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The endoplasmic reticulum quality control protein activat-
ing transcription factor 6 (ATF6) has emerged as a novel
metabolic regulator. Here, we show that adenovirus-
mediated overexpression of the dominant-negative form
of ATF6 (dnATF6) increases susceptibility to develop
hepatic steatosis in diet-induced insulin-resistant mice
and fasted mice. Overexpression of dnATF6 or small inter-
fering RNA–mediated knockdown of ATF6 decreases the
transcriptional activity of peroxisome proliferator–activated
receptor a (PPARa)/retinoid X receptor complex, and in-
hibits oxygen consumption rates in hepatocytes, possibly
through inhibition of the binding of PPARa to the pro-
moter of its target gene. Intriguingly, ATF6 physically
interacts with PPARa, enhances the transcriptional activity
of PPARa, and triggers activation of PPARa downstream
targets, such as CPT1a and MCAD, in hepatocytes. Fur-
thermore, hepatic overexpression of the active form of
ATF6 promotes hepatic fatty acid oxidation and protects
against hepatic steatosis in diet-induced insulin-resistant
mice. These data delineate the mechanism by which ATF6
controls the activity of PPARa and hepatic mitochondria
fatty acid oxidation. Therefore, strategies to activate ATF6
could be used as an alternative avenue to improve liver
function and treat hepatic steatosis in obesity.

Hepatic fatty acid oxidation is one of the central processes
in hepatic lipid metabolism. The inability of fatty acid to
be adequately oxidized causes aberrant accumulation of

triglyceride in the liver and results in the development of
hepatic steatosis or nonalcoholic fatty liver disease. Hepatic
steatosis is one of the most common and potentially
serious metabolic diseases, which can progress to non-
alcoholic steatohepatitis, cirrhosis, and liver cancer (1,2).

The unfolded protein response (UPR) is induced by the
endoplasmic reticulum (ER) stress to attenuate protein
synthesis, increase protein folding, and enhance activity
of degradation pathways in the ER (2). There are three
well-characterized proximal ER-resident sensors of the
UPR: activating transcription factor 6 (ATF6), protein kinase-
like ER kinase (PERK), and kinase and endoribonuclease
inositol-requiring enzyme 1 (IRE1) (3,4). ATF6 translo-
cates to the Golgi, where it is cleaved by the site 1 and
site 2 proteases to release the soluble N-terminal frag-
ment, which translocates to the nucleus to activate ex-
pression of a spectrum of UPR mediators. PERK-induced
phosphorylation of eukaryotic initiation factor 2a
blocks global protein translation. IRE1 initiates an un-
conventional mRNA splicing of X-box binding protein 1
(XBP1) to produce an active transcription factor (3,4).
The UPR plays an important role in metabolic diseases
such as type 2 diabetes, insulin resistance, and obesity
(5,6).

ATF6 is a key regulator of ER quality control protein in
mammalian cells (7). Recently, ATF6 has been revealed
as a critical regulator to improve metabolic functions in
mice. ATF6 inhibits hepatic gluconeogenesis by disrupting
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the CREB-CRTC2 interaction and thereby improving glucose
metabolism (8). ATF6 improves skeletal muscle function
and provides metabolic benefits through interacting with
PGC1a (9). ATF6 mediates thrombospondin-induced pro-
tection of myocardial injury (10). Moreover, activation of
ATF6 mediates vascular endothelial growth factor–induced
endothelial cell survival and angiogenesis (11). ATF6’s target
XBP1 inhibits gluconeogenesis in genetic and diet-induced
obesity (12). Intriguingly, whole-body ATF6a-knockout
(KO) mice show exacerbated diet-induced hepatic steatosis
and glucose intolerance (13) and are susceptible to de-
velop hepatic steatosis in response to the ER stress in-
ducer tunicamycin (14,15). However, whether and how
hepatic ATF6 deficiency affects hepatic lipid metabo-
lism in response to dietary overloading remain largely
unknown.

Peroxisome proliferator–activated receptor a (PPARa)
is a key transcriptional factor and plays essential roles in
the regulation of hepatic fatty acid oxidation and subse-
quent ketogenesis. PPARa is predominantly expressed in
the liver. PPARa forms heterodimers with the retinoid X
receptor (RXR), activates the transcription of a family of
genes containing a PPAR response element (PPRE), and
regulates lipid homeostasis in response to nutrient avail-
ability (16). PPARa-KO mice exhibit hepatic steatosis in
response to fasting due to decreased levels of fatty acid
oxidation and ketogenesis (17). However, the mechanisms
in regulating the transcriptional activity of PPARa during
diet-induced obesity and the adaptive fasting response re-
main incompletely understood.

In this study we show that hepatic ATF6-inhibited
mice are prone to hepatic steatosis with reduced fatty acid
oxidation. Gain- and loss-of-function studies in livers and
in hepatocytes identify ATF6 as an important transcrip-
tional regulator of hepatic fat metabolism and provide
insight into the mechanism by which ATF6 controls hepatic
fatty acid oxidation through coactivation of PPARa.

