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Thioredoxin-interacting protein (TXNIP), a regulator of cellular oxidative stress, has been associated with activation of
NOD-like receptor 3 (NLRP3) inflammasome, inflammation and lipid metabolism, suggesting it has a role in the pathogenesis
of non-alcoholic fatty liver disease (NAFLD) in diabetes. In this study we investigated whether TXNIP is involved in type 1
diabetes-associated NAFLD and whether antioxidants, quercetin and allopurinol, alleviate NAFLD by targeting TXNIP.

EXPERIMENTAL APPROACH

Diabetes was induced in male Sprague-Dawley rats by a single i.p. injection of 55 mg-kg™' streptozotocin. Quercetin and
allopurinol were given p.o. to diabetic rats for 7 weeks. Hepatic function, oxidative stress, inflammation and lipid levels were
determined. Rat BRL-3A and human HepG2 cells were exposed to high glucose (30 mM) in the presence and absence of

antioxidants, TXNIP siRNA transfection or caspase-1 inhibitor, Ac-YVAD-CMK.
KEY RESULTS

Quercetin and allopurinol significantly inhibited the TXNIP overexpression, activation of NLRP3 inflammasome,
down-regulation of PPARo. and up-regulation of sterol regulatory element binding protein-1c (SREBP-1c), SREBP-2, fatty acid
synthase and liver X receptor a, as well as elevation of ROS and IL-1B in diabetic rat liver. These effects were confirmed in
hepatocytes in vitro and it was further shown that TXNIP down-regulation contributed to the suppression of NLRP3

inflammasome activation, inflammation and changes in PPARo. and SREBPs.

CONCLUSIONS AND IMPLICATIONS

Inhibition of hepatic TXNIP by quercetin and allopurinol contributes to the reduction in liver inflammation and lipid
accumulation under hyperglycaemic conditions. The targeting of hepatic TXNIP by quercetin and allopurinol may have

therapeutic implications for prevention of type 1 diabetes-associated NAFLD.

Abbreviations

AKP, alkaline phosphatase; ALT, alanine transaminase; ASC, apoptosis-associated speck-like protein containing a caspase
recruitment domain; AST, aspartate transaminase; FAS, fatty acid synthase; LXR, liver X receptor; NAFLD, non-alcoholic
fatty liver disease; NASH, non-alcoholic steatohepatitis; NEFA, non-esterified fatty acids; NLRP3, NOD-like receptor
family, pyrin domain-containing 3; ROS, reactive oxygen species; SREBP, sterol regulatory element binding protein; STZ,
streptozotocin; TC, total cholesterol; TG, triglycerides; TRX, thioredoxin; TXNIP, thioredoxin-interacting protein; XDH,
xanthine dehydrogenase; XO, xanthine oxidase
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Introduction

Non-alcoholic fatty liver disease (NAFLD), a histological spec-
trum of chronic liver disease ranging from fatty liver alone
to non-alcoholic steatohepatitis (NASH; Targher et al., 2008;
Arrese, 2010), is very common in type 1 diabetic subjects
and there is accumulating evidence to suggest that type 2
diabetes is strongly correlated with the development of
liver complications such as NAFLD. However, the patho-
physiological and molecular mechanisms underlying type 1
diabetes-associated NAFLD are not yet understood. Oxidative
stress is involved in the pathogenesis of NAFLD, as the pro-
duction of reactive oxygen species (ROS) is increased in both
diabetic humans and in animal models of this disease (Kakkar
et al., 1998; Videla et al., 2006). One of the major mammalian
antioxidant systems, thioredoxin (TRX)-dependent peroxi-
dase peroxiredoxin, protects against the effects of ROS
including those of superoxide anion (O,™) and hydrogen per-
oxide (H,O,; Muoio, 2007). Thioredoxin-interacting protein
(TXNIP, also known as TBP-2, TRX-binding protein-2) is an
endogenous inhibitor of cellular TRX and blocks its anti-
oxidative function (Muoio, 2007). TXNIP-deficient mice were
protected against the diabetes induced by streptozotocin
(STZ) (Chen et al., 2008). Recently, TXNIP was found to bind
and activate the NOD-like receptor family, pyrin domain-
containing 3 (NLRP3) inflammasome (Zhou et al., 2010).
Key components of a functional NLRP3 inflammasome are
the NLRP3, adaptor protein apoptosis-associated speck-like
protein (ASC) and caspase-1. Activation of the NLRP3 inflam-
masome potently increases the maturation and secretion of
pro-inflammatory cytokines IL-1B (pro-IL-1B) and pro-IL-18
(Tschopp and Schroder, 2010), causing an inflammatory
response. Inflammation induced by a methionine and
choline-deficient diet is less severe in TXNIP” mice than in
wild-type mice (Ahsan et al., 2009). Of note, ROS also induces
activation of the NLRP3 inflammasome (Tschopp and
Schroder, 2010). Inhibition of ROS antagonizes the reduction
in glucose-dependent IL-1f secretion in the pancreatic islets
of both TXNIP- and NLRP3-deficient mouse (Zhou et al.,
2010). However, it is not known whether TXNIP-mediated
activation of NLRP3 inflammasome is involved in the patho-
genesis of type 1 diabetes-associated NAFLD.

