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SUMMARY

Hypoxia-inducible factor (HIF)2a promotes NAFLD pro-
gression by repressing genes involved in fatty acid
b-oxidation through unclear mechanisms. Here we demon-
strate that HIF2a promotes hepatic steatosis via ERK-
mediated repression of PPARa activity. Furthermore, ERK
regulation of PPARa is an essential mechanism involved in
diet-induced hepatic steatosis and postprandial repression
of fatty acid b-oxidation genes.

BACKGROUND & AIMS: Fatty liver or nonalcoholic fatty liver
disease (NAFLD) is the most common liver disease associated
with comorbidities such as insulin resistance and cardiovas-
cular and metabolic diseases. Chronic activation of hypoxic
signaling, in particular, hypoxia-inducible factor (HIF)2a, pro-
motes NAFLD progression by repressing genes involved in fatty
acid b-oxidation through unclear mechanisms. Therefore, we
assessed the precise mechanism by which HIF2a promotes
fatty liver and its physiological relevance in metabolic
homeostasis.

METHODS: Primary hepatocytes from VHL (VhlDHep) and
PPARa (Ppara-null) knockout mice that were loaded with fatty
acids, murine dietary protocols to induce hepatic steatosis, and
fasting-refeeding dietary regimen approaches were used to test
our hypothesis.
RESULTS: Inhibiting autophagy using chloroquine did not
decrease lipid contents in VhlDHep primary hepatocytes. Inhi-
bition of ERK using MEK inhibitor decreased lipid contents in
primary hepatocytes from a genetic model of constitutive HIF
activation and primary hepatocytes loaded with free fatty acids.
Moreover, MEK-ERK inhibition potentiated ligand-dependent
activation of PPARa. We also show that MEK-ERK inhibition
improved diet-induced hepatic steatosis, which is associated
with the induction of PPARa target genes. During fasting, fatty
acid b-oxidation is induced by PPARa, and refeeding inhibits b-
oxidation. Our data show that ERK is involved in the post-
prandial repression of hepatic PPARa signaling.

CONCLUSIONS: Overall, our results demonstrate that ERK
activated by hypoxia signaling plays a crucial role in fatty acid
b-oxidation genes by repressing hepatocyte PPARa signaling.
(Cell Mol Gastroenterol Hepatol 2021;12:585–597; https://
doi.org/10.1016/j.jcmgh.2021.03.011)
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atty acid oxidation plays a pivotal role in energy
1
Fhomeostasis. During fasting, fatty acids are trans-

ported to the liver, and metabolites derived from fatty
acid catabolism serve as substrates for gluconeogenesis.2

Mitochondria and peroxisomes play an essential role in
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fatty acid b-oxidation,3 and a defect in mitochondrial or
peroxisomal metabolism results in dyslipidemia, leading
to metabolic disorders.4 During fasting, hepatic fatty acid
b-oxidation is induced by the ligand-activated transcrip-
tion factor peroxisome proliferator-activated receptor a

(PPARa).5 On refeeding, a rapid switch in metabolic flux
from b-oxidation to carbohydrate metabolism is associated
with attenuation of PPARa signaling through unclear mech-
anisms. In the refed state, hypoxia signaling is robustly
induced in the liver.6–9 Previously we demonstrated that
hypoxia signaling inhibits PPARa activity; however, the pre-
cise link between hepatic hypoxia and PPARa in metabolic
homeostasis remains unclear.

Hypoxia signaling is mediated by the transcription fac-
tors hypoxia-inducible factor (HIF) 1a and HIF2a.10–13 In
the liver, HIF2a but not HIF1a plays a crucial role in fatty
liver disease.8,9,14,15 Activation of HIF2a alters expression of
genes involved in lipid metabolism, resulting in hypercho-
lesterolemia and fatty liver.8,15–17 HIF2a does not affect
mitochondrial oxidative phosphorylation but instead sup-
presses the expression of numerous PPARa target genes
involved in fatty acid b-oxidation.7 In particular, studies
have shown that activation of HIF2a signaling dramatically
alters PPARa activity and decreases peroxisome numbers
by inducing pexophagy.7,18,19

Here we sought to precisely define the mechanism by
which HIF2a promotes fatty liver. We demonstrate that
HIF2a-mediated activation of extracellular signal-regulated
kinase (ERK) decreases PPARa activity. Inhibition of ERK
decreases lipid content in primary hepatocytes via
potentiation of PPARa activation and attenuates diet-
induced hepatic steatosis. We further show that ERK
regulation of PPARa is an essential mechanism involved
in postprandial repression of genes involved in fatty acid
b-oxidation.

