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Antihyperuricemic and nephroprotective effects of
resveratrol and its analogues in hyperuricemic mice
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and Ling-Dong Kong
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Scope: Stilbenes, of which, resveratrol is a representative compound in foods and plants,
possess a variety of bioactivities including antioxidation, anti-inflammation, chemoprevention,
and cardioprotection. This study was conducted to evaluate the antihyperuricemic and nephro-
protective effects of resveratrol and its analogues and explore the possible mechanisms. The
structure—activity relationships were analyzed.

Methods and results: Potassium oxonate-induced hyperuricemic mice were dosed by gavage
with eight stilbenes. Uric acid, creatinine, and blood urea nitrogen (BUN) levels in serum and
urine, clearance rate of creatinine and BUN, 24-h urate excretion, and fractional excretion of
uric acid, uromodulin levels in urine and kidney were determined to evaluate renal urate han-
dling and function. Renal protein levels of organic ion transporters were detected to elucidate
the possible mechanisms. Resveratrol, trans-4-hydroxystilbene, pterostilbene, polydatin, and
mulberroside A were found to have antihyperuricemic activities. These compounds together
with trans-2-hydroxystilbene provided nephroprotection. Trans-3,4',5-trimethoxystilbene and
cis-combretastatin A-4 had no effects.

Conclusion: The uricosuric and nephroprotective actions of resveratrol and its analogues were
mediated by regulating renal organic ion transporters in hyperuricemic mice, supporting their
beneficial effects for the prevention of hyperuricemia. The number and position, methoxylation
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and glycosylation of hydroxyl groups in these trans-stilbenes were required for their effects.
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1 Introduction

Hyperuricemia as a metabolic disorder is usually associated
with gout, kidney disease, hypertension, cardiovascular dis-
ease, inflammation, diabetes, and metabolic syndrome [1-3].
The reabsorption and secretion of uric acid are controlled
by specific organic anion transport proteins in renal apical
and basolateral membranes. Urate transporter 1 (URAT1,
SLC22A12) and glucose transporter 9 (GLUT9, SLC2A9) me-
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diate urate reabsorption from kidney tubule lumen to blood
and maintain blood urate homeostasis [4, 5]. Human ATP-
binding cassette, subfamily G, 2 (ABCG2) is located in the
brush border membranes of renal proximal tubules to con-
trol urate secretion, and its gene mutation in Xenopus oocytes
produces the reduction in urate transport rate [6]. ABCG2 is
associated with hyperuricemia and gout in Caucasian, Han
Chinese, Japanese, and African—-American subjects [7, 8]. Or-
ganic anion transporter 1 (OAT1, SLC22A6) in the basolat-
eral membranes of renal proximal tubules is responsible for
urate secretion from blood to epithelial cells [5]. Uricosuric
agents perform their urate-lowering actions by regulating re-
nal URAT1, GLUTY, and OAT1 [4, 8]. Therefore, these renal
urate transport-related proteins constitute important targets
for the effective agents to prevent and treat hyperuricemia and
gout [9]. Renal organic cation/carnitine transporters (OCTs
and OCTNs) are involved in the excretion of organic cations
including organic drugs and their metabolites. Expression
changes of renal OCTs and OCTNs impair kidney organic
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cation balance and induce renal solute toxicity [10, 11]. Our
previous study demonstrated the downregulation of renal
mOCT1, mOCT2, mOCTN1, and mOCTN2 in hyperuricemic
mice with renal injury [12]. Uromodulin (UMOD), the most
abundant protein in normal urine, is associated with hype-
ruricemia and kidney diseases [13]. UMOD-deficient mice
have reduced creatinine clearance and upregulated expres-
sion of the major distal electrolyte transporters [14]. UMOD
is a useful marker for renal dysfunction in hyperuricemia
with the abnormality of renal organic ion transporters [14].
The eftective therapy for hyperuricemia consists of the recom-
mendation for a diet low in purines, alkalinization of urine,
and the utilization of antihyperuricemic agents [15]. Allopuri-
nol and probenecid are currently available, but the incidence
of side effects such as pruritus, rash, hypersensitivity syn-
drome, and central nervous toxicity to these agents is still
a major clinical problem [16]. Therefore, the search for the
effective agents aiming at renal urate elimination targets is
necessary.

Stilbene-derived natural compounds with a variety of
biological activities have become of great interest to sev-
eral research groups worldwide [17, 18]. Dietary supply of
these stilbenes in grapes, red wine, peanuts, purple grape
juice, and berries may have beneficial effects on human
health [17-23]. Resveratrol (trans-3,4',5-trihydroxystilbene),
one of the most relevant and extensively studied natural stil-
benes (Fig. 1), possesses health-promoting properties such
as antioxidation, anti-inflammation, cardioprotection, antidi-
abetes, anticancer, chemoprevention, and neuroprotection
[21-25]. As a methylated derivative of resveratrol, pterostil-
bene has similar bioactivities such as antioxidation [26] and
anti-inflammation [27]. Other resveratrol analogues trans-4-
hydroxystilbene and polydatin are confirmed to have antiox-
idant activity [25, 28). Interestingly, resveratrol is able to de-
crease serum uric acid levels and protects against diabetic
nephropathy in diabetic rodents [29]. However, it has a short
half-life and limited bioavailability owing to the susceptibil-
ity of its phase II metabolism (glucuronidation and sulfa-
tion of hydroxyl groups) [20]. Mulberroside A is found abun-
dantly in Morus alba L., which is used traditionally in Chinese
medicine for the treatment of hyperuricemia and gout. We
have recently shown that mulberroside A had uricosuric ef-
fects in hyperuricemic mice [12]. Additionally, Smilax china L.
in which stilbenes are the main active components, is demon-
strated to reduce serum urate levels and improve renal func-
tion in hyperuricemic mice [30]. These observations suggest
that resveratrol analogues may exert urate-lowering effects in
hyperuricemia. In this regard, it is necessary to explore the
efficacy of resveratrol and its analogues in hyperuricemia and
kidney dysfunction.

