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Non-alcoholic fatty liver disease (NAFLD) is currently one of the most common types of chronic liver injury. Elevated
serum uric acid is a strong predictor of the development of fatty liver as well as metabolic syndrome. Here we
demonstrate that uric acid induces triglyceride accumulation by SREBP-1c activation via induction of endoplasmic
reticulum (ER) stress in hepatocytes. Uric acid-induced ER stress resulted in an increase of glucose-regulated protein
(GRP78/94), splicing of the X-box-binding protein-1 (XBP-1), the phosphorylation of protein kinase RNA-like ER kinase
(PERK), and eukaryotic translation initiation factor-2a (eIF-2a) in cultured hepatocytes. Uric acid promoted hepatic
lipogenesis through overexpression of the lipogenic enzyme, acetyl-CoA carboxylase 1 (ACC1), fatty acid synthase (FAS),
and stearoyl-CoA desaturase 1 (SCD1) via activation of SREBP-1c, which was blocked by probenecid, an organic anion
transport blocker in HepG2 cells and primary hepatocytes. A blocker of ER stress, tauroursodeoxycholic acid (TUDCA), and
an inhibitor of SREBP-1c, metformin, blocked hepatic fat accumulation, suggesting that uric acid promoted fat synthesis
in hepatocytes via ER stress-induced activation of SREBP-1c. Uric acid-induced activation of NADPH oxidase preceded ER
stress, which further induced mitochondrial ROS production in hepatocytes. These studies provide new insights into the
mechanisms by which uric acid stimulates fat accumulation in the liver.
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The prevalence of non-alcoholic fatty liver disease (NAFLD) has
increased rapidly, making it the most common cause of chronic
liver disease in the developed world.1,2 Endoplasmic reticulum
(ER) stress is now recognized as one of the mechanisms for fat
accumulation in NAFLD.3 Disruption of ER homeostasis with
activation of responsible signaling pathways and unfolded protein
response (UPR) have been demonstrated in human cells and
animal models of fatty liver.4–8 In addition, modulation of ER
stress improved hepatic steatosis with a restoration of glucose
homeostasis and insulin sensitivity in the diabetic mouse.9,10

A recent epidemiological study using data from the
National Health and Nutrition Examination Survey revealed
that uric acid was associated with NAFLD independently
of metabolic syndrome.11 Additional studies have shown

that elevated serum uric acid is an independent predictor
of NAFLD.12 Recently, uric acid has been shown to have
direct effects to increase hepatic fat accumulation via a
mechanism involving the induction of mitochondrial
oxidative stress,13 and lowering uric acid has been found to
block hepatic fat accumulation in a variety of animal
models.13–15 However, the role of ER stress in uric acid-
mediated hepatic fat accumulation has not been previously
examined.

Fat accumulation in liver is associated with an enhanced
expression of lipogenic genes, such as acetyl-CoA carboxylase
1 (ACC1), fatty acid synthase (FAS), and stearoyl-CoA
desaturase 1 (SCD1), which can be regulated by several trans-
criptional factors including sterol regulatory element-binding
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protein (SREBP) and carbohydrate-response element-binding
protein (ChREBP).16–20

In this study, we investigated whether uric acid induced ER
stress in liver, and modulation of uric acid-induced ER stress
could ameliorate hepatic fat accumulation. We also examined
the differential activation of transcription factors responsible
for uric acid-induced fat accumulation in hepatocytes with
a demonstration of cross-talk between ER stress and oxida-
tive stress.

MATERIALS AND METHODS
Reagents
All chemicals and tissue plate were obtained from Sigma-
Aldrich (St. Louis, MO) and NuncLabware (Waltham, MA)
unless otherwise stated. Uric acid (Ultrapure, Sigma) was
dissolved in warmed media and filtered before use.

Cell Culture
HepG2 cells (Korean Cell Line Bank of Seoul National
University, Seoul, Korea) were maintained in RPMI 1640
medium (Thermo Scientific, Waltham, MA) supplemented
with 10% fetal bovine serum, 100U/ml penicillin and 100 mg/
ml streptomycin at 37 1C in a humidified 5% CO2/95% air
atmosphere incubator and exposed to different concentra-
tions of uric acid (0–12mg/dl).