Results
Inhibition of Autophagy Does not Ameliorate HIF-
Mediated Lipid Accumulation

HIF2a was shown to induce hepatic steatosis by selective
autophagic degradation of peroxisomes (pexophagy),19 an
organelle involved in fatty acid b-oxidation. To explore the role
of autophagy in HIF-mediated hepatic steatosis, mice that ex-
press a CreERT2 under the control of the albumin promoter
were used to spatially and temporally disrupt Von Hippel-
Lindau (VHL) in hepatocytes (VhlDHep).9,17 VHL is an E3
ubiquitin ligase that ubiquitinates and targets the a-subunit of
HIF to proteolytic degradation under normoxic conditions.20

Thus, disruption of VHL results in the stabilization of HIFs in
the liver.9 These mice exhibit robust liver steatosis in a HIF2a-
dependent manner.8,9 One week after tamoxifen treatment,
primary hepatocytes were isolated from VhlDHep and Vhlfl/fl

mice. Consistent with the previous reports,9,19 lipid accumu-
lation was observed in VhlDHep primary hepatocytes compared
with Vhlfl/fl mice (Figure 1A). However, inhibiting autophagy
using chloroquine did not decrease lipid contents in VhlDHep

primary hepatocytes (Figure 1A). Western blot analysis shows
an increase in LC3-II levels upon chloroquine treatment,
confirming efficient inhibition of autophagy in VhlDHep and
Vhlfl/fl primary hepatocytes (Figure 1B). However, inhibition of
autophagy did not restore catalase expression, suggesting that
autophagy does not regulate peroxisome content in VhlDHep

mice (Figure 1B). We and others previously demonstrated that
HIF activation decreases PPARa signaling in the liver.8,9,18

Consistently, the expression of PPARa and its target genes
involved in fatty acid b-oxidation was decreased in VhlDHep

primary hepatocytes (Figure 1B and C). Chloroquine treatment
decreased WY-mediated induction of fatty acid b-oxida-
tion genes (Figure 1C), in agreement with recent studies
showing that autophagy is required to induce genes
involved in fatty acid b-oxidation.21,22 Moreover, inhibit-
ing autophagy decrease did not restore the expression of
genes involved in fatty acid b-oxidation (Figure 1B and C).
This suggests that increased pexophagy is not solely
responsible for HIF-mediated lipid accumulation, and in-
hibition of autophagy does not rescue PPARa signaling in
VhlDHep primary hepatocytes.

Inhibition of ERK1/2 Ameliorates HIF-Mediated
Lipid Accumulation

Hepatic glucagon signaling plays an essential role in tri-
glyceride metabolism.23,24 More importantly, glucagon
signaling synergistically potentiates fatty acid oxidation via
PPARa, and glucagon receptor knockout mice (Gcgr-/-) have
elevated fasting triglycerides and free fatty acids.25,26 We
previously demonstrated that activation of HIF2a inhibits
hepatic glucagon signaling via ERK-mediated repression of
protein kinase A (PKA)-CREB signaling.6 To determine
whether the MEK-ERK pathway is involved in HIF-mediated
decrease in fatty acid b-oxidation, primary hepatocytes from
Vhlfl/fl and VhlDHep mice were treated with the MEK inhibitor
trametinib (GSK1120212; GSK). Intriguingly, inhibition of
MEK-ERK signaling using GSK restored the expression of
genes involved in fatty acid b-oxidation such as acyl-
coenzyme A oxidase (Acox1), acyl-CoA thioesterase 1
(Acot1), carnitine palmitoyltransferase 1 (Cpt1a), cytochrome
P450 family 4 subfamily a, polypeptide 10 and 14 (Cyp4a10
and Cyp4a14), fibroblast growth factor 21 (Fgf21), and cluster
of differentiation 36 (CD36) in primary hepatocytes from
VhlDHep mice (Figure 2A). Activation of HIF inhibits PKA
signaling,6 a key signaling mechanism through which
glucagon induces fatty acid b-oxidation. Our data show that
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Figure 1. Inhibition of autophagy does not decrease lipid content in primary hepatocytes from VhlDHep mice. (A) Oil-red-
O staining and quantification (right) in primary hepatocytes from Vhlfl/fl and VhlDHep mice treated with chloroquine (CQ; 10 mmol/
L) for 16 hours. Original magnification, �20. (B) Western blot analysis for PPARa, LC3B, and catalase in primary hepatocytes
from Vhlfl/fl and VhlDHep mice that were treated with 10 mmol/L CQ for 16 hours. (C) qPCR analysis for PPARa target genes in
primary hepatocytes from Vhlfl/fl and VhlDHep mice that were pretreated with or without 10 mmol/L CQ for 1 hour and then
treated with the PPARa agonist 30 mmol/L WY14,643 (WY). Bar graphs presented as mean standard error ± standard error of
the mean. *P < .05, **P < .01, ***P < .001 as analyzed by two-tailed t test. Veh, vehicle.
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ERK inhibition increased expression of the genes involved in
fatty acid b-oxidation in VhlDHep primary hepatocytes, even in
the presence of the PKA inhibitor (H89) (Figure 2A).
Furthermore, inhibition of the MEK-ERK pathway ameliorated
lipid accumulation in primary hepatocytes from VhlDHep mice
treated with the PKA inhibitor (Figure 2B). We then assessed
whether GSK decreased hepatocyte lipid content by restoring
PPARa expression. Our data show that the mRNA expression
of fatty acid b-oxidation does not correspond with any sig-
nificant increase in PPARa in VhlDHep primary hepatocytes
(Figure 2C). Together, these data suggest that ERK inhibition
ameliorates HIF-mediated lipid accumulation by restoring
fatty acid b-oxidation in a PKA-independent manner.
ERK Inhibition Decreases Fatty Acid-Induced
Lipid Accumulation