Therefore, the present study determined the effects
of resveratrol and its analogues trans-4-hydroxystilbene,
trans-2-hydroxystilbene, pterostilbene, trans-3,4',5-
trimethoxystilbene, cis-combretastatin ~ A-4,  polydatin,
and mulberroside A (Fig. 1), which are structurally similar,
on serum and urine biochemical indexes of hyperuricemia
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and kidney dysfunction such as uric acid, creatinine,
and blood urea nitrogen (BUN) levels, together with the
clearance of creatinine and BUN, 24-h uric acid excretion,
and fractional excretion of uric acid (FEUA) in potassium
oxonate-induced hyperuricemic mice. To explore the possible
mechanisms underlying the antihyperuricemic action and
renal function improvement of resveratrol and its analogues,
we detected renal protein levels of mURAT1, mGLUT9,
mABCG2, and mOAT1, as well as mOCT1, mOCT?2,
mOCTN1, and mOCTN2 by Western blot analysis. UMOD
levels were simultaneously examined in hyperuricemic mice
treated with resveratrol and its analogues in order to improve
our understanding of the role of UMOD in mediating their
actions. In addition, the structure—activity relationships of
resveratrol and its analogues were briefly analyzed in this
study.

2 Materials and methods
2.1 Materials and apparatus

Uric acid (>99%), allopurinol (>98%), and potassium ox-
onate (>97%) were purchased from Sigma (St. Louis,
MO, USA). Probenecid (>98.5%) was purchased from San-
Jiang Pharmaceutical Chemical Co. Ltd. (Shandong, China).
Resveratrol and polydatin (>98%) were purchased from Xi’an
Feida Biotech Co. Ltd. (Xian, China). Trans-4-hydroxystilbene
and trans-2-hydroxystilbene (>98%) were purchased from
Meryer Chemical Technology Shanghai Co. Ltd. (Shanghai,
China). Pterostilbene (>98%) was purchased from Shenyang
Dakang Pharmaceutical Technology Co. Ltd. (Shenyang,
China). Trans-3,4',5-trimethoxystilbene (>98%) was pur-
chased from Hongkong Advanced Technology and Industrial
Co., Ltd. (Shenzhen, China). Cis-combretastatin A-4 (>98%)
was purchased from Goldwills Pharmaceutical and Chemi-
cal Co. Ltd. (Hanzhong, China). Mulberroside A (>98%) was
purchased from Shanghai Sunny Biotech Co., Ltd. (Shang-
hai, China). Assay kits of creatinine and BUN were purchased
from Jiancheng Biotech. (Nanjing, China). ELISA assay kit
of UMOD was purchased from R&D (Minneapolis, USA).
Antibodies used in Western blot analysis were summarized
in Table 1. Western blot analysis system was purchased
from Bio-Rad Laboratories (Shanghai) Co., Ltd. (Shanghai,
China).

2.2 Animals

Male Kun-Ming strain mice (20 & 2 g) were purchased from
the Animal Centre of Qing-Long Shan (Nanjing, China). They
were allowed at least 1 week to adapt to the environment be-
fore starting experiments. Animals were housed 5 per cage
(320 x 180 x 160 cm) under a normal 12-h/12-h light/dark
schedule with the light on at 07:00 a.m. (room temperature:
22 + 2°C; relative humidity: 55 £ 5%), and given a standard
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Figure 1. Structures of resveratrol and its analogues.

chow and water ad libitum for the duration of the study. All
experiments were carried out in accordance with the Insti-
tutional Animal Care Committee at the Nanjing University
and the China Council on Animal Care at Nanjing University
[SYXK (SU) 2009 — 0017].

An experimental animal model of hyperuricemia induced
by uricase inhibitor potassium oxonate has been used to
evaluate the effects of drugs or possible therapeutic agents
on serum urate levels [12]. Mice were randomly divided
into a normal group receiving water, and hyperuricemic
groups receiving water, 20 and 40 mg/kg resveratrol, trans-4-
hydroxystilbene, trans-2-hydroxystilbene, pterostilbene, trans-
3,4 ,5-trimethoxystilbene, cis-combretastatin A-4, polydatin,
and mulberroside A, 5 mg/kg allopurinol, and 100 mg/kg
probenecid (positive control drugs), respectively. Each group
consisted of eight mice.

Oxonate and all tested samples were freshly dispersed in
distilled water, respectively. Food, but not water, was with-
drawn from the animals 1 h prior to the administration. Mice
were administered in a volume of 15 mL/kg by gavage once
daily with oxonate (250 mg/kg) or water (vehicle) at 8:00 a.m.
for 7 days. Resveratrol and its analogues, allopurinol and
probenecid were orally initiated at 9:00 a.m. on the day when
oxonate was given.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3 Urine, blood, and kidney tissue sample
collection

To check biochemical profiles associated with serum urate
level and kidney function, 24-h urine as well as blood sam-
ples were collected and assayed. From 24 h before final ad-
ministration on seventh day, urine sample for each mouse
in 24 h was collected in a metabolic cage, and centrifuged at
2000 x g for 10 min to remove the particulate contaminants.
The supernatant was used for the determination of uric acid,
creatinine, BUN, and UMOD levels. Animals were sacrificed
by decapitation 1 h after the last treatment and blood samples
were collected to get serum samples for uric acid, creatinine,
and BUN assays, respectively. Serum and urine samples were
stored at —20°C until biochemical assays were performed. Si-
multaneously, kidney cortex tissues were rapidly separated
on ice plate and stored at —70°C until Western blot analysis.