Isolation of Primary Mouse Hepatocytes
Primary mouse hepatocytes were isolated by collagenase
perfusion method.21,22 Briefly, mouse liver was perfused
through portal vein using warm Ca2þ - and Mg2þ -free
Hank’s balanced salt solution (Sigma-Aldrich) containing
5.5mM KCl, 5.5mM glucose, 25mM NaHCO3, and 0.7mM
EDTA for 3min and liver digest media (Invitrogen, Carlsbad,
CA) for 8min. After perfusion, the liver was immediately
collected and dissected using tweezers in 10ml of plating
media (Dulbecco’s modified Eagle’s medium supplemented
with 10% lipid-reduced fetal bovine serum, 2mM sodium
pyruvate, 2% penicillin/streptomycin, 1mM dexamethasone,
and 0.1 mM insulin) and passed through a cell strainer (70 mm
nylon mesh) (BD Falcon Labware, San Jose, CA). After cen-
trifugation at 50 g (5min, 4 1C), the pellet was resuspended
in 50% Percoll (Sigma-Aldrich) in plating medium. After
centrifugation, the pellet was washed twice using plating
medium, and then hepatocytes were seeded in collagen-
coated six-well plates.

Intracellular Triglyceride (TG) Assay
After an extraction of intracellular TG using 5% NP-40 from
HepG2 cells or primary mouse hepatocytes, TG content
was measured with Triglyceride Quantification Kit (Abnova,
Heidelberg, Germany). Intracellular TG was normalized by
total protein content.

Oil Red O Staining
After an incubation of HepG2 cells or primary mouse
hepatocytes with 3–12mg/dl of uric acid for 48 h, cells were
washed with phosphate buffered saline (PBS) and fixed with
4% paraformaldehyde. Cells were stained with Oil Red O
staining solution for 20min at 60 1C after an addition of
100% 1, 2-propanediol dehydration solution. The stained
cells were photographed using phase-contrast microscope
(Axiovert 200; Carl Zeiss, Oberkochen, Germany), and
image was captured by a digital camera (AxioCam HRC;
Carl Zeiss).

Western Blotting Analysis
HepG2 cells or primary mouse hepatocytes were lysed with
RIPA buffer containing protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany). After denaturation and
boiling of protein, lysates were loaded and resolved on 10%
SDS-PAGE gels and transferred to a polyvinylidene difluoride
membrane (Atto Corporation, Tokyo, Japan) for 2 h at 4 1C.
Membranes were incubated overnight with each primary
antibodies at 4 1C: anti-ACC1 (Abcam, Cambridge, MA),
anti-FAS (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
SCD1 (Cell signaling, Danvers), anti-b-actin (Santa Cruz
Biotechnology), anti-KDEL GRP78/94 (Enzo Life Sciences,
Plymouth, PA), anti-p-PERK (Cell signaling), anti-PERK
(Cell signaling), anti-p-eIF-2a (Cell signaling), anti-eIF-2a
(Santa Cruz Biotechnology), anti-ChREBP (Novus Biologicals,
Littleton, CO), anti-SREBP-1 (Santa Cruz Biotechnology),
anti-Lamin B1 (Santa Cruz Biotechnology), anti-p47phox

(Cell signaling), anti-p-p47phox (Cell signaling), and anti-
p22phox (Santa Cruz Biotechnology). After washing the blots
with PBS with Tween 20, the blots were incubated with
horseradish peroxidase-conjugated secondary antibodies
corresponding to each primary antibody. Signals were
enhanced and detected using enhanced chemiluminescence
detection (Santa Cruz Biotechnology).

Quantitative Real-Time PCR Analysis
After isolation of total RNA using TRIZOL reagent (Molecular
Research Center, Inc, Cincinnati, OH) and quantification by
measuring optical density at 260 nm, cDNA was synthesized
by the QuantiTect Reverse Transcription kit (Qiagen, Cour-
taboeuf, France) according to the manufacturer’s protocol.
The first strand obtained was quantified by real-time quan-
titative PCR using a SYBR Green assay on the iCycler Optical
System (Applied Biosystems, Foster City, CA). The PCR cycle
conditions for human gene consisted of 95 1C for 60 s, 55 1C
for 30 s, and 60 1C for 45 s followed by a 10-min extension at
72 1C (40 cycles). PCR primers for each lipogenic enzymes
were as follows: ACC1: sense, 50-GAGGGAAGGGAATTAG
AA-30, antisense, 50-ATCACCCCAGGGAGATAC-30; FAS:
sense, 50-GACGTCTGCAAGCCCAAGTA-30, antisense, 50-CA
TCGTCTCCACCAAAATGC-30; SCD1: sense, 50-GCAGGAC
GATATCTCTAGCT-30, antisense, 50-GTCTCCAACTTATCT
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CCTCCATTC-30; and b-actin: sense, 50-TTCTGACCCATG
CCCAC, antisense, 50-ATGGATGATATCGCCGCGCTC-30.