We further tested whether inhibition of the MEK-ERK
pathway could restore lipid accumulation in a model of
fatty acid overload. Primary hepatocytes were serum-
starved for 2 hours and then loaded with fatty acids for
16 hours. Fatty acid loading increased the levels of



Figure 2. ERK inhibition
induces PPARa target
genes independent of
PKA. (A) qPCR analysis for
PPARa target genes and
(B) oil-red-O staining for
neutral lipids and quantifi-
cation (bottom) in primary
hepatocytes from Vhlfl/fl

and VhlDHep mice that were
treated with Vehicle (Veh)
or MEK inhibitor
GSK1120212 (GSK; 0.5
mmol/L) for 16 hours in the
presence or absence of
PKA inhibitor H89 (0.5
mmol/L). (C) Western blot
analysis for PPARa in Vhlfl/fl

and VhlDHep primary hepa-
tocytes treated with 0.5
mmol/L GSK for 16 hours.
Original magnification, �20.
Bar graphs are presented
as mean standard error ±
standard error of the mean.
*P < .05, **P < .01, ***P <
.001 as analyzed by two-
tailed Student t test.
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phosphorylated ERK in primary hepatocytes (Figure 3A),
whereas MEK inhibitors (GSK and PD0325901) and ERK
inhibitor (FR180204; FR) decreased expression and/or
phosphorylation of ERK (Figure 3A). Notably, oil red-O
staining revealed that inhibition of MEK-ERK signaling
decreased lipid contents in fatty acid-loaded primary
hepatocytes (Figure 3B). In addition, adenoviral-
mediated knockdown of ERK1/2 in primary hepatocytes



Figure 3. ERK inhibition attenuates fatty acid-induced lipid accumulation. (A) Western blot analysis for pERK in primary
hepatocytes incubated with 100 mmol/L palmitic acid (P) or 200 mmol/L oleic acid in the presence of 0.5 mmol/L GSK or
PD0325901 (PD) or ERK inhibitor (0.5 mmol/L FR180204; FR) for 16 hours. (B) Quantification of oil-red-O staining in primary
hepatocytes treated with palmitic acid (100 mmol/L) or oleic acid (200 mmol/L) in the presence of MEK or ERK inhibitors. (C)
Western blot analysis showing knockdown of ERK or overexpression of constitutively active MEK-ERK fusion protein in
primary hepatocytes injected with adenovirus harboring LacZ (Scr), miR-ERK1/2, or fused MEK-ERK gene. (D) qPCR analysis
for ligand-mediated induction of fatty acid oxidation-related genes in primary hepatocytes infected with Ad-MEK-ERK or Ad-
miR-ERK1/2. (E) Quantification of oil-red-O staining in primary hepatocytes infected with Ad-MEK-ERK or Ad-miR-ERK1/2.
Bar graphs are presented as mean standard error ± standard error of the mean. #P < .05, **P < .01, ##P < .01, ***P <
.001, ###P < .001 as analyzed by one-way analysis of variance with Tukey multiple comparison. * represents the difference
between Veh and other groups, and # represents the difference within the groups.
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potentiated and overexpression of constitutively active
ERK attenuated ligand-mediated induction of PPARa
target gene mRNAs (Figure 3C and D). Moreover,
knockdown of ERK1/2 decreased the lipid content in
fatty acid-loaded primary hepatocytes (Figure 3E).
Together, these data show that ERK inhibition attenuates
lipid accumulation in a primary hepatocyte model of fatty
acid overload.
MEK-ERK Inhibition Potentiates Ligand-
Dependent PPARa Activity

