 5�-CCATCCTGTCCTGACAAGGTT-
TAG-3� and 5�-CCTCACTTCTGTTACAGCTAGCAC-3�. The
mRNA of spliced Xbp-1 was quantified using the following prim-
ers: 5�-GCAGCAAGTGGTGGATTTGGA-3� and 5�-CTGCAC-
CTGCTGCGGACTCAG-3� (44). The mRNA of �-actin was
quantified as an endogenous control, using the following primers:
5�-CGATGCTCCCCGGGCTGTAT-3� and 5�-TGGGGTAC-
TTCAGGGTCAGG-3�.

Transient transfection for gene silencing

At 70% cell confluence, 0–20 nmol/liter small interfering (si)
RNA oligonucleotides for AMPK�1/2, HIF-1�, and SERCA2
(45) were purchased from Santa Cruz Biotechnology and trans-
fected to suppress gene expression. A sequence-scrambled
siRNA was used as a control. Transfection was performed with
Lipofectamine 2000 (Invitrogen) in accordance with the man-
ufacturer’s specifications.

Histological analysis

Hepatocytes and mouse liver sections were stained using the
Oil Red-Omethod to quantify accumulated cellular neutral lip-
ids, including TG. After fixation with 10% formalin for 40 min,
hepatocytes were stained with the Oil Red-O solution (Sigma)
for 1 h at 37 °C. Oil Red-O-stained TG content was quantified

by adding isopropyl alcohol to each sample. The mixtures were
gently agitated for 8 min at 25 °C. Finally, 100 �l of isopropyl-
extracted sample was analyzed by a spectrophotometer at
510 nm.

TG measurement

Total lipids were extracted using a 2:1 chloroform/methanol
(2:1, v/v) mixture. The organic layer was dried and immediately
dissolved in 60% methanol. The extracted TG were measured
using a colorimetric TG assay kit according to the manufactu-
rer’s directions with modification (Biovision, Milpitas, CA).

Enzyme linked immunosorbent assay (ELISA)

Mouse serum adiponectin and FGF21 were measured with
each ELISA kit (R&D Systems, Minneapolis, MN) according to
the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using the SPSS/PC
statistical program (version 12.0 for Windows; SPSS, Chicago,
IL). Results were presented as absolute values (means � S.D.).
All experiments were performed at least three times. One-way
ANOVA with Tukey post hoc was used for data analysis.
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