Reverse Transcriptase-PCR Analysis of XBP-1 Splicing
The splicing of XBP-1 mRNA was detected by semiquantita-
tive RT-PCR using primers specific for XBP-1, which detected
both unspliced (424 bp) and spliced (398 bp) isoforms: sense,
50-CTGGAAAGCAAGTGGTAGA-30, antisense, 50-CTGGGT
CCTTCTGGGTAGAC-30; and b-actin, sense, 50-TTCTGACC
CATGCCCACCAT-30, antisense, 50-ATGGATGATATCGCCG
CGCTC-30.

Cell Morphology and Immunocytochemistry
Cell morphology was analyzed under an inverted phase-
contrast microscope (Axiovert 200; Carl Zeiss), and image
was captured by a digital camera (AxioCam HRC; Carl
Zeiss). For immunofluorescence staining, HepG2 cells or

primary mouse hepatocytes were washed with PBS and fixed
in 4% paraformaldehyde for 20min at 25 1C. After treatment
with 1% Triton X-100 for 15min at 4 1C, cells were incubated
with primary antibody specific for SREBP-1 overnight at
4 1C, followed by an incubation with goat anti-mouse
IgG-FITC-conjugated secondary antibody (Santa Cruz Bio-
technology) for 1 h at 25 1C in the dark. The cover slides were
mounted in Vectashield mounting media with DAPI (Vector
laboratories Inc, Burlingame, CA), and cells were visualized
using an Axiovert 200 fluorescence inverted phase-contrast
objectives.

Effect of Taurine-Conjugated Ursodeoxycholic Acid
(TUDCA), Metformin, and Antioxidants on Uric
Acid-Induced ER Stress in Fat Accumulation
Effects of ER stress blocker, TUDCA (300 mM, Tokyo Kasei,
Tokyo, Japan), a blocker of SREBP-1c cleavage, metformin
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Figure 1 Effect of uric acid on TG accumulation and lipogenic enzymes expression in HepG2 cells. (a) Intracellular TG content in HepG2 cells is

increased by uric acid (UA) from 6mg/dl at 48 h, which is ameliorated by probenecid (P, 0.5mM) (n¼ 5). *Po0.05 vs 0 and 3mg/dl of UA. (b) Phase-

contrast microscope (upper row) and Oil Red O staining (lower row) reveal increased intracellular fat vacuoles in uric acid (12mg/dl)-treated HepG2

cells at 48 h, which is blocked by probenecid (P). Magnifications, � 200. (c) Uric acid increases the protein levels of ACC1, FAS, and SCD1 in HepG2 cells

at 24 h that are blocked by probenecid (P) (n¼ 6). (d) Uric acid also upregulates mRNA expression of lipogenic enzymes, which is ameliorated by

probenecid (P) at 12 h (n¼ 6). *Po0.05 vs others.
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(0.25mM), and antioxidants, including N-acetyl cysteine
(NAC, 2mM), diphenyleneiodonium (DPI, 0.2 mM), and
rotenone (5mM), on uric acid-induced changes in HepG2
cells were investigated.

Measurement of NADPH Oxidase (NOX) Activity
NOX activity was measured by the lucigenin-enhanced che-
miluminescence method. After washing in ice-cold PBS and
lysis of hepatocytes, cell homogenates (100 mg) were added
into 50mM PBS containing 1mM EGTA, 150mM sucrose,
5 mM lucigenin as the electron acceptor, and 100 mM NADPH
as the donor. Superoxide production was expressed as the
rate of relative chemiluminescence units per milligram of
protein.

Measurement of Hydrogen Peroxide Production
Hydrogen peroxide (H2O2) production was measured
using Amplex Red Hydrogen Peroxide (Invitrogen). Briefly,
HepG2 cells were incubated with 100 mM Amplex Red
(Invitrogen) after an exposure to uric acid (0–12mg/dl). A
serial fluorescence was measured using fluorescent ELISA

reader at excitation 571 nm and emission 585 nm (Molecular
Devices).