PPARo. is a major transcriptional regulator of lipid
metabolism involved in fatty acid B-oxidation. ROS genera-
tion down-regulates PPARa, resulting in lipid accumulation
(Cabrero et al., 2002). In PPARo-null mice, the hepatic oxida-
tive stress induced by food deprivation is exacerbated
(Abdelmegeed et al., 2009), as is obesity-induced chronic liver
inflammation (Stienstra etal., 2007). Furthermore, high
glucose-induced insulin secretion and sensitivity impairment
are attenuated in TXNIP” mice with an up-regulated expres-
sion of hepatic PPARo (Oka et al., 2009), indicating that
TXNIP-mediated down-regulation of PPARa is involved in the
pathogenesis of NASH (Ahsan et al., 2009). However, whether
this mechanism contributes to the development of liver com-
plications associated with type 1 diabetes remains to be deter-
mined. On the other hand, PPARa controls the central
regulator of membrane biogenesis, sterol regulatory element
binding protein (SREBP)-1c, involved in fatty acid biosynthe-
sis (Knight et al., 2005). Inhibition of SREBP-1c ameliorates
hepatic steatosis in obese mice (Sekiya et al., 2003). It has also
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been suggested that SREBP-2 plays a crucial role in the regu-
lation of cholesterol synthesis (Brown and Goldstein, 1997)
and it has been shown to be involved in the pathogenesis of
NAFLD in an animal model of diabetes (Moon et al., 2012).
Furthermore, caspase-1 activation induces the overexpression
of SREBP-1c and SREBP-2 (Gurcel et al., 2006). Thus, caspase-
1-mediated activation of SREBPs may be involved in the
hepatic accumulation of lipids in type 1 diabetes.

The dietary flavonoid quercetin is thought to promote
health, partly due to its ability to act as an antioxidant
against ROS (Hertog and Hollman, 1996; Ramos-Romero
et al., 2012) and to inhibit xanthine oxidase (XO; Zhu et al.,
2004). This compound decreases oxidative stress, improves
the antioxidant status and inhibits liver cell apoptosis
in STZ-induced type 1 diabetic rats (Dias etal.,, 200S5;
Babujanarthanam et al., 2011; Bakhshaeshi et al., 2012). It
also alleviates hepatic fat accumulation in C57/BL6] mice fed
a Western-style diet (Kobori et al., 2011). Recently, quercetin
was shown to regulate hepatic inflammatory gene expression
in mice fed a high-fat diet (Boesch-Saadatmandi et al., 2012).
Allopurinol as an XO inhibitor with antioxidant properties
significantly reduces systemic oxidative stress in patients with
cirrthosis (Spahr etal., 2007) and prevents cypermethrin-
induced hepatic oxidative stress in rats (Giray et al., 2001).
More recently, allopurinol was found to suppress hemozoin-
induced NLRP3 inflammasome activation and IL-1p produc-
tion (Griffith et al., 2009). In a previous study, we showed that
quercetin and allopurinol reduced total cholesterol (TC) and
triglycerides (TG) levels in the serum of fructose-fed rats (Hu
et al., 2009), and suppress renal NLRP3 inflammasome acti-
vation in STZ-treated rats (Wang et al., 2012). However, the
molecular mechanisms underlying the protective actions of
quercetin and allopurinol against hepatic steatosis in type 1
diabetes are not yet understood.

In the current study, we showed that quercetin and
allopurinol markedly inhibit the overexpression of hepatic
TXNIP and the activation of NLRP3 inflammasome and
reduced the production of ROS in both STZ-induced type 1
diabetic rats and in hepatocytes, BRL-3A and HepG2, exposed
to high glucose levels. These effects were paralleled by
changes in the expression of hepatic PPARa, SREBP-Ic,
SREBP-2, fatty acid synthase (FAS) and liver X receptor o
(LXRo) and an improvement in the liver. Therefore, these
results provide new insights into the mechanisms underlying
the pharmacological effects of quercetin and allopurinol on
the NAFLD associated with type 1 diabetes in rats.

Methods

Experimental animals, design and

sample collection

Male Sprague-Dawley rats ranging from 8 to 10 weeks old
(200-220 g weight) were purchased from the Experimental
Animal Centre of Nanjing Medical University (Nanjing,
China). They were individually maintained in a controlled
environment (12:12 h light/dark cycle with a temperature of
22 +2°C and a relative humidity of 55%). Water and food were
provided ad libitum. Animal welfare and experimental proce-
dures were carried out in accordance with the Guide for the
Care and Use of Laboratory Animals (The Ministry of Science
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and Technology of the People’s Republic of China, 2006) and
the related ethical regulations of our university. All studies in-
volving animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
(Kilkenny et al., 2010; McGrath et al., 2010). All efforts were
made to minimize animal suffering and reduce the number of
animals used. Rats were deprived of food overnight. STZ,
55 mg kg™ (Sigma-Aldrich, St Louis, MO, USA) was adminis-
tered by a single i.p. injection, after it had been dissolved in
0.1 M citrate buffer (pH 4.4) over 30 s in a dark environment,
while normal control animals received only citrate buffer.
Then 72 h after the STZ injection, blood samples were col-
lected from the tail of a rat deprived of food overnight, left to
clot in pre-iced tubes and centrifuged at 3000x g, 4°C for
5 min to obtain serum. Serum glucose levels were estimated
using a commercial glucose kit (JianCheng Bioengineering In-
stitute, Nanjing, China). The rats, whose fasting blood glucose
levels were above 2.50 mg-mL™', were considered to be dia-
betic. After successful induction of diabetes, rats were further
randomly divided into five subgroups (n = 8): diabetic control
treated with water; diabetic rats treated with 25, 50 and
100 mg-kg™ quercetin (>98%, Sigma-Aldrich); and 10 mg-kg™
allopurinol (>95%, Sigma-Aldrich) respectively. Quercetin
and allopurinol were suspended in water and disrupted by
ultrasound and then immediately administered via intragas-
tric gavage (1 mL-100 g' body weight). The treatment was
started on day 4 after STZ injection by gavage once daily at
9:00-10:00 h for the subsequent 7 weeks. Body weights as well
as blood glucose levels of rats were recorded before and after
STZ administration and each week during drug treatment.
At the end of drug treatment, all animals were deprived of
food but not water until the following morning. Blood was
collected and serum was obtained as stated above. Rats were
killed via decapitation. Liver tissues were quickly dissected and
weighed (for calculation of the relative weight of the liver, the
ratio of wet liver weight:body weight). These serum and liver
samples were then stored at —80°C for further analyses.

