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Discovery of a novel rice-derived peptide with
significant anti-gout potency†

Naixin Liu, ‡a Buliang Meng,‡a Lin Zeng,d Saige Yin,a Yan Hu,a Shanshan Li,a

Yang Fu,a Xinping Zhang,a Chun Xie,a Longjun Shu,c Meifeng Yang,a Ying Wang*c

and Xinwang Yang *a,b

As a metabolic disease, gout, which seriously affects the normal life of patients, has become increasingly

common in modern society. However, the existing medicines cannot completely meet the clinical needs.

In the current study, a novel short peptide (named rice-derived-peptide-2 (RDP2), AAAAGAMPK-NH2,

785.97 Da) was isolated and identified from water extract of shelled Oryza sativa fruits, without toxic side

effects but excellent stability. Our results indicated that RDP2 (the minimum effective concentration is

5 μg kg−1) induced a significant reduction in serum uric acid levels in hyperuricemic mice via suppressing

xanthine oxidase activity and urate transporter 1 expression, as well as alleviated renal damage through

inhibiting the activation of NLRP3 inflammasome. In addition, RDP2 can also alleviate paw swelling and

inflammatory reactions in mice after subcutaneous injection of monosodium urate crystals. As mentioned

above, we obtained a novel peptide which could work through all stages of gout, not only reducing uric

acid levels and renal damage in hyperuricemic mice, but also alleviating inflammatory responses associ-

ated with acute gout attack, and thus provided a new peptide molecular template for the development of

anti-gout drugs.

Introduction

Gout is a crystal-related arthropathy caused by the deposition
of monosodium urate (MSU) and is related to hyperuricemia
(HUA) induced by purine metabolism disorder and decline in
uric acid excretion.1 HUA is the basis of gout and its associated
complications. Continuous and uncontrolled HUA not only
induces acute gout attack, leading to severe pain, but can also
cause kidney disease.2 Severe HUA may lead to joint damage,
renal function impairment, long-term hyperlipidemia, hyper-
tension, diabetes, arteriosclerosis, and coronary heart
disease.3 Therefore, controlling uric acid levels and reducing

or alleviating complications in treatment are important
measures for gout patients.

Under normal circumstances, uric acid in the body can be
balanced through diet, purine synthesis, and tissue catabo-
lism.4 When uric acid metabolism is unbalanced, drug treat-
ment is considered one of the best ways to control uric acid
levels, including drugs that inhibit key enzymes of uric acid
synthesis (e.g., xanthine oxidase, XOD) or uric acid reabsorp-
tion proteins (e.g., urate transporter 1, URAT1).5 It should be
noted that HUA can only be treated effectively after symptoms
appear, and thus the patient may not only need to anti-inflam-
mation, but also reduce the internal uric acid.6 At present,
approved drugs include: colchicine, nonsteroidal anti-inflam-
matory drugs (NSAIDs), glucocorticoids, and IL-1β antagonists
(for anti-inflammation and analgesia); allopurinol, febuxostat,
oxipurinol, and topiroxostat (for inhibiting uric acid syn-
thesis); probenecid, benzbromarone, lesinurad and sulfinpyra-
zone (for promoting uric acid excretion); and rasburicase (for
decomposing uric acid).1,6–9 However, most anti-gout drugs
have side effects that are difficult to control. For example,
NSAIDs can easily induce peptic ulcers; allopurinol can induce
severe skin rash and allergic reactions; febuxostat can cause
cardiovascular incidents; benzbromarone can show hepato-
toxicity; and probenecid can cause increased uric acid crystals
in the kidneys.1,7–9 In addition, most drugs are only effective
for treating one symptom, and thus patients may need to use
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two or more drugs in combination. These combinations may
lead to unpredictable drug interactions and adverse reactions,
thereby limiting the clinical use of such drugs.10 Therefore,
multifunctional anti-gout drugs that can work across the
entirety of gout disease remain to be discovered.

In the research and development of new drugs, peptide
medicines are particularly worthy of attention. Compared with
small molecule drugs, they have stronger selectivity, better
effect and less side effects in less dosage.11,12 Moreover, with
the development of modern technology, the cost of peptide
production has been greatly reduced. Therefore, the research
and development of peptide drugs has been favored by many
researchers, and some existing peptide drugs have had a con-
siderable consumer market, such as exenatide, insulin, ACEI
peptide and so on.13–15 However, there are only a few reported
active peptides against HUA and gout, suggesting the research
of anti-gout and HUA peptide is still in its infancy. For
example, the research of N. Liu et al., D. Kubomura et al., Y. Li
et al., Y. Ma et al. and I. Murota et al. reported anti-hyperurice-
mia peptides, and that of K. A. Zoghebi et al., Izabela
Galvao et al., Vincent Vanheule et al. and W. M. Mackin et al.
reported anti-inflammation peptides in the gout attack
period.4,11,12,16–24 Therefore, the peptides for anti-gout still
have broad research prospects.

In this study, we identified a novel peptide (named rice-
derived-peptide-2 (RDP2), AAAAGAMPK-NH2) from water
extract of shelled Oryza sativa fruits, and the biological activi-
ties were then researched. The research was focused on the
discovery and biological functions of new anti-gout candidate
drugs. The research not only provided a novel candidate drug
for the development of anti-gout and anti-hyperuricemic medi-
cines, but also indicated that Yunnan O. sativa has the poten-
tial to become a healthy and nutritious food for people with
high uric acid level.