MEK binding induces nuclear exclusion of PPARa and
thereby inhibits PPARa signaling.27 Other reports also sug-
gest a direct role for ERK in regulating PPARa.27,28 To
determine whether MEK-ERK pathway regulates the basal
or ligand-dependent PPARa activation, primary hepatocytes



Figure 4. ERK inhibition augments ligand-mediated PPARa activation. (A) qPCR analysis assessing ligand-stimulated
PPAR target genes in the presence or absence of 0.5 mmol/L GSK for 16 hours. (B) Western blot analysis for PPARa and
pERK in primary hepatocytes from WT mice. (C) Western blot of pERK in primary hepatocytes treated with increasing dose of
MEK inhibitor GSK. (D) qPCR analysis assessing dose-dependent effect of MEK inhibitor GSK on ligand-mediated induction of
PPARa target genes. Bar graphs are presented as mean standard error ± standard error of the mean. *P < .05, #P < .05, **P <
.01, ##P < .01, ***P < .001, ###P < .001 as analyzed by one-way analysis of variance with Tukey multiple comparisons. *
represents the difference between Veh and other groups, and # represents the difference within the groups.
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from wild-type (WT) mice were treated with the PPARa
agonist WY14,643 (WY) in the presence or absence of GSK.
ERK inhibition potentiated the WY-mediated increases in
PPARa target gene mRNA expression in primary hepato-
cytes (Figure 4A). However, ERK inhibition did not affect
PPARa protein levels, suggesting that ERK inhibits PPARa
transactivation (Figure 4B). We also noticed a dose-
dependent increase in ligand-mediated activation of
PPARa upon ERK inhibition (Figure 4C and D). Together,
these data suggest that MEK-ERK acts as a negative regu-
lator of PPARa signaling.
PPARa Is Essential for ERK Regulation of Genes
Involved in Fatty Acid b-Oxidation

To further determine whether ERK regulates fatty acid
b-oxidation via PPARa, primary hepatocytes from Ppara-
null mice were examined. Treatment with GSK significantly
increased WY-mediated PPARa activation in primary hepa-
tocytes from WT but not Ppara-null mice (Figure 5A).
Moreover, overexpression of MEK-ERK fusion protein
decreased and knockdown of ERK increased the expression
of fatty acid b-oxidation genes in WT but not Ppara-null
mice (Figure 5B). Furthermore, GSK treatment decreased
lipid accumulation in primary hepatocytes from WT but not
Ppara-null mice (Figure 5C). Together, these data show that
ERK regulates hepatic fatty acid metabolism via a PPARa-
dependent mechanism.
ERK Inhibition Attenuates Hepatic Steatosis
We then tested whether inhibition of the MEK-ERK

pathway could ameliorate hepatic steatosis in a mouse
model of diet-induced obesity. Mice fed a 60% high-fat diet
(HFD) for 8 weeks were gavaged with GSK for 5 consecutive
days. Inhibition of MEK-ERK signaling resulted in a signifi-
cant reduction in body weight (Figure 6A). Also, a decrease
in the liver weight (Figure 6B) but no difference in the
visceral adiposity were noted (Figure 6C). GSK treatment
resulted in a significant decrease in the serum and liver
triglycerides (Figure 6D and E). Moreover, H&E analysis
showed a significant reduction in microsteatosis and mac-
rosteatosis in GSK-treated HFD-fed mice (Figure 6F). This
suggests that inhibition of MEK-ERK attenuated hepatic
steatosis. Further analysis by quantitative polymerase chain
reaction (qPCR) showed a significant increase in the
expression of PPARa target genes in the livers of GSK-
treated HFD-fed mice (Figure 6G). However, no difference
in Cpt1, FGF21, and Cd36 was noted (Figure 6G). Thus, our
data suggest that inhibition of the MEK-ERK pathway in-
duces PPARa signaling and attenuates hepatic steatosis in a
diet-induced obese model.



Figure 5. ERK regulates
fatty oxidation gene
mRNAs via PPARa. (A)
qPCR analysis for ligand-
mediated induction of
PPARa target gene
mRNAs in primary hepato-
cytes from WT or Ppara-
null mice infected with Scr
(Ad-LacZ) or Ad-miR-
ERK1/2 or Ad-MEK-ERK.
(B) qPCR analysis assess-
ing effect of MEK inhibition
on ligand-mediated induc-
tion of PPARa target genes
in primary hepatocytes
from WT or Ppara-null
mice. (C) Oil-red-O staining
and quantification (below)
in primary hepatocytes
loaded with 100 mmol/L
palmitic (PA) and 100
mmol/L oleic acid (OA) for
24 hours, followed by
treatment with 0.5 mmol/L
GSK for 16 hours. Original
magnification, �20. Bar
graphs are presented as
mean standard error ±
standard error of the mean.
*P < .05, **P < .01, ***P <
.001 as analyzed by two-
tailed Student t test.
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ERK Regulates Postprandial Repression of
PPARa Activity