RESEARCH DESIGN AND METHODS

Animal Model and Diets
Male C57BL/6 mice were purchased from Shanghai
Laboratory Animal Co. Ltd., Shanghai, China. Mice were
fed a high-fat, high-sucrose (HFHS) diet (D12327; Research
Diets) for 12 weeks, followed by treatment with adenovi-
ruses encoding a nuclear active form of ATF6 (Ad-nATF6), a
dominant-negative mutant of ATF6 (Ad-dnATF6), or green
fluorescent protein (Ad-GFP) via tail vein injection. All mice
were housed under a 12:12-h light/dark cycle at controlled
temperature. All animal experimental protocols were
approved by the Institute for Nutritional Sciences In-
stitutional Animal Care and Use Committee, Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences.

Liver Histological Analysis
Livers were fixed in 10% phosphate-buffered formalin
acetate at 4°C overnight and embedded in paraffin wax.

Paraffin sections (5 mm) were cut and mounted on glass
slides for hematoxylin and eosin (H&E) staining, as pre-
viously described (18,19). Livers embedded in optimum
cutting temperature compound (Tissue-Tek; Laborimpex)
were used for Oil Red O staining for the assessment of
hepatic steatosis according to the manufacturer’s instruc-
tions (American MasterTech, Lodi, CA).

Body Composition Analysis
Body composition was determined with the nuclear mag-
netic resonance system using a Body Composition Analyzer
MiniQMR23-060H-I (Niumag, China). Body fat, lean mass,
body fluids, and total body water were measured in live
conscious mice with ad libitum access to diet, as described
previously (20).

Plasmid Construction and Transfection
The expression plasmids encoding a soluble and active
form of ATF6 (nATF6) or a dominant-negative mutant of
ATF6 (dnATF6) that contains DNA-binding and dimer-
ization domains but lacking an activation domain were
constructed by PCR-mediated amplification of the regions
corresponding to amino acids 1 to 373 or 171 to 373 of
human ATF6, respectively, as described previously (21),
followed by subcloning into the HindIII/XbaI sites of a
shuttle vector (pShuttle-CMV), respectively. The myc epi-
tope tag was fused in frame to the 59 terminus of the
coding sequence. The plasmid expressing glutathione
S-transferase (GST)-tagged human nATF6 (GST-nATF6)
was constructed by cloning the human ATF6 cDNA encod-
ing amino acids 1 to 373 into the ClaI/NotI sites of pEBG
(a GST fusion vector). The plasmids encoding pSG5-
PPARa (22) and Sport-RXRa (22) were purchased from
Addgene (Cambridge, MA). Transfection assays for plas-
mids were performed using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s protocol.

Dual Luciferase Activity Assays
Dual luciferase assays were performed as described
previously (18). Luciferase activity was measured using
an Infinite 200 PRO plate reader (Tecan, Männedorf,
Switzerland). The firefly luciferase activity was normal-
ized to the Renilla luciferase activity (firefly luciferase/
Renilla luciferase) and presented as relative luciferase
activity.

RNA Isolation and Quantitative RT-PCR Analysis
Liver tissues were homogenized in TRIzol Reagent (Life
Technologies), and total RNAs were reversely transcribed
to cDNA using SuperScript II reverse transcriptase (Life
Technologies) and Oligo d (T). The resulting cDNA was
subjected to real-time PCR with gene-specific primers in
the presence of SYBR Green PCR Master Mix (Applied
Biosystems) using the StepOnePlus Real-Time PCR Sys-
tem (Applied Biosystems), as described previously (23).

In Vivo Adenoviral Gene Transfer
Adenovirus-mediated gene transfer of Ad-nATF6, Ad-
dnATF6, or Ad-GFP in the liver of C57BL/6 mice was
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accomplished as described previously (20,24,25). Adeno-
viruses (53 109 plaque-forming units,;13 1010 plaque-
forming units per mouse) were delivered into mice by tail
vein injection. Two weeks postinjection, mice were killed
in a postprandial state under isoflurane anesthesia, and
tissues were rapidly taken and freshly frozen in liquid
nitrogen and then stored at 280°C or fixed for histologic
analysis.

Statistical Analysis
Data are expressed as mean 6 SEM. Statistical significance
was evaluated using the unpaired two-tailed Student t test
and among more than two groups by analysis of one-
way ANOVA. Differences were considered significant at
P , 0.05.