Results
Collection and purification of RDP2 from shelled O. sativa
fruits

Procedures were established to obtain the active peptide based
on previous research.16 First, a Sephadex G-50 gel filtration
column was used to analyze the water extract of shelled
O. sativa fruits. The sample indicated by an arrow in Fig. S1A†
was collected (consistent with Fig. 1A in our previous
research16). Secondly, the collected sample was further separ-
ated and purified by RP-HPLC (reverse phase-high perform-
ance liquid chromatography) (Fig. S1B,† corresponding to
Fig. 1B in our previous research16). The sample showing a
peak in Fig. S1B† indicated by the arrow was collected and pur-
ified using the same HPLC procedures as mentioned above to
obtain the peak with an elution time of 17.8 min (arrow in
Fig. S1C†). After this, the sample was analyzed by mass
spectrometry.

As shown in Fig. 1A, a peptide triplet with a single isotope
m/z of 786.477–808.466–824.445 was observed in the sample.

Further, tandem mass spectrometry was used to elucidate the
sequence of the peptide triplet and confirmed the sequence of
the sample (“AAAAGAPMK-NH2”, i.e., RDP2, Fig. 1B).

RDP2 showed no hemolytic activity or acute toxicity

To evaluate the safety of RDP2, its hemolytic activity and acute
toxicity were tested. As shown in Tables S1 and S2,† RDP2
showed no hemolytic activity or acute toxicity.

RDP2 showed good stability under various conditions

To research the characteristics of RDP2, its stability under
different conditions was first detected. As shown in Fig. 1C,
after repeated freezing and thawing (eight times), the remain-
ing content of RDP2 in the test solution was about 80%. After
20 d at 4 °C and 37 °C, RDP2 content remained at 95% and
90%, respectively. After 12 d at 60 °C, RDP2 content remained
at about 80%.

The stability of RDP2 in plasma was tested. As shown in
Fig. 1D, after incubation with plasma for 7 h (Table S3†), RDP2
was completely degraded, with a half-life of about 1.4 h (calcu-
lated with GraphPad Prism software).

RDP2 was mainly distributed in the liver and kidneys

To directly observe the distribution of RDP2 in mice after
injection, FITC-RDP2 (RDP2 with fluorescein isothiocyanate
isomer tag) was synthesized and mice were observed using a
small animal in vivo imaging system. As shown in Fig. 2E, after
intraperitoneal injection, the drug rapidly distributed to the
entire intraperitoneal area. Front and back images of mice
were taken. Results showed that 60 min after the injection of
FITC-RDP2, the drug was mainly distributed in the abdominal
cavity of the animals, particularly the liver and kidneys.

RDP2 lowered serum uric acid levels and alleviated renal
damage in HUA mice

Anti-hyperuricemic activity of RDP2 was determined by
measuring serum uric acid and creatinine levels in HUA mice.
As shown in Fig. 2A, the serum uric acid level in HUA mice was
about three times that in the control group (P < 0.001, Control vs.
Model on day 7), indicating the abnormal elevation of serum uric
acid in mice. The allopurinol (Allo, 10 mg kg−1) and benzbromar-
one (Benz, 8 mg kg−1) groups demonstrated significant decreases
in serum uric acid levels (P < 0.001 vs. Model on day 7). The
serum uric acid concentrations in the RDP2 groups (5, 10, and
100 μg kg−1) were 45.7 ± 1.5, 37.1 ± 0.6, and 29.8 ± 0.6 mg L−1,
respectively, indicating that RDP2 induced a concentration-depen-
dent reduction in serum uric acid levels.

The serum creatinine level in the model group increased
significantly compared with that in the control group and the
serum creatinine levels in the Allo and Benz groups were sig-
nificantly lower than the levels in the model group (P < 0.001,
Fig. 2B). The serum creatinine concentrations in the
RDP2 groups (5, 10, and 100 μg kg−1) were 103.5 ± 36.9, 95.1 ±
29.5, and 38.6 ± 9.5 μM, respectively. The treatment of RDP2
also decreased serum creatinine levels in a concentration
dependent manner. Hematoxylin–eosin (H&E) staining was per-
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formed to evaluate the effects of RDP2 in alleviating renal
damage induced by HUA. As seen in Fig. 3, the control group
showed clear renal tubule borders and orderly arranged epithelial
cells. In contrast, the HUA mouse kidneys showed diminished
brush borders, indistinct boundaries between adjacent proximal
convoluted tubules, and tubular atrophy. However, both RDP2
and positive control treatments relieved the renal pathological
changes observed in HUA mice to a certain extent.

Bioinformatics analysis of liver and kidneys in HUA mice

High-throughput sequencing was carried out on the livers and
kidneys of HUA mice to understand the mechanism related to
anti-hyperuricemia using RDP2. The liver detection results
identified 1717 differentially expressed genes (DEGs) between
the RDP2 and model groups, including 738 up-regulated and
979 down-regulated genes (Fig. 4A and B). The kidney detec-
tion results identified 2470 DEGs between the treatment and
model groups, including 1389 up-regulated genes and 1081
down-regulated genes (Fig. 4C and D). Bioinformatics analysis
was used to compare, analyze, and screen the relevant data.