2.4 Determination of uric acid, creatinine, and BUN
levels in serum and urine

Uric acid concentrations in serum and 24-h urine were de-
termined by the phosphotungstic acid method [12]. Excretion
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Table 1. Summary of antibodies used in Western blot analysis

Company Description Catalog
number
Saichi Biotech Rabbit mURAT1 001046-R
(Beijing, China) antibody
Rabbit mGLUT9 001052-R
antibody
Rabbit mOAT1 001019-R
antibody
Rabbit mOCT1 001017-R
antibody
Rabbit mOCT2 001018-R
antibody
Alpha Diagnostic Rabbit mOCTN1 OCTN11-A
International Inc. antibody
(San Antonio, USA)
Rabbit mOCTN2 OCTN21-A
antibody
Kangchen Biotech Mouse mGAPDH KC-5G5
(Shanghai, China) monoclonal
antibody
Cell Signaling Rabbit #3010S
Technology, Inc. mNaT-KT-ATPase
(Boston, MA, USA) antibody
Rabbit mABCG2 #4477S
antibody
Jingmei Biotech Goat antirabbit- SB-200

(Shanghai, China) immunoglobulin
G-horseradish

peroxidase

of urate in 24 h was calculated using the formula: volume of
urine in 24 h x uric acid concentration in 24-h urine. Crea-
tinine levels in serum and 24-h urine as well as BUN levels
were determined spectrophotometrically using standard di-
agnostic kits, respectively. Clearance rate of creatinine was
calculated by creatinine concentration in 24-h urine x vol-
ume of urine in 24 h / creatinine concentration in serum.
Clearance rate of BUN was calculated by BUN concentration
in 24-h urine x volume of urine in 24 h / BUN concentration
in serum. FEUA was calculated using the formula: FEUA
= (uric acid concentration in 24-h urine x creatinine con-
centration in serum) / (uric acid concentration in serum x
creatinine concentration in 24-h urine) x 100, expressed as a
percentage [12].

2.5 Determination of urinary and renal UMOD levels

The kidney cortex tissue was homogenized in 100 vol-
ume/weight of sodium chloride solution and centrifuged at
5000 x g for 10 min at 4°C. UMOD levels in 24-h urine
and kidney homogenate supernatant were determined using
ELISA kit.
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2.6 Western blot analysis

To investigate the possible molecular mechanisms, expres-
sion levels of renal urate transport-related proteins were an-
alyzed by Western blot method. Protein levels of mGLUT?9,
mOAT1, mOCT1, and mOCT2 in renal cortex, and mURATT,
mABCG2, mOCTN1, and mOCTN2 in renal brush border
membranes were determined as described in our previous
study [12]. Relative quantitation for Western blot analysis was
calculated after the normalization to the amount of mouse
glyceraldehyde-3-phosphate dehydrogenase (mGAPDH) or
mNat-K*-ATPase protein levels.

2.7 Statistical analysis

All data were expressed as mean + SEM. Statistical analysis
was performed using a one-way analysis of variance followed
by Dunnett’s multiple comparison tests to determine the level
of significance. A value of p < 0.05 was considered statistically
significant.

3 Results

3.1 Effects of resveratrol and its analogues on serum
and urine biochemical indexes of hyperuricemia
and kidney dysfunction in oxonate-treated mice

To investigate the antihyperuricemic effect and kidney func-
tion improvement of resveratrol and its analogues, serum uric
acid levels, the representative biomarker of hyperuricemia, as
well as renal function parameters were assayed in oxonate-
treated mice. As shown in Fig. 2, oxonate was further demon-
strated to induce hyperuricemia with renal dysfunction in
mice [12]. A total of 20 and 40 mg/kg of resveratrol, pterostil-
bene, polydatin, and mulberroside A and 40 mg/kg of trans-4-
hydroxystilbene significantly decreased serum uric acid levels
near to or below the normal value. Furthermore, resvera-
trol significantly decreased serum creatinine and BUN lev-
els to the normal value (20 and 40 mg/kg) and increased
urine creatinine (20 mg/kg) and BUN (40 mg/kg) levels in
hyperuricemic mice. A total of 20 and 40 mg/kg of trans-
4-hydroxystilbene, polydatin, and mulberroside A, and 40
mg/kg of trans-2-hydroxystilbene and pterostilbene signifi-
cantly decreased serum creatinine and BUN levels to the nor-
mal value, simultaneously, they increased urine creatinine
and BUN levels in hyperuricemic mice (Fig. 2). Additionally,
40 mg/kg of resveratrol and trans-4-hydroxystilbene along
with 20 and 40 mg/kg of trans-2-hydroxystilbene, pterostil-
bene, polydatin, and mulberroside A increased clearance rate
of creatinine in this model. These compounds at 40 mg/kg
and mulberroside A at 20 and 40 mg/kg also increased clear-
ance rate of BUN to the normal value in hyperuricemic mice
(Fig. 2).
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Figure 2. Effects of resveratrol and its analogues on serum and urine uric acid, creatinine and blood urea nitrogen (BUN), clearance rate
of creatinine and BUN, 24-h uric acid excretion, and FEUA in hyperuricemic mice. Experiments were performed as described in Section 2.
Data were expressed as the mean + SEM (n = 8). # p < 0.05, *# p < 0.01, and ## p < 0.001 vs. normal animals. * p < 0.05, * p < 0.01, and

*R

p < 0.001 vs. hyperuricemia-vehicle animals. (A) Resveratrol, (B) trans-4-hydroxystilbene, (C) trans-2-hydroxystilbene, (D) pterostilbene,

(E) trans-3,4' ,5-trimethoxystilbene, (F) cis-combretastatin A-4, (G) polydatin, (H) mulberroside A, Allo: allopurinol, Prob: probenecid.