Cell culture, treatment and transfection

A normal rat hepatocyte line (BRL-3A) and human liver
tumour cell line (HepG2) were purchased from Shanghai Cell
Biology, Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in medium containing low-glucose
DMEM (5.5 mM, Wisent Technologies, St-Bruno, QC,
Canada) and 10% FBS (Wisent Technologies) in a humidified
atmosphere containing 5% CO, at 37°C.

BRL-3A and HepG2 cells were grown to confluence and
made quiescent by incubation in serum-free DMEM for 12 h.
Then, the cells were maintained at low glucose (5.5 mM, as
control) or high glucose (30 mM) in the presence or absence
of 10-20 uM quercetin, 100 uM allopurinol or 20 uM of the
caspase-1-specific inhibitor Ac-YVAD-CMK (Ac-Tyr-Val-Ala-
Asp-chloromethylketone; Taize, Beijing, China) for 24, 48 or
72 h, as indicated in the text.

For the small interfering RNA (siRNA) assay, BRL-3A and
HepG2 cells were transiently transfected with 100 nM of
control siRNA or TXNIP siRNA (GenePharma, Shanghai,
China) using Lipofectamine RNAiMAX (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s instructions. The
sequences of siRNA were listed in the Supporting Information
Table S1. After 48 h, the efficiency of RNA interference was
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evaluated by measuring mRNA and protein levels of TXNIP.
Subsequently, the transfected cells were incubated with low
glucose (5.5 mM) or high glucose (30 mM) in the presence or
absence of quercetin and allopurinol as above. In all experi-
ments, cell lysates and culture supernatants were collected,
and total cellular protein or RNA was extracted. Experiments
were repeated at least four times.

Quercetin, allopurinol and caspase-1 inhibitor were dis-
solved in DMSO at the respective stock concentrations. The
final concentrations of DMSO in the medium were less than
0.1%. Dosages of these agents were selected based on our
preliminary experiments and those of others (Yao et al., 2007;
Lanaspa et al., 2012).

Transaminase assay

For rat hepatic function examination, serum levels of alanine
transaminase (ALT), aspartate transaminase (AST) and alka-
line phosphatase (AKP) were determined using common bio-
chemical kits (JlanCheng Bioengineering Institute).

Lipid analyses

Rat liver tissues were weighed and extracted as described
previously (Bligh and Dyer, 1959). The chloroform layer and
serum samples were used to determine TC, TG and non-
esterified fatty acids (NEFA) levels by use of common
commercially-available biochemical kits (JianCheng Bioengi-
neering Institute).

Measurement of liver O, and H,O, levels,
and intracellular ROS production
Levels of O, in liver tissue were measured by the lucigenin
chemiluminescence method (Liu et al., 2008). Briefly, liver
tissues were weighed and homogenized in 10 w v'! homog-
enization buffer (pH 7.4) containing 20 mM of HEPES and
10 mM EDTA. After centrifugation at 1000x g for 10 min, an
aliquot of the supernatant was incubated with lucigenin
(5 uM; Sigma-Aldrich) in a Krebs-HEPES buffer (pH 7.4) for
2 min at 37°C. Light emission was measured using TECAN
Infinite 200 (Tecan Group Ltd, Mannedorf, Switzerland), and
values were expressed as mean light unit (MLU) min~' mg
protein. Specificity for superoxide anion was determined by
adding superoxide dismutase (350 U-mL™) to the incubation
medium. Protein determination was measured with the Brad-
ford method, with BSA as standard (the same as follows).
Liver tissues were weighed and homogenized in 10 w v’!
normal saline and incubated with an equal volume of chilled
methanol at 4°C for 1 h. The mixture was centrifuged at
10 000x g for 30 min and the supernatant was used for H,O,
estimation by use of an assay kit (Beyotime Biotechnology,
Haimen, China). Data are expressed as umol mg™" protein.
Intracellular ROS levels were detected using fluorescence
probe 2',7'-dichlorofluorescin diacetate (DCFH-DA; Sigma-
Aldrich), as described previously (Lee et al., 2010). The cells
were seeded on a 96-well black, clear-bottom microplate.
After the treatment as above, cells were washed twice with
PBS and then incubated in PBS containing 10 uM DCFH-DA
for 30 min at 37°C. Cells were visualized at x200 magnifica-
tion with an epifluorescence microscope (Sunny Company,
Yuyao, China). Fluorescence intensity was measured at



530 nm with an excitation wavelength of 485 nm using a
fluorescence plate reader (Tecan Group Ltd).

Liver XO and xanthine dehydrogenase (XDH)
activity assay

Liver activity of XO and XDH was assayed as described pre-
viously (Zhao et al., 2006). Weighed liver tissues were homog-
enized in 10 w v'' 50 mM cold potassium phosphate buffer
(pH 7.4) containing 1 mM EDTA, 10 mM DTT and 1 mM
PMSE, and centrifuged at 25 000x g for 30 min at 4°C. The
supernatant was used for enzymatic activity determination.
XDH activity was calculated by subtracting XO activity from
total activity of XO + XDH.

Measurement of serum, liver and culture
supernatant IL-1B and IL-18 levels

Weighed rat liver samples were immediately placed in 10 w v*!
of a protease inhibitor cocktail containing 10 nM EDTA, 2 mM
PMSF, 0.1 mg-mL™" soybean trypsin inhibitor, 1.0 mg-mL™
BSA and 0.002% sodium azide in isotonic PBS (pH 7.0). Tissues
were disrupted with a tissue homogenizer, and lysates were
incubated at 4°C for 2 h. Samples were clarified by two rounds
of centrifugation at 12 500x g for 10 min at 4°C. The superna-
tants were collected for assays. IL-1f and IL-18 levels in serum,
liver and cell culture supernatant were determined by ELisa kits
(R&D Systems Inc., Minneapolis, MN, USA) following the
manufacturer’s instructions.