During fasting and refeeding, the liver plays a central
role in energy homeostasis via PPARa-mediated fatty acid
metabolism.29 Refeeding is an energy rich state, with
metabolic flux favoring glucose metabolism over fatty acid
b-oxidation, enabling restoration of hepatic glycogen.
Therefore, PPARa activity is rapidly repressed under the
refed state through mechanisms that are not well-
understood.30 To investigate whether ERK is the post-
prandial regulator of PPARa, the expression of PPARa target
genes was examined in livers of overnight fasted and refed
mice treated with or without GSK (Figure 7A). Surprisingly,
MEK-ERK inhibition under fasting conditions did not affect
the expression of genes involved in hepatic fatty acid
b-oxidation. However, MEK-ERK inhibition during the refed
state abolished the postprandial decrease in expression of
numerous PPARa target gene mRNAs related to fatty acid



Figure 6. ERK inhibition attenuates diet-induced hepatic steatosis. C57BL6 male mice fed with 60% HFD for 8 weeks were
treated with GSK at 3 mg/kg body weight for 5 days. On the day of euthanization, mice were treated with GSK, and tissues
were collected 1 hour later. (A) Change in body weight, (B) percentage of liver weight, and (C) percentage of gonadal white
adipose tissue (gWAT) in HFD-induced steatosis mice treated with or without GSK. (D) Serum and (E) liver triglycerides (F) H&E
analysis in the livers of HFD-fed GSK-treated mice. Original magnification, �20. (G) qPCR analysis for PPARa target genes in
the livers of HFD-fed GSK-treated mice. Bar graphs are presented as mean standard error ± standard error of the mean. *P <
.05, **P < .01, ***P < .001, ****P < .0001as analyzed by two-tailed Student t test.
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b-oxidation (Figure 7B). Fasting increases hepatic tri-
glycerides partly because of the mobilization of fatty acids
from adipose tissue, whereas refeeding decreases hepatic
triglycerides because of the secretion of very low density
lipoprotein triglycerides.31,32 Therefore, we tested whether
MEK-ERK signaling regulates hepatic lipid homeostasis in
response to fasting-refeeding. GSK treatment did not affect
the hepatic triglyceride levels under fasting (Figure 7C).31,32

Intriguingly, MEK-ERK inhibition abrogated the refeeding-
mediated decrease in hepatic triglycerides (Figure 7C).
However, GSK treatment did not affect serum triglyceride
levels during the fasting-refeeding regimen (Figure 7D).
This suggests that MEK-ERK signaling plays a crucial role in
postprandial hepatic lipid metabolism by regulating hepatic
PPARa signaling.
Discussion
Chronic activation of hypoxia signaling leads to sponta-

neous steatohepatitis.11,18 The present study shows that
hypoxia signaling induces fatty liver by repressing PPARa
signaling in an ERK-dependent manner. Our results also
demonstrate that ERK inhibits ligand-dependent PPARa
activation. We further show that inhibition of MEK-ERK
signaling decreases hepatic steatosis in a model of diet-
induced obesity. During fasting, PPARa-mediated fatty acid
b-oxidation provides energy and substrates to support
gluconeogenesis.33 However, fatty acid b-oxidation genes
decrease during the postprandial state, helping restore
hepatic lipid levels and switch to carbohydrate metabolism.
The absence of a switch in postprandial fatty acid b-oxida-
tion may reduce carbohydrate utilization, resulting in hy-
perglycemia. Thus, the postprandial repression of fatty acid
b-oxidation is critical in maintaining energy homeostasis
and preventing insulin resistance and other metabolic dys-
functions.34 Here we provide evidence that ERK plays an
essential role in postprandial regulation of fatty oxidation
genes by repressing PPARa.

HIF signaling, primarily HIF2a, was shown to induce
dysregulation of hepatic lipid metabolism by inducing pex-
ophagy. Although chloroquine is a nonselective autophagy
inhibitor, our data show that inhibition of autophagy does
not restore peroxisome or lipid homeostasis in the primary
hepatocytes from mice with chronic HIF activation. HIF2a
decreases the expression of fatty acid synthase in the liver.14

Endogenous fatty acids act as a potent agonist of PPARa,35

raising the possibility that HIF2a inhibits PPARa activity
by decreasing the endogenous ligands. However, attenua-
tion of the WY-mediated increase in PPARa target genes in
VhlDHep mice suggests that the decrease in endogenous li-
gands may not be responsible for decreasing PPARa
signaling. We show that HIF2a induces lipid accumulation in
hepatocytes by inhibiting PPARa signaling via the MEK-
ERK–dependent mechanism.