To elucidate the possibility that the reduction of serum
urate levels in hyperuricemic mice treated with resveratrol
and its analogues was due to the enhancement of renal urate
excretion, their effects on urine uric acid concentrations, 24-h
urinary urate levels, and FEUA were detected (Fig. 2). Reduc-
tions of these indexes were observed in hyperuricemic mice,
which were restored by the treatment of 20 and 40 mg/kg of
resveratrol, trans-4-hydroxystilbene, polydatin, and mulberro-
side A, and 40 mg/kg of pterostilbene.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

These data suggested that resveratrol, trans-4-
hydroxystilbene, pterostilbene, polydatin, and mulberroside
A exhibited antihyperuricemic and nephroprotective effects
and trans-2-hydroxystilbene had nephroprotection in hyper-
uricemic animals. However, trans-3,4',5-trimethoxystilbene
and cis-combretastatin A-4 did not change these biochemical
indexes in this model. As expected [12], allopurinol and
probenecid significantly attenuated oxonate-induced these
biochemical abnormalities in mice (Fig. 2).
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3.2 Effects of resveratrol and its analogues on renal
expression levels of urate transport-related
proteins in oxonate-treated mice

It is well suggested that maintenance of urate homeostasis
is critically dependent on urate excretion mediated by re-
nal organic anion transporters. To investigate the possible
antihyperuricemic mechanisms, we examined the effects of
resveratrol and its analogues on the expression levels of renal
mURAT1, mGLUT9, mABCG2, and mOAT1 using Western
blot analysis.

As demonstrated in Fig. 3, 20 and 40 mg/kg of resver-
atrol failed to affect mURAT1 expression, but significantly
decreased mGLUT9 protein levels in the kidney of hyper-
uricemic mice. Trans-4-hydroxystilbene and pterostilbene at
40 mg/kg remarkably decreased renal mURAT1 protein lev-
els, but did not change renal mGLUT9 expression. Poly-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

datin and mulberroside A at 20 and 40 mg/kg dramati-
cally reduced renal protein levels of mURAT1 and mG-
LUTY in hyperuricemic mice. Furthermore, the increased
mABCG2 and decreased mOAT1 at protein levels were
observed in the kidney of hyperuricemic animals (Fig.
4). Resveratrol significantly downregulated renal mABCG2
(40 mg/kg) and upregulated renal mOAT1 (20 and 40
mg/kg) in hyperuricemic mice. Trans-4-hydroxystilbene at
40 mg/kg and pterostilbene at 20 and 40 mg/kg decreased re-
nal mABCG?2 protein levels, without renal mOAT1 change
in this model. Polydatin and mulberroside A at 20 and
40 mg/kg remarkably reversed oxonate-induced expression
abnormality of renal mABCG2 and mOAT1 in mice. In con-
trast, trans-2-hydroxystilbene, trans-3,4',5-trimethoxystilbene
and cis-combretastatin A-4 failed to alter renal mURATI,
mGLUTY9, mABCG2, and mOAT1 protein levels in hy-
peruricemic mice. Allopurinol and probenecid restored
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Figure 3. Effects of resveratrol and its analogues on renal mMURAT1 and mGLUT9 protein levels in oxonate-induced hyperuricemic mice.
Experiments were performed as described in Section 2. Data were expressed as the mean & SEM (n = 4). ¥ p < 0.05, # p < 0.01, and ##
p < 0.001 vs. normal animals. * p < 0.05, ™ p < 0.01, and ™ p < 0.001 vs. hyperuricemia-vehicle animals. (A) Resveratrol, (B) trans-4-
hydroxystilbene, (C) trans-2-hydroxystilbene, (D) pterostilbene, (E) trans-3,4',5-trimethoxystilbene, (F) cis-combretastatin A-4, (G) polydatin,
(H) mulberroside A, Allo: allopurinol, Prob: probenecid.
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Figure 4. Effects of resveratrol and its analogues on renal mMABCG2 and mOAT1 protein levels in oxonate-induced hyperuricemic mice.
Experiments were performed as described in Section 2. Data were expressed as the mean & SEM (n = 4). ¥ p < 0.05, # p < 0.01, and ##
p < 0.001 vs. normal animals. * p < 0.05, ™ p < 0.01, and ™ p < 0.001 vs. hyperuricemia-vehicle animals. (A) Resveratrol, (B) trans-4-
hydroxystilbene, (C) trans-2-hydroxystilbene, (D) pterostilbene, (E) trans-3,4',5-trimethoxystilbene, (F) cis-combretastatin A-4, (G) polydatin,
(H) mulberroside A, Allo: allopurinol, Prob: probenecid.

oxonate-induced expression abnormality of renal mURATI, dysfunction combined with hyperuricemia [9]. In the
mABCG2, and mOAT1 but not mGLUTY in this model. present study, we tested the effects of resveratrol and its
analogues on protein levels of renal organic cation/carnitine

3.3 Effects of resveratrol and its analogues on renal transporters in oxonate-treated mice. As shown in Fig.
protein levels of mMOCT1, mOCT2, mOCTN1, and 5, 20 and 40 mg/kg of resveratrol and mulberroside A,
mOCTN2 in oxonate-treated mice and 40 mg/kg of polydatin significantly upregulated renal
mOCT1 protein levels to the normal value, but failed to alter

Abnormality of urate transport can develop metabolism renal mOCT2 expression in hyperuricemic mice. Trans-
disequilibration of renal organic solutes, causing renal 4-hydroxystilbene, trans-2-hydroxystilbene, pterostilbene,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com
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Figure 6. Effects of resveratrol and its analogues on renal mOCTN1

and mOCTN2 protein levels in oxonate-induced hyperuricemic mice.

Experiments were performed as described in Section 2. Data were expressed as the mean & SEM (n = 4). * p < 0.05, # p < 0.01, and ##

e

p < 0.001 vs. normal animals. * p < 0.05, ™ p < 0.01, and

p < 0.001 vs. hyperuricemia-vehicle animals. (A) Resveratrol, (B) trans-4-

hydroxystilbene, (C) trans-2-hydroxystilbene, (D) pterostilbene, (E) trans-3,4’,5-trimethoxystilbene, (F) cis-combretastatin A-4, (G) polydatin,

(H) mulberroside A, Allo: allopurinol, Prob: probenecid.

trans-3,4,5-trimethoxystilbene and cis-combretastatin A-4
did not affect renal mOCT1 and mOCT?2 in this model. Fur-
thermore, 20 and 40 mg/kg of polydatin and mulberroside
A significantly upregulated renal mOCTN1 and mOCTN2
protein levels in hyperuricemic mice (Fig. 6). However,
resveratrol, trans-4-hydroxystilbene, trans-2-hydroxystilbene,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pterostilbene,  trans-3,4',5-trimethoxystilbene  and  cis-
combretastatin A-4 failed to alter renal mOCTN1 and
mOCTN2 in this model. Allopurinol and probenecid
significantly increased renal mOCT1, mOCT2, mOCTNI,
and mOCTN2 protein levels in hyperuricemic mice
(Figs. 5 and 6).
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Figure 7. Effects of resveratrol and its analogues on renal and urinary UMOD levels in oxonate-induced hyperuricemic mice. Experiments
were performed as described in Section 2. Data were expressed as the mean + SEM (n=4). # p < 0.05, # p < 0.01, and ## p < 0.001 vs.
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A, Allo: allopurinol, Prob: probenecid.

