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Natural Xanthine Oxidase Inhibitor 5-O-Caffeoylshikimic Acid
Ameliorates Kidney Injury Caused by Hyperuricemia in Mice
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Abstract: Xanthine oxidase (XOD) inhibition has long been considered an effective anti-hyperuricemia
strategy. To identify effective natural XOD inhibitors with little side effects, we performed a XOD
inhibitory assay-coupled isolation of compounds from Smilacis Glabrae Rhizoma (SGR), a traditional
Chinese medicine frequently prescribed as anti-hyperuricemia agent for centuries. Through the
in vitro XOD inhibitory assay, we obtained a novel XOD inhibitor, 5-O-caffeoylshikimic acid (#1,
5OCSA) with IC50 of 13.96 µM, as well as two known XOD inhibitors, quercetin (#3) and astilbin (#6).
Meanwhile, we performed in silico molecular docking and found 5OCSA could interact with the
active sites of XOD (PDB ID: 3NVY) with a binding energy of −8.6 kcal/mol, suggesting 5OCSA
inhibits XOD by binding with its active site. To evaluate the in vivo effects on XOD, we generated a
hyperuricemia mice model by intraperitoneal injection of potassium oxonate (300 mg/kg) and oral
gavage of hypoxanthine (500 mg/kg) for 7 days. 5OCSA could inhibit both hepatic and serum XOD
in vivo, together with an improvement of histological and multiple serological parameters in kidney
injury and HUA. Collectively, our results suggested that 5OCSA may be developed into a safe and
effective XOD inhibitor based on in vitro, in silico and in vivo evidence.

Keywords: Smilacis Glabrae Rhizoma; 5-O-caffeoylshikimic acid; potassium oxonate; hyperuricemia;
XOD inhibitor

1. Introduction

Hyperuricemia (HUA) is caused by disorder of purine metabolism, with abnormal
elevation of serum uric acid (sUA) as hallmarks (male ≥ 420 µM or female ≥ 360 µM) [1].
Gout is a typical inflammatory arthritis induced by HUA with strong feeling of pain and
has been first described as “feeling of tiger bites” in Danxi xinfa by Danxi Zhu (1347, Yuan
Dynasty) [2]. Moreover, HUA could also result in other comorbidities, including cardiovas-
cular diseases [3], obesity [4], diabetes [5], hypertension [6], kidney injury [7] and so on.
Risk factors for development of HUA include genetics [8] (male gender, SLC2A9, ABCG2,
SLC17A1/SLC17A3 and so on), dietary [9,10] (seafood, red meat, beer, spirits and so on),
drugs [11] (diuretics, cyclosporin, tacrolimus, angiotensin-converting-enzyme inhibitors,
non-losartan angiotensin II receptor blockers, β blockers, pyrazinamide, ritonavir and so
on) and others [12]. Nowadays, 17.4% of general population of China, ranging from 15.5
to 24.6% by regions, suffered from HUA [13]. Henceforth, HUA has already become the
“fourth highest” disease after hypertension, hyperlipidemia and hyperglycemia [14]. The
development of sUA-lowering drugs has clear clinical significance for HUA and related
diseases [15].

Abnormal elevation of sUA is mainly caused by over-production or reduced excretion
of UA [16]. Xanthine oxidase (XOD) is the key enzyme for UA production, which catalyzed
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oxidation of hypoxantine (HX) to xanthine and further into UA together with reactive
oxygen species (ROS) [17]. XOD inhibitors have long been used as principle agent utilized
for reducing elevated uric acid levels in HUA or gout treatment, including purine-like
inhibitors (allopurinol (AP) approved in 1966 [18]) and non-purine inhibitors (febuxostat
approved in 2009 [19] and topirastat approved in 2013 [20]). Although the existing XOD
inhibitor drugs have exhibited notably sUA-lowering capacity, their side effects including
severe kidney dysfunction, liver impairment, gastrointestinal irritation, bone marrow
suppression and even secondary HUA limited their clinical applications [21]. To minimize
the side effects of XOD inhibitors, increasing demands are required to identify XOD
inhibitors from natural product with more pronounced effectiveness and safety [22].