Results showed that xanthine dehydrogenase (XDH, EC:
1.17.1.4), XOD (EC: 1.17.3.2), uricase (EC: 1.7.3.3), and
SLC22A12-gene-encoded URAT1 were down-regulated, as was
the GBP5 gene (which affects the position regulation of NLRP3
inflammasome complex assembly).

Molecular docking

Based on the sequencing results, molecular docking was per-
formed to analyze the mechanism related to uric acid reduction
by simulating the docking of RDP2 with XOD and URAT1. As
shown in Fig. S2A–D,† RDP2 was combined in the large cavity of
XOD, and the binding affinity was −7.4 kcal mol−1. As shown in
Fig. S2E–H,† RDP2 was bound in a more extended conformation
to the hydrophobic core surrounded by a spiral structure in
URAT1, with an affinity of −8.2 kcal mol−1.

RDP2 inhibited XOD activity and URAT1 expression in HUA
mice

To verify the directly reaction of RDP2 and XOD, the XOD inhi-
bition assay in vitro was performed. As shown in Fig. S3,†

Fig. 1 RDP2 showed good stability under various conditions and was primarily distributed in the liver and kidneys. (A) Mass spectrometry of RDP2.
(B) Primary structure of RDP2 (AAAAGAPMK-NH2). (C) Stability of RDP2 at 4 °C, 37 °C, and 60 °C, and after repeated freezing and thawing (n = 3). (D)
RDP2 remained in plasma for 7 h, with a half-life of 1.4 h (n = 3). (E) Distribution of RDP2 in mice after injection.
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RDP2 showed XOD inhibition activity in vitro in a concen-
tration dependent manner. RDP2s (100 μg mL−1) inhibiting
activity against XOD were 1/6 that of Allo (10 mg mL−1) (n = 5).

XOD activity in HUA mice was then tested. As shown in
Fig. 5A and B, HUA caused an abnormal increase in XOD
activity in vivo of mice, which was alleviated by the Allo treat-
ment, and the RDP2 treatment effectively reduced serum and
liver XOD activities in HUA mice (P < 0.001). The expression
level of URAT1 in the kidneys was also measured. As shown in
Fig. 5C, compared with the control group, the expression of
URAT1 in the model group increased significantly, and with

the intervention of Benz, the expression of URAT1 was similar
to that in the control group. Moreover, the RDP2 treatment (5,
10, and 100 μg kg−1) significantly decreased the expression of
URAT1 in the kidneys.

RDP2 alleviated renal damage by decreasing kidney
inflammation

The accumulation of uric acid in the kidneys can cause
repeated inflammation, leading to kidney damage.24 The
content of IL-1β in the serum of HUA mice was first tested. As
shown in Fig. 5D, the IL-1β content was three times higher in
the model group than that in the normal group, suggesting
that HUA led to the enhancement of inflammatory responses
in mice. In the Allo and RDP2 (5, 10, and 100 μg kg−1) groups,
the serum IL-1β content in HUA mice was successfully
reduced. The production of IL-1β mainly depends on NLRP3
inflammasomes (NLRP3, ASC, and caspase-1).25 Therefore,
NLRP3 inflammasome expression in the kidneys of HUA mice
was detected by western blot analysis. As shown in Fig. 5E–H,
RDP2 (100 μg kg−1) significantly decreased NLRP3 inflamma-
some expression (NLRP3, ASC, and caspase-1).

Fig. 2 RDP2 decreased serum uric acid and creatinine levels in hyper-
uricemic mice. (A) RDP2 decreased serum uric acid in hyperuricemic
mice concentration dependently (n = 6). (B) RDP2 significantly reduced
serum creatinine level in mice (n = 6). ***p < 0.001 indicates significantly
different from control (Student’s t-test).

Fig. 3 RDP2 alleviated tissue damage in mice. Control group showed
orderly arranged epithelial cells. Model group showed brush border dis-
appearance and tubular atrophy. Treatment with RDP2 and positive
control relieved renal injury to a certain extent.
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RDP2 showed anti-inflammatory and analgesic activities

The effect of RDP2 on pain induced by inflammation was
detected, as shown in Fig. S4.† At 15–30 min, RDP2 exposure
(5, 10, and 100 μg kg−1) resulted in significant and concen-
tration-dependent pain relief, with RDP2 at 100 μg kg−1 exhi-
biting stronger analgesic capability than diclofenac sodium
(DS, 12 mg kg−1).

In the mouse paw swelling model induced by MSU, swelling
peaked on the first day after injection, as shown in Fig. 6A.
Compared with the control group, edema caused by MSU was
significantly alleviated in the DS group (12 mg kg−1) (P <
0.001). The results showed that RDP2 demonstrated a signifi-
cant and concentration-dependent ability to reduce swelling,
with RDP2 at 100 μg kg−1 exhibiting a similar ability to that of
DS at 12 mg kg−1.

The levels of inflammatory factors in the paw were also
measured. As shown in Fig. 6B and C, MSU injection induced
an increase in TNF-α and IL-1β in the foot tissues of mice (P <
0.001, Saline vs. Model), which was significantly improved by
DS treatment (12 mg kg−1). Results also showed that, com-
pared with the Saline group, TNF-α content in the
RDP2 groups (10 and 100 μg kg−1) decreased; furthermore, the
IL-1β content in the RDP2 groups (5, 10, and 100 μg kg−1)
showed a concentration-dependent reduction.