3.4 Effects of resveratrol and its analogues on renal
and urine UMOD levels in oxonate-treated mice

UMOD mutation is suggested to be associated with hyper-
uricemia and renal failure [13]. As shown in Fig. 7, UMOD
levels of kidney were increased and of urine were reduced
in hyperuricemic mice. A total of 40 mg/kg of trans-4-
hydroxystilbene, trans-2-hydroxystilbene, pterostilbene and
polydatin, as well as 20 and 40 mg/kg of mulberroside A
significantly decreased renal UMOD levels to the normal
value in hyperuricemic mice. However, resveratrol, trans-
3,4 ,5-trimethoxystilbene and cis-combretastatin A-4 failed to
alter kidney UMOD levels in this model. Among resveratrol
and its analogues, polydatin at 20 and 40 mg/kg and mulber-
roside A at 40 mg/kg dramatically elevated urinary UMOD
levels in hyperuricemic mice. Additionally, probenecid but
not allopurinol restored oxonate-induced UMOD alteration
of kidney and urine in mice.

4 Discussion

The present study demonstrated that resveratrol and its
analogues trans-4-hydroxystilbene, pterostilbene, polydatin,
and mulberroside A reduced serum urate levels and en-
hanced urate excretion in oxonate-induced hyperuricemic
mice. Their antihyperuricemic effects were related to the
regulation of renal mURAT1, mGLUTY9, mABCG2, and
mOAT1 in hyperuricemic mice. Moreover, the improve-
ment of renal function as well as upregulation of renal
mOCT1, mOCT2, mOCTIN1, and mOCTIN2 protein lev-
els contributed to the nephroprotective effects of revera-
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trol, trans-4-hydroxystilbene, trans-2-hydroxystilbene, pteros-
tilbene, polydatin, and mulberroside A. However, trans-3,4',5-
trimethoxystilbene and cis-combretastatin A-4 did not have
these effects in hyperuricemic mice. Additionally, the num-
ber and position, methoxylation and glycosylation of hydroxyl
groups may be important requirements of these stilbenes for
their antihyperuricemic effects.

Serum urate level is most often consequent to renal urate
excretion. Renal urate transport becomes increasingly rele-
vant in blood urate homeostasis. The present study revealed
thatresveratrol reduced serum urate levels by downregulating
mGLUTY expression to inhibit urate reabsorption, and down-
regulating mABCG2 with upregulation of mOAT1 expression
to increase urate secretion in the kidney of hyperuricemic
mice. Trans-4-hydroxystilbene and pterostilbene may reduce
urate reabsorption by downregulating renal mURAT1 expres-
sion and increase urate secretion by downregulating renal
mABCG2 in hyperuricemic mice. Compared with the above
three stilbenes, polydatin and mulberroside A showed antihy-
peruricemic actions simultaneously by regulating renal mU-
RAT1 and mGLUT9 expression to decrease urate reabsorp-
tion, and renal mABCG2 and mOAT1 expression to elevate
urate secretion. However, trans-2-hydroxystilbene, trans-3,4',
5-trimethoxystilbene, and cis-combretastatin A-4 were unable
to effectively change renal mURAT1, mGLUT9, mABCG2,
and mOAT1 in hyperuricemic mice, which were consis-
tent with the lack of the antihyperuricemic effects observed
in Fig. 2. These results suggested that resveratrol, trans-4-
hydroxystilbene, pterostilbene, polydatin, and mulberroside
A exhibited antihyperuricemic effects through the regulation
of different renal urate transport-related proteins to enhance
renal urate excretion in hyperuricemic mice. Comparison of
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positive control drug, antihyperuricemic efficacies of pteros-
tilbene and polydatin seemed to be similar to allopurinol, and
more potent than probenecid in this study. It must be pointed
out that this effective size comparison in hyperuricemia may
be nearly irrelevant because no correlation was found be-
tween serum urate levels in animal studies and in clinical
studies. Further studies will be required.

Hyperuricemia is one of well-described risk factors for kid-
ney function disorders. Creatinine as a substrate of OCT1 and
OCT?2 in renal proximal tubules is also a biomarker of renal
dysfunction [11]. Consistent with the amelioration of kidney
dysfunction, the nephroprotective effects of resveratrol may
be mediated by increasing renal mOCT1 expression, and of
trans-4-hydroxystilbene, trans-2-hydroxystilbene, and pteros-
tilbene at high dose by decreasing renal mUMOD levels in
hyperuricemic mice. Compared with the above four stilbenes,
polydatin and mulberroside A may similarly exert their potent
effects by upregulating renal mOCT1, mOCTN1, mOCTN2,
and urine UMOD levels, and simultaneously by reducing
renal UMOD levels in hyperuricemic mice. However, trans-
3,4 ,5-trimethoxystilbene and cis-combretastatin A-4 failed to
show nephroprotection in this model.