Immunoprecipitation
For immunoprecipitation, whole-cell extracts prepared with
lysis buffer were incubated overnight with appropriate anti-
bodies at 4 1C, and immune complexes were trapped on
protein A/G-sepharose beads for 4 h (Amersham, Buck-
inghamshire, England). Beads were washed five times with
cold lysis buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl)
containing 1� protease inhibitors (Roche Molecular). After
denaturation and boiling of protein, lysates were loaded and
resolved on 10% SDS-PAGE gels and transferred to a poly-
vinylidene difluoride membrane (Atto Corporation, Tokyo,
Japan) for 2 h at 4 1C. Membranes were incubated overnight
with each primary antibodies at 4 1C: anti-p47phox (Cell
signaling) anti-p-p47phox (Cell signaling), and anti-p22phox

(Santa Cruz Biotechnology). After washing the blots with
PBS with Tween 20, the blots were incubated with horse-
radish peroxidase-conjugated secondary antibodies corre-
sponding to each primary antibody. Signals were enhanced

Figure 2 Effect of uric acid on transcription factors and SREBP-1c cleavage in HepG2 cells. (a) SREBP-1c (125 kDa) and m-SREBP-1c (mature form,

68 kDa) are increased by uric acid (UA) from 6 and 12mg/dl at 24 h, respectively; however, ChREBP protein expression in cytoplasmic and nuclear

extract of HepG2 cells is not changed (n¼ 5). (b) Probenecid (P) blocks the effect of uric acid-associated increase in SREBP-1c and m-SREBP-1c

expression at 24 h. An enhanced expression of m-SREBP-1c by uric acid is observed in nuclear extract of HepG2 cells. Quantitation bar is shown for

nuclear m-SREBP-1c expression (n¼ 5). *Po0.05 vs others. (c) Fluorescence immunocytochemistry for SREBP-1c (green) reveals nuclear translocation of

SREBP-1c by uric acid (yellow) that is generally localized in cell membrane and cytoplasm in control HepG2 cells. DAPI nuclear staining is seen in blue.

Probenecid (P) ameliorates nuclear localization of SREBP-1 by uric acid. Magnification, � 200.
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Figure 3 Effect of uric acid on ER stress in HepG2 cells. (a) Uric acid (12mg/dl) increases the expression of GRP78/94 from 3h (n¼ 6). (b and c) Uric

acid activates the phosphorylation of PERK/eIF-2a and ATF6 expression from 3 and 6 h, respectively (n¼ 6). (d) Uric acid also induces XBP-1 splicing

from 12 h. The PCR products of XBP-1 are shown as unspliced and spliced form XBP-1 (n¼ 5). *Po0.05 vs other time points.
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Figure 4 Effect of TUDCA on uric acid-induced TG accumulation, lipogenic enzymes, and SREBP-1c activation. (a) Uric acid (12mg/dl)-induced fat

accumulation is blocked by ER stress blocker, TUDCA (T, 300 mM) at 48 h (n¼ 5). (b) TUDCA (T) blocks uric acid-induced increase in ACC1, FAS, and

SCD1 proteins in HepG2 cells at 24 h (n¼ 5). (c) Uric acid-induced mRNA expression of lipogenic enzymes is ameliorated by TUDCA (n¼ 5). *Po0.05 vs

others. (d) Uric acid-induced increase in SREBP-1c, m-SREBP-1c, and its nuclear translocation are blocked by TUDCA (T) at 24 h (n¼ 5). *Po0.05 vs

others.
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and detected using enhanced chemiluminescence detection
(Santa Cruz Biotechnology).

Detection of Mitochondrial Superoxide Levels
Mitochondrial superoxide production was measured using
MitoSOX (Invitrogen). Briefly, HepG2 cells were washed with
PBS and then incubated in media containing MitoSOX Red
(2.5 mM) for 30min at 37 1C in dark conditions. Cells image
was obtained using Axiovert 200 fluorescence microscope
(Carl Zeiss).

Statistical Analysis
The results are presented as mean±s.d. and analyzed using
t-test or one-way ANOVA (GraphPad Prism 5.0) followed by
correction for multiple comparisons. The results were con-
sidered significant if the P-value was o0.05.