H&E staining was then carried out to evaluate changes in
foot tissues after RDP2 treatment. As shown in Fig. 6D, tissues
in the control group were closely arranged and exhibited
normal cell morphology; whereas loose connective tissues in
the model group were thickened and showed inflammatory
cell recruitment. These results suggest that inflammation can

Fig. 4 Comparison of differentially expressed genes (DEGs) between RDP2-treated and model mice. Based on transcriptome analysis of livers and
kidneys of mice (RDP2 group vs. model group), liver detection (A and B) identified 1717 DEGs between RDP2 and model groups, including 738 up-
regulated and 979 down-regulated genes, and kidney detection (C and D) identified 2470 DEGs between the two groups, including 1389 up-regu-
lated genes and 1081 down-regulated genes (six mice per group, repeated three times in total).
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lead to pathological changes, which may be relieved by DS or
RDP2 treatment.

Discussion

As a disease characterized by HUA and arthritis, gout can
seriously affect quality of life in sufferers. Taking a preventive

approach to HUA in the early stages of gout is thus considered
extremely important.6 At present, however, gout and HUA
medicine cannot solve clinical needs. Therefore, the develop-
ment of novel drug candidates with a wide range of effects to
fight and prevent gout is critical. In this study, we identified a
plant-derived peptide, named RDP2, which not only reduced
uric acid via dual targets and alleviated renal damage, but also
reduced inflammation during acute gout attack.

HUA is the biochemical basis of gout and plays an impor-
tant role in associated complications, such as hypertension,
chronic kidney disease, and metabolic syndrome, and the
accumulation of uric acid can also cause serious damage to
organs such as the kidneys.24,25 Under normal physiological
conditions, purine is metabolized in the liver, where it pro-
duces uric acid with the action of various enzymes (such as
XOD).26 Uric acid is then primarily excreted via the kidney and
renal transporters (reabsorption and secretory transporters)
located in the proximal convoluted tubules.27 This also makes
XOD and URAT1 important targets in the treatment of HUA.

In this study, RDP2 was obtained from water extract of
shelled O. sativa fruits by peptide histochemistry (Fig. 1A, B
and S1†). The peptide exhibited no hemolytic activity or acute
toxicity (Tables S1 and S2†). Furthermore, as shown in Fig. 1C,
it could be maintained long-term at 4 °C and 37 °C and short-
term at 60 °C. RDP2 also showed good stability in plasma
(half-life of 1.4 h, Fig. 1D). In a previous study, an anti-hyper-
uricemia peptide (RDP1, AAAAGAKAR) was identified, which
was completely degraded in the plasma for 20 min, with a
half-life of 4.6 min, with RDP2 showing a stronger plasma
stability (half-life: 1.4 h), which may be due to the existence of
post-translational modification (-NH2), and the stability test
results in other cases also confirm the better stability of RDP2
than that of RDP1.16 These characteristics suggest good advan-
tages for the transportation and preservation of RDP2, and
also indicate the benefits for long-term maintenance in vivo.

In HUA mice, RDP2 exposure induced a significant and
concentration-dependent reduction in serum uric acid and
creatinine levels (Fig. 2). Moreover, RDP2 (100 μg kg−1) showed
stronger activity of reducing uric acid than that of Benz, and
had similar activity to Allo (P < 0.0001, RDP2 vs. Benz). The
results showed that RDP2 (100 μg kg−1) also had stronger
ability of reducing creatinine than that of Allo and Benz (P <
0.01, RDP2 vs. Allo; p < 0.0001, RDP2 vs. Benz). RDP2 also
showed a stronger anti-hyperuricemic activity than that of
RDP1, both in the reduction of uric acid and creatinine levels,
and the maximun effective concentration of RDP2 (100 μg
kg−1) is much lower than that of RDP1 (1 mg kg−1), which
proved the superiority of RDP2 in structure and activity (the
results of the model group were taken as 100%, and the
reduction degree of uric acid and creatinine in the peptide
groups were observed). The H&E staining results also showed
that RDP2 alleviated renal injury induced by HUA (Fig. 3). In
the current study, transcriptome sequencing showed that
genes related to XOD, URAT1, and positive regulation of
NLRP3 inflammasome complex assembly were down-regulated
in HUA mice treated with RDP2 (Fig. 4). Thus, the anti-HUA