Smilacis Glabrae Rhizoma (SGR), is a traditional Chinese medicine (TCM) widely used
in joint pain relief, deoxidation and anti-HUA for thousands of years [23]. Several TCM
formulas handed down from ancient China, including modified Simiao decoction [24],
Zishen Shengqi decoction [25], Selaginella moellendorffii prescription [26], Qingre Chubi decoc-
tion and modified Guizhi Shaoyao Zhimu decoction [27], all containing SGR as the prime
medicinal ingredient. Instead of TCM formulas with multiple drugs, Hong et al. [28]
found that SGR crude drug alone could also attenuates HUA in rats probably through
increasing the expression of catalase. Additionally, Liang et al. [23] found water extract
of SGR could ameliorate chronic HUA and gout induced by potassium oxonate (PO) and
monosodium urate (MSU) in mice. Performing HPLC-DAD-MS/MS analysis, nine com-
pounds were identified in the extract of SGR, including 5-O-caffeoylshikimic acid (5OCSA),
isoengeletin, taxifolin, engeletin, resveratrol, astilbin and its three stereoisomers [23]. Sim-
ilarly, Xu et al. [29] also found ethanol extract of SGR showed hypouricemic effects in
HUA rats. Moreover, Xu et al. revealed that concentrations of seven constituents iden-
tified in the serum of HUA rats were correlated with the hypouricemic effect, including
5-O-caffeoylshikimic acid glucuronide, palmitic acid, 3′-O-methyl taxifolin glucuronide,
palmitic acid, 3′-O-methyl taxifolin glucuronide, 3′-O-methyl astilbin glucuronide, astilbin
glucuronide, resveratrol glucuronide, and dihydrokaempferol [29].

Based on the above-mentioned evidence, SGR extracts could be served as a promising
resource for development of natural drugs preventing HUA. However, to our knowledge,
there still remains a lack of clarity about which compounds from SGR are responsible for
the XOD inhibitory and hypouricemic effect. Therefore, to identify natural XOD inhibitors
from SGR, we performed a XOD inhibitory assay-guided separation and verified the XOD
inhibitory and hypouricemic effect in a PO/HX-induced HUA mice model.

2. Results
2.1. Bioassay-Guided Isolation and Identification

From the initial 6.0 kg dried SGR, we obtained 3.32 kg crude ethanol extracts (CEE)
after three extractions by 70% EtOH at 50 ◦C (Figure 1a). Evaluated by bioassay or XOD
inhibitory assay, we found CEE exhibited dose-dependent XOD inhibitory capacities
in vitro at the concentrations of 2 µg/mL, 20 µg/mL and 200 µg/mL, and reached an
inhibition rate of 27.04% at 200 µg/mL (Figure 1c). After subsequent partition with n-BuOH
and EtOAc, we obtained 182.4 g EtOAc soluble fraction (EAF) and 1584.0 g n-BuOH soluble
fraction (BUF). Determined by bioassay, we found EAF, not BUF, showed comparable
inhibitory capacity with CEE, with an inhibition rate of 30.36% in 200 µg/mL (Figure 1c).
Henceforth, EAF was further subjected to silica gel column and yielded seven fractions,
CMFs (CHCl3-MeOH fractions) 1–7, by gradient elution with CHCl3-MeOH (30:1–0:1
v/v) (Figure 1a). Evaluated by XOD inhibitory assay, CMF2 and CMF5 demonstrated
a remarkable XOD inhibitory capacity, with inhibition rates of 39.82% and 52.03% at
200 µg/mL, respectively (Figure 1c).
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Figure 1. Bio-assay guided fractionation and isolation from SGR. Schematic isolation procedures of fractions and compounds
from SGR were described in (a). Structures of the chemicals (#1–6) were shown in (b). Inhibition rates of 10 fractions (c)
and 6 compounds (d) on XOD were evaluated and plotted by Graphpad. Values were presented as mean ± SEM of five
replicates. SGR: Smilacis Glabrae Rhizoma; CEE: Crude Ethanol Extracts; EAF: EtOAc Fractions; BUF: n-BuOH Fractions;
CMF: CHCl3-MeOH Fractions.

