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Background: Uric acid is an independent risk factor in fructose-induced fatty liver, but whether it is a marker or a cause
remains unknown.
Results: Hepatocytes exposed to uric acid developed mitochondrial dysfunction and increased de novo lipogenesis, and its
blockade prevented fructose-induced lipogenesis.
Conclusion: Rather than a consequence, uric acid induces fatty liver
Significance: Hyperuricemic people are more prone to develop fructose-induced fatty liver.

Metabolic syndrome represents a collection of abnormalities
that includes fatty liver, and it currently affects one-third of the
United States population and has become a major health con-
cernworldwide. Fructose intake, primarily fromadded sugars in
soft drinks, can induce fatty liver in animals and is epidemiolog-
ically associatedwith nonalcoholic fatty liver disease in humans.
Fructose is considered lipogenic due to its ability to generate
triglycerides as a direct consequence of the metabolism of the
fructose molecule. Here, we show that fructose also stimulates
triglyceride synthesis via a purine-degrading pathway that is
triggered from the rapid phosphorylation of fructose by fruc-

tokinase. Generated AMP enters into the purine degradation
pathway through the activation of AMP deaminase resulting in
uric acid production and the generation of mitochondrial oxi-
dants.Mitochondrial oxidative stress results in the inhibition of
aconitase in the Krebs cycle, resulting in the accumulation of
citrate and the stimulation of ATP citrate lyase and fatty-acid
synthase leading to de novo lipogeneis. These studies provide
new insights into the pathogenesis of hepatic fat accumulation
under normal and diseased states.

Nonalcoholic fatty liver disease (NAFLD)2 is a common con-
dition, present in 20–30% of adults in the United States, and is
associated with increased mortality (1). A recently recognized
risk factor of NAFLD is fructose, especially that present in soft
drinks (2–5). Fructose is known to be lipogenic (6), and the
feeding of fructose to rats causes the rapid development of fatty
liver (7). This ismediated by the initial rapid phosphorylation of
fructose to fructose 1-phosphate by fructokinase (ketohexoki-
nase, KHK) with paralleled ATP depletion and uric acid gener-
ation. Therefore, one unique aspect of fructose compared with
glucose and other sugars is that it generates uric acid inside the
hepatocyte during its metabolism (8). Serum uric acid rises
acutely after the ingestion of fructose (9). Chronic administra-
tion of diets enriched in fructose also raises both fasting and
24-h uric acid levels (10, 11), and studies of the general popula-
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tion have linked soft drink intake with increased serum uric
acid levels (12). Given this information, it is not surprising that
an elevated serum uric acid has been repeatedly shown to both
predict as well as to be common in subjects with NAFLD
(13–22).
The possibility that uric acid may have a causal role in

NAFLD has to our knowledge not been studied in detail. There
is a report that lowering of uric acid can prevent hepatic stea-
tosis in the Mongolian gerbil (23), but the mechanism was not
elucidated. However, recent studies have shown that uric acid
can induce intracellular oxidative stress and proinflammatory
effects in various cell types (24–28). This led us to hypothesize
that uric acid may have a role in fructose-induced fatty liver
disease and possibly in other models of NAFLD. In this study,
we identify a mechanism by which uric acid may mediate fatty
liver, involving a pathway in which uric acid alters mitochon-
drial function with the alteration in fat synthesis.

EXPERIMENTAL PROCEDURES

Materials—Cell culture medium (RPMI 1640 medium), fetal
calf serum, and antibiotics were from Invitrogen. Rabbit poly-
clonal antibody to KHK (HPA00740) was purchased from Sig-
ma; the antibody to NOX4 (SC-30141) was from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA); antibodies to �-actin
(3700) was from Cell Signaling (Danvers, MA), and antibody to
aldolase B (H00000229-B01) was from Novus Biologicals
(Littleton, CO). Secondary antibodies conjugated with horse-
radish peroxidase were from Cell Signaling, and those conju-
gated with Alexa dyes were purchased from Molecular Probes
(Eugene, OR). Fructose, glucose, mannitol, uric acid, and allo-
purinol were purchased from Sigma, and probenecid was
obtained fromMolecular Probes.
Cell Culture and Silencing—The established human hepato-

cyte cell line HepG2 was maintained as described elsewhere
(29). Expression of KHK, aldolase B, and NOX4 in HepG2 cells
was stably silenced. Briefly, lentiviral particles codifying for a
silencing sequence were obtained from Open Biosystems
(KHK, Huntsville, AL) and Santa Cruz Biotechnology (aldolase
B and NOX4). In both cases, HepG2 cells previously treated
with Polybrene (10 �g/ml) were exposed to the lentiviral parti-
cles for 24 h for transduction. After exposure, medium was
removed, and cells were incubated in normalmedia in the pres-
ence of puromycin (2 �g/ml) to select transduced cells. Clones
with greater than 90% silencing as assessed by Western blot
analysis were selected from colonies growing in plates from a
10-fold dilution series in media prepared with 2 �g/ml puro-
mycin antibiotic. In experiments involving allopurinol and pro-
benecid, cells were preincubated with these compounds for 8 h
prior exposure to fructose or uric acid.
Determination of Intracellular, Intrahepatic, and SerumUric

Acid and Triglycerides—Cell lysates obtained with MAPK lysis
buffer as well as serum collected from 8-h fasting rats were
analyzed using aVetAce autoanalyzer (AlfaWassermann,West
Caldwell, NJ), as described previously (3). For triglyceride
determination in liver and HepG2 cells, fat was solubilized by
homogenization in 1 ml of solution containing 5% Nonidet
P-40 in water; the samples were slowly exposed to an 80-100 °C
water bath for 2-5 min until the Nonidet P-40 became cloudy

and then cooled down to room temperature. Sampleswere then
centrifuged for 2 min to remove any insoluble material. Trig-
lyceride determination with the VetAce autoanalyzer was used
in the initial breakdown into fatty acids and glycerol. Glycerol
was then oxidized to generate a product that reacts with the
probe to generate color at 570 nm. Similarly, uric acid determi-
nation was based on the conversion of uric acid to allantoin,
hydrogen peroxide (H2O2), and carbon dioxide by uricase. The
H2O2 was then determined by its reaction with the probe to
generate color at �571 nm. Values obtained were normalized
per mg of soluble protein in the lysates. Because rat livers con-
tained endogenous uricase, intrahepatic uric acid in liver
samples were analyzed employing the quantichrom uric acid
determination kit (Bioassay Systems, Hayward, CA), which is a
non-uricase-based system.
Protein Extraction and Western Blotting—Protein lysates