Fig. 5 RDP2 decreased XOD activity in mice and showed anti-inflam-
matory activity (n = 3). RDP2 decreased XOD activity in serum (A) and
liver (B) in a concentration dependent manner (n = 6), and decreased
expression of URAT1 in kidneys (C). RDP2 (5, 10, and 100 μg kg−1)
decreased serum level of IL-1β in mice in a concentration dependent
manner (D). NLRP3 inflammasome expression in hyperuricemic mice
was detected by western blot analysis, and results (E) were analyzed
quantitatively. F–H show quantitative analysis, with RDP2 reducing
NLRP3 inflammasome expression (NLRP3, ASC, and caspase-1). #/*p <
0.05, ##/**p < 0.01, and ###/***p < 0.001 indicate significantly different
from control (Student’s t-test).
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and nephropathic ability of RDP2 may be achieved by inhibit-
ing XOD, URAT1, and NLRP3 inflammasome complex assem-
bly. As shown in Fig. S2,† the molecular docking results also
showed good affinity for RDP2-XOD (−7.4 kcal mol−1) and
-URAT1 (−8.2 kcal mol−1), and in the docking between RDP1
and XOD, the affinity was −10.2 kcal mol−1. In XOD inhibition
assay in vitro (Fig. S3†), at the maximum effective concen-
tration, the inhibition rate of RDP2 (100 μg mL−1) was half of
that of RDP1 (1 mg mL−1). The results indicated that RDP1 has
better XOD inhibition activity than that of RDP2 in vitro, which
was consistent with the results of molecular docking. In vivo
experiments then showed that RDP2 effectively inhibited XOD
activity in HUA mice and significantly down-regulated URAT1
expression in their kidneys, indicating that RDP2 may reduce
uric acid by inhibiting its generation and reabsorption
(Fig. 5A–C).

Under HUA conditions, excess uric acid stimulates tissues
and causes inflammation, which plays a key role in HUA
nephropathy.28 Excessive accumulation of uric acid in the
kidneys can activate the NLR family pyrin domain inflamma-

tory complex (i.e., NLRP3 inflammasomes, composed of
NLRP3, ASC, and pro-caspase-1). NLRP3 complex assembly
induces the secretion of mature IL-1β, which leads to an
increase in renal inflammation.24,25 In the present study, we
found that RDP2 treatment reduced the level of serum IL-1β in
HUA mice (Fig. 5D). In addition, NLRP3 inflammasome
expression (NLRP3, ASC, and caspase-1) was down-regulated in
the kidneys of HUA mice treated with RDP2 (100 μg kg−1)
(Fig. 5E–H). These results indicate that RDP2 can reduce uric
acid through multiple targets. RDP2 inhibited HUA and its
related nephropathy by inhibiting XOD activity, decreasing
URAT1 content, and alleviated renal damage by inhibiting
NLRP3 inflammasome expression.

During the construction of the HUA model in mice, POX
inhibits uricase and adenine increases purine intake and
simulates HUA nephropathy.16 Therefore, the anti-hyperurice-
mic effects of RDP2 may be due to its antagonism against the
effects of POX. Interestingly, we found that RDP2 not only
inhibited XOD activity and reduced the expression of URAT1,
but also, based on high-throughput sequencing, down-regu-

Fig. 6 RDP2 reduced foot swelling in mice injected with MSU and decreased inflammation. (A) RDP2 reduced paw swelling induced by MSU in a
concentration dependent manner (n = 6). (B) RDP2 (5, 10, and 100 μg kg−1) decreased tissue level of IL-1β in mouse paws in a concentration depen-
dent manner (n = 6). (C) RDP2 (10 and 100 μg kg−1) reduced serum level of TNF-α in mice (n = 6). (D) RDP2 alleviated tissue injury caused by MSU
injection. ###/***p < 0.001 indicates significantly different from control (Student’s t-test).
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lated the expression of uricase. Accordingly, we concluded that
RDP2 showed anti-HUA activity by influencing the production
and excretion of uric acid rather than by the loss of inhibition
of urate oxidase.

Clinically, Allo and Benz are both used as first-line drugs
for anti-HUA and are well-known for their rapid reduction of
serum uric acid.7 In this research, RDP2 (100 μg kg−1)
decreased serum uric acid and creatinine at a much lower
treatment concentration than that of Allo or Benz (10 mg kg−1

and 8 mg kg−1, respectively). It is worth noting that, among
the approved anti-HUA drugs (including Allo and Benz) and
other published anti-HUA peptides, none can inhibit both
XOD and URAT1.4,11,12,16,18,26 In addition, RDP2 was extracted
from edible rice, and thus the risk of adverse reactions in
humans should be low. These results all point to RDP2 as
having excellent potential to be a new medicine candidate.

Long-term HUA can increase the accumulation and crystal-
lization of urate in circulation, and eventually induce gout.29

The symptoms of gout include an immune response to MSU
stimulation, which is caused by the secretion of inflammatory
cytokines such as IL-1β and TNF-α.30 In this study, as shown in
Fig. 6, RDP2 alleviated pain induced by formalin and inflam-
matory swelling caused by MSU, with peptide treatment
(100 μg kg−1) showing stronger activity than that of DS (12 mg
kg−1). Correspondingly, RDP2 also induced a concentration-
dependent reduction in the content of IL-1β and TNF-α.
Moreover, H&E staining showed that RDP2 treatment alleviated
the recruitment of inflammatory cells and pathological
changes in loose connective tissues. Therefore, as a novel anti-
gout peptide, RDP2 could play a role not only in anti-HUA and
renal protection, but also in anti-inflammation and analgesia.

Materials and methods
Sample purification and synthesis

Sample preparation. The shelled fruits of O. sativa were
obtained from Yunnan, China, and were treated via the follow-
ing steps:16 the rice was soaked in 4 °C deionized water for
12 h, with the supernatant then obtained using filter paper.
The supernatant was centrifuged for 20 min at 4 °C and
12 000g. The obtained liquid was then freeze-dried and stored
at −80 °C.