Liver histological analysis

Rat liver tissues were fixed in 10% neutral buffered formalin
and then embedded in paraffin. Specimens were cut in 7 um
thick sections on a rotary microtome and mounted on APES-
coated glass slides. Fach section was deparaffinized in xylene,
rehydrated in decreasing concentrations of alcohol in water
and stained with haematoxylin-eosin reagent (Sigma-Aldrich)
and scored by a blinded histopathologist according to the
NAFLD activity score (NAS) system (Kleiner et al., 2005). To
visualize neutral lipids, liver tissues were frozen in Tissue-Tek
O.C.T. compound (Sakura Finetek USA Inc., Torrance, CA,
USA) and sections were stained with oil-red O reagent (Sigma-
Aldrich) for 5-10 min. After being washed with 60% isopro-
pyl alcohol, the sections were re-stained with haematoxylin.

RNA preparation and analysis

Total RNA was isolated from rat liver tissues using Trizol
reagent (Invitrogen), and, following the manufacturer’s pro-
tocol, was used to evaluate mRNA expression of TXNIP,
NLRP3, ASC, caspase-1, PPARa, SREBP-1c, SREBP-2, FAS,
LXRao and GAPDH. A 1 pg sample of total RNA was used for
cDNA synthesis by moloney murine leukaemia virus reverse
transcriptase kit (Promega Co., Madison, WI, USA). Relative
quantities of PCR products were calculated by normalization
to the amount of GAPDH mRNA levels.

For quantitative real-time PCR (qRT-PCR), total RNA
isolation and reverse transcription from TXNIP siRNA-
transfected BRL-3A and HepG2 cells was done as above. PCR
reactions were performed using 2 uL. ¢cDNA and 10 pL iQ
SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA,
USA), 5 pmol of forward primer, 5 pmol of reverse primer and
DEPC-treated H,O to 20 uL in a CFX96 Real-Time PCR Detec-
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tion System (Bio-Rad) as follows: 95°C for 3 min, then 40
cycles at 95°C for 5s and annealing/extension at 60°C for
30 s with a plate read after each cycle. The data were collected
and analysed using the comparative threshold cycle method,
and GAPDH expression was used as the reference gene.

The sequences of gene-specific PCR primers were listed in
the Supporting Information Tables S2 and S3.

Western blot analysis

Rat liver tissues, BRL-3A and HepG2 cell lysates were prepared
by incubation on ice with lysis buffer (10 mM Tris-HCl, 1 mM
EDTA and 250 mM sucrose, pH 7.4, containing 15 ug-mL"!
aprotinin, 5 pg-mL™" leupeptin, 0.1 mM PMSF, 1 mM NaF and
1 mM Na3;VO,) and centrifuged at 3000x g for 15 min at 4°C.
The supernatant was again centrifuged at 12 000x g for
20 min at 4°C. After resolution of sample protein (equal
loading for each sample) by 10% SDS-PAGE, the protein was
electrophoretically transferred onto PVD membranes (Milli-
pore, Shanghai, China). The primary antibodies used in this
study included: anti-TXNIP (sc-67134, dilution 1:500), anti-
NLRP3 (sc-34410, dilution 1:500), anti-SREBP-1c (sc-367,
dilution 1:300), anti-FAS (sc-1024, dilution 1:500) and anti-
GAPDH (sc-25778, dilution 1:200) purchased from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA, USA), as well as
anti-ASC (ab64808, dilution 1:500), anti-caspase-1 (ab17820,
dilution 1:1000), anti-PPARo. (ab8934, dilution 1:500), anti-
SREBP-2 (ab30682, dilution 1:1000) and anti-LXRa (ab41902,
dilution 1:1000) purchased from Abcam (Cambridge, MA,
USA). Blots were incubated overnight at 4°C in primary anti-
body in 5% milk followed by goat anti-rabbit secondary anti-
body (sc-2004, dilution 1:5000, Santa Cruz Biotechnology
Inc.) or donkey anti-goat secondary antibody (sc-2020, dilu-
tion 1:5000, Santa Cruz Biotechnology Inc.) Immunoreactive
bands were visualized by enhanced chemiluminescence (Cell
Signaling, Beverly, MA, USA) and quantified via densitometry
using the SensiAnsys software (Peiqing Technology, Shang-
hai, China).

Statistical analysis

Results are expressed as the mean = SEM. Statistical analysis
was performed by a one-way aNovA followed by a Student-
Newman-Keul’s test. Differences were considered significant
at P < 0.05.

Results

Effects of quercetin and allopurinol on body
weight, blood glucose and hepatic function in
STZ-induced diabetic rats

Body weight and blood glucose levels of experimental rats are
shown in Table 1. At week 7, after STZ injection, body weights
were lower and blood glucose levels were significantly higher
in diabetic rats than in the normal control group. Oral admin-
istration of quercetin significantly increased body weight and
decreased blood glucose levels in a dose-dependent manner in
STZ-treated rats compared with the diabetic control group.
Furthermore, STZ-treated rats developed liver injury as indi-
cated by increased serum levels of ALT, AST and AKP
(Figure 1A-C), which were restored by 50 and 100 mg-kg™
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Table 1

Effects of quercetin and allopurinol on body weight, relative weight percentage of liver and blood glucose levels in STZ-induced diabetic rats

Dose Relative weight Blood glucose

(mg-kg™) Body weight (g) percentage of liver (%) (mmol L")
Normal control - 442.2£6.2 2.57 £0.09 4.90+0.12
STZ control - 212.2+16.27 5.26 £0.18 15.48 £1.08
STZ + quercetin 25 281.3+10.7* 5.05+0.11 9.53 £ 0.79***
STZ + quercetin 50 368.5 + 28.1*** 4.61 £0.20* 9.01 £ 1.26***
STZ + quercetin 100 368.4 + 31.8*** 4.07 £ 0.271%*** 7.88 £1.25%**
STZ + allopurinol 10 362.2 + 24.6*** 3.82 £ 0.08*** 7.55 +£0.92%**

These results are expressed as mean = SEM, n = 8. Normal control, control rats; STZ control, STZ-treated rats; STZ + quercetin, STZ-treated
rats fed with quercetin; STZ + allopurinol, STZ-treated rats fed with allopurinol.
P < 0.001 compared to normal control group, *P < 0.05, **P < 0.01, ***P < 0.001 compared to STZ control group.

quercetin. Quercetin at 25 mg-kg ! also decreased serum levels
of AKP in diabetic rats. Allopurinol at 10 mg-kg™ reversed
these abnormalities in this model. Of note, there were no
significant differences in body weight, blood glucose levels
and serum ALT levels between the normal control group and
the 100 mg-kg™' quercetin- or 10 mg-kg™' allopurinol-treated
diabetic groups (P > 0.05). These data suggest that 7 weeks of
treatment with quercetin or allopurinol effectively prevented
these changes in STZ-induced diabetic rats.