Clinical trials assessing the safety show that resveratrol
is safe at 1.0 g daily for 29 days in humans [31]. A total
of 3 g/kg pterostilbene and 100 mg/kg polydatin are con-
firmed to be safer in preclinical efficacy studies of rodent
models [32, 33]. However, resveratrol at 5 g/day dosage can
develop cast nephropathy in some multiple myeloma pa-
tients [34]. Nephropathy and renal toxicity are also observed in
rats orally treated with 3 g/kg/day resveratrol for 28 days [35].
These observations suggest that high doses of these stilbenes
raise the risks of kidney diseases. Generally, hyperuricemic
patients have renal dysfunction. Careful attention must be
given in the treatment trials to patients with kidney diseases.
Using the body surface area to scale dose between humans
and mice [36, 37], the doses of 20 and 40 mg/kg in mice of
the present study are converted into 1.6 and 3.2 mg/kg in
humans, or 96 and 192 mg/day for a 60 kg individual, re-
spectively. In other animal studies, resveratrol does not cause
any toxic effects except at doses above 1 g/kg/day, indicating
that daily dose of 450 mg is safe for a 60 kg person [35, 38].
These observations together with the results of the present
study indicate that low doses of these stilbenes with novel
active targets may be safe and effective in the prevention of
hyperuricemia and its associated diseases. Additionally, drug
delivery methods to these stilbenes may be provided for en-
hancing absorption or bioavailability and eventually achieving
adequate plasma levels by lower dosages. More important,
these methods may prevent or minimize any possible side
effects of these stilbenes. Cautious evaluation of the safety
and toxicology of these stilbenes as well as delivery meth-
ods is necessary to simultaneously investigate their effects
on serum urate levels and kidney function in patients with
hyperuricemia.

Furthermore, it was worth to understand relationship of
main structural features of resveratrol analogues and their
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antihyperuricemic properties. The tested compounds with
hydroxyl group at C-4 position (para), such as resveratrol,
trans-4-hydroxystilbene, pterostilbene, and polydatin signif-
icantly showed antihyperuricemic effects. Besides C-4 hy-
droxyl group, resveratrol has C-3 and C-5 hydroxyl groups.
Compared with trans-4-hydroxystilbene, the number of hy-
droxyl groups is greater in resveratrol, the action improved,
indicating that C-3 and C-5 hydroxyl groups may act as
important groups in its antihyperuricemic action. The in-
creased number of hydroxyl group in stilbene molecules may
result in high hydrophilicity in vivo circumstance, which
may be convenient to interact with hydrophilic groups or
functional domains of renal urate transport-related proteins.
On the other hand, resveratrol analogues in which hydroxyl
groups are substituted by methoxyl groups exhibited differ-
ent antihyperuricemic effects in comparison to the parent
compound. Pterostilbene is derived from 3- and 5-hydroxyl
groups of resveratrol substituted by methoxyl. Compared
with resveratrol, its antihyperuricemic effects are greater.
These results may be explained such that the methoxyla-
tion makes pterostilbene lipophilicity increase and then enter
cells more easily, showing better pharmacokinetic properties
than resveratrol. However, the entire methoxylation of three
hydroxyl groups in resveratrol molecule, such as trans-3,4',5-
trimethoxystilbene makes the compound difficult to inter-
act with renal urate transport-related proteins by hydrogen
bonds, possibly showing disappearance of antihyperuricemic
action in hyperuricemic mice. Furthermore, polydatin with
glycosylation of hydroxyl groups remarkably produced po-
tent antihyperuricemic effects in comparison to the parent
compound resveratrol in hyperuricemic mice. Resveratrol is
metabolized and circulated as glucuronides or sulfates occur-
ring on hydroxyl groups [39]. Polydatin with 3-glycosylation
and C-4 hydroxyl group is hydrolyzed in the body as resver-
atrol [40]. Similar to polydatin, mulberroside A in which
hydroxyl groups at C-3 and C-4-positions are glycosides
is metabolized into oxyresveratrol-2-O-B-D-glucopyranoside,
oxyresveratrol-3'-O-B-D-glucopyranoside, and oxyresveratrol
in rats [41]. The glycosylation may change the metabolism of
related compounds in vivo, and be more bioavailable than
resveratrol. Thus, the glycosylation of hydroxyl groups at
the active sites (C-3, C-4, and C-5 positions) is suggested
to strengthen their actions on the reduction of serum urate
levels in hyperuricemic mice. Conversely, cisoid stilbene, cis-
combretastatin A-4 with hydroxyl group at C-3’ position and
four methoxy groups at C-3, C-4, C-5, and C-4' positions did
not show any effects in hyperuricemic mice, indicating that
transoid configuration may be a key character for antihy-
peruricemic compounds resveratrol, trans-4-hydroxystilbene,
pterostilbene, polydatin, and mulberroside A. These analyses
could help in the elucidation of the important functional in-
formation about the number and position, methoxylation and
glycosylation of hydroxyl groups, and double bond configu-
ration in these natural resveratrol analogue molecules target-
ing renal organic ion transporters. Furthermore, the present
study should be beneficial in future rational drug design
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for hyperuricemia to develop drug candidates of structurally
modified resveratrol analogues with the favorable bioavail-
ability, safety, and efficacy.

Stilbenes are abundant in many foods and beverages,
such as resveratrol and polydatin contained in mulberries,
grapes, red wine, as well as Polygonum cuspidatum, Cassia
quinquangulata, and S. china, resveratrol and pterostilbene in
Vaccinium Berries, mulberroside A in M. alba, and pterostil-
bene in peanuts [42—45]. Thus, foods and herbs containing
these beneficial nutrient stilbenes may be natural remedies
to prevent hyperuricemia and its associated diseases. It is
of interest to detect their contents in foods and herbs, as
which may generate testable predictions and provide a di-
etary supplement for lowering serum urate in patients with
hyperuricemia. Moreover, the combination of these stilbenes
may be suggested to be best for preventing hyperuricemia
and its associated diseases. Therapeutic action and underly-
ing mechanisms of the combination of these stilbenes need
to be further investigated.