were prepared from confluent cell cultures and rat tissue
employing MAPK lysis buffer as described previously (10).
Sample protein content was determined by the BCA protein
assay (Pierce). 50 �g of total protein was loaded per lane for
SDS-PAGE (10% w/v) analysis and then transferred to PVDF
membranes. Membranes were incubated with primary anti-
bodies and visualized using a horseradish peroxidase secondary
antibody and the HRP Immun StAR� detection kit (Bio-Rad).
Chemiluminescence was recorded with an Image Station
440CF, and results were analyzed with the 1D Image Software
(Kodak Digital Science, Rochester, NY).
Determination of AMPD2Activity—AMPdeaminase activity

was determined by estimating the production of ammonia by a
modification of the method described by Chaney andMarbach
(30) from cells collected in a buffer containing 150 mM KCl, 20
mMTris-HCl, 1mMEDTA, and 1mMdithiothreitol. Briefly, the
reaction mixture consisted of 25 mM sodium citrate, pH 6.0, 50
mM potassium chloride, and different concentration of AMP.
The enzyme reaction was initiated by the addition of the
enzyme solution and incubated at 37 °C for 15 min. For deter-
mination of AMPD activation by fructose and fructose 1-phos-
phate, these compounds (1–5mM) were added to the lysates 30
min before the assay for preincubation. The reaction was
stopped with the addition of the phenol/hypochlorite reagents
as follows: reagent A (100 mM phenol and 0.050 g/liter sodium
nitroprusside in H2O) was added, followed by reagent B (125
mM sodium hydroxide, 200 mM dibasic sodium phosphate, and
0.1% sodium hypochlorite in H2O), and incubated for 30min at
25 °C. The absorbance of the samples was measured at 625 nm
with a spectrophotometer. To determine the absolute specific
activity of ammonia production (micromoles of ammonia/
min), a calibration curvewas determined in the range of 5�M to
1 mM ammonia.
Determination of Intracellular Oxidative Stress—Reactive

oxygen species in live HepG2 cells were determined employing
the Image-iTTM LIVE green reactive oxygen species detection
kit I36007 (Molecular Probes) as per the manufacturer’s
instructions. Briefly, HepG2 control cells and cells exposed to
fructose, uric acid, or fructose and allopurinol for 24 h were
washed with warm PBS, incubated with 5 �M of the cell-per-
meant fluorescent probe carboxyl H2-dichlorodihydrofluores-
cein for 30 min at 37 °C, and protected from light. After incu-
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bation, cells were washed with warm buffer, and total
fluorescence was determined employing a multimode micro-
plate reader with the following settings: excitation, 458 � 20
nm; emission, 528 � 20 nm. DCF fluorescence signal was
expressed as total fluorescence intensity normalized to milli-
gram of soluble protein.
Immunofluorescence of NOX4 and ACAA2 and Confocal

Microscopy—HepG2 cells were grown on coverslips to 60%
confluency, fixed with 4% paraformaldehyde, and permeabi-
lized with 0.1% Triton X-100 in PBS before overnight incuba-
tion with NOX4 and ACAA2 antibodies (1:50 dilution in PBS/
Triton X-100 with 3% milk). The next day, cell were washed
three times with PBS/Triton X-100 and incubated for 1 h with
appropriate secondary antibodies conjugated with the follow-
ing fluorochromes: Alexa488 anti-rabbit antibody for detection
of NOX4 and Alexa568 anti-mouse antibody for detection of
ACAA2. After incubation, cells were washed, mounted, and
imaged with a confocal microscope for colocalization studies.
Imaging and analysis were performed with a laser-scanning
confocal microscope (LSM510, Carl Zeiss, Thornwood, NY)
with a �40 water immersion objective and the corresponding
post-acquisition software. Immunofluorescence analysis was
performed from sections of three animals and by evaluation of
greater than 10 random fields each. Imaging experiments were
performed at the University of Colorado Anschutz Medical
Campus Advance Light Microscopy Core supported in part by
National Institutes of Health/NCRRColoradoCTSIGrant UL1
RR025780.
Isolation of Pure Mitochondrial Fractions from HepG2 and

Liver Tissues—Puremitochondrial fractionswere isolated from
liver and cultured cells using the mitochondria isolation kit for
tissue (89801) and mitochondria isolation kit for cultured cells
(89874), respectively, as per manufacturer’s instructions
(Thermo Scientific, Rockford, IL). Purity of mitochondrial and
cytoplasmic fractions was analyzed by Western blot with spe-
cific markers (COX4-mitochondria, and tubulin-cytosol).
Determination of Mitochondrial Activity in HepG2 Cells—

Mitochondrial activity was determined by JC-1 staining (Invit-
rogen).HepG2 cellswere incubatedwith 10�g/ml JC-1 in com-
plete RPMI 1640medium for 10min at 37 °C, and the cells were
then washed and examined using a plate reader employing the
following settings: for green signal excitation, 485� 15 nm, and
emission, 530� 15 nm; for red signal excitation, 535� 17.5 nm,
and emission 590 � 17.5 nm. A green fluorescence emission
was detected in the presence of low mitochondrial membrane
potential, and an orange/red fluorescence was emitted in mito-
chondria with high membrane potential.
Determination of NOX4 Activity in Purified Mitochondrial

Fractions—NADPH oxidase activity in pure intact mitochon-
drial fractions was performed similarly as described previously
(31). Briefly, mitochondria were incubated with a 50 mM phos-
phate buffer, pH 7.0, containing 1 mM EGTA, 150 mM sucrose,
100 �M NADPH, and NADPH-driven hydrogen peroxide pro-
duction was measured by using Amplex Red assay kit (A22188,
Molecular Probes). Specificity generation of superoxide by
NADPH was confirmed by no measurable activity in the
absence of NADPH. The amount of hydrogen peroxide gener-
ated was determined by measuring the absorbance of the

Amplex Red reagent at 565 nm. Superoxide production was
expressed as total fluorescence/mg of protein.
Mitochondrial Aconitase Activity and Cytosolic Citrate