RESULTS

Hepatic Steatosis and Insulin Resistance Are
Exacerbated in Hepatic ATF6-Inhibited Mice Fed the
HFHS Diet
To investigate whether the key ER quality control protein
ATF6 (7) is a driving force in maintaining hepatic lipid
homeostasis, we developed a mouse model by adenovirus-
mediated hepatic expression of a dominant-negative ver-
sion of ATF6 (Ad-dnATF6) encoding amino acids 171 to
373 that contains DNA-binding and dimerization do-
mains but lacks an activation domain (21,26). C57BL/6
mice were placed on a chow diet and 12 weeks on a type 2
diabetogenic diet composed of HFHS and then treated
with Ad-dnATF6 or Ad-GFP via tail vein injection, respec-
tively. Chow-fed Ad-dnATF6 mice did not show significant
metabolic changes compared with Ad-GFP–treated mice
(Fig. 1A–C and Supplementary Fig. 1A). However, inhibi-
tion of ATF6 by dnATF6 caused a significant induction of
liver and plasma triglyceride levels, suggesting a critical
role of hepatic ATF6 in mediating lipid metabolism. Consis-
tently, increased hepatic steatosis in Ad-dnATF6–treated
mice was evidenced by H&E and Oil Red O staining, sug-
gesting impaired hepatic lipid metabolism, which is consis-
tent with exacerbated hepatic steatosis in ATF6-KO mice
under tunicamycin challenge (15). Notably, body weight
and liver weight, and body composition of fat mass and
lean mass were not obviously changed (Supplementary Fig.
1A and B).

We determined in vivo function of hepatic dnATF6
on glucose homeostasis and insulin sensitivity. Fasting
plasma glucose, insulin concentrations, and the cal-
culated value for the homeostasis model assessment
of insulin resistance were significantly increased in
dnATF6-expressing mice compared with those in GFP-
treated mice (Fig. 1D and Supplementary Fig. 1C). The
effects of hepatic dnATF6 on glucose homeostasis and
insulin sensitivity were further demonstrated by intra-
peritoneal glucose and insulin tolerance tests. Adenovirus-
mediated overexpression of dominant-negative form
dnATF6 exacerbated HFHS diet–induced glucose intoler-
ance and insulin resistance, supporting the essential role

of hepatic ATF6 in mediating lipid and glucose metab-
olism (Fig. 1E and F).

Expression Levels of UPR Mediators and Hepatic
Fatty Acid Oxidation Are Attenuated in Hepatic
ATF6-Inhibited Mice Fed the HFHS Diet
We next delineated the mechanism underlying the steatotic
and insulin resistant phenotypes observed in dnATF6-
treated mice. The infection efficiency of dnATF6 was
evidenced by RT-PCR using primers targeting the coding
region of amino acids 171 to 373 of human ATF6 for
specific detection of overexpressed dnATF6 (Fig. 2A). As
shown in Fig. 2B and C, the effects of dnATF6 adminis-
tration were further confirmed by reduced expression lev-
els of UPR mediators such as GRP78, XBP1, EDEM,
CHOP, and endogenous ATF6. These data indicate adeno-
viral overexpression of dnATF6 is sufficient to suppress
the hepatic UPR response in the liver of mice fed the
HFHS diet.

Recent study shows that the expression level of PPARa, a
key transcriptional regulator of genes involved in b-oxidation,
was reduced in ATF6-KO mouse livers under tunicamycin
treatment (15), suggesting a possible mechanism of PPARa
in mediating ATF6’s regulation of liver metabolism. As
shown in Fig. 2D, administration of Ad-dnATF6 signif-
icantly decreased expression of several PPARa downstream
targets, such as MCAD, EHHADH, ACOX, CPT1a, Cyp4A10,
Cyp4A14, and FGF21 (27). These results suggest that loss of
hepatic ATF6 impairs PPARa-mediated fatty acid metabo-
lism. Moreover, expression levels of key enzymes in-
volved in ketogenesis, such as ACAT1, HMGCS2, and
BDH1, were decreased, which resulted in a reduction of
plasma b-hydroxybutyrate concentrations (Fig. 2E and F).
Notably, the mRNA levels of the key genes involved in
fatty acid and triglyceride biosynthesis, such as SREBP-1c
and FAS, and cholesterol biosynthesis, such as HMGCS
and HMGCR, were not obviously changed (Supplementary
Fig. 2A and B), whereas ATF6 may be sufficient to main-
tain the expression of some SREBP-2 target genes, which
is consistent with the previous study showing that ATF6
suppresses SREBP-2 in HepG2 cells at basal conditions
(28). Taken together, it appears to suggest that hepatic
inhibition of ATF6 exacerbates HFHS diet–induced he-
patic steatosis, possibly through hepatic impairment of
PPARa signaling and fatty acid oxidation.

ATF6 Is Sufficient to Enhance Hepatic Fatty Acid
Oxidation In Vitro
To investigate the effects of nATF6 on the expression of
PPARa target genes, the in vitro activity of nATF6 was
determined by measuring the activities of ERSE-I and
ERSE-II, the key cis-acting elements capable of binding
to ATF6 (29). As shown in Fig. 3A and B and in Supple-
mentary Fig. 3A, treatment with myc-tagged nATF6, a
soluble and active form of ATF6 (21), caused a robust
induction of transcriptional activity on the ERSE-I and
ERSE-II luciferase reporters in HepG2 cells and HEK293T
cells, suggesting that nATF6 is sufficient to promote the
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UPR response. Notably, overexpression of nATF6 was con-
firmed by immunoblots. Moreover, nATF6 increased ex-
pression levels of PPARa target genes, such as CPT1a and
MCAD, in HepG2 cells (Fig. 3C). To demonstrate whether
PPARa is required for the effects of ATF6 on hepatic
fatty acid oxidation, 10 mmol/L PPARa antagonist
GW6471, which was shown to specifically inhibit PPARa
activity in rat liver cells (30,31), was used. Strikingly, nATF6-
induced mRNA levels of CPT1a and MCAD were largely
abrogated by treatment with GW6471 in HepG2 cells

(Fig. 3D), suggesting a critical role of PPARa in ATF6-
mediated fatty acid oxidation in vitro.