Quercetin and allopurinol alleviate the
hepatic steatosis in STZ-induced diabetic rats
As summarized in Table 1 and illustrated in Figure 1, the
relative weight of the liver, steatosis, inflammation and
hepatocyte ballooning scores were significantly elevated in
the STZ-treated rats and, consequently, the NAS increased
compared to the normal control group. Moreover, increased
serum and hepatic levels of TC, TG and NEFA were observed
in the STZ-induced diabetic rats (Figure 2A-F). Quercetin at
50 and 100 mg-kg™ and allopurinol at 10 mg-kg™ effectively
decreased the relative weight of the liver (Table 1), alleviated
the histological changes (Figure 1) and reduced the levels of
the three types of lipids in the liver of diabetic rats
(Figure 2D-F). These results were further supported by an
improvement in the amount of lipid deposited in hepato-
cytes in diabetic rats receiving quercetin and allopurinol, as
revealed by oil red O-stain analysis (Figure 2G-L). There were
no significant differences in TG and TC levels in serum
and liver, and NEFA levels in serum between the normal
control group and the 100 mg-kg™"' quercetin- or 10 mg-kg™
allopurinol-treated diabetic groups (P > 0.05).

Quercetin and allopurinol suppress

hepatic oxidative stress and TXNIP in
STZ-induced diabetic rats and high
glucose-exposed BRL-3A and HepG2 cells
Oxidative stress is involved in inflammation and lipid
metabolism disorders (Dias et al., 2005); therefore, we meas-
ured hepatic oxidative stress in STZ-induced diabetic rats. XO
and XDH levels as well as the ratio of XO:XDH were signifi-
cantly increased in the liver of diabetic rats (Figure 3A-C). XO
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is thought to be a major source of ROS production. Hepatic
accumulation of O, and H,O, production were observed
simultaneously in this animal model (Figure 3D,E). As
expected, quercetin at 50 and 100 mg-kg™ and allopurinol at
10 mg-kg™ significantly inhibited XO and XDH activity,
decreased the XO:XDH ratio and reduced O,' levels in the
liver of diabetic rats (Figure 3A-D). In addition, 100 mg-kg™
quercetin and 10 mg-kg™' allopurinol effectively decreased
hepatic H,O, levels in this animal model (Figure 3E).

TRX and its endogenous inhibitor TXNIP can change the
cellular reduction-oxidation balance state (Muoio, 2007).
Thus, we measured the hepatic expression of TXNIP in STZ-
induced diabetic rats and found that TXNIP mRNA and pro-
tein levels were significantly increased (Figure 3FG), in paral-
lel with the elevation of hepatic ROS. Quercetin at 50 and
100 mg-kg™ and allopurinol at 10 mg-kg™ down-regulated
hepatic TXNIP expression levels in diabetic rats (Figure 3F,G).

Next, we assessed the ROS production and TXNIP expres-
sion in hepatocytes treated with high glucose in vitro. Con-
sistent with the above in vivo data, 24 h stimulation with
30 mM glucose significantly increased intracellular ROS levels
in BRL-3A and HepG2 cells compared with control group
(5.5 mM glucose), an effect restored by treatment with
quercetin at 10 uM (BRL-3A) and 20 uM (HepG2), as well as
allopurinol at 100 uM (Figure 4A,B). Furthermore, the high
glucose stimulation led to a marked increase in the expres-
sion of the lysate TXNIP protein in BRL-3A cells for 48 h and
HepG2 cells for 24 h; these effects were completely prevented
by the presence of quercetin at 10 uM (BRL-3A) and 20 uM
(HepG2), and allopurinol at 100 uM (Figure 4C). These in vivo
and in vitro results demonstrate that quercetin and allopuri-
nol suppress hepatic oxidative stress and TXNIP overexpres-
sion under high glucose conditions.

Quercetin and allopurinol decrease IL-1p3
levels and the NLRP3 inflammasome
activation in a TXNIP-dependent manner in
STZ-induced diabetic rat liver and high
glucose-exposed BRL-3A and HepG2 cells

In parallel with the increased ROS generation and oxidative
stress, hepatic inflammatory cell infiltration was observed in
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Figure 1

Effects of quercetin and allopurinol on hepatic function and pathology in STZ-induced diabetic rats. Biochemical analyses showing serum ALT (A),
AST (B) and AKP (C) levels at week 7 after STZ injection in different groups of rats as indicated. Histology of liver sections in normal control (D),
STZ control (E), STZ plus 25 mg-kg™" quercetin (F), STZ plus 50 mg-kg™" quercetin (G), STZ plus 100 mg-kg™" quercetin (H) and STZ plus
10 mg-kg™ allopurinol (I) was examined by staining with haematoxylin and eosin (magnification, x200). Histopathological assessment of steatosis
(J), lobular inflammation (K), hepatocyte ballooning (L) and NAFLD activity score (NAS) (M) was presented in these groups. The data are expressed
as the means + SEM (n = 8). **"P < 0.001 versus normal control; **P < 0.01, ***P < 0.001 versus diabetic control.