Determination—Aconitase activity was determined in pure
intact mitochondrial fractions employing the aconitase activity
kit from Biovision (K716, Mountain View, CA), expressed as
the amount of citrate metabolized to isocitrate (inmicromoles)
in 1min, and normalized tomilligrams of soluble protein. Fresh
mitochondria were resuspended in ice-cold assay buffer and
sonicated for 20 s prior to analysis. Citrate levels in the cytosolic
fractions obtained frommitochondrial purification were deter-
mined with the citrate assay kit (Biovision, K655) as per the
manufacturer’s protocol.
PoundMouse Experiments—TheAnimalCare andUseCom-

mittee of the University of Florida approved the protocol. The
Pound mouse is a recently established prediabetes/metabolic
syndrome model (Charles River, Wilmington, MA) with hype-
ruricemia (32). The liver tissues used in this study are from a
previously published study in which the Pound mouse was
treated with allopurinol to assess its effect on fat tissues (32).
Basically, C57BL/6NCrl-Leprdb-lb/Crl and lean C57BL/6NCrl
6-week-old mice were maintained on a standard Purina 5001
Diet (PMI, Richmond, IN) under a 12-h light/12-h dark cycle
with access to food andwaterad libitum. To assess the effects of
lowering uric acid levels, obese and lean animals (8–10 animals
per group) were either administered for 8 weeks with allopuri-
nol (30 mg/kg) or remained untreated. Samples of liver tissue
were collected on ice at sacrifice and rinsed in ice-cold PBS.
Transmission Electron Microscopy—HepG2 cells were pel-

leted in a microcentrifuge tube and perfused with 2% glutaral-
dehyde and 2% paraformaldehyde in 0.1 M phosphate buffer.
After post-fixation of prepared HepG2 cell blocks in 2%
osmium tetroxide, cells were dehydrated and embedded in
Epoxy resin. Appropriate areas of interest were selected from
sections �1 �m thick stained with toluidine blue. About
60–70-nm ultra-thin sections were cut by an ultramicrotome
using a diamond knife. Thin sections were stained with 1–2%
aqueous uranyl acetate, followed by 1% lead citrate. Stained
sections were observed and photographed with H-7650 trans-
mission electronmicroscope (Hitachi, Japan) at an accelerating
voltage of 80 kV.
Hemodialysis Population Study—The Ethical Committee of

Ankara Training and Research Hospital (Dikimevi-Ankara,
Turkey) approved the study, and all patients gave their
informed consent. Between January 1 and June 30, 2010, a total
number of 546 chronic hemodialysis patients at least for 6
months from six hemodialysis center entered into the study.
The patients had standard hemodialysis for 3.5–4 h three times
a week using lowmolecular weight heparin for anticoagulation;
dialysis was performed using high flux membranes and bicar-
bonate-containing dialysis fluid. Blood flow was usually 300
ml/min with a dialysate flow rate of 500 ml/min. To diminish
any confounders that may influence patients with hepatoste-
atosis, patients with established chronic liver disease, viral hep-
atitis (hepatitis B and C virus), chronic alcoholism, patients
with severe congestive heart failure (New York Heart Associa-
tion class III to IV), acute infection, and unwillingness to par-
ticipate to the study were not included in the study (n � 63),
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resulting in 483 subjects included in the final analysis. We
measured the height and dry weight of all patients. Body mass
index (BMI) was calculated by dividing the weight (kg) by
height squared (m2).
Laboratory and Fatty Liver Assessment—Serumuric acid lev-

els were determined in all samples by the central laboratory of
the Ankara Training and Research Hospital, with an Olympus
AU2700 autoanalyzer (Olympus Diagnostics, Hamburg, Ger-
many). Hepatosteatosis grade of patients was performed by
M. K. and M. D. who were uninformed about the patient char-
acteristics at the time of admission before the blood test results
appeared. Hepatosteatosis grading was done using a standard
protocol (5) as follows: Grade 1 (mild), slight diffused increase
in the echoes in hepatic parenchyma and normal visualization
of intrahepatic vessel borders and diaphragm; Grade 2 (moder-
ate),moderately diffuse increase in echoes in the hepatic paren-
chyma and slightly impaired visualization of the intrahepatic
vessel borders and diaphragm;Grade 3 (severe), severe increase
in echoes in the hepatic parenchyma and poor or no visualiza-
tion of intrahepatic vessel borders, diaphragm, and posterior
portion of the right lobe.
Statistical Method for Human Study —Analyses were per-

formed using SPSS software (Version 15.0, SPSS, Chicago). The
Kolmogorov-Smirnov test was used to determine whether the
continuous variables were normally distributed. The study
population was assigned into quartiles based on the serum uric
acid levels. Comparisons of multiple mean values were carried
out by Kruskal-Wallis tests or analysis of variance as appropri-
ate. For comparison of two groups, we used the Student’s t test
for normally distributed parameters and used Mann-Whitney
U test for not normally distributed parameters. The �2 test was
used for categorical variables. A p value of �0.05 was consid-
ered statistically significant.
Statistics and Data Analysis—All data are presented as the

means � S.E. Data graphics and statistical analysis were per-

formed using Instat (Version 3.0) and Prism 5 (both Graph Pad
Software, SanDiego). Data were analyzed for normality tests by
using one-way analysis of variance. Multiple group corrections
were performed using the method of Bartlett. In most cases,
experiments were performed three times with independent
replicates. Total data points (n) are identified in figure legends.
p values � 0.05 were recognized as statistically significant.