In summary, the present study demonstrated the anti-
hyperuricemic and nephroprotective activities of resveratrol,
trans-4-hydroxystilbene, pterostilbene, polydatin, and mul-
berroside A in oxonate-induced hyperuricemic mice. These
effects were mediated by regulating renal expression lev-
els of mGLUT9, mABCG2, mOAT1, mOCT1 for resver-
atrol, of mURAT1, mABCG2, and mUMOD for trans-4-
hydroxystilbene, of mURAT1, mAGCG2, and mUMOD for
pterostilbene, of mURAT1, mGLUT9, mAGCG2, mOAT1,
mOCT1, mOCIN1, mOCTN2, and mUMOD for poly-
datin and mulberroside A in hyperuricemic mice. Trans-
2-hydroxystilbene showed renal protective activity by de-
creasing renal UMOD levels in hyperuricemic mice. How-
ever, trans-3,4',5-trimethoxystilbene and cis-combretastatin A-
4 were unable to show any effects in this model. The num-
ber and position, methylation and glycosylation of hydroxyl
groups in natural trans-stilbenes may be required for their ac-
tions. These experimental results in animals provide the ev-
idence for the possible preventive efficacy on hyperuricemia
with renal dysfunction by resveratrol analogues. Foods and
plants with these abundant stilbenes, as a daily dietary sup-
plement of adults, may be natural remedies to safely and
effectively prevent hyperuricemia with kidney dysfunction.

This work was co-financed by grants from NSFC
(No. 81025025 and J1103512), China 973 Program
(No. 2012CB517602), JSNSF (BK2010365), and PCSIRT
(IRT1020).

The authors have declared no conflict of interest.

5 References

[1] Choi, H. K., Curhan, G., Independent impact of gout on mor-
tality and risk for coronary heart disease. Circulation 2007,
116, 894-900.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1443

[2] Chonchol, M., Shlipak, M. G., Katz, R., Sarnak, M. J. et al.,
Relationship of uric acid with progression of kidney disease.
Am. J. Kidney Dis. 2007, 50, 239-247.

Bhole, V., Choi, J. W., Kim, S. W., de Vera, M. et al., Serum
uric acid levels and the risk of type 2 diabetes: a prospective
study. Am. J. Med. 2010, 123, 957-961.

Preitner, F, Bonny, O., Laverriere, A., Rotman, S. et al., Glut9
is a major regulator of urate homeostasis and its genetic
inactivation induces hyperuricosuria and urate nephropathy.
Proc. Natl. Acad. Sci. USA 2009, 106, 15501-15506.

[3

[4

(5

Enomoto, A., Endou, H., Roles of organic anion transporters
(OATs) and a urate transporter (URAT1) in the pathophysiol-
ogy of human disease. Clin. Exp. Nephrol. 2005, 9, 195-205.

Woodward, O. M., Kottgen, A., Coresh, J., Boerwinkle, E.
et al., ldentification of a urate transporter, ABCG2, with a
common functional polymorphism causing gout. Proc. Natl.
Acad. Sci. USA 2009, 106, 10338-10342.

[6

[7

Wang, B., Miao, Z., Liu, S., Wang, J. et al., Genetic analysis
of ABCG2 gene C421A polymorphism with gout disease in
Chinese Han male population. Hum. Genet. 2010, 127, 245-
246.

Hediger, M. A., Johnson, R. J., Miyazaki, H., Endou, H.,
Molecular physiology of urate transport. Physiology 2005,
20, 125-133.

[8

[9

Saito, H., Pathophysiological regulation of renal SLC22A or-
ganic ion transporters in acute kidney injury: pharmacolog-
ical and toxicological implications. Pharmacol. Therapeut.
2010, 125, 79-91.

[10] Glube, N., Closs, E., Langguth, P, OCTN2-mediated carnitine
uptake in a newly discovered human proximal tubule cell
line (Caki-1). Mol. Pharm. 2007, 4, 160-168.

[11] Grover, B., Buckley, D., Buckley, A. R., Cacini, W., Reduced
expression of organic cation transporters rOCT1 and rOCT2
in experimental diabetes. J. Pharmacol. Exp. Ther. 2004, 308,
949-956.

[12] Wang, C.P, Wang, Y., Wang, X., Zhang, X. et al., Mulberroside
A possesses potent uricosuric and nephroprotective effects
in hyperuricemic mice. Planta Med. 2011, 77, 786-794.

[13] Dahan, K., Devuyst, O., Smaers, M., Vertommen, D. et al., A
cluster of mutations in the UMOD gene causes familial juve-
nile hyperuricemic nephropathy with abnormal expression
of uromodulin. J. Am. Soc. Nephrol. 2003, 14, 2883-2893.

[14] Bachmann, S., Mutig, K., Bates, J., Welker, P. et al., Renal
effects of Tamm-Horsfall protein (uromodulin) deficiency in
mice. Am. J. Physiol. Renal Physiol. 2005, 288, F559-F567.

[15] Bomalaski, J. S., Clark, M. A., Serum uric acid-lowering
therapies: where are we heading in management of hyper-
uricemia and the potential role of uricase. Curr. Rheumatol.
Rep. 2004, 6, 240-247.

[16] Bardin, T, Current management of gout in patients unre-
sponsive or allergic to allopurinol. Joint Bone Spine 2004,
71,481-485.

[17] Scott, E., Steward, W. P, Gescher, A. J., Brown, K., Resvera-
trol in human cancer chemoprevention—choosing the ‘right’
dose. Mol. Nutr. Food Res. 2012, 56, 7-13.

www.mnf-journal.com



1444

(18]

(19l

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Y. W. Shi et al.

Roupe, K. A., Remsberg, C. M., Yanez, J. A., Davies, N. M.,
Pharmacometrics of stilbenes: seguing towards the clinic.
Curr. Clin. Pharmacol. 2006, 1, 81-101.

Smoliga, J. M., Baur, J. A., Hausenblas, H. A., Resveratrol
and health—a comprehensive review of human clinical tri-
als. Mol. Nutr. Food Res. 2011, 55, 1129-1141.

Delmas, D., Aires, V., Limagne, E., Dutartre, P. et al., Trans-
port, stability, and biological activity of resveratrol. Ann. NY
Acad. Sci. 2011, 1215, 48-59.

Timmers, S., Konings, E., Bilet, L., Houtkooper, R. H. et al.,
Calorie restriction-like effects of 30 days of resveratrol sup-
plementation on energy metabolism and metabolic profile
in obese humans. Cell Metab. 2011, 14, 612-622.