STZ-induced diabetic rats, which was ameliorated by treat-
ment with quercetin and allopurinol (Figure 1D-I). To inves-
tigate the inflammatory response in this model, we measured
serum and hepatic IL-1f and IL-18 levels. Serum and hepatic
levels of IL-1B and IL-18 were significantly increased in
STZ-induced diabetic rats (Figure SA-D). IL-1 and IL-18 are
cleaved from pro-IL-1p and pro-IL-18 by caspase-1, which is

activated by the NLRP3 inflammasome complex (Tschopp
and Schroder, 2010). Thus, we examined the expression levels
of the NLRP3 inflammasome and found that NLRP3, ASC
and caspase-1 were up-regulated at both the mRNA and
protein level in the liver of diabetic rats compared with the
normal control group (Figure SE-L). Quercetin at 50 and
100 mg-kg™', as well as 10 mg-kg™" allopurinol, prevented the
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Figure 2

Quercetin and allopurinol reduce hepatic steatosis in STZ-induced diabetic rats. Biochemical analyses showing serum levels of TC (A), TG (B) and
NEFA (C), and liver levels of TC (D), TG (E) and NEFA (F) at week 7 after STZ injection in different groups of rats as indicated. The data are expressed
as the means + SEM (n = 8). **P < 0.001 versus normal control; *P < 0.05, **P < 0.01, ***P < 0.001 versus diabetic control. Representative
micrographs demonstrated liver histology in different groups of rats. Liver sections were stained with oil-red O reagent (magnification, x400).
Normal control (G), STZ control (H), STZ plus 25 mg-kg™" quercetin (I), STZ plus 50 mg-kg™' quercetin (J), STZ plus 100 mg-kg™" quercetin (K) and
STZ plus 10 mg-kg™ allopurinol (L).
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Quercetin and allopurinol reduce ROS production and TXNIP expression in high glucose (HG)-exposed hepatocyte cells. BRL-3A and HepG2 cells
were incubated with HG (30 mM) in the presence and absence of quercetin and allopurinol for the indicated time. The intracellular ROS levels
were measured using the fluorescent probe DCFH-DA. The fluorescence images were obtained by a fluorescence microscopy (A) (magnification,
%x200). The representative results from three independent experiments are shown. Quantification of the fluorescent intensity was detected using
a fluorescence plate reader (B) (n = 8). Cellular lysate TXNIP expression levels were analysed by Western blot (C) (n = 4). The relative protein levels
were determined after normalization with GAPDH. The data are expressed as the means = SEM. **P < 0.001 versus control; **P <0.01, ***P <0.001

versus HG control.

overexpression of hepatic NLRP3, ASC and caspase-1 and
reduced the hepatic IL-1B and IL-18 levels in these diabetic
rats (Figure SA-L).

The in vitro results show that, in comparison to the
control group (5.5 mM glucose), high glucose (30 mM) stimu-
lation significantly up-regulated lysate NLRP3, ASC and
caspase-1 protein levels in BRL-3A cells for 48 h and HepG2
cells for 24 h, and increased culture supernatant IL-1f levels
in these two types of hepatocytes for 72 h. The levels of these
compounds were significantly restored by the treatment with
10 uM (BRL-3A) and 20 uM (HepG2) quercetin, as well as
100 uM allopurinol (Figure 6A,B). However, high glucose
stimulation did not affect the IL-18 levels in the culture
supernatant of BRL-3A and HepG2 cells (data not shown).

1360 British Journal of Pharmacology (2013) 169 1352-1371

Recently, TXNIP was found to bind and activate the
NLRP3 inflammasome in high glucose-treated islet cells
(Zhou et al., 2010). To verity that the inhibition of hepatic
NLRP3 inflammasome activation by quercetin and allopuri-
nol was due to the down-regulation of hepatic TXNIP, BRL-3A
and HepG2 cells were transfected with siRNA against TXNIP
for 48 h and then co-incubated with high glucose and querce-
tin or allopurinol as above. The silencing effect of TXNIP
siRNA on its corresponding endogenous target was verified by
qRT-PCR assay (Figure 6C). TXNIP silencing prevented the
high glucose-induced overexpression of lysate caspase-1 and
secretion of IL-1p in BRL-3A and HepG2 cells (Figure 6D,E),
indicating that hepatic TXNIP may mediate the activation
of NLRP3 inflammasome in high glucose-exposed cells. As
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expected, quercetin and allopurinol had no effects in this cell
model. These results confirm that down-regulation of hepatic
TXNIP is involved in the inhibition of hepatic NLRP3 inflam-
masome by quercetin and allopurinol under high glucose
conditions.

Quercetin and allopurinol up-regulate PPARc.
in STZ-induced diabetic rat liver and high
glucose-exposed BRL-3A and HepG2 cells
TXNIP is reported to negatively regulate PPARa transcrip-
tional activity (Oka et al., 2009). Next, we investigated the
expression levels of hepatic PPARa in STZ-induced diabetic
rats. Compared with normal control, mRNA and protein
levels of PPARo. were decreased in the liver of diabetic rats,
which were then effectively restored by 50 and 100 mg-kg™
quercetin and 10 mg-kg™ allopurinol (Figure 7A,B). These
data are consistent with the reduction in the hepatic accu-
mulation of lipids observed in Figure 2.

Compared with the control group (5.5 mM), high glucose
stimulation significantly decreased lysate PPARo. protein
levels in BRL-3A and HepG2 for 72 h; these reduced levels
were significantly up-regulated in the presence of 10 uM
(BRL-3A) and 20 uM (HepG2) quercetin, as well as 100 uM
allopurinol (Figure 7C). Furthermore, RNAi knockdown of
TXNIP expression blocked the high glucose-induced down-
regulation of lysate PPARo in BRL-3A and HepG2 cells
(Figure 7D). Co-treatment with quercetin or allopurinol was
unable to alter lysate PPARo expression in TXNIP-siRNA
transfected hepatocytes subjected to high glucose stimulation
for 72 h (Figure 7D). These in vivo and in vitro results suggest
that quercetin and allopurinol ameliorate diabetic hepatic
steatosis by up-regulating the hepatic TXNIP-PPARa pathway.