To identify natural compounds with XOD inhibitory capacity from SGR, CMF2 and
CMF5, we further isolated the compounds according to the detailed procedures described
in Figure S1. Finally, we obtained compounds 3 (28.4 mg), 4 (159.8 mg) and 5 (133.1 mg)
from CMF2, as well as compounds 1 (114.6 mg), 2 (203.7 mg) and 6 (463.5 mg) from CMF5.
According to physicochemical properties, NMR spectral analysis (Supplementary Figure S2)
and comparison with known samples [30–32], compounds 1–6 were identified as 5-O-
caffeoylshikimic acid (1), engeletin (2), quercetin (3), shikimic acid ethyl ester (4), taxifolin
(5) and astilbin (6) (Figure 1b).
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2.2. Effects of Compounds on XOD Inhibitory Activity

To figure out the compounds responsible for the XOD inhibition in CMF2 and CMF5,
we performed XOD inhibitory assays with individual compounds (1–6) at concentrations
of 10 µg/mL and 100 µg/mL. Compounds 1 and 6 from CMF5 and compound 3 from
CMF2 could inhibit 88.31%, 33.17% and 82.10% of XOD activity at 100 µg/mL, respectively
(Figure 1d). Notably, it was the first time 5-O-caffeoylshikimic acid (5OCSA, #1) has been
identified as a XOD inhibitor. To calculate the IC50 of 5OCSA on XOD, we evaluated the
inhibition rates with different concentrations of 0.1, 1.0, 2.0, 10.0 and 100.0 µM (10.0 µg/mL
5OCSA is close to 3.0 µM). Through non-linear regression analysis, the IC50 value of 5OCSA
was calculated as 13.96 µM (Figure 2a). AP was used as control and the IC50 value was
2.19 µM (Figure 2a), which is consistent with previous reports [33,34]. To determine the type
of interaction between 5OCSA and XOD, we plotted OD velocity (∆OD295/min)/[XOD]
at 0.00, 3.75, 7.50, 15.00, and 30.00 µM of 5OCSA respectively (Figure 2b). The straight
lines all passed through the origin. Meanwhile, slopes of lines decreased with increasing of
5OCSA, suggesting that 5OCSA was a reversible XOD inhibitor [34,35].

2.3. Molecular Docking of 5OCSA Acid into XOD

Molecular docking is an in silico method by calculating possible interactions be-
tween compounds and target protein with structural information from PDB bank. Co-
crystallization of XOD with quercetin suggested that the amino acids around molybdenum
center, Phe 914, Phe 1009, Arg 880 and Glu 802 are of pivotal importance for the interac-
tion between inhibitors and XOD [33]. In this study, we performed molecular docking
of 5OCSA into XOD (PDB: 3NVY, in complex with quercetin), using quercetin as control
by Discovery Studio 4.5 software (Figure 2c,d). Similar to quercetin, 5OCSA was well
aligned into the molybdenum center surrounding by Leu 648, Lys 771, Ser 876, Arg 880,
Phe 914, Phe 1009, Thr 1010, Val 1011, Phe 1013 and Ala 1079, with a binding energy of
−8.6 kcal/mol. Dihydroxycyclohexene-1-carboxylic acid ring of 5OCSA were sandwiched
between Phe 914 and Phe 1009 and dihydroxyphenyl ring were positioned in the molybde-
num center. Notably, 5OCSA forms hydrogen bond with XOD through Lys 771, Ala 1079,
Val 1011 and Thr 1010.