RESULTS
Uric acid-Induced TG Accumulation in HepG2 Cells with
an Enhanced Expression of Lipogenic Enzymes
Uric acid increased the content of intracellular TG in HepG2
cells beginning at 6mg/dl (Figure 1a). The organic anion trans-
port blocker, probenecid, attenuated uric acid-induced intra-
cellular TG accumulation, suggesting that uric acid requires
entry into the cell to stimulate fat accumulation in HepG2 cells.
The increased intracellular TG was also demonstrated by Oil
Red O staining (Figure 1b). Uric acid induced endogenous
lipogenic enzymes encoding ACC1, FAS, and SCD1, which was
inhibited by coincubation with probenecid (Figures 1c and d).

Uric Acid Induced Cleavage of SREBP-1c but did not
Alter ChREBP Expression in HepG2 Cells
Uric acid increased the endogenous protein levels of SREBP-
1c and m-SREBP-1c (mature form) in HepG2 cells; however,

Figure 5 Effect of metformin on uric acid-induced SREBP-1c activation, fat accumulation, and the expression of lipogenic enzymes. (a) Uric acid

(12mg/dl)-induced increase in SREBP-1c, m-SREBP-1c, and its nuclear translocation of m-SREBP-1c are ameliorated by metformin (M) at 24 h (n¼ 5).

*Po0.05 vs others. (b–d) Metformin (M) inhibits both hepatic TG accumulation at 48 h (n¼ 5) and enhanced expression of ACC1, FAS, and SCD1 by uric

acid (UA) at 24 h (n¼ 5). Representative western blots with quantitation of protein (c) and mRNA (d) are shown. *Po0.05 vs others.
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the expression of ChREBP protein was comparable in control
and uric acid-treated cells (Figure 2a). Probenecid sig-
nificantly inhibited the effect of uric acid on m-SREBP-1c

level (Figure 2b). An enhanced expression of m-SREBP-1c by
uric acid was seen in nuclear extract of HepG2 cells, but not
in cytoplasmic protein. Translocation of m-SREBP-1c into

Figure 6 Effect of uric acid on H2O2 production in HepG2 cells and effect of antioxidants on uric acid-induced TG accumulation and p-p47phox and

p-p47phox-p22phox interaction. (a and b) Uric acid (46mg/dl) increases ROS generation from 30min as assessed by H2O2 staining, with an increase in

NOX activity (n¼ 3). *Po0.05 vs other time points at each concentration of uric acid, #Po0.05 vs other concentration of uric acid at 120min. (c) Uric

acid-induced TG accumulation in HepG2 cells at 48 h is ameliorated by antioxidants, including NAC, DPI, and rotenone (n¼ 4). *Po0.05 vs others. (d)

Uric acid-induced p-p47phox and interaction of p-p47phox with p22phox in HepG2 cells are ameliorated by probenecid (P), NAC, and DPI (n¼ 4). *Po0.05

vs others.

Figure 7 Effect of NAC and DPI on uric acid-induced ER stress in HepG2 cells. (a) NAC (2mM) and DPI (0.2 mM) significantly inhibit uric acid (12mg/dl)-

induced GRP78/94 expression (n¼ 5). (b and c) NAC and DPI significantly inhibit the phosphorylation of PERK/eIF-2a and ATF6 level induced by uric

acid in HepG2 cells (n¼ 5). (d) Uric acid-induced XBP-1 splicing is also blocked by NAC and DPI (n¼ 5).
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the nucleus was also confirmed by immunocytochemistry
(Figure 2c).

Uric Acid Induced ER Stress in HepG2 Cells
Uric acid (12mg/dl) induced an increased expression of
GRP78/94 in HepG2 cells in a time-dependent manner
(Figure 3a). Uric acid induced the phosphorylation of PERK
and eIF-2a (Figure 3b) and the expression of ATF6
(Figure 3c). XBP-1 mRNA spicing, which was known to be
induced by activation of IRE-1 endoribonuclease of IRE-1-
dependent pathway of ER stress,23 was also observed in uric
acid-treated HepG2 cells (Figure 3d).

Blocking of ER Stress Ameliorated Uric Acid-Induced TG
Accumulation and the Increase in ACC1, FAS, and SCD1
in HepG2 Cells
TUDCA ameliorated uric acid-induced fat accumulation
(Figure 4a) as well as induction of lipogenic enzymes, ACC1,
FAS, and SCD1 (Figures 4b and c). TUDCA also inhibited the
expression of m-SREBP-1c and nuclear translocation of
m-SREBP-1c in HepG2 cells (Figure 4d).