Quercetin and allopurinol suppress

SREBP-1c¢, SREBP-2, FAS and LXRo in
STZ-induced diabetic rat liver and high
glucose-exposed BRL-3A and HepG2 cells
Activation of caspase-1 induces an overexpression of SREBPs
(Gurcel et al., 2006) and the expression of SREBPs is con-
trolled by PPARa (OKka et al., 2009). Thus, we determined the
expression levels of hepatic lipid metabolism-related genes
SREBP-1c and SREBP-2, as well as FAS and LXRo in STZ-
induced diabetic rats. Compared with normal control, mRNA
and protein levels of SREBP-1c, SREBP-2, FAS and LXRo. were
increased in the liver of diabetic rats, and these increased
levels were effectively restored to control levels by 50 and
100 mg-kg™' quercetin and 10 mg-kg' allopurinol (Figure 8 A—
J). Moreover, in the in vitro hepatocytes, 10 uM (BRL-3A) and
20 uM (HepG2) quercetin, as well as 100 uM allopurinol,
restored the high glucose-induced significant elevation of
lysate SREBP-1c, SREBP-2, FAS and LXRa protein levels to
normal levels in BRL-3A for 48 h and HepG2 for 24 h
(Figure 8K).

Next, we explored the role of caspase-1 in the responses of
hepatocyte cells to high glucose exposure by use of its specific
inhibitor Ac-YVAD-CMK. Co-incubation of the caspase-1
inhibitor with high glucose for 48 h (BRL-3A) or 24 h
(HepG2), blocked the high glucose-induced activation of
caspase-1 in the cell lysate (Figure 8L) along with the induc-
ible up-regulation of lysate SREBP-1c and SREBP-2, but not

1364 British Journal of Pharmacology (2013) 169 1352-1371

FAS and LXRa in these hepatocytes (Figure 8L), indicating
that caspase-1 activation mediated the overexpression of
SREBPs under high glucose conditions. The addition of 10 uM
(BRL-3A) and 20 uM (HepG2) quercetin and 100 uM allopu-
rinol blocked the stimulating effects on the SREBPs, but
clearly down-regulated the cell lysate FAS and LXRoa in
hepatocyte cells co-incubated with caspase-1 and high
glucose (Figure 8L). These results indicate that the effects of
quercetin and allopurinol on hepatic lipid accumulation
under diabetic conditions may be partly mediated by modu-
lation of the hepatic TXNIP-NLRP3 inflammasome-SREBPs
pathway.

Discussion and conclusions

The results of this study confirm that quercetin and allopu-
rinol have the ability to reduce blood glucose levels and the
induction of ROS, and alleviate hepatic oxidative stress,
inflammation and steatosis, hallmarks of the spectrum of
NAFLD, in STZ-induced type 1 diabetic rats. More impor-
tantly, an up-regulation of hepatic TXNIP expression was
found in diabetic rats and high glucose-exposed hepatic
parenchymal cells, consistent with changes in the expression
of genes involved in hepatic NLRP3 inflammasome activation
and lipid metabolism. These results were confirmed in
hepatic cell models with TXNIP siRNA interference-mediated
gene silencing, and caspase-1 inhibitor treatment. Thus,
TXNIP overexpression may directly mediate inflammation
and lipid accumulation under diabetic conditions. Further-
more, our results indicate that quercetin and allopurinol ame-
liorated the disorders associated with NAFLD by suppressing
the overexpression of hepatic TXNIP.

Oxidative stress is implicated in promoting a low-grade
systemic inflammation in diabetes and NASH (Marra et al.,
2008). TXNIP, an essential protein, was recently found to
directly activate NLRP3 inflammasome upon oxidative stress
(Zhou et al., 2010). High glucose-induced TXNIP overexpres-
sion together with ROS-dependent dissociation from TRX,
switches the function of TXNIP from TRX repressor to NLRP3
inflammasome activator (Schroder et al., 2010). Activation
of NLRP3 inflammasome induces caspase-1 hyperactivity,
which cleaves its substrates pro-IL-13 and pro-IL-18 into their
biologically active forms (Tschopp and Schroder, 2010). In
the present study, we showed that hepatic NLRP3 inflamma-
some was activated in parallel with the induction of hepatic
ROS and the overexpression of TXNIP, and this subsequently
led to IL-1B and IL-18 release in the liver and inflammation in
STZ-induced diabetic rats. This NLRP3 inflammasome activa-
tion and IL-1B secretion was confirmed in high glucose-
exposed BRL-3A and HepG2 cells. Furthermore, TXNIP siRNA
blocked the high glucose-induced NLRP3 inflammasome acti-
vation and increased IL-1B secretion in BRL-3A and HepG2
cells. These results are consistent with those from previous
studies, which showed that NLRP3 inflammasome activation
and IL-1p secretion were reduced in THP-1 cells deficient in
TXNIP (Zhou etal., 2010), and IL-1B levels suppressed in
diabetic retina after knockdown of TXNIP (Devi et al., 2012).
Therefore, an increased expression of TXNIP may account for
the activation of NLRP3 inflammasome and inflammation
observed in diabetic conditions. IL-18 is mainly produced in
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Figure 7

Quercetin and allopurinol up-regulate PPARc. in STZ-induced diabetic rat liver and high glucose (HG)-exposed hepatocyte cells. Representative
RT-PCR results and graphic presentation showed hepatic mRNA levels of PPARc. (A) at week 7 after STZ injection in different groups of rats as
indicated. Representative Western blot results and graphic presentation showed hepatic protein levels of PPARa. (B) in different groups of rats as
indicated. The data are expressed as the means = SEM (n=4). **"P < 0.001 versus normal control; **P < 0.01, ***P < 0.001 versus diabetic control.
Hepatocyte cells BRL-3A and HepG2 were cultured with or without HG (30 mM) or quercetin and allopurinol in the presence or absence of siRNA
TXNIP transfection for the indicated time, and then cellular lysate was used to measure PPARo by Western blot (C and D) (n = 4). The data are
expressed as the means £ SEM. **P < 0.001 versus control; **P < 0.01, ***P < 0.001 versus HG control. In siRNA TXNIP transfection experiments,
the data are expressed as the means + SEM. P < 0.001 versus control; ***P < 0.001 versus HG + control siRNA.
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the liver by activated Kupffer cells (Tsutsui ef al., 2000). Of
note, high glucose stimulation did not induce IL-18 secretion
in BRL-3A and HepG2 cells, which had been either untreated
or transfected with TXNIP siRNA.