2.4. Effect of 5OCSA on Body Weight and Organ Coefficients in HUA Mice

To investigate whether 5OCSA could ameliorate HUA in vivo, we generated a PO/HX-
induced HUA mice model as described in 4.4. As shown in Figure 3a, during the 7 days
of HUA modeling, the body weights (BWs) increased steadily and there is no statistically
differences among groups. Additionally, organ coefficients (liver and kidney) have also
been investigated. There are no significant differences in liver coefficients among groups
(Figure 3b), while kidney coefficients of HUA mice increased significantly, compared with
the normal saline group (Figure 3c, 1.64 g/100 g BW vs. 1.06 g/100 g BW, p < 0.01).
Compared with HUA group, different doses of 5OCSA could all significantly reduce the
kidney coefficient (all p < 0.05), indicating 5OCSA probably has nephroprotective effects
in HUA mice. Therefore, no obvious harmful effects in BWs and organ coefficient (liver
and kidney) have been observed in HUA mice when treated with 40 mg/kg BWs or below
of 5OCSA.
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Figure 2. Interaction between 5OCSA and XOD in vitro and in silico. (a) IC50 of 5OCSA and AP on XOD. Plots of v
(∆OD295/min)/XOD concentration with different concentrations of 5OCSA (b). Predicted binding mode of 5OCSA docked
into XOD. 3D and 2D docking patterns of 5OCSA (c) and quercetin (d) into 3NVY has been generated by Discovery
Studio 4.5. 5OCSA: 5-O-caffeoylshikimic acid; XOD: xanthine oxidase; AP: allopurinol.
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Figure 3. Effects of different doses of 5OCSA on BWs and organ coefficients in HUA mice. (a) Changes of BWs in different
groups (n = 8 in each group). Coefficients of liver (b) and kidney (c) were calculated and plotted via GraphPad. ** p < 0.01,
compared with saline group; ∆ p < 0.05; ∆∆ p < 0.01, compared with HUA group. 5OCSA-L: low dose of 5-O-caffeoylshikimic
acid; 5OCSA-M: medium dose of 5OCSA; 5OCSA-H: high dose of 5OCSA; BWs: bodyweights; HUA: hyperuricemia.

2.5. Effect of 5OCSA on sUA, Serum XOD and Hepatic XOD

After seven consecutive days of PO treatment, the animals were sacrificed and sUA
concentrations were evaluated. In comparison with the saline group (62.70 µmol/L),
the PO/HX treated HUA group increased significantly to 123.51 µmol/L (*** p < 0.005),
suggesting the HUA model has been successfully replicated (Figure 4a). Compared with
HUA group, three different doses of 5OCSA groups and AP group (HUA + 20 mg/kg AP),
have all shown significant reduction in the elevated sUA level (all ∆ p < 0.05), suggesting
5OCSA could ameliorate HUA in vivo.

To verify the XOD inhibition effects of 5OCSA in vivo, we evaluated the XOD activity
in liver and serum. As shown in Figure 4b,c, after seven consecutive days treatment
of activities of PO/HX, serum XOD and hepatic XOD increased by 53.97% and 32.31%
respectively compared with saline group (11.64 vs. 7.56 U/g Protein); 16.87 vs. 12.75 U/g
Protein, all ** p < 0.01). Compared with HUA group, 5OCSA at 10, 20 and 40 mg/kg notably
and dose-dependently decreased XOD activities by 25.17%, 29.64% and 38.66%, respectively,
in HUA mice liver (8.71, 8.19 and 7.14 vs. 11.64 U/g Protein). Similarly, compared with
HUA group, 5OCSA at 10, 20 and 40 mg/kg also dose-dependently decreased XOD
activities by 12.80%, 15.18% and 16.89%, respectively, in HUA mice liver (14.71, 14.31 and
14.02 vs. 16.87 U/g Protein). Results mentioned above suggested that 5OCSA could also
inhibit XOD in vivo.
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Figure 4. Effects of 5OCSA on sUA, XOD and markers of kidney damage in HUA. (a) Serum level of uric acid (µmol/L).
(b) Serum XOD activity (U/g Protein). (c) Hepatic XOD activity (U/g Protein). (d) Serum creatinine (µmol/L). (e) Serum
BUN (mmol/L). ** p < 0.01, *** p < 0.005, compared with saline group; ∆ p < 0.05; ∆∆ p < 0.01, ∆∆∆ p < 0.005, compared
with HUA group. sUA: serum uric acid; XOD: xanthine oxidase; BUN: blood urea nitrogen.