SREBP-1c Cleavage and Nuclear Translocation were
Responsible for Uric Acid-Induced Fat Accumulation and
the Overexpression of ACC1, FAS, and SCD1
In order to examine whether SREBP-1c cleavage and nuclear
translocation were responsible for uric acid-induced fat accu-
mulation, we investigated the effect of metformin, an anti-
diabetic drug which was known to block SREBP-1c cleavage
and nuclear translocation.24 Metformin blocked uric acid-
induced SREBP-1c cleavage and nuclear translocation
(Figure 5a). Uric acid-induced fat accumulation as well as
induction of lipogenic enzymes was also ameliorated by met-
formin (Figures 5b-d), consistent with the hypothesis that
SREBP-1c cleavage might contribute to uric acid-induced fat
deposition in hepatocytes.

Uric Acid-Induced Oxidative Stress Preceded ER Stress in
Hepatocyte
Previously, we demonstrated uric acid-induced oxidative
stress as a major mechanism of fat accumulation in HepG2
cells.13 Uric acid (46mg/dl) increased H2O2 production and
NOX activity in HepG2 cells from 30min (Figures 6a and b).

Figure 8 Effect of rotenone on uric acid-induced ER stress in HepG2 cells. (a) Rotenone (5mM) does not alter GRP78/94 expression at 3 and 6 h of uric

acid stimulation; however, it blocks GRP78/94 from 12 h (n¼ 5). (b and c) Rotenone ameliorates the phosphorylation of PERK/eIF-2a and ATF6 level at

12 and 24 h of uric acid stimulation despite no significant effect on uric acid-induced phosphorylation at 3 or 6 h (n¼ 5). *Po0.05 vs other time points,
#Po0.05 vs UA at 12 or 24 h. (d) Rotenone also alleviates uric acid-induced XBP-1 splicing at 24 h (n¼ 5). *Po0.05 vs other time points for each

condition, #Po0.05 vs UA at 24 h.
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Antioxidants, including NAC, DPI, and rotenone, blocked
TG accumulation in HepG2 cells (Figure 6c), suggesting both
NOX-dependent and mitochondria-mediated oxidative stress
generated by uric acid were responsible for hepatic fat
accumulation.

To investigate the mechanism of uric acid-induced increase
in NOX activity, we examined the phosphorylation of p47phox

(p-p47phox) and p-p47phox-p22phox interaction. Uric acid
increased p-p47phox and p-p47phox-p22phox interaction, which
were blocked by probenecid, NAC, and DPI (Figure 6d).

Interestingly, pretreatment with NAC or DPI blocked uric
acid-induced ER stress in HepG2 cells (Figure 7). An
inhibitor of mitochondrial complex I, rotenone, partially
blocked uric acid-induced ER stress in HepG2 cells at later
time points (Figure 8). TUDCA ameliorated mitochondrial
ROS production in uric acid-exposed hepatocytes, suggesting
that ER stress preceded mitochondrial ROS production in
uric acid-stimulated hepatocytes although mitochondrial
ROS stimulated UPR and TG accumulation at later time
points. NAC and DPI also decreased mitochondrial ROS
production (Figure 9).

Uric Acid also Induced TG Accumulation and SREBP-1c
Cleavage with Induction of ER Stress in Primary
Hepatocytes
To confirm whether uric acid also induced fat accumulation
in primary hepatocytes, we measured TG content and the

expression of SREBP and ChREBP in primarily isolated
hepatocytes from mice. Uric acid increased the content of
intracellular TG in primary mouse hepatocyte from 6mg/dl,
which was blocked by probenecid (Figure 10a). The increased
intracellular TG was also demonstrated by Oil Red O staining
(Figure 10b). Uric acid also increased the expression of
SREBP-1c and m-SREBP-1c in primary mouse hepatocyte;
however, it did not alter ChREBP expression (Figure 10c).
Probenecid significantly inhibited the effect of uric acid on
the expression of m-SREBP-1c in nuclear extracts of primary
hepatocytes (Figure 10d). Uric acid enhanced the expression
of GRP78/94 in primary hepatocytes at 12 and 24 h, which
was also blocked by probenecid (Figure 10e).