Purification procedures. The separation and purification of
the peptide was carried out according to our previous study.31

The samples were separated using a Sephadex G-50 gel fil-
tration column (1.5 × 31 cm, superfine, GE Healthcare,
Sweden). The column was pre-balanced with 25 M Tris-HCl
buffer containing 0.1 M NaCl (pH 7.8) and then the separation
procedure was performed at a rate of 0.3 mL min−1 in the
same buffer. The eluted components were collected in tubes
every 10 min using an automatic fractionation collector
(BSA-30A, HuXi Company, Shanghai, China) and their absor-
bance at 280 nm was detected (Fig. S1A,† as in our previous
research16). The samples indicated by an arrow in Fig. S1A†
were combined, and then further separated and purified by

RP-HPLC with an injection volume of 1 mL. A C18 HPLC
column (Hypersil BDS C18, 4.0 × 300 mm, Elite, China) was
used during operation, and was pre-balanced with ultra-pure
water containing 0.1% (V/V) trifluoroacetic acid (TFA) and a
buffer of acetonitrile (ACN) containing 0.1% (V/V) TFA, which
was eluted via a linear gradient (0%–40% ACN, 40 min,
Fig. S1B,† as reported in our previous study16). The purifi-
cation procedure was conducted at a flow rate of 1 ml min−1

with a detection wavelength of 220 nm. Finally, the sample
showing a peak in Fig. S1C† (as indicated by an arrow) was col-
lected and purified via a second cycle of HPLC under the same
conditions as the first step.

Determination of the peptide primary structure. The mole-
cular mass of the purified sample was detected by mass spec-
trometry. In total, 1 μl of sample was mixed with an equal
volume of α-cyano-4-hydroxycinnamic acid (5 mg ml−1, dis-
solved in 50% ACN, 0.1% TFA) and spotted on a steel plate for
crystallization. The plate underwent MS and MS/MS analysis
using a mass spectrometer (Autoflex speed TOF/TOF, Bruker
Daltonik GmbH, Leipzig, Germany) under a positive charge
mode.

Synthesis of peptide. The RDP2 peptide (AAAAGAMPK-NH2)
with a purity of >95% was commercially synthesized by Wuhan
Bioyeargene Biotechnology Co., Ltd (Wuhan, China).

Animal care

Adult Kunming mice (male and female) and nude mice (male)
(25 ± 5 g) were both obtained from Hunan Slack Jingda
Experimental Animal Co., Ltd (Hunan, China) (male Kunming
mice were used to establish hyperuricemia and the gout
animal model; male and female Kunming mice were used for
acute toxicity assays; and male nude mice were used for the
distribution of RDP2 assays). The mice were maintained in
cages (330 × 205 × 180 mm, 3 mice per cage) at room tempera-
ture (22 ± 2 °C) and provided with food and water ad libitum.
All animal handling was conducted in accordance with the
Provision and General Recommendation of Chinese
Experimental Animals Administration Legislation. All animal
care and handling procedures were performed in strict adher-
ence to the requirements of the Ethics Committee of Kunming
Medical University, Yunnan, China (KMMU20180012).

Characteristics of RDP2

Hemolytic activity and acute toxicity assays. Hemolytic
activity and acute toxicity tests followed previous research,
with some modifications.31 Briefly, to obtain 100% red blood
cells, human red blood cells obtained from the Kunming
Institute of Zoology (Yunnan, China) were washed three times
with saline. Different doses of RDP2 (5, 10, and 100 µg mL−1)
were mixed with the red blood cells, followed by incubation at
37 °C for 30 min. The mixtures were then centrifuged at 4000g
for 4 min at room temperature (22 ± 2 °C), with the subsequent
supernatant collected and measured for absorbance at
540 nm. Maximum hemolysis was determined using 1%
Triton X-100. Either RDP2 (5, 10, or 100 µg mL−1) or saline was
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injected into mice, with mortality, toxicity, and behavioral
changes of mice observed and recorded over 24 h.

Stability of RDP2. The stability of RDP2 was determined
according to a previous report.16 In total, 100 μL of mouse
plasma and 100 μl of RDP2 (10 μg mL−1) were mixed and incu-
bated at 37 °C, then tested every 2 h until the peptide was com-
pletely degraded. Then, 219 μL of urea (8 M) and 60 μL of tri-
chloroacetic acid (1 g mL−1) were added to the mixture to ter-
minate the reaction, followed by centrifugation at 12 000g for
30 min at 4 °C. The resulting supernatant was collected to test
the amount of peptide by HPLC.

RDP2 (10 μg mL−1) was frozen at −20 °C overnight and
thawed at 37 °C (repeatedly), after which the residual peptide
was detected. The stability of RDP2 at 4 °C, 37 °C, and 60 °C
was also determined. In brief, RDP2 (10 μg mL−1) was incu-
bated at 4 °C, 37 °C, and 60 °C for 20 days, and the samples
were taken every 2 days and then centrifuged at 12 000g for
20 min at 4 °C to obtain the supernatant, which was then
tested by HPLC.