RESULTS

Uric Acid Mediates Fructose-induced Fat Accumulation in
HepG2 Cells—To characterize the role of uric acid in the lipo-
genic ability of fructose, we first analyzed the response of
HepG2 cells to increasing amounts of fructose. As shown in Fig.
1A, intracellular TG accumulation was significantly increased
after exposure of cells for 72 h in a dose-dependent manner
(from 0 to 20 mmol/liter). This increment was associated with
higher intracellular uric acid levels as the result of hepatic
AMPD activation induced by fructose (Fig. 1, B and C). To
analyze whether uric acid generation mediated fructose-in-
duced TG accumulation, we then challenged hepatocytes to
fructose in the presence of a xanthine oxidase inhibitor, allo-
purinol (100 �M), to block uric acid production. As shown in
Fig. 1D, allopurinol effectively blocked the production of uric
acid after exposure of cells to fructose. Of interest, TG accumu-
lation was also inhibited by allopurinol indicating that uric acid
may play a key role in the lipogenic ability of fructose (Fig. 1E).
Uric Acid Induces Fat Accumulation in HepG2 Cells Inde-

pendently of Fructose—Because our studies suggested that uric
acid may contribute to fructose-induced triglyceride accumu-
lation, we next evaluated the effects of uric acid alone on trig-
lyceride accumulation. Human HepG2 cells were exposed to
increasing levels of endotoxin-free and crystal-free uric acid
from 0 to 750 �mol/liter (4–12 mg/dl), and intracellular TG
concentration was measured after 72 h of exposure. Compared
with nonexposed cells, TG levelswere significantly increased by

FIGURE 1. Uric acid mediates fructose-induced fat accumulation in HepG2 cells. A, intracellular TG levels (in mg of normalized to g of soluble protein) in
control and fructose-exposed cells (from 0 to 20 mmol/liter) for 72 h. B, intracellular uric acid levels in control and fructose-exposed cells (from 0 to 20
mmol/liter) for 72 h. C, AMPD activity in control and fructose-exposed cells (from 0 to 20 mmol/liter) for 72 h. D, intracellular uric acid levels in fructose (5
mmol/liter) and fructose � allopurinol (100 �mol/liter)-exposed cells for 72 h. E, intracellular TG levels (mg/g of soluble protein) in fructose (5 mmol/liter) and
fructose � allopurinol (100 �mol/liter)-exposed cells for 72 h. *, p � 0.05; **, p � 0.01; ***, p � 0.001; §§, p � 0.01 versus 0 h; §§§, p � 0.001 versus 0 h.
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uric acid in a dose-dependent manner (from 0 to 750 �mol/
liter; 250 �mol/liter is considered normouricemia in humans
(around 4 mg/dl), 500 �mol/liter is considered hyperuricemia
in humans (�8mg/dl), and 750 �mol/liter is considered severe
hyperuricemia in humans (�12 mg/dl); see Fig. 2A). The
increase inTGcontentwas associatedwith the accumulation of
lipid-containing vacuoles as determined by Oil Red-O staining
(Fig. 2B). Importantly, uric acid significantly increased TG
accumulation in cells silenced for KHK and AldoB, enzymes
involved in fructose metabolism suggesting that uric acid may
work independently of direct fructosemetabolism (Fig. 2,C and
D). In contrast, when fructose was added to the cells, it did not
induce TG accumulation in KHK-deficient cells that were
unable to generate uric acid, but it significantly did increase
intracellular TG levels in AldoB-deficient cells in which the
KHK-dependent generation of uric acid during fructosemetab-
olism is intact (Fig. 2, C and D, blue columns). Consistent with
this interpretation, decreased uric acid levels were found in
KHK-deficient cells treated with fructose, whereas levels were
increased in fructose-exposed AldoB-deficient cells (Fig. 2E).
Furthermore, KHK up-regulation by fructose was not blocked
in AldoB-deficient cells (Fig. 2F).

Uric Acid Induces Mitochondrial Oxidative Stress and Mor-
phology Changes—We next performed studies to identify how
uric acid might stimulate fat synthesis. We have previously
reported that uric acid induces oxidative stress in vascular cells,
tubular cells, and adipocytes, in part by stimulating NADPH
oxidase (24, 25, 28, 33). Consistent with this finding, uric acid
also stimulated oxidative stress as determined by fluorescence
using the oxidative stress marker DCF. Fructose-induced oxi-
dative stress was blocked by allopurinol (Fig. 3, A and B).
We next asked whether the oxidative stress might be occur-

ring in the mitochondria, because fat metabolism is intricately
linked with mitochondrial function. As shown in Fig. 3, C and
D, uric acid induced oxidative stress in the mitochondria as
determined with the fluorescent compound, MitoSOX, which
detects de novo generation of superoxide radicals. Consistent
with an increase in mitochondrial oxidative stress, we found
that uric acid significantly decreasedmitochondrial membrane
potential as determined by JC-1 staining (Fig. 3E). Because
NADPH oxidases produce superoxide radicals in response to
NADPH, and uric acid has been shown to activate the NADPH
oxidase subunit NOX4 in other cell types (24), we examined
whether the mechanism whereby uric acid promoted mito-

FIGURE 2. Uric acid induces fat accumulation in HepG2 cells independently of fructose metabolism. A, concentration of TG (in milligrams normalized to
gram of soluble protein) in extracts from cells exposed to different amounts of uric acid for 72 h. B, representative image of Oil Red-O staining of HepG2 cells
control or exposed to uric acid (750 �mol/liter). C, concentration of TG (milligrams/g of soluble protein) in control (1st column) or KHK-deficient cells (2nd to 6th
columns) exposed to fructose (blue column) or different amounts of uric acid (black columns). D, concentration of TG (milligrams/g of soluble protein) in control
(1st column) or AldoB-deficient cells (columns 2– 6) exposed to fructose (blue column) or different amounts of uric acid (black columns). E, concentration of uric
acid (micrograms/g of soluble protein) in control, KHK-deficient, or AldoB-deficient cells exposed to fructose. F, KHK expression in control or AldoB-deficient
cells exposed to fructose. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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chondrial oxidative stress could be mediated by the transloca-
tion of NOX4 to the mitochondria. To this end, we first deter-
mined NOX4 expression in HepG2 cells exposed to uric acid.
As shown in Fig. 4, A and B, NOX4 (green) is located in the
cytosol of normal HepG2 cells by confocal microscopy. In con-
trast, upon exposure of cells to uric acid for 24 h, NOX4 gets
shifted to the mitochondria where it colocalizes with the spe-
cific mitochondrial marker ACAA2 (Fig. 4A, red). NOX4mito-
chondrial expressions have been described previously under
different stress conditions (31), and immunostaining results
were confirmed by Western blot for NOX4 from pure mito-
chondrial fractions (Fig. 4, C and D). Proof that the NADPH
oxidase was functional is shown by measuring H2O2 in isolated
mitochondria in response to NADPH substrate (Fig. 4E) and by
showing that the increase in mitochondrial oxidants in
response to uric acid could be prevented by either apocynin (an
antioxidant) or by silencing NOX4 (Fig. 4F). The silencing of
NOX4 also partially prevented the rise in intracellular TG in
response to fructose or uric acid (Fig. 4G). High levels of uric
acid (750 �mol/liter) also induced significant changes in mito-
chondrial morphology as determined by electron microscopy
(Fig. 5). Compared with controls, uric acid-treated HepG2 cells