DISCUSSION
Hyperuricemia is prevalent in subjects with NAFLD and
metabolic syndrome, although its clinical implication is still
controversial.11,12 Recent experimental studies have reported
a benefit of hypouricemic therapy in ameliorating fat deposi-
tion in liver,13–15 suggesting an etiological contribution of
uric acid in the development of NAFLD or metabolic
syndrome. In this study, we have demonstrated uric acid-
induced fat accumulation in hepatocytes by enhancing the
expression of lipogenic enzymes, which was associated with
ER stress-mediated SREBP-1c cleavage and nuclear transloca-
tion. Importantly, ROS generation by NOX preceded the
UPR that triggered mitochondrial ROS production in these

Figure 9 Effect of TUDCA and antioxidants on uric acid-induced mitochondria ROS in HepG2 cells. Uric acid induces mitochondrial ROS production as

assessed by Mito-SOX staining from 6h of uric acid treatment (n¼ 4). Co-treatment with TUDCA, NAC, and DPI significantly reduces mitochondria

oxidative stress in HepG2 cells exposed to uric acid (12mg/dl).
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cells. We have previously reported mitochondrial oxidative
stress by uric acid-activated ATP citrate lyase and FAS that
led to de novo lipogenesis in liver.13 In this manuscript, we
have identified an additional mechanism whereby uric acid
induces hepatic steatosis via ER stress.

One of the most important findings of this study was a
demonstration of uric acid-induced fat accumulation in
hepatocyte via induction of ER stress, which was confirmed in
both HepG2 cells and primary mouse hepatocytes. We have
demonstrated uric acid-induced ER stress in hepatocytes for
the first time. ER is the site of protein folding and synthesis of
lipid and sterols.7 As a protein-folding compartment, ER is
exquisitely sensitive to alteration in homeostasis and provides
stringent quality control to ensure the production of mature
and correctly folded protein. With a perturbation of ER

homeostasis and an accumulation of misfolded or unfolded
protein, highly specific signaling pathways called UPR are
activated to alleviate this stressful condition. The UPR is
orchestrated by transcriptional activation of multiple genes
through IRE-1 and ATF6. XBP-1 protein derived from IRE-1
and ATF6 transcription factors binds the ER stress response
element and activates UPR-inducible genes, such as Bip,
GRP94, and calreticulin. Recent studies showed that ER stress
and UPR signaling is involved in regulating hepatic lipid
metabolism and the development of NAFLD.3 The UPR
branches through IRE-1/XBP-1 regulate the expression of
lipogenic enzymes,25 and the pathway through PERK/eIF-2a
was required for the development of fatty liver.5 Our data
demonstrated that uric acid induced the expression of
GRP78/94, ATF6, splicing of XBP-1, and phosphorylation
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Figure 10 Effect of uric acid on TG accumulation, SREBP-1c cleavage and GRP expression in primary mouse hepatocyte. (a) Intracellular TG content in

primary mouse hepatocyte is increased by uric acid (UA) from 6mg/dl at 48 h, which is ameliorated by probenecid (0.5mM, P) (n¼ 3). *Po0.05 vs 0

and 3mg/dl of uric acid. (b) Phase-contrast microscopy and Oil Red O staining reveal an increased fat vacuoles in uric acid-treated hepatocytes. (c)

SREBP-1c (125 kDa) and m-SREBP-1c (68 kDa) are increased by uric acid (46mg/dl) at 24 h; however, ChREBP protein expression in cytoplasmic and

nuclear extract of primary mouse hepatocyte is not changed (n¼ 3). *Po0.05 vs 0 and 3mg/dl of uric acid (d). Probenecid (P) blocks uric acid-

associated increase in m-SREBP-1c expression and nuclear translocation at 24 h in primary mouse hepatocyte (n¼ 3). *Po0.05 vs control (C) and
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of eIF-2a, which was activated by phospho-PERK in HepG2
cells. Probenecid, which blocks the entry of uric acid into
cells, inhibited the activation of ER stress-related markers.
Importantly, TUDCA, a bile acid derivative which was used
as a chemical chaperon to enhance protein folding against ER
stress,9,10 ameliorated uric acid-induced fat accumulation
with an alleviation of ER stress. This finding suggested uric
acid-induced ER stress played a role in hepatic steatosis.

Next, we investigated the mechanism of uric acid-induced
fat accumulation mediated by ER stress. Uric acid enhanced
the expression of three key lipogenic enzymes, including
ACC1, FAS, and SCD1, which were also ameliorated by
TUDCA. The gene expression of these lipogenic enzymes is
known to be mainly regulated by two transcriptional factors,
SREBP-1c and ChREBP.26,27 ChREBP is a glucose-responsive
basic/helix-loop-helix/leucine zipper transcription factor that
is mainly expressed in liver and specifically binds to a
carbohydrate response element containing E box. Activation
of ChREBP was reported to occur with fructose, which could
be mediated by fructose-induced uric acid generation;13

however, we were not able to show a direct activation of
ChREBP by uric acid. Despite an absence of uric acid-
induced activation of ChREBP, our study showed that uric
acid increased the cleavage of SREBP-1 into mature form and
nuclear translocation. Upregulation of lipogenic enzymes and
SREBP-1 is observed in both HepG2 cells and primary
hepatocytes in this study.