ATF6 Is Essential for PPARa to Regulate Hepatic Fatty
Acid Oxidation In Vitro
Furthermore, to explore whether ATF6 is essential for the
activation of UPR mediators in vitro, ATF6 loss-of-function
approaches were assessed in hepatocytes. As shown in
Fig. 4A, consistent with previous observations in HeLa
cells (21), overexpression of dnATF6 potently blocked

Figure 1—Adenovirus-mediated overexpression of dominant-negative ATF6 increases susceptibility to develop hepatic steatosis and
insulin resistance in HFHS diet–fed mice. Male C57BL/6 mice (8 weeks old) were fed a chow diet for 2 weeks or an HFHS diet for 12
weeks, followed by treatment with Ad-GFP or Ad-dnATF6 via tail vein injection for 2 weeks. Inhibition of ATF6 increases hepatic steatosis in
HFHS diet–fed mice. Liver (A) and plasma (B) triglyceride and cholesterol levels were assessed in mice. C: Representative H&E and Oil Red
O staining are shown (scale bars: 50 mm). D: Blood glucose and plasma insulin levels were assessed. Glucose tolerance tests (GTTs)
(1 g/kg) (E) or insulin tolerance tests (ITTs) (1 unit/kg) (F) were performed in mice after 16 h or 6 h of food deprivation 7 days or 9 days after
the first injection of adenoviruses, respectively. AUC, area under the curve. The data are represented as the mean 6 SEM (n = 5–7). *P < 0.05
vs. chow and Ad-GFP; #P < 0.05 vs. HFHS and Ad-GFP.
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thapsigargin-induced activation of ERSE-I and ERSE-II
luciferase reporters, suggesting dnATF6 is sufficient to
exhibit a dominant-negative effect on endogenous ATF6
activity. The effects of dnATF6 on expression of hepatic
UPR genes were further assessed in HepG2 cells. Consis-
tent with the results obtained in mouse livers in Fig. 2,
administration of dnATF6 abrogated thapsigargin- or
tunicamycin-induced expression of UPR mediators, such
as GRP78, XBP1, and CHOP, suggesting that dnATF6 is a
potent inhibitor of hepatic UPR (Fig. 4B and Supplemen-
tary Fig. 3B).

To determine whether ATF6 is required by PPARa to
activate fatty acid oxidation, experiments were performed
in HepG2 cells treated with the PPARa agonist WY14643.
As shown in Fig. 4C, WY14643-stimulated induction of
CPT1a and MCAD was attenuated by dnATF6. Consis-
tently, knockdown of ATF6 by small interfering (si)
RNAs in HepG2 cells resulted in a profound decrease in
WY14643-stimulated fatty acid oxidation gene expression
such as CPT-1a and MCAD (Fig. 4D and E). To investigate
the functional consequence of inhibition of ATF6, cellular
oxygen consumption rates, an index of mitochondrial ox-
idation function, were measured using the Seahorse Bio-
science extracellular flux analyzer in HepG2 cells.
Interestingly, as shown in Fig. 4F, the bioenergetics pro-
files and calculated oxygen consumption rates of cells
treated with dnATF6 showed a significant decrease in
basal and maximal mitochondrial respiratory capac-
ity, consistent with the decreased CPT1a and MCAT

expression observed in livers from mice fed the HFHS
diet and HepG2 cells treated with dnATF6 (Figs. 2D
and 4C). Taken together, these studies indicate that
ATF6 is necessary for PPARa’s activation of downstream
signaling and improvement in hepatic fatty acid oxidation
in vitro.

The Transcriptional Activity of PPARa Is in an
ATF6-Dependent Manner
Luciferase reporter assays were performed to further
delineate a molecular basis for the transcriptional regu-
lation of PPARa by ATF6. As shown in Fig. 5A–D and
Supplementary Fig. 4, treatment with Ad-dnATF6 caused
a significant reduction of PPARa-induced activation of the
3xPPRE luciferase reporter (32) in HEK293T cells and
human Huh7 hepatocytes. Importantly, transfection of
RXRa with PPARa resulted in a pronounced coactivation
on the 3xPPRE reporter, which was strikingly abrogated
by dnATF6. Moreover, dnATF6 blocked WY14643-stimulated
induction of transcriptional activity of the 3xPPRE reporter.
Consistently, knockdown of ATF6 by siRNAs resulted in a
profound reduction of the transcriptional activity of
PPARa in HepG2 cells. These data suggest that PPARa/
RXRa heterodimer–mediated gene transcription requires
ATF6. To further define whether hepatic ATF6 activity
is physiologically relevant to PPARa activation in vivo,
chromatin immunoprecipitation (ChIP) was performed
in livers from HFHS diet–fed mice. Consistent with pre-
vious observations using electrophoretic mobility shift