Distribution of RDP2 in vivo after injection. Samples
(FITC-AAAAGAMPK-NH2) were provided commercially by
Wuhan Bioyeargene Biotechnology Co., Ltd (Wuhan, China).
First, the nude mice were anesthetized with pentobarbital
sodium (3.5%, 100 μL per 10 g) and then fixed. In total, 100 μL
of FITC-RDP2 (10 μg μL−1) was injected into the nude mice via
the abdomen. After this, front and back images were taken
and observed at 0 min and 60 min after injection, respectively,
using a FluorVivo™ 300 (Huanya Technology Co., Ltd, Beijing,
China).

Anti-hyperuricemic activity of RDP2

Establishment of HUA mice. Animal assays were performed
according to previous research with some modifications.32

Briefly, mice were randomly divided into seven groups (i.e.,
control, model, two positive (allopurinol (Allo) and benzbro-
marone (Benz)), and three RDP2 groups (5, 10, and 100 µg
kg−1), n = 6). The control group was administered 1 mL of
saline per day. Other groups were administered 300 mg kg−1

potassium oxonate (POX, Dalian Meilun Biological Technology
Co., Ltd, Dalian, Liaoning, China) and 200 mg kg−1 adenine
(Dalian Meilun Biological Technology Co., Ltd, Dalian,
Liaoning, China) per day (intragastric administration). RDP2
or Allo/Benz was administered to mice by intraperitoneal injec-
tion 1 h after POX and adenine treatment. The control and
model groups were treated with saline, and the positive groups
were treated with Allo (10 mg kg−1, Dalian Meilun Biological
Technology Co., Ltd, Dalian, Liaoning, China) or Benz (8 mg
kg−1, Dalian Meilun Biological Technology Co., Ltd, Dalian,
Liaoning, China). The RDP2 groups were treated with different
concentrations of RDP2 (5, 10, or 100 µg kg−1). POX and
adenine were dissolved in saline, and mice were treated daily
with POX and adenine or saline (control) for 7 d by intragastric
administration. Blood and tissue samples were obtained on
day 7 after the last administration of RDP2, Allo, or saline.
Mice were anesthetized with 0.3% pelltobarbitalum natricum
and blood was taken from the inner canthus vein, after which

liver and kidney tissues were quickly obtained on ice. The
blood samples were centrifuged at 6000g at room temperature
(22 ± 2 °C) for 5 min to obtain the serum. The livers of mice
were stored at −80 °C. The kidneys of mice were divided into
two parts, one part was stored at −80 °C and one part was
fixed in 4% formaldehyde.

Detection of uric acid and creatinine levels in HUA mice
serum. The serum levels of uric acid and creatinine were
measured using specific uric acid and creatinine kits in
accordance with the instructions provided by the
Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu,
China).

Hematoxylin–eosin (H&E) staining of kidneys. H&E
staining was performed according to previous research.33

Kidney tissues obtained from mice were fixed in 4% formalin
for 24 h, and then dehydrated with gradient ethanol (75%
12 h, 85% 12 h, and 95% and 100% 2 h respectively). The
tissues were then embedded in paraffin and sliced to a thick-
ness of 5 µm for H&E staining. The sections were visualized
under a light microscope (Zeiss, Germany) at 100×
magnification.

Analysis of quantification and differential expression of
transcripts. mRNA was enriched with magnetic beads.34–36

Fragment buffer was added to break the mRNA into short frag-
ments, which were then used as templates to enrich the cDNA
library by polymerase chain reaction (PCR). The different
libraries were sequenced by HiSeq/MiSeq. After obtaining
sequence reads, biological information analysis was carried
out based on reference sequences or genomes of related
species. HTSeq software was used to analyze the gene
expression level of each sample, and the number of differen-
tially expressed genes (DEGs) and expression level of single
genes were determined. For the samples with biological dupli-
cation, negative binomial distribution was used as the model
and DESeq was used for the analysis. The RPKM (reads per
kilo bases per million reads) values of gene expression levels
were estimated. Hierarchical clustering analysis was carried
out, with different colored regions representing different clus-
tering information.

Molecular docking. Molecular docking of the RDP2-XOD
and RDP2-URAT1 complexes was conducted to clarify potential
binding.37 The structure of XOD was downloaded online (ID
number: 2ckj) (http://www.rcsb.org/pdb). For the crystal struc-
ture, crystal water and small molecules were deleted and Fe–S
clusters and coenzymes were preserved, with the resulting
structure saved in PDB format. The architecture of URAT1 was
modeled from scratch using the Robetta server (http://www.
robetta.org/) and the highest score was selected as the docking
receptor after qualification using the pull chart. The receptor
protein was loaded into autodocktool to automatically allocate
atomic type and charge, and then saved in pdbqt format. The
3D structure of the RDP2 peptide was constructed using the
PEPFORD 3 online server (http://bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLD3/), with the best conformation
then selected as the structure. Because of post-translation
modification (-NH2) in RDP2, the amide group was added to
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the structure of RDP2 using DS3.5 software, which was opti-
mized and then saved in PDB format. Vina v1.1.2 was used for
docking and conformation, with the one showing the best
affinity selected as the docking conformation, which was then
analyzed in PyMOL.