demonstratedmitochondria that were shorter and smaller (Fig.
5, A and B), suggesting mitochondrial fragmentation. Higher
magnification (�60,000) revealed a significant decrease in the
number of cristae in disarray and a disruption of mitochondrial
doublemembrane in uric acid-treated cells compared with well
preserved cristae and double membrane in control cells (Fig. 5,
C–E). These studies provide the novel finding that uric acid
induces mitochondrial oxidative stress in association with
translocation of NADPH oxidase to the mitochondria.
Mitochondrial Oxidative Stress Stimulates Fat Accumulation—

We next examined whether mitochondrial oxidative stress
might cause TG accumulation in HepG2 cells. Aconitase, a key
enzyme in the citric acid cycle, is inhibited by oxidants (34).
Consistent with this, we found that mitochondrial aconitase
activity was reduced in uric acid-exposed cells (77.4% decrease,
p � 0.01, Fig. 6A). Furthermore, fructose-exposed cells also
possessed reduced mitochondrial aconitase activity (68.9%
reduction, p � 0.01) that was partially prevented by allopurinol
(Fig. 6B). Inhibition of aconitase activity was associated with a
significant accumulation of its substrate, citrate, in the cytosol
(0.046 versus 0.069 nmol/mg, p� 0.01, Fig. 6C). Citrate is also a
substrate for ATP-citrate lyase (ACL), which converts it into

FIGURE 3. Uric acid induces superoxide generation and mitochondrial dysfunction in HepG2 cells. A, cellular oxidative stress as measured with the
fluorescent dye DCF in cells exposed to increasing levels of uric acid (from 0 to 750 �mol/liter). B, cellular oxidative stress as measured with the fluorescent dye
DCF in cells exposed to 5 mmol/liter fructose in the presence or absence of different amounts of allopurinol (from 0 to 500 �mol/liter) Black columns represent
allopurinol concentrations that have a significant effect compared with fructose alone. C, representative image of mitochondrial superoxide generation as
measured with the fluorescent dye MitoSOX in control cells and cells exposed to uric acid (750 �mol/liter). D, concentration of MitoSOX in mitochondria from control
and cells exposed to uric acid. E, percentage of highly polarized mitochondria as determined with the fluoroprobe JC-1. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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acetyl-CoA. Active ACL (determined by Western blotting for
phosphorylation at serine 455, Ser(P)455ACL) was increased in
the presence of either fructose or uric acid (Fig. 6, D–F).
Because citrate release to the mitochondria may necessitate
activation of anaplerotic routes to support the TCA cycle, we
analyzed intracellular levels of anaplerotic compounds aspar-
tate, pyruvate, glutamate, and hydroxybutyrate (a marker of fat
oxidation). Cytosolic levels of pyruvate and glutamate were sig-
nificantly increased in uric acid (750 �mol/liter)-exposed cells

compared with control cells (156.1 versus 166.6 mmol/g for
glutamate, p � 0.05; 23.8 versus 27.3 mmol/g for pyruvate, p �
0.05). In contrast, aspartate and hydroxybutyrate levels were
found to be significantly lower, the latter perhaps as a conse-
quence of increased lipogenesis (5.8 versus 5.2 mmol/g for
aspartate, p � 0.01; 157.7 versus 142.2 mmol/g for hydroxybu-
tyrate, p � 0.05).
To determine whether uric acid-induced TG accumulation

was dependent on ACL, we inhibited ACL activity with radici-

FIGURE 4. Uric acid induces mitochondrial superoxide generation in HepG2 cells by translocating NOX4 to the mitochondria. A, representative confocal
image of NOX4 (green) and the mitochondrial marker ACAA2 (red) in control cells (top) and cells exposed to uric acid (750 �mol/liter, bottom). Colocalization is
depicted in yellow. B, confocal analysis of ACAA2 and NOX4 colocalization expressed as percentage of NOX4 pixels colocalizing with ACAA2 pixels in control
cells and cells exposed to uric acid. C and D, NOX4 protein expression in isolated pure mitochondrial fraction from cells control and exposed to increasing
amounts of uric acid. E, superoxide generation from isolated mitochondria from control cells or incubated with uric acid in response to NADPH addition. F,
MitoSOX levels in HepG2 cells exposed to uric acid in the presence of the NOX4 inhibitor, apocynin (100 �mol/liter, left panel) or in cells which NOX4 expression
has been stably silenced (right panel). G, concentration of TG (milligrams/g of soluble protein) in control and NOX4-deficient cells exposed to fructose or uric
acid. *, p � 0.05; **, p � 0.01.
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col (10 �mol/liter) and analyzed the TG response of hepato-
cytes. In the presence of radicicol, cytoplasmic citrate levels
significantly increased in response to uric acid indicating that
citrate was being used by ACL (Fig. 6G). TG accumulation was
also largely prevented by radicicol in response to either fructose
or uric acid (85.3 and 95.5% prevention from fructose and uric
acid, respectively, p � 0.01, see Fig. 6H) indicating that citrate-
stimulated ACL is involved in fructose or uric acid-mediated
TG accumulation. In addition, we found that inhibiting the
activity of fatty-acid synthase (FAS) with Cys75 (10 �mol/liter),
which ultimately converts acetyl-CoA and malonyl-CoA to
long chain saturated fatty acids (palmitate) that will be esteri-
fied with glycerol to produce TG, could prevent TG accumula-
tion in response to fructose or uric acid (80.3 and 89.5% preven-
tion from fructose and uric acid, respectively, p � 0.01; see Fig.
6I). Thus, uric acid increases fat in hepatocytes by stimulating
mitochondrial oxidative stress that blocks aconitase and
increases citrate, which then stimulates fat synthesis. Although
allopurinol may have off-target effects considering its antioxi-
dant properties, the prevention of fructose-induced lipogenesis
seems to be dependent on its ability to reduce uric acid levels
because adding back uric acid restored the metabolic effects of
fructose (Fig. 7, A–C).
Lowering Uric Acid Reduces Hepatic Steatosis in the Pound