Few studies have investigated the role of ERK in the
regulation of PPARa by using cardiac hypertrophy models.
Cardiac remodeling involves a switch in substrate utilization
from fatty acid b-oxidation to glycolysis to reduce adenosine



Figure 7. ERK inhibits
PPARa during the refed
state. (A) Schematic dia-
gram of experimental
design where overnight
fasted and refed (fasted
overnight and then refed)
mice that were treated with
vehicle or GSK (3 mg/kg
body weight). (B) qPCR
analysis of PPARa target
genes in the livers of fasted
and refed mice treated with
or without GSK. (C) Liver
and (D) serum triglycerides
measured in the fasted and
refed mice. Bar graphs are
presented as mean stan-
dard error ± standard error
of the mean. *P < .05, **P
< .01 as analyzed by two-
tailed Student t test. RF,
refed.
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triphosphate and oxygen consumption. ERK is involved in
the metabolic switch by inhibiting fatty acid b-oxidation
genes.36,37 The present study shows that knockdown or
activation of MEK-ERK signaling increases or decreases
PPARa activity, respectively, suggesting that the MEK-ERK
pathway regulates PPARa signaling in hepatocytes. Studies
show that MEK1 induces nuclear export of PPARa, inde-
pendent of ERK.38 Moreover, PPARa has 3 potential ERK
phosphorylation sites at Ser12, Ser21, and Ser77, wherein
phosphorylation at Ser12 and Ser21 but not Ser77 induces
PPARa signaling.27,39 Notably, phosphorylation at Ser84
inhibits PPARg transcriptional activity.40 Whether ERK in-
hibits PPARa activity by phosphorylating at Ser77 or via
PPARa co-regulators needs further investigation.

Hepatic steatosis occurs because of an imbalance be-
tween fatty acid import/synthesis and export/catabolism in
the liver.41,42 Hepatic steatosis often leads to inflammation,
insulin resistance, and fibrosis leading to nonalcoholic
steatohepatitis.43,44 There are no approved drugs for
nonalcoholic steatohepatitis because of a poor understand-
ing of the disease pathogenesis. Recent studies demonstrate
that inhibition of hepatic PPARa is sufficient to promote
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diet-induced hepatic steatosis.30,45 This study shows that
hepatic MEK-ERK could be targeted to activate PPARa-
mediated fatty acid metabolism and thereby attenuate he-
patic steatosis. Recent studies demonstrated that ERK
inhibitors ameliorate insulin resistance in a diabetic mouse
model by decreasing proinflammatory cytokines in the ad-
ipose tissue.46–48 Our study provides a strong rationale for
future investigations in determining whether MEK-ERK
signaling could target fatty liver disease.

We also demonstrate the physiological relevance of
MEK-ERK regulation of PPARa in metabolic homeostasis
using a fasting-refeeding regimen. We show that inhibition
of MEK-ERK does not affect PPARa signaling at the fasting
state but abolishes postprandial repression of PPARa
target genes. This could be due to lower activity of ERK
during fasting to facilitate PPARa signaling,49 wherein GSK
treatment could not further augment the expression of
fatty acid b-oxidation genes. Thus, we propose that MEK-
ERK signaling is involved in the postprandial inhibition
of fatty acid b-oxidation required for the switch in sub-
strate utilization. Surprisingly, inhibition of MEK-ERK
abolished the postprandial decrease in liver triglycerides.
This suggests that MEK-ERK signaling could also control
the postprandial release of hepatic triglyceride as very
low density lipoprotein,40,50 which requires further
investigation.

Refeeding-induced liver hypoxia represses postprandial
glucagon signaling.6 One of the cellular adaptations to low
oxygen is down-regulating pathways that consume oxygen.
Because fatty acid b-oxidation is a highly oxygen-demanding
process, hypoxia during the postprandial state may repress
fatty acid b-oxidation as an adaptive mechanism to divert
the available oxygen to essential cellular functions.51 Also,
decreasing fatty acid b-oxidation benefits in alleviating
reactive oxygen species–mediated oxidative stress, espe-
cially under hypoxic conditions.52 Because refeeding results
in acute hepatic hypoxia, we speculate that hypoxia is
involved in the postprandial repression of PPARa activity.
However, sustained repression of fatty acid b-oxidation due
to chronic hypoxia results in excessive accumulation of tri-
glycerides in hepatocytes leading to the fatty liver.6,8,9,17