XOD activity in vitro and in vivo. XOD inhibition assay
in vitro was carried out according to the literature with some
modification (n = 5).11 50 mM Tris-HCl buffer (pH 8) was pre-
pared as the solvent and negative control. Then 2 mM xanthine
(Dalian Meilun Biological Technology Co., Ltd, Dalian,
Liaoning, China) solution and 0.52 mM XOD (Dalian Meilun
Biological Technology Co., Ltd, Dalian, Liaoning, China) solu-
tion was prepared. The xanthine solution (128 μL), XOD solu-
tion (16 μL), sample solution (32 μL, RDP2) and Tris-HCl
buffer (928 μL) were mixed and incubated at 37 °C for 15 min,
then the reaction was terminated with 48 μL 1 M HCl and the
absorbance at 292 nm was detected. Allo (10 mg mL−1) was
used as the positive control. The inhibitory activity was calcu-
lated as follows:

XOD inhibition rate %ð Þ ¼ 100%� Negative control� Sample
Negative control

XOD activities in the serum and liver were measured using
XOD kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China). All operations were carried out
according to the instructions provided by the test kits.

Serum IL-1β content in HUA mice. Serum IL-1β levels of
HUA mice were tested by using mouse IL-1β ELISA kits
(Shenzhen NeoBioscience Biotechnology Co., Ltd, Shenzhen,
China). All operations were carried out according to the
instructions provided by the test kits.

Western blotting. Western blotting was used to detect
protein expression in the kidneys of HUA mice.38 Tissues were
treated with 20 mg per 150 μl RIPA and PMSF (Dalian Meilun
Biotechnology Co., Ltd, Dalian, Liaoning, China) at 100 : 1.
The mixture was then centrifuged at 4 °C for 5 min at 12 000g.
The supernatant was collected and detected using a BCA
protein analysis kit (Dalian Meilun Biotechnology Co., Ltd,
Dalian, Liaoning, China). The URAT1 and NLRP3 inflamma-
some contents were determined using sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and western blotting. Each
group of proteins was separated by 10% SDS-PAGE and trans-
ferred to polyvinylidene fluoride membranes, which were then
sealed with 5% skimmed milk for 2 h at room temperature (22
± 2 °C), then with primary antibody (GAPDH, URAT1,
Proteintech, Shanghai Sixin Biotechnology Co., Ltd, Shanghai,
China) at 4 °C overnight and then with secondary antibody
(anti-rabbit, Proteintech, Shanghai Sixin Biotechnology Co.,
Ltd, Shanghai, China) for 1 h. ImageJ software was used to
detect, analyze, and quantify specific frequency bands.

Anti-gout activity of RDP2

Anti-inflammatory and analgesic activities of RDP2.
Different concentrations of RDP2 (5, 10, and 100 μg kg−1) were
intraperitoneally injected into mice.39 The negative group

received saline and the positive group received diclofenac
sodium (DS, 12 mg kg−1, NSAIDs). At 30 min after injection,
20 μL of 0.9% formalin was injected into the center of the
right paw of mice, which were then placed in cages (20 × 40 ×
15 cm) for observation. The time spent licking or patting paws
from 0–5 min and 15–30 min after formalin injection was
recorded.

The MSU crystal was prepared according to earlier litera-
ture.40 In brief, 1 g of uric acid and 0.5 g of NaOH were dis-
solved into 100 mL of deionized water and incubated at 80 °C
for 20 min, followed by cooling to room temperature and then
to 4 °C overnight. The solution was adjusted to a pH of 7.2 and
centrifuged at 1500g for 3 min at 4 °C to obtain the MSU
crystal precipitate. The crystal was dried at 60 °C and then pre-
pared to a concentration of 20 mg mL−1.

The mice were divided into five groups (n = 6 per group).
The model group was given saline (50 μL); positive control
group was given DS (12 mg kg−1); and three RDP2 groups were
given different doses of RDP2 (5, 10, and 100 μg kg−1). The
mice were injected intraperitoneally once a day for 3 d. At
30 min after the last injection, 50 μL of MSU suspension was
injected into the right paw of each mouse. At 1, 2, and 3 d
after MSU injection, the thicknesses of the paws were
measured using a digital thickness meter (Hong Kong
Dinghao Measuring Tool Co., Ltd, Hong Kong, China). The
percentage of edema was calculated as follows:

Swelling rate %ð Þ ¼ 100%� B� A
A

where A is the paw thickness before injection and B is the paw
thickness after injection.

Paw inflammatory cytokine assays and H&E staining.
The levels of IL-1β and TNF-α in foot tissue samples from
mice were determined using mouse IL-1β and TNF-α
ELISA kits in accordance with the protocols provided by
Shenzhen NeoBioscience Biotechnology Co., Ltd (Shenzhen,
China).

H&E staining of the paws was performed following the
same procedures as used for the kidneys.

Conclusions

In summary, we obtained an active peptide, RDP2, from water
extract of shelled O. sativa fruits, which had a novel structure,
no toxic side effects, and excellent stability. RDP2 is a multi-
target anti-hyperuricemic peptide, which was able to inhibit
XOD and URAT1 expression at a relatively low concentration
(100 μg kg−1, 10 μg kg−1 and 5 μg kg−1). It also reduced renal
inflammatory damage in HUA mice, and showed excellent
anti-inflammatory and analgesic abilities. Thus, this plant-
derived anti-hyperuricemia peptide which may also alleviate
the acute attack of gout exhibited a wide range of activities and
remarkable effects, which should provide options for the devel-
opment of anti-gout drugs.
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