MouseModel ofMetabolic Syndrome—Because lowering intra-
cellular uric acid levels could prevent fat accumulation in fruc-
tose-exposed HepG2 cells, we wanted to know if lowering uric
acid might also prevent fatty liver in an animal model of hype-
ruricemia and metabolic syndrome. The pound mouse has a
leptin receptor defect and develops obesity, insulin resistance,
increased visceral fat, hyperuricemia, and fatty liver. We had
previously reported that the lowering of uric acid with allopurinol

(30 mg/kg in drinking water) in these mice can improve insulin
resistance, lower blood pressure, and reduce the inflammatory
response in the visceral fat (32). Livers from that original study
were analyzed for their fat content and the effect of allopurinol
treatment. Allopurinol effectively reduced intrahepatic uric acid
levels (p � 0.001; Fig. 8A), TG content (p � 0.01; Fig. 8B), and
hepatic cholesterol content (p � 0.01; Fig. 8C). These findings
were paralleled with significantly decreased activity of NOX4 in
the mitochondria of pound mice receiving allopurinol (Fig. 8D)
withconcomitanthighermitochondrial aconitaseactivity (Fig. 8E)
and lower cytoplasmic citrate release (Fig. 8F).
SerumUric Acid Levels Positively Correlate with Hepatic Ste-

atosis inHumans Independent of Obesity—Asmentioned in the
Introduction, NAFLD is strongly associated with hyperurice-
mia (13–22), but one potential explanation could be because
many patients with hyperuricemia have obesity and metabolic
syndrome. One potential way to determine whether hyperuri-
cemia may predict NAFLD independent of obesity is to exam-
ine the hemodialysis population, as hyperuricemia is common
even when obesity is absent. We therefore evaluated the rela-
tionship of hyperuricemia with ultrasound-diagnosed fatty
liver in a hemodialysis population. General and serum param-
eters are shown in Table 1. Average serum uric acid levels in
patients on hemodialysis were 6.3 � 1.6 mg/dl, and patients
were divided into four quartiles as follows: Q1, 4.28 � 0.7; Q2,
5.7 � 0.3; Q3, 6.7 � 0.3; and Q4, 8.4 � 0.9 mg/dl. Serum uric
acid levels were associated with increasing prevalence of
hepatic steatosis (Table 2), although this association was only
observed in nondiabetic subjects (Table 3). For each increasing
quartile of serum uric acid, there was a significant trend for
increasing prevalence of steatosis severity. Although NAFLD is
primarily observed in obese subjects, in hemodialysis patients

FIGURE 5. Uric acid induces mitochondrial morphology changes in HepG2 cells. Transmission electron microscopy images at original magnifications of
�15,000 (A and B) and �60,000 (C and D). Electron microscopy representative images demonstrating marked alterations in mitochondrial morphology in
HepG2 cells incubated with 750 �mol/liter uric acid for 24 h. Short and smaller mitochondria was noted in uric acid-treated cells (B, thick arrow) compared with
control (A). Higher magnification (�60,000) revealed a significant decrease in number of cristae in disarray and a disruption of mitochondrial double mem-
brane in uric acid-treated cells (D) compared with well preserved cristae (arrowhead, C) and double membrane (thin arrow, C) in control cells. E, quantization of
mitochondrial size in control and uric acid-exposed cells (n �100 mitochondria analyzed). **, p � 0.01.
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NAFLDcan occasionally be seen in lean subjects (BMI�20). As
shown in Table 4, those subjects with NAFLD whose BMI was
�20 also had significantly higher uric acid levels than those
with a BMI less than 20 who did not have steatosis. These stud-
ies show an important association of uric acid with hepatic ste-
atosis independent of obesity.
Our results are summarized in Fig. 9, in which uric acid in

hepatocytes leads to an increase in the lipogenic response of
hepatocytes to fructose, which further leads to even greater
intracellular uric acid levels. This effect results in mitochon-
drial oxidative stress and mitochondrial aconitase inhibition,
with cytoplasmic citrate release and activation of lipogenesis
through ACL and FAS.

DISCUSSION

Increased fatty acid synthesis, through the lipogenic pathway
in liver, results in the development of hepatic steatosis

(NAFLD) that contributes to the development of chronic
hepatic inflammation and insulin resistance. The fructose com-
ponent of added sugars has been particularly implicated in the
etiology of these syndromes as the administration of fructose
(or sucrose) to rats results in fatty liver as well as all features of
the metabolic syndrome (6, 36–38).
Although the lipogenic ability of fructose has been known for

years, the molecular mechanism whereby fructose potentiates
fat accumulation in the liver remains poorly understood. It is
classically accepted that fructose can be directlymetabolized to
triglycerides in amechanism involving the action of threemajor
enzymes as follows: fructokinase (KHK), which phosphorylates
fructose to fructose 1-phosphate; AldoB, which breaks fructose
1-phosphate into dihydroxyacetone phosphate and glyceralde-
hyde; and FAS, which metabolizes acetyl-CoA produced from
dihydroxyacetone phosphate and glyceraldehydes into triglyc-
erides. Nevertheless, studies in which fructose has been labeled

FIGURE 6. Uric acid stimulates de novo lipogenesis by releasing citrate to the cytosol and activating ACL and FAS. A, mitochondrial activity levels of
aconitase in control cells and cells exposed to uric acid. B, mitochondrial activity levels of aconitase in control cells and cells exposed to fructose in the presence
or absence of allopurinol. C, cytoplasmic citrate levels (nanomoles/mg of soluble protein) in control cells and cells exposed to uric acid. D–F, expression of
activated ACL as determined by its phosphorylation at serine 455 in control cells and cells exposed to uric acid at different time points or fructose in the
presence or absence of allopurinol. G, cytoplasmic nonmitochondrial citrate levels (nanomoles/mg of soluble protein) in control and cells exposed to uric acid
in the presence or absence of radicicol (10 �mol/liter). H, concentration of TG (milligrams/g of soluble protein) in control and fructose or uric acid-exposed cells
in the presence or absence of the ACL inhibitor radicicol. I, concentration of TG (milligrams/g of soluble protein) in control and fructose or uric acid-exposed
cells in the presence or absence of the FAS inhibitor C75. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