Recently, allopurinol was confirmed to suppress
hemozoin-induced NLRP3 inflammasome activation and
IL-1PB production (Griffith et al., 2009). In the present study,
quercetin and allopurinol were found to reduce the activation
of the NLRP3 inflammasome as well as the over-production of
IL-1P in STZ-induced diabetic rats and high glucose-exposed
BRL-3A and HepGz2 cells, resulting in an amelioration of the
hepatic inflammation response. Interestingly, they had no
inhibitory effects on high glucose-induced activation of
NLRP3 inflammasome and IL-1B secretion in TXNIP siRNA
transfected-BRL-3A and HepG2 cells. These results indicate
that suppression of the hepatic TXNIP-NLRP3 inflammasome
pathway is required for quercetin and allopurinol to alleviate
liver injury under diabetic conditions both in vitro and in vivo.

TXNIP has been demonstrated to negatively regulate
PPARo transcriptional activity (Oka et al., 2009). In PPARa
knockout mice the feeding of a methionine- and choline-
deficient diet failed to induce liver fatty acid B-oxidation and
severe hepatic steatosis (Ip ef al., 2003). In cultured foetal rat
hepatocytes, PPARa levels were shown to inversely correlate
with those of IL-1p (Parmentier et al., 1997). Treatment with
exogenous PPARo agonists prevents NAFLD in mice fed a
high fat diet (Seo et al., 2008). In the present study, the TXNIP
overexpression was found to parallel the down-regulation of
hepatic PPARa in STZ-induced diabetic rats and high glucose-
exposed BRL-3A and HepG2 cells, which possibly caused the
impairment of fatty acid B-oxidation and lipogenesis that
accounts for hepatic lipid accumulation. In addition, high
glucose exposure was unable to suppress PPARo expression in
TXNIP siRNA-transfected hepatocytes, indicating that the
impairment of the hepatic TXNIP-PPARo. pathway may be
involved in the development of type 1 diabetes-associated
NAFLD. Moreover, quercetin and allopurinol were found to
effectively up-regulate hepatic PPARa expression both in vivo
and in vitro (with the exception of the TXNIP siRNA-
transfected hepatocytes). These results suggest that the ability
of quercetin and allopurinol to alleviate diabetic hepatic stea-
tosis is partly mediated by a modulation of the hepatic
TXNIP-PPARo pathway.

An increase in the activity of caspase-1 mediated by
NLRP3 inflammasome activation has been shown to induce
the activation of SREBPs (Gurcel et al., 2006). SREBP-1c is
preferentially involved in fatty acid synthesis, whereas
SREBP-2 controls cholesterol synthesis (Shimano et al., 1996;
Horton et al., 2003). Moreover, SREBP-1 mRNA expression is
increased in ob/ob or SREBP-1 transgenic mice, demonstrat-
ing that the histological appearance of hepatic steatosis is
secondary to increased de novo lipogenesis (Browning and
Horton, 2004). Deletion of the liver SREBP cleavage-
activating protein abolishes hepatic steatosis in ob/ob mice
(Moon et al., 2012). These observations indicate that activa-
tion of SREBP-1c and SREBP-2 is essential for the develop-
ment of diabetic hepatic steatosis. In addition, FAS mediates
the lipogenesis process (Loftus et al., 2000). LXRa plays an
important role in the efflux of cholesterol (Venkateswaran
et al., 2000). In parallel with caspase-1 activation, mediated
by TXNIP overexpression, an up-regulation of SREBP-Ic,

Quercetin and allopurinol inhibit TXNIP

SREBP-2, FAS and LXRo were detected in STZ-induced dia-
betic rats and high glucose-stimulated BRL-3A and HepG2
cells in the present study. Furthermore, we found that
a caspase-1 inhibitor blocked the high glucose-induced
up-regulation of SREBP-1c and SREBP-2 in vitro, but failed to
stop the overexpression of FAS and LXRo induced under
these conditions. Moreover, quercetin and allopurinol were
found to effectively suppress hepatic SREBP-1c, SREBP-2, FAS
and LXRo expressions in diabetic rats and high glucose-
exposed cells. They also inhibited the overexpression of FAS
and LXRa in the hepatocytes co-incubated with the caspase-1
inhibitor and high glucose These results suggest that regula-
tion of the TXNIP-NLRP3-SREBPs pathway by quercetin and
allopurinol may partly mediate the alleviation of hepatic
steatosis in these diabetic rats. AMP-activated PK (AMPK)
regulates glucose and lipid metabolism (Viollet et al., 2009).
Quercetin and allopurinol markedly increase AMPK activa-
tion in HepG2 cells (Suchankova et al., 2009; Lanaspa et al.,
2012). AMPK activation can inhibit ligand-induced FAS
expression and LXRa activity in rat hepatocytes (Foretz et al.,
1998; Yap et al., 2011). Hence, it is possible that AMPK acti-
vation mediated by quercetin and allopurinol contributes to
the down-regulation of FAS and LXRo expression in hepatic
cells under high glucose conditions; this needs to be con-
firmed in future work.

In conclusion, the results from our in vivo and in vitro
studies demonstrate that quercetin and allopurinol suppress
the activation of NLRP3 inflammasome and reduce IL-1B
levels by inhibiting the overexpression of hepatic TXNIP and,
subsequently, modulate the expression of lipid metabolism
genes under high glucose conditions. These results further
support evidence that inhibition of hepatic TXNIP contrib-
utes to the alleviation of liver inflammation and lipid accu-
mulation in type 1 diabetes. The targeting of hepatic TXNIP
by quercetin and allopurinol may have therapeutic implica-
tions for the prevention of type 1 diabetes-associated NAFLD.
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