Brasnyo, P, Molnér, G. A., Mohas, M., Markd, L. et al., Resver-
atrol improves insulin sensitivity, reduces oxidative stress
and activates the Akt pathway in type 2 diabetic patients. Br.
J. Nutr. 2011, 106, 383-389.

Magyar, K., Halmosi, R., Palfi, A., Feher, G. et al., Cardiopro-
tection by resveratrol: a human clinical trial in patients with
stable coronary artery disease. Clin. Hemorheol. Microcirc.
2012, 50, 179-187.

Kondratyuk, T. P, Park, E. J., Marler, L. E., Ahn, S. Y. et
al., Resveratrol derivatives as promising chemopreventive
agents with improved potency and selectivity. Mol. Nutr.
Food Res. 2011, 55, 1249-1265.

Matsuoka, A., Kodama, Y., Fukuhara, K., Honda, S. et al.,
A pilot study of evaluation of the antioxidative activity of
resveratrol and its analogue in a 6-month feeding test in
young adult mice. Food Chem. Toxicol. 2008, 46, 1125-1130.

Perecko, T., Jancinova, V., Drabikova, K., Nosal, R. et al.,
Structure-efficiency relationship in derivatives of stilbene.
Comparison of resveratrol, pinosylvin and pterostilbene.
Neuro. Endocrinol. Lett. 2008, 29, 802-805.

Paul, S., Rimando, A. M., Lee, H. J., Ji, Y. et al., Anti-
inflammatory action of pterostilbene is mediated through
the p38 mitogen-activated protein kinase pathway in colon
cancer cells. Cancer Prev. Res. 2009, 2, 650-657.

Du, J., Sun, L. N., Xing, W. W., Huang, B. K. et al., Lipid-
lowering effects of polydatin from Polygonum cuspidatum
in hyperlipidemic hamsters. Phytomedicine 2009, 16, 652—
658.

Palsamy, P, Subramanian, S., Resveratrol, a natural
phytoalexin, normalizes hyperglycemia in streptozotocin-
nicotinamide induced experimental diabetic rats. Biomed.
Pharmacother. 2008, 62, 598-605.

Chen, L., Yin, H., Lan, Z., Ma, S. et al., Anti-hyperuricemic and
nephroprotective effects of Smilax china L. J. Ethnopharma-
col. 2011, 135, 399-405.

Brown, V. A., Patel, K. R., Viskaduraki, M., Crowell, J. A. et
al., Repeat dose study of the cancer chemopreventive agent
resveratrol in healthy volunteers: safety, pharmacokinetics,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Mol. Nutr. Food Res. 2012, 56, 1433-1444

and effect on the insulin-like growth factor axis. Cancer Res.
2010, 70, 9003-9011.

Ruiz, M. J., Fernandez, M., Pico, Y., Manes, J. et al., Dietary
administration of high doses of pterostilbene and quercetin
to mice is not toxic. J. Agric. Food Chem. 2009, 57, 3180-
3186.

Yao, J., Wang, J. Y,, Liu, L., Zeng, W. S. et al., Polydatin ame-
liorates DSS-induced colitis in mice through inhibition of
nuclear factor-kappaB activation. Planta Med. 2011, 77, 421-
427.

Smoliga, J. M., Vang, O., Baur, J. A., Challenges of translating
basic research into therapeutics: resveratrol as an example.
J. Gerontol. A Biol. Sci. Med. Sci. 2012, 67, 158-167.

Vang, O., Ahmad, N., Baile, C. A,, Baur, J. A. et al., What is
new for an old molecule? Systematic review and recommen-
dations on the use of resveratrol. PLoS One 2011, 6, e19881.

Reagan-Shaw, S., Nihal, M., Ahmad, N., Dose translation
from animal to human studies revisited. FASEB J. 2008, 22,
659-661.

U.S. Department of Health and Human Services, Center for
Drug Evaluation and Research, Estimating the maximum
safe starting dose in initial clinical trials for therapeutics
in adult healthy volunteers. U.S. FDA 2005, 6-7. Available
from www.fda.gov/downloads/Drugs/GuidanceCompliance
Regulatorylnformation/Guidances/UCMO078932.pdf.

Williams, L. D., Burdock, G. A., Edwards, J. A., Beck, M. et al.,
Safety studies conducted on high-purity trans-resveratrol in
experimental animals. Food Chem. Toxicol. 2009, 47, 2170-
2182.

Wenzel, E., Somoza, V., Metabolism and bioavailability of
trans-resveratrol. Mol. Nutr. Food Res. 2005, 49, 472-481.

Cottart, C. H., Nivet-Antoine, V., Laguillier-Morizot, C.,
Beaudeux, J. L., Resveratrol bioavailability and toxicity in
humans. Mol. Nutr. Food Res. 2010, 54, 7-16.

Zhaxi, M., Chen, L., Li, X., Komatsu, K. et al., Three major
metabolites of mulberroside A in rat intestinal contents and
feces. Planta Med. 2010, 76, 362-364.

Sovak, M., Grape extract, resveratrol, and its analogs: a re-
view. J. Med. Food 2001, 4, 93-105.

Rimando, A. M., Kalt, W., Magee, J. B., Dewey, J. et al.,
Resveratrol, pterostilbene, and piceatannol in vaccinium
berries. J. Agric. Food Chem. 2004, 52, 4713-4719.

Kim, J. K., Kim, M., Cho, S. G., Kim, M. K. et al., Bio-
transformation of mulberroside A from Morus alba results
in enhancement of tyrosinase inhibition. J. Ind. Microbiol.
Biotechnol. 2010, 37, 631-637.

Sobolev, V. S., Khan, S. I., Tabanca, N., Wedge, D. E. et al.,
Biological activity of peanut (Arachis hypogaea) phytoalex-
ins and selected natural and synthetic stilbenoids. J. Agric.
Food Chem. 2011, 59, 1673-1682.

www.mnf-journal.com