Uric Acid Mitochondrial Oxidants Cause Fatty Liver

40740 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012

 at E
w

ha M
edical L

ibrary on July 5, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


have shown that only 3% of the fructose is incorporated into
triglycerides (39, 40), and this cannot explain why fructose is so
lipogenic (41).
In this study, we have identified an additional pathway

whereby fructose induces its lipogenic effects. We show that
uric acid, either alone or as a by-product generated by the initial
phosphorylation of fructose by KHK, directly regulates hepatic
lipogenesis through the generation of mitochondrial oxidative
stress. First, we found that exposure of HepG2 cells to uric acid
at levels considered to be hyperuricemic in humans led to the
development of hepatic steatosis characterized by an increase
in de novo lipogenesis and triglyceride accumulation. This was
due to enhanced mitochondrial translocation of the NADPH
oxidase isoform, NOX4, which increased the generation of
superoxide by the mitochondria. We found that aconitase,
which is present in the mitochondrial matrix and is sensitive to

changes in the mitochondrial oxidative state, was reduced in
activity, and this led to citrate accumulation in the mitochon-
dria with release into the cytosol where it acted as the substrate
for de novo lipogenesis. Specifically, increased cytoplasmic cit-
rate levels activated the ATP-sensitive enzyme, ACL by phos-
phorylation at Ser455, which converted it to acetyl-CoA for de
novo lipogenesis through FAS. These findings suggest that uric
acid-dependent regulation of mitochondrial function could be
critical for themodulation of lipid homeostasis in fatty liver and
that the lipogenic ability of fructose may be mediated at least
partially by the generation of uric acid. In the settings of fruc-
tose, a condition associated with elevated uric acid production,
we confirmed that blockade of uric acid generation with allo-
purinol prevented fructose-induced lipogenesis.
Although the direct metabolism of fructose to triglycerides

partially explainswhy fructose is lipogenic, the uric acid-depen-
dent pathway may explain two paradoxes in the lipogenic
effects of fructose. First, when the fructose molecule is radiola-
beled, only 1–3% of the fructose is directly converted into trig-

FIGURE 7. Adding back uric acid (750 �mol/liter) blocks the inhibitory
effects of allopurinol (100 �mol/liter) in fructose-induced mitochondrial
dysfunction and TG accumulation. A, intracellular TG (milligrams/g of solu-
ble protein) levels in HepG2 cells exposed to fructose alone or in the presence
of allopurinol only or along with uric acid. B, DCF fluorescent units in HepG2
cells exposed to fructose alone or in the presence of allopurinol only or along
with uric acid. C, mitochondrial aconitase activity in HepG2 cells exposed to
fructose alone or in the presence of allopurinol only or along with uric acid. *,
p � 0.05; **, p � 0.01.

FIGURE 8. Lowering uric acid prevents hepatic steatosis in the pound
mouse. A, quantity of uric acid in liver extracts from lean, pound, and pound
with allopurinol mice. B, concentration of TG (milligrams/g of soluble protein)
in liver extracts from lean, pound, and pound with allopurinol mice. C, con-
centration of cholesterol (total and sterol esters) in liver extracts from lean,
pound, and pound with allopurinol mice. D, NOX4 mitochondrial activity in
liver extracts from lean, pound, and pound with allopurinol mice. E, mito-
chondrial aconitase activity in liver extracts from lean, pound, and pound with
allopurinol mice. F, cytoplasmic citrate in levels liver extracts from lean,
pound, and pound with allopurinol mice. (n � 5 for each group.) *, p � 0.05;
**, p � 0.01; ***, p � 0.001.
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lycerides (41). Second, people with hereditary fructose intoler-
ance, a rare disorder in which AldoB is nonfunctional, develop
fatty liver in response to dietary fructose even though it cannot
be fully metabolized to triglycerides (42). Because fructose is
distinct from glucose in its ability to increase intracellular uric
acid, our studies provide an explanation for why fructose (or
sucrose) can induce fatty liver much easier than glucose (or
starch) in animals (7, 38).

Hyperuricemia is also a prevalent finding in patients present-
ing with NAFLD and metabolic syndrome, although its clinical
meaning is still controversial and often underestimated.
Numerous studies have consistently demonstrated that the
presence ofmetabolic syndrome and its individual components
is associatedwith serumuric acid levels (43–45), but the impor-
tance of hyperuricemia still remains a matter of debate. In this
context, our group and others have reported that lowering
uric acid can block both fructose-induced metabolic syn-
drome as well as improve features of metabolic syndrome in
other animal models (32, 46). Xu et al. (23) also reported that
lowering uric acid can improve fatty liver in the Mongolian
gerbil. Pilot clinical studies have also reported benefits of
lowering uric acid on inflammation, endothelial function,
blood pressure, and insulin resistance (47–50). These studies
are reawakening the possibility that uric acid may have a
causal role in metabolic syndrome and cardiovascular dis-
ease (51).

TABLE 1
Overall and serum parameters in each uric acid quartile
The following abbreviations are used: T-cholesterol, total cholesterol;Kt/V, dialyzer clearance of urea�dialysis time/volume of body water; ALT, alanine transaminase; ALP,
alkaline phosphatase; GGT, �-glutamyl transpeptidase; ARB-ACEi, angiotensin receptor blockers-angiotensin-converting enzyme inhibitors.