2.6. OCSA Ameliorates Kidney Injury in PO/HX-Induced HUA Mice

Creatinine (Cr) and Blood urea nitrogen (BUN), two kidney injury indicators, were
also examined. As shown in Figure 4d,e, the serum Cr and BUN in HUA group increased
by 30.31% and 48.52% as compared to saline group respectively (33.32 vs. 25.57 µmol/L;
10.04 vs. 6.76 mmol/L), suggesting occurrence of kidney injury in HUA mice. Com-
pared to the HUA group, different doses of 5OCSA could significantly reduce Cr level
by 13.24% (10 mg/kg BWs, 28.91 µmol/L), 18.00% (20 mg/kg BWs, 27.33 µmol/L) and
22.69% (40 mg/kg BWs, 25.76 µmol/L) as well as the BUN level by 13.45% (10 mg/kg BWs,
8.69 mmol/L), 18.23% (20 mg/kg BWs, 8.21 mmol/L) and 25.40% (40 mg/kg BWs,
7.49 mmol/L), indicating 5OCSA probably has a protective effect on kidney injury in
HUA mice. To examine the structural deterioration in the kidneys of HUA mice, we
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performed H&E staining. In the saline group, the renal tubulars of mice were intact and
smooth. Compared to the saline group, the HUA model group exhibited tubular dilation
and vacuole in renal tubular epithelial cells. Compared to HUA group, the levels of renal
tubular dilation were significantly reduced after the administration of different doses of
5OCSA (Figure 5).

Figure 5. Protective effects of 5OCSA on kidney histomorphometry change caused by PO/HX in
mice. The right kidney of mice was fixed, embedded in paraffin, sectioned, and stained by H&E.
Arrows indicate the enlarged vacuoles in renal tubular epithelial cells. 100×: 100-fold magnification;
400×: 400-fold magnification; 5OCSA: 5-O-caffeoylshikimic acid; 5 OCSA-L: low dose of 5OCSA;
5OCSA-M: medium dose of 5OCSA; 5OCSA-H: high dose of 5OCSA.

2.7. Effect of 5OCSA on Inflammatory Cytokines of Kidney in HUA Mice

Activation of inflammatory cytokines in injury kidney were frequently reported in
HUA patients and animal models [36–38].To assess the effects of 5OCSA on inflammatory
cytokines, we evaluated the changes of inflammatory cytokines TNF-α, IL-1β, IL-6 and
IL-18 in kidney by Elisa. As shown in Figure 6, TNF-α, IL-1β, IL-6 and IL-18 in HUA mice in-
creased by 72.44%, 68.13%, 46.89% and 65.67%, respectively, (68.01 vs. 39.44 pg/mg Protein;
16.39 vs. 9.75 pg/mg Protein; 16.89 vs. 11.5 pg/mg Protein; 17.31 vs. 10.45 pg/mg Protein),
suggesting that the inflammatory cytokines we examined had been activated by HUA.
Compared with the HUA group, different doses of 5OCSA could all significantly and
dose-dependently reduce the elevated cytokines (all ∆ p < 0.05), suggesting 5OCSA could
effectively ameliorate kidney inflammation in HUA.
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Figure 6. Effects of 5OCSA on kidney inflammation cytokines in HUA mice. (a) TNF-α (pg/mg Pro-
tein); (b) IL-1β (pg/mg Protein); (c) IL-6 (pg/mg Protein); (d) IL-18 (pg/mg Protein). Data are
represented as mean ± SD (n = 8). ** p < 0.01, *** p < 0.005, compared with saline group; ∆ p < 0.05;
∆∆ p < 0.01, ∆∆∆ p < 0.005, compared with HUA group. TNF-α: tumor necrosis factor-α; IL-1β:
interleukin-1β; IL-6: interleukin-6; IL-18: interleukin-18.