Figure 2—Hepatic overexpression of dnATF6 represses expression levels of UPR mediators and inhibits hepatic fatty acid oxidation in
HFHS diet–fed mice. A: Hepatic expression of dnATF6 in mice fed the HFHS diet. PCR primers targeting the 171- to 373-amino acid–
coding region of overexpressed human dnATF6 were used. Inhibition of ATF6 represses mRNA (B) and protein (C) levels of UPR mediators
in livers of HFHS diet–fed mice. Hepatic gene expression of GRP78, XBP1, EDEM, CHOP, and endogenous ATF6 was determined by real-
time PCR. Representative immunoblots and densitometric quantification for expression of GRP78 in the livers from three mice in each
group are shown. Relative expression levels were normalized to b-actin. Hepatic fatty acid oxidation is abrogated by dnATF6 in HFHS diet–
fed mice. The mRNA levels of PPARa targets (D) and key ketogenic enzymes (E) were measured. F: Plasma levels of b-hydroxybutyrate in
mice. The data are represented as the mean 6 SEM (n = 6–7). *P < 0.05 vs. HFHS and Ad-GFP.

1908 ATF6 Attenuates Hepatic Steatosis Through PPARa Diabetes Volume 65, July 2016

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/65/7/1904/602043/db151637.pdf by guest on 25 April 2024

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1637/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1637/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1637/-/DC1


assay (33), PPARa was recruited and bound to the two
PPRE elements on the FGF21 promoter. As shown in Fig.
5E, PPARa binding to the FGF21 promoter was detected
using primers extending from –1,039 to 2936 and from
–96 to 21, but not with primers that amplify a control
distant region from –5,200 to –5,000. Strikingly, the
occupancy of PPARa to the FGF21 promoter was abro-
gated by dnATF6.

In contrast, the active nATF6 potentiated WY14643-
stimulated induction of transcriptional activity of the
3xPPRE reporter (Fig. 5F). As shown in Fig. 5G, the GST
pull-down and immunoblotting analysis revealed that en-
dogenous PPARa was detected in transfected and purified
GST-tagged nATF6, suggesting that the active form of
ATF6 binds to PPARa. Therefore, the data indicate that
ATF6 may facilitate transcriptional activation of the PPARa
through direct interaction, leading to improved hepatic lipid
metabolism.

Hepatic Steatosis Is Exacerbated in Hepatic ATF6–Inhibited
Mice During the Adaptive Fasting Response
To determine whether expression of ATF6 is regulated by
nutritional status, expression levels of ATF6 in livers from
fed or fasted mice were determined. ATF6 mRNA was
strongly induced after 24 h of fasting (Fig. 6A), which is
tightly correlated with fasting-induced expression of PPARa.
Notably, mRNA levels of GRP78 and CHOP were not
obviously changed. Body weight and liver weight were

significantly reduced in mice by 24 h of fasting (Fig. 6B–
D). Compared with the fed state, fasting caused induction
of triglyceride levels and lipid deposition in mouse livers,
which is consistent with our previous observation in mice
(20). Strikingly, pronounced hepatic steatosis was ob-
served in fasted mice treated with dnATF6, as evidenced
by increased hepatic triglyceride levels and liver histologic
analysis, suggesting that hepatic ATF6 is necessary for
lipid metabolism under fasting condition. Notably, plasma
triglyceride and liver and plasma cholesterol levels were
similar between GFP- and dnATF6-treated mice at the
fasting condition.

Moreover, the effects of hepatic ATF6 inhibition on
hepatic PPARa signaling and fatty acid oxidation in mice
were determined. Figure 6E and F show that dnATF6
caused a significant reduction of fasting-induced expres-
sion of PPARa targets such as MCAD, CPT1a, and FGF21.
Compared with GFP-treated mice, a concerted reduction
of serum FGF21 and b-hydroxybutyrate levels, an indica-
tor of increased hepatic fatty acid oxidation and ketogen-
esis, was consistently observed in the fasted mice treated
with dnATF6. Notably, the mRNA levels of lipogenic
genes, including SREBP-1c, ACC1, and FAS, were not ob-
viously changed by dnATF6 in fasted dnATF6-treated
mice (Supplementary Fig. 5A–C), suggesting that de
novo lipogenesis is not likely responsible for the exac-
erbated steatotic phenotypes in the fasted dnATF6-
treated mice. Together, these data indicate that inhibition