Entire group
(n � 483)

1st quartile
(n � 118)

2nd quartile
(n � 127)

3rd quartile
(n � 116)

4th quartile
(n � 122)

p for
trend

Uric acid (mg/dl) 6.3 � 1.6 4.28 � 0.7 5.7 � 0.3 6.7 � 0.3 8.4 � 0.9 0.001
Steatosis (n, %) 111, 23% 18, 15.3% 22, 17.3% 26, 22.4% 45, 36.9% 0.001
Age (year) 56.3 � 16.2 56.7 � 17.3 56.6 � 16.2 56.4 � 15.2 55.5 � 17 0.94
Gender, male (n, %) 261, 54%% 51, 43.2% 79, 62.2% 58, 50% 73, 59.8% 0.069
Diabetes mellitus (n, %) 158, 32.7% 33, 28% 38, 30% 35, 30.2% 52, 42.6% 0.02
Hemodialysis duration (month) 42.9 � 36.1 43.5 � 37.4 46.5 � 39.5 42 � 32.8 39.3 � 33.9 0.35
T-cholesterol (mg/dl) 178.5 � 50.1 178.5 � 52.3 176.2 � 48.8 176.9 � 50.9 182.2 � 48.8 0. 80
LDL cholesterol (mg/dl) 105.6 � 37.3 102.7 � 37.8 105.4 � 37.5 103.3 � 37.1 108.4 � 38.8 0.65
HDL cholesterol (mg/dl) 39.6 � 11.9 39.7 � 10.9 38.9 � 11.4 39.5 � 12.8 40.3 � 12.6 0.77
Triglyceride (mg/dl) 169.3 � 95.0 172.4 � 116.6 156.2 � 86.4 173.2 � 86.7 176.1 � 86.1 0.12
Kt/V 1.45 � 0.35 1.5 � 0.38 1.5 � 0.25 1.51 � 0.39 1.39 � 0.27 0.15
Albumin 3.6 � 0.6 3.6 � 0.5 3.5 � 0.7 3.6 � 0.7 3.7 � 0.5 0.45
ALT 18.3 � 15.0 17.7 � 15.1 16.7 � 9.4 19.6 � 13.0 19.3 � 20.5 0.30
ALP 115.8 � 106.5 110.9 � 108.2 99.2 � 64.3 118.6 � 101 135 � 138.2 0.15
GGT 48.9 � 68.4 42.6 � 39.1 58.8 � 64 45 � 36 48 � 37 0.09
Body mass index (kg/m2) 23.9 � 4.3 24.2 � 5.1 23.9 � 4.0 23.6 � 4.2 24.1 � 4.1 0.48
Medications
Vitamin D (n, %) 127, 26.3% 32, 27.1% 41, 32.3% 21, 18.1% 33, 27% 0.424

Statin (n, %) 94, 19.6% 19, 16.2% 19, 15.1% 23, 19.8% 33, 27.3% 0.019
ARB-ACEi (n, %) 223, 46.4% 47, 39.8% 61, 48% 57, 49.6% 58, 47.9% 0.21
Beta-blockers (n, %) 181, 37.5% 41, 34.7% 49, 38.6% 48, 41.4% 43, 35.2% 0.84
Calcium channel blockers (n, %) 123, 25.6% 32, 27.4% 30, 23.8% 27, 23.3% 34, 27.9% 0.93

TABLE 2
The prevalence and severity of hepatosteatosis for each uric acid quartile

Entire group
(n � 483)

1st quartile
(n � 118)

2nd quartile
(n � 127)

3rd quartile
(n � 116)

4th quartile
(n � 122)

p for
trend

Uric acid (mg/dl) 6.3 � 1.6 4.28 � 0.7 5.7 � 0.3 6.7 � 0.3 8.4 � 0.9 �0.001
Steatosis (n, %) 111, 23% 18, 15.3% 22, 17.3% 26, 22.4% 45, 36.9% �0.001
Without steatosis (n, %) 372, 77% 100, 84.7% 105, 82.7% 90, 77.6% 77, 63.1% �0.001
Mild steatosis (n, %) 70, 14.5% 9, 7.6% 20, 15.7% 18, 15.5% 23, 18.9% 0.021
Moderate steatosis (n, %) 26, 5.4% 7, 5.9% 1, 0.8% 7, 6% 11, 9% 0.15
Severe steatosis (n, %) 15, 3.1% 2, 1.7% 1, 0.8% 1, 0.9% 11, 9% 0.002

TABLE 3
The prevalence of steatosis in lower and higher uric acid group in diabetic and nondiabetic patients

Diabetic group Nondiabetic group
Lower group
(n � 77)

Higher group
(n � 81)

p
value

Lower group
(n � 163)

Higher group
(n � 162) p value

Uric acid (mg/dl) 5.23 � 0.8 7.8 � 0.9 �0.001 4.9 � 0.9 7.4 � 1.1 �0.001
Steatosis (n, %) 27, 35% 29, 36% 0.92 13, 8% 42, 25.9% �0.001
Age (year) 61.5 � 13.8 60 � 13.6 0.44 54.5 � 17 53.7 � 16.7 0.72
Gender, male (n, %) 31, 40.3% 38, 47% 0.40 94, 57.7% 98, 60.5% 0.60
BMI (kg/m2) 24.7 � 4.3 24.6 � 4.1 0.81 23.6 � 4.5 23.6 � 4.3 0.62

TABLE 4
Comparison of serum uric acid level in patients with and without hepa-
tosteatosis in cachectic group (BMI <20) patients without diabetes
mellitus

Patients with
hepatosteatosis (n � 12)

Patients without
hepatosteatosis

(n � 54) p value

Serum uric acid
level (mg/dl)

7.17 � 1.84 5.85 � 1.34 0.023

Gender (male)
(n, %)

8, 64.8% 35, 66.7% 0.90

Age (years) 49.6 � 18.8 43.0 � 17.4 0.25
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The novel finding in this study is that uric acid can directly
stimulate hepatic fat accumulation. Consistent with an inde-
pendent deleterious role of uric acid in hepatic steatosis, we
show that lowering hepatic uric acid could reduce fatty liver
both in the fructose-exposed hepatocyte and in the pound
mouse, an animal model of metabolic syndrome and hyperuri-
cemia. These studies suggest that allopurinol could be helpful
in the treatment of fatty liver in humans. However, the doses
used in these animal studies are severalfold higher than we typ-
ically use in patients; the justification for doing this is because in
rodents the xanthine oxidase activity is about 100 times higher
compared with humans (52).
In conclusion, this study provides the first direct evidence

that uric acid can stimulate fat synthesis in the hepatocyte. We
identify a mechanism that involves the translocation of
NADPH oxidase to the mitochondria with inactivation of aco-
nitase, accumulation of citrate, and a stimulation of fat synthe-
sis. We also show that this accounts for an important mecha-
nism by which fructose induces hepatic fat accumulation.
Together, our study may provide a mechanism for why soft
drink intake is strongly linked with fatty liver (2, 3, 53, 54) and
why uric acid is such a potent predictor of NAFLD (13–22).
Further studies investigating the role of purine-degrading path-
ways and metabolites in metabolic syndrome seem warranted.
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