3. Discussion

SGR, as a traditional Chinese medicine with more than 2000 years of history, has long
been acclaimed as an effective anti-hyperuricemia agent. Consistently with the traditional
use from ancient China, in 2011, water extract of SGR (SGR-WE)was first found to amelio-
rate HUA in rats and inhibit XOD activity by Guo et al. [39], which inspired researchers to
find the bioactive compounds responsible for the anti-HUA effects. Similarly, Hong et al.
found that the crude drug of SGR could also ameliorate HUA rats, and interpreted the
hypouricemia effects of SGR as being able to reduce ROS by upregulating catalase [28]. In
2013, Xu et al. [29] performed a correlation study by comparing the components of ethanol
extract of SGR (SGR-EE) and the serum of HUA rats after administration of SGR-WE. They
claimed seven compounds might be related with HUA including glucuronide form of
5OCSA. In 2019, Liang et al. [23] replicated Guo’s work in a chronic HUA/gout mice
model and found SGR-WE could ameliorate HUA and gout phenotypes. They claimed
nine compounds from SGR-WE were identified by HPLC-DAD-MS/MS. Therefore, SGR
extracts should contain compounds promising the development of natural drugs prevent-
ing HUA. However, none of the works mentioned above have verified the anti-HUA effects
of individual compound isolated. Clinically, the current major drugs for sUA-lowering are
still XOD inhibitors including AP, febuxostat and topirastat. However, the undesirable ad-
verse effects limited their clinical application. Therefore, in this study, we aimed to identify
natural XOD inhibitors from SGR extract by XOD inhibitory assay-guided separation and
verified the XOD inhibitory effects in vitro and in vivo.
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Extraction and isolation of compounds from plants are quite time-consuming. In this
study, we evaluated the XOD-inhibitory capacity of each fraction achieved before further
separations. Through this so-called bio-assay guided separation, the smaller fraction,
EAF (EAF 182.4 g < BUF 1584.0 g) was kept and further subjected to a silica gel column.
Similarly, sub-fractions CMF2 and CMF5 were further isolated as shown in Figure S1.
Finally, we obtained six known compounds according to the physicochemical properties,
NMR spectral analysis and comparison with publications. Among them, 5OCSA, together
with quercetin and astilbin, were identified as natural XOD inhibitors. Whether there
remains new compounds in other fractions, especially for non-XOD inhibitors studies, still
requires more investigations in the future.

5OCSA is a bioactive polyphenolic compound isolated from multiple plants or foods,
including Phoenix dactylifera [40], Zanthoxylum naranjillo leaves [41], Solanum somalense
leaves [42], Caryota urens L. [43], Palm oil [44] and SGR [29,32]. Functionally, 5OCSA has
complicated bioactivities including anti-thiamine factor [45], anti-oxidant [44],α-glucosidase
inhibitory activity [43] and anti-inflammatory [46]. To our knowledge, the function of
5OCSA in HUA still remains unclear. From the XOD inhibitory assay in vitro (Figure 2a),
5OCSA has been identified as an effective XOD inhibitor with IC50 of 13.96 µM. The re-
versibility study (Figure 2b) and molecular docking (Figure 2c) suggested that 5OCSA
might be a reversible XOD inhibitor by binding with the molybdopterin domain, the ac-
tive site of XOD [47]. According to the co-crystallization of XOD with quercetin, amino
acids around molybdenum center, Phe 914, Phe 1009, Arg 880, and Glu 802 are of pivotal
importance for the interaction between inhibitors and XOD [33]. Similar to quercetin, the
dihydroxycyclohexene-1-carboxylic acid ring of 5OCSA was sandwiched between Phe 914
and Phe 1009, and 5OCSA fits the active pocket of molybdopterin domain well surrounded
by Leu 648, Lys 771, Ser 876, Arg 880, Phe 914, Phe 1009, Thr 1010, Val 1011, Phe 1013
and Ala 1079. The in vivo inhibition efficiencies on XOD in the liver and serum are also
impressive. Collectively, from the in vitro, in silico and in vivo evidence, 5OCSA is a
promising effective natural XOD inhibitor.

The nephroprotective role of 5OCSA in HUA mice was also examined. As a major co-
morbidity combined with HUA clinically, kidney damage along with reduced clearance of
creatinine and urea also existed in HUA mice. In our study, kidney coefficients (Figure 3c),
serum levels of Cr (Figure 4d) and BUN (Figure 4e) in HUA group increased by 54.72%,
30.31% and 48.52% compared with a blank control group, suggesting the occurrence of
kidney injury in HUA, which could be dose-dependently compromised by 5OCSA. No-
tably, the high dose of 5OCSA (40 mg/BWs) could reduce the elevated