To examine whether uric acid-induced cleavage of SREBP-
1c is a major pathway of fat accumulation in HepG2 cells, we
used metformin, an anti-diabetic drug that is known to
phosphorylate SREBP-1c and block the cleavage and nuclear
translocation of SREBP-1c. Metformin significantly blocked
uric acid-induced TG accumulation and induction of lipo-
genic enzymes.

We also demonstrated cross-talk between oxidative stress
and ER stress. We have previously reported that uric acid
induces oxidative stress in glomerular cell, adipocyte, and
hepatocyte by increasing NOX activity.13,28,29 Oxidative stress
in uric acid-stimulated HepG2 cells was especially linked with
NOX4 activation and mitochondrial dysfunction evidenced
by the effect of NOX4 siRNA on uric acid-induced TG
accumulation in HepG2 cells. In this experiment, uric acid
induced ROS production as assessed by H2O2 staining from
30min, with an increased activity of NOX in a time-
dependent manner (Figures 6a and b). Consistent with NOX
activation, uric acid induced p47phox phosphorylation and
p-p47phox-p22phox interaction, which was blocked by probe-
necid. Rapid phosphorylation of p47phox by uric acid suggests
that this subunit is required for enhanced activity of NADPH
oxidase by uric acid in HepG2 cells.

Mitochondrial ROS production assessed by MitoSOX
staining was also observed 6 h following uric acid stimulation
(Figure 9). NAC (an ROS scavenger) or DPI (a NOX
inhibitor) blocked the expression of GRP78/94, ATF6, p-PERK,
p-eIF-2a, and XBP-1 splicing at 1–24 h, suggesting that the

ROS production by NOX in uric acid-exposed cells preceded
the development of ER stress. Rotenone (mitochondrial
complex I inhibitor) did not alter the expression of ER stress
markers at earlier time points up to 6 h; however, rotenone
ameliorated uric acid-induced ER stress at 12 and 24 h. These
findings suggested that cytoplasmic ROS by membranous
NOX activation was responsible for uric acid-induced ER
stress in earlier time points, whereas mitochondrial ROS also
played a role in later time points in fat accumulation in
HepG2 cells. Mitochondrial oxidative stress, which is gen-
erally known to occur later than ROS production by mem-
branous NOX activation, and which can be also induced by
membranous NOX-mediated ROS in part, is reported
as a key mechanism of hepatic steatosis.30,31 In our study,
TUDCA ameliorated mitochondrial ROS production (Figure 9),
suggesting ER stress preceded mitochondrial dysfunction.
Antioxidants, NAC, DPI, and rotenone alleviated uric acid-
induced TG accumulation in HepG2 cells.

In summary, we propose that uric acid generated from
intracellular metabolism or via entry from the circulation
activates NOX in cell membranes with ROS production,
which induces a cascade of ER stress with a release of mature
form of lipogenic transcription factor, SREBP-1c. Mito-
chondrial ROS, which was proven to be major mechanism of
hepatic lipogenesis in a previous study from our group,13 can
be produced by ER dysfunction as well as ROS accumulated
by membranous NOX activation. Therefore, there is a cross-talk
between oxidative stress and ER stress in uric acid-exposed
hepatocytes, which resulted in an enhanced expression of
lipogenic genes and TG production (Figure 11).
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Figure 11 Proposed model of uric acid-induced fat accumulation
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transcription of lipogenic genes (ACC1, FAS, and SCD1) E. NOX-

dependent ROS further activates mitochondrial ROS production F, which
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also reported to be an important mechanism of TG accumulation in
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In conclusion, our study provides the first evidence that
uric acid-induced fat accumulation in HepG2 cells or pri-
mary hepatocytes occurs by oxidative and ER stress. Effect of
uric acid-lowering therapy on fat accumulation needs to be
examined in an animal model of fatty liver. We also propose
studies in humans to determine whether lowering uric acid
may provide a beneficial effect for preventing and/or treating
NAFLD and metabolic syndrome.
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