Thus, a rheostatic regulation of HIF-ERK-PPARa appears
to be critical for hepatic lipid homeostasis.
Methods
Animal Studies

Vhlfl/fl and VhlDHep mice used in this study were
described in an earlier article.17 Briefly, mice that express a
tamoxifen-inducible cre recombinase (CreERT2) under the
control of the albumin promoter were crossed with Vhlfl/fl to
generate VhlDHep mice. To conditionally knockout VHL in the
hepatocytes, tamoxifen (Sigma-Aldrich, St Louis, MO;
T5648) dissolved in corn oil was injected intraperitoneally
(200 mg/kg body weight) for 2 consecutive days. Littermate
Vhlfl/fl mice were used as controls. Mice were fed ad libitum
with a regular chow diet and kept in a 12-hour dark-light
cycle. For the fasting-refeeding experiments, the animals
were fasted overnight, and 1 hour before killing or feeding,
they were gavaged with the MEK inhibitor GSK1120212 (3
mg/kg body weight). GSK1120212 was dissolved in
dimethyl sulfoxide and diluted with phosphate-buffered
saline 1:10 and gavaged immediately. For the HFD experi-
ments, C57BL/6J mice fed with a 60% HFD for 8 weeks
were gavaged with the MEK inhibitor GSK1120212 (3 mg/
kg body weight) for 5 days. All the experiments were con-
ducted in accordance with relevant guidelines and regula-
tions, and the animal experiments were approved by the
Institutional Committee on the Use and Care of Animals at
the University of Michigan.
Western Blot Analysis
Whole-cell lysates were prepared using radio-

immunoprecipitation assay lysis buffer (50 mmol/L Tris pH
7.4, 150 mmol/L NaCl, 5 mmol/L EDTA, 1% NP-40) con-
taining protease and phosphatase inhibitors (Sigma-
Aldrich). Equal amounts of protein lysates were separated
on a 10% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis and transferred to the nitrocellulose membrane.
Membranes were blocked using 5% skim milk and probed
with the specific antibody against LC3B (#2775S), pERK
(#4370S), ERK (#4696S), actin (#4967L), catalase
(#12980), and GAPDH (#97166S) from Cell Signaling
Technology (Danvers, MA) and PPARa18 (Abcam, Cam-
bridge, UK; Ab126285) at 4�C for overnight. Horseradish
peroxidase–conjugated secondary antibodies (anti-rabbit,
#7074S and anti-mouse, 7076S) from Cell Signaling Tech-
nology were added for 1 hour, and the expression of pro-
teins was assessed using ChemiDoc system (BioRad,
Hercules, CA).
RNA Isolation and qPCR Analysis
Total RNA was isolated using Trizol reagent (Invitrogen,

Carlsbad, CA) as per the manufacturer’s instructions. One mg
of RNA was reverse transcribed using Mu-MLV reverse
transcriptase (Invitrogen). qPCR was performed using
specific primers for mouse Acot1, forward: 50-ATGGCAG-
CAGCTCCAGACTT-30, reverse 50-CCCAACCTCCAAACCAT-
CAT-30 Acox1, forward: 50-TCGAAGCCAGCGTTACGAG-30,
reverse: 50-ATCTCCGTCTGGGCGTAGG-30 Cpt1, forward:
50-CCATGTAAGGACGGGAGTGT-30, reverse: 50-TGCAGGCCC-
TACTATTCCTG-30 Fgf21, forward: 50-CTGCTGGGGGTCTAC-
CAAG-30 reverse: 50-CTGCGCCTACCACTGTTCC-30 Cd36,
forward: 50-CCTGCAAATGTCAGAGGAAA-30, reverse:
50-GCGACATGATTAATGGCACA-30 Cpt1a, forward:
50-CCAGGCTACAGTGGGACATT-30, reverse: 50-GAACTTGCC-
CATGTCCTTGT-30 Cyp4a10, forward:
50-GGAGCTCCAATGTCTGAGAAGAGT-30, reverse: 50-
TCTCTGGAGTATTCTTCTGAAAAAGGT-30 Cyp4a14, forward:
50-TCTCTGGCTTTTCTGTACTTTGCTT-30, reverse 50-
CAGAAAGATGAGATGACAGGACACA-30 and Actin, forward:
50-TATTGGCAACGAGCGGTTCC-30, reverse: 50-GGCATA-
GAGGTCTTTACGGATGT-30 against target genes using SYBR
green (Radiant Biologicals, Tampa, FL). Expression of genes
was normalized to Actin or Ppia, and relative expression
was determined using the cycle threshold method.
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Primary Hepatocyte Isolation and Treatment
Primary hepatocytes from VhlDHep and Ppara-null mice