Figure 3—ATF6 stimulates hepatic fatty acid oxidation in a PPARa-dependent manner in hepatocytes. A: Schematic structures of full-
length ATF6, nATF6, and dnATF6. B: nATF6 induces the transcriptional activity of ERSE-I and ERES-II reporter plasmids in HepG2 cells.
Cells were cotransfected with the luciferase reporter plasmid encoding the ERSE-I or ERES-II element, along with myc-tagged nATF6 or
empty vector (EV), and then cultured for 48 h. Overexpression of nATF6 in HEK293T cells was confirmed by immunoblots. C: nATF6 is
sufficient to stimulate expression of genes involving fatty acid oxidation in HepG2 cells. Cells were transfected with the plasmid encoding
nATF6 or EV, and then cultured for 48 h. D: The ability of an adenovirus encoding nATF6 to induce CPT1a and MCAD was abrogated by
PPARa antagonist GW6471 in HepG2 cells. Cells were infected with Ad-GFP or Ad-nATF6 for 24 h, quiesced in serum-free DMEM
overnight, and then treated for an additional 24 h with or without GW6471 (10 mmol/L). The data are represented as the mean 6 SEM
(n = 4–5). *P < 0.05 vs. EV or Ad-GFP together with control; #P < 0.05 vs. Ad-nATF6 and control.
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of ATF6 in the liver suppresses hepatic fatty acid oxida-
tion and leads to exacerbated hepatic steatosis during
adaptive fasting response.

Adenovirus-Mediated Overexpression of the Active
Form of ATF6 Protects Against Hepatic Steatosis in
HFHS Diet–Fed Mice
Given that diet- and fasting-induced hepatic steatosis is
associated with attenuated transcriptional activity of
the ATF6-PPARa complex in the liver (Figs. 1 and 6),
the actions of ATF6 gain-of-function on the steatotic
phenotypes in mouse livers were determined. Remark-
ably, hepatic steatosis in mice fed the HFHS diet was
improved by adenovirus-mediated overexpression of ac-
tive form of ATF6 (Ad-nATF6), which was evidenced by
reduced liver triglyceride levels and by H&E and Oil Red
O staining showing decreased hepatic fat deposition (Fig.
7A–C). Notably, body weight and lean and fat mass were not
obviously changed (Supplementary Fig. 6A and B). Moreover,

Ad-nATF6 improved HFHS diet–caused glucose intolerance
and insulin resistance, as evidenced by reduced fasting
blood glucose, plasma insulin levels, and homeostasis
model assessment of insulin resistance (Fig. 7D and Sup-
plementary Fig. 6C).

Next, we further determined whether induction of
PPARa signaling and hepatic fatty acid oxidation is
responsible for improved steatotic phenotypes in
Ad-nATF6–treated mice. The expression of nATF6 in the
liver was evidenced by RT-PCR (Fig. 7E and F). Gene
expression levels of UPR mediators, such as GRP78
and CHOP, as well as PPARa downstream targets,
such as MCAD and CPT1a, were largely increased by
treatment with Ad-nATF6. Consequently, plasma
b-hydroxybutyrate levels were increased by Ad-nATF6
(Fig. 7G). These results strongly suggest that activation
of PPARa and hepatic fatty acid oxidation are indeed re-
sponsible for improved hepatic steatosis in the hepatic
nATF6-overexpressed mice.

Figure 4—ATF6 is necessary for PPARa-induced mitochondrial fatty acid oxidation in hepatocytes. A: dnATF6 represses the transcrip-
tional activity of ERSE-I and ERES-II reporter plasmids under ER stress conditions in HepG2 cells. B: dnATF6 inhibits thapsigargin (Tg)-
induced expression of URP mediators in HepG2 cells. Cells were infected with Ad-GFP or Ad-dnATF6 for 48 h, followed by incubation,
without or with Tg, overnight. ATF6 is required for PPARa agonist WY14643-induced mitochondria fatty acid oxidation in HepG2 cells. C:
dnATF6 abrogates WY14643-stimulated fatty acid oxidation gene expression in HepG2 cells. D and E: WY14643-stimulated fatty acid
oxidation gene expression is reduced by siRNA-mediated ATF6 knockdown in HepG2 cells. The mRNA amounts of ATF6 are decreased by
ATF6 knockdown. Cells were transfected with empty vector (EV) pShuttle-CMV or pShuttle-myc-dnATF6 (myc-dnATF6), or control siRNA
or siATF6 for 24 h, followed by incubation overnight in serum-free medium, and then treated without or with WY14643 (25 mmol/L) for 6 h. F:
Inhibition of ATF6 represses the mitochondrial oxygen consumption rate in HepG2 cells. The oxygen consumption rates of basal respi-
ration, ATP turnover, and respiratory capacity were measured and calculated as averages for each phase by Seahorse Bioscience
extracellular flux analyzer. The data are represented as the mean 6 SEM (n = 3–5). *P < 0.05 vs. EV, Ad-GFP, or control siRNA; #P <
0.05 vs. Ad-GFP and Tg or WY14643 together with EV or control siRNA.
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DISCUSSION

The UPR, a pathway in response to accumulation of mis-
folded proteins in the ER, has been implicated in a variety of
diseases, including metabolic disease (34). Although the det-
rimental effects of ER stress in metabolic disease have been
extensively studied, metabolic function and the underlying
mechanism by which the UPR mediators affect the regula-
tion of glucose and lipid metabolism are still poorly under-
stood. In this report, we identify the key ER quality control
protein, ATF6, as an important regulator of hepatic fatty
acid oxidation. Mechanistically, we demonstrate that ATF6
stimulates hepatic fatty acid oxidation by direct interaction
with PPARa. ATF6-mediated activation of PPARa may

represent an alternative avenue to improve liver func-
tion and treat hepatic steatosis in obesity.

Regulation of PPARa by ATF6 in the Liver
The current study uses in vivo and in vitro approaches to
demonstrate a novel regulation between the key UPR sensor
ATF6 and PPARa. Several lines of evidence link ATF6 to
the PPARa pathway. First, expression levels of hepatic
ATF6 are induced by prolonged fasting, which is correlated
with increased expression of PPARa (35). Second, ATF6
directly regulates the activity of PGC1a (9), a key tran-
scription cofactor to activate PPARa (36). Third, ATF6-
deficient mice are prone to develop tunicamycin-induced

Figure 5—ATF6 is required for the transcriptional activity of PPARa. Inhibition or siRNA-mediated knockdown of ATF6 reduces the tran-
scriptional activity of PPARa. A: PPARa-stimulated induction of transcriptional activity of the 3xPPRE reporter is abrogated by dnATF6. The
black triangle bar indicates increased doses of PPARa plasmid (0.2 mg and 0.5 mg). B: Coactivation of PPARa and RXRa heterodimer on the
transcriptional activity of the 3xPPRE reporter is diminished by inhibition of ATF6. C: ATF6 is required for WY14643-induced transcriptional
activity of the 3xPPRE reporter. D: siRNA-mediated knockdown of ATF6 attenuates the transcriptional activity of PPARa in HepG2 cells. The
data are represented as the mean6 SEM (n = 3–5). *P< 0.05 vs. pcDNA or control; #P< 0.05 vs. PPARa, PPARa and RXRa, or WY14643. E:
The occupancy of endogenous PPARa on the FGF21 promoter is abrogated by inhibition of ATF6 in mouse livers. In vivo quantitative ChIP
assays were performed using PPARa antibody or control antibody against IgG. The specificity of the ChIP signal at the FGF21 loci was
confirmed by minimal binding that occurred in the distal upstream region or with IgG immunoprecipitation. The value obtained from Ad-GFP
mice with IgG immunoprecipitation was set to 1, and fold-enrichment relative to this value was presented as the mean6 SEM (n = 5–6). *P <
0.05 vs. GFP mice with IgG immunoprecipitation in the specific PPRE site; #P < 0.05 vs. GFP mice with PPARa immunoprecipitation in the
specific PPRE site. Two PPRE-like sequences are located in the mouse FGF21 promoter. The PPRE-like sequences are in boldface type. F:
Overexpression of ATF6 potentiates WY14643-induced transcriptional activity of the 3xPPRE reporter in HepG2 cells (n = 3–4). G: The active
form of ATF6 physically associates with endogenous PPARa in HEK293T cells. Cells were transfected with the plasmid encoding GST-nATF6
or GST control and then cultured for 48 h, followed by GST pull-down analysis. IB, immunoblot.
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hepatic steatosis, which is associated with decreased ex-
pression of PPARa (14,15). Moreover, the current study
shows that the transcriptional activity of genetic or phar-
maceutic manipulation of PPARa is significantly impaired
in ATF6 inhibition or knockdown hepatocytes, whereas
increased ATF6 activity enhances PPARa activity. Given
that ATF6 deficiency in other tissues is likely to system-
ically affect hepatic lipid metabolism in the whole-body
ATF6-KO mice, the current study uses adenovirus-
mediated hepatic overexpression of dnATF6 and iden-
tifies a direct link between ATF6 and PPARa. At the
molecular level, ATF6 inhibition represses the recruit-
ment of PPARa to the target gene promoter containing
the PPRE element. Furthermore, our data suggest that
ATF6 is required for PPARa signaling primarily through
the activation of PPARa/RXRa. Given that coactivation

of ATF6 with PGC1a was known to regulate skeletal mus-
cle function (36), future studies should reveal whether
ATF6 promotes induction of PPARa signaling through
PGC1a in the liver.

ATF6 Enhances the Activity of PPARa to Increase
Hepatic Fatty Acid Oxidation and Attenuate Hepatic
Steatosis in Mice
One of the major findings of the current study is that
hepatic inhibition of ATF6 increases the susceptibility to
develop hepatic steatosis in mice, particularly in condi-
tions of diet-induced obesity and during the adaptive
starvation response. This study demonstrates that stea-
tosis caused by inhibition of ATF6 activity is at least
partly attributed to a reduction of PPARa signaling and
hepatic fatty acid oxidation. Moreover, this study identifies

Figure 6—Hepatic inhibition of ATF6 increases susceptibility to developing fasting-induced hepatic steatosis. Male C57BL/6 mice (8 weeks
old) were treated with Ad-GFP or Ad-dnATF6 adenoviruses via tail vein injection for 1 week and then were fed or fasted for 24 h. A:
Expression of hepatic ATF6 is increased in response to nutrient deprivation in mice. The mRNA amounts of genes encoding PPARa, ATF6,
GRP78, and CHOP in the mouse livers were determined by real-time PCR. B: Effects of fasting on body weight and liver weight in mice. C:
Triglyceride and cholesterol levels in the liver or plasma were assessed. D: Representative H&E and Oil Red O staining are shown (scale
bars: 50 mm). E: Fasting-induced hepatic fat oxidation gene expression was attenuated by dnATF6 in mice. mRNAs of overexpressed
dnATF6 and hepatic CPT1a, MCAD, and FGF21 were determined by real-time PCR. F: Plasma levels of FGF21 and b-hydroxybutyrate in
mice. The data are represented as the mean 6 SEM (n = 4–7). *P < 0.05 vs. fed mice treated with Ad-GFP; #P < 0.05 vs. fasted mice
treated with Ad-GFP.
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that ATF6 interacts with PPARa to control hepatic lipid
homeostasis. Importantly, in vivo ChIP assays provide
biochemical evidence that the binding ability of PPARa
to the PPRE site of the target gene promoter is attenuated
by ATF6 inhibition, suggesting that ATF6 plays a critical
role in PPARa signaling.

In contrast, activation of ATF6 by overexpression of the
active form of ATF6 enhances PPARa activity and protects
against hepatic steatosis. These data support the essential
role of ATF6 in mediating hepatic lipid metabolism and
also indicate that the steatotic phenotype observed in
dnATF6-treated mice is unlikely caused by off-target effects
caused by adenovirus-mediated gene transfer. This study

establishes that the UPR modulates fatty acid metabo-
lism in response to nutrient overload, suggesting a
cross talk between the UPR and nuclear receptor coor-
dinates at the transcriptional level and contributes to
hepatic lipid homeostasis.

The UPR Protects Against Hepatic Steatosis in
Response to ER Stress
The three major UPR pathways have been implicated in
the regulation of lipid metabolism (37). Rutkowski et al.
(14) hypothesized that in addition to the CHOP-C/EBPa
axis, other as-yet unknown mechanisms are responsible
for hepatic fat oxidation and lipid homeostasis in

Figure 7—Hepatic overexpression of the active form of ATF6 stimulates hepatic fatty acid oxidation to attenuate hepatic steatosis in HFHS
diet-fed mice. Male C57BL/6 mice (8 weeks old) were fed a chow diet for 4 weeks or an HFHS diet for 12 weeks, followed by treatment with
Ad-GFP or Ad-dnATF6 via tail vein injection for 2 weeks. Adenovirus-mediated overexpression of nATF6 decreases hepatic steatosis in
HFHS diet-fed mice. Liver (A) and plasma (B) triglyceride and cholesterol levels were assessed in mice. C: Representative H&E and Oil Red
O staining is shown (scale bars: 50 mm). D: Blood glucose and plasma insulin levels were assessed. E: Hepatic gene expression of nATF6 in
mice fed the HFHS diet. F: Hepatic overexpression of ATF6 stimulates gene mRNA levels of UPR mediators and fatty acid oxidation genes
in livers of HFHS diet–fed mice. Hepatic gene expression was determined by real-time PCR. G: Plasma levels of b-hydroxybutyrate in
HFHS diet–fed mice. The data are represented as the mean6 SEM (n = 5–7). *P< 0.05 vs. chow and Ad-GFP; #P< 0.05 vs. HFHS and Ad-
GFP.
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response to ER stress. The current study is the first to use
gain- and loss-of-function approaches to demonstrate
that ATF6 is sufficient and necessary for hepatic steatosis
in mice in response to nutrient overload and fasting treat-
ment. The ATF6-PPARa axis appears to protect against
excessive increases in hepatic lipid accumulation, where-
as deregulation of this signaling leads to hepatic steato-
sis (Fig. 8). Interestingly, ATF6 activity was decreased
in livers of high fat diet–induced obese mice and in
genetically obese ob/ob mice (8). These findings are
also consistent with exacerbation of hepatic steatosis
by the deficiency of ATF6 or ER quality control gene
p58IPK in tunicamycin-treated mice (14,15) or im-
provement of hepatic steatosis by overexpression of
ER chaperone GRP78 in ob/ob mice (38). This study
supports the notion that initial ER stress–caused acti-
vation of the adaptation and/or recovery UPR path-
ways, such as ATF6, restores lipid dysregulation and
maintains metabolic homeostasis, whereas persistently
severe ER stress results in exacerbated metabolic dys-
function, possibly through the antiadaptive CHOP ac-
tivation (14).

In conclusion, we have shown that PPARa is a major
target of ATF6 in the liver to regulate fatty acid oxidation
and control lipid homeostasis. These findings provide a
novel mechanism by which ATF6 regulates lipid and glu-
cose metabolism and suggest that therapeutic strategies
designed to modulate ATF6 may be beneficial for the
treatment of hepatic steatosis as well as insulin resistance
in the obesity condition.
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