were isolated as described earlier.53 Briefly, the abdominal
cavity was opened in anesthetized mice, and the livers were
perfused with 15 mL Earle’s balanced salt solution con-
taining 0.5 mmol/L EGTA via the portal vein, followed by
perfusion with 15 mL Williams E medium containing 0.45
mg/mL collagenase type 1. Livers were then excised, and
cells were scraped into Williams E medium with 10% fetal
bovine serum and 1% antibiotics. Live cells were separated
using Percoll gradient centrifugation. Primary hepatocytes
were then plated at 0.1 � 106 cells/well in a 12-well plate
or 0.2 1 � 106 cells/well in a 6-well plate. Two hours after
plating, the medium was changed to fresh medium. For
treating with fatty acids, bovine serum albumin–conjugated
palmitic or oleic acid was added to the serum-free Williams
E medium and incubated for various time points as indi-
cated in the Figure legends. Primary hepatocytes were
treated with GSK in serum-free medium for the indicated
times.

Oil-Red-O Staining
For neutral lipid staining and quantification, primary

hepatocytes were fixed with phosphate-buffered
saline–buffered formalin for 10 minutes and then incu-
bated with 0.5% oil-red-O in propylene glycol for 1 hour.
Cells were washed once with 60% propylene glycol, rinsed
with distilled water, and then counterstained with hema-
toxylin. Oil-red-O staining intensity was quantified by using
a spectrophotometer (OD at 492) by adding 100% iso-
propanol to the stained wells or by analyzing H&E images
using Image J 1.52q software (NIH, Bethesda, MD).

Liver Triglyceride Quantitation
Liver triglycerides were measured as described previ-

ously.54 In brief, a known amount of liver tissue was ho-
mogenized in chloroform: methanol (2:1), followed by
acidification with H2SO4. The organic phase containing the
lipids was collected after centrifugation. The triglycerides
from the organic phase and serum were measured using
colorimetric Infinity Triglyceride Reagent (Fisher Scientific,
Waltham, MA).

Adenovirus miR-ERK1/2
The adenovirus miR-ERK1/2 producing process was

carried out in accordance with the protocol from ViraPower
Adenoviral Expression System, BLOCK-iT Pol II miR RNAi
Expression Vector Kit with EmGFP, pENTR Directional
TOPO Cloning kits, GATEWAY LR clonase II MS Enzyme MIX,
and Gateway BP Clonase II Enzyme mix. In brief, miRNA
sequence and oligos for Erk1/2 were designed by BLOCK-iT
RNAi Designer. To generate a double-stranded oligo, the top
and bottom strand oligo for Erk1/2 (top, 50-TGC TGA GCA
GAT GTG GTC ATT GCT CAG TTT TGG CCA CTG ACT GAC
TGA GCA ATC CAC ATC TGC T-30, and bottom, 50-CCT GAG
CAG ATG TGG ATT GCT CAG TCA GTC AGT GGC CAA AAC
TGA GCA ATG ACC ACA TCT GCT C-30) were annealed in the
following annealing reaction (95�C for 4 minutes and then
at 4�C for 10 minutes). The annealed fragment was cloned
into pcDNA6.2-GW EmGFP-miR to generate pcDNA6.2-miR-
Erk1/2. To make the adenovirus miR-Erk1/2, BP and LR
reactions were performed using Gateway cloning. The titer
of recombinant adenoviruses was determined using Adeno-
X Rapid Titer Kit. Recombinant adenovirus miR-LacZ
(Ad-LacZ) was infected in the same manner as a control.
Adeno-MEK-ERK-LA virus was a gift from Dr Michael Si-
mons from Yale University, wherein MEK1-ERK2 fusion
construct was subcloned into adenoviral pAd/CMV/V5-
DEST vector.55 Five hours after plating, cells were incu-
bated in medium containing adenovirus vectors (20 MOI).
Twenty hours after adenovirus infections, cells were incu-
bated in serum-free William E medium for 2 hours and then
treated with 0.5 mmol/L GSK for indicated amounts of time
in respective Figure legends.
Statistical Analysis
The experimental data were analyzed using GraphPad

Prism 8 software (San Diego, CA) and presented as mean ±
standard error of the mean. For analysis of statistical sig-
nificance between 2 groups, a two-tailed unpaired Student t
test was used. For analysis of statistical significance be-
tween 3 or more groups, one-way analysis of variance with
Tukey multiple comparisons was used. All the in vitro ex-
periments were carried out in triplicates, and the graphs
were presented as dot bar graphs with each of the biological
replicates. P >.05 was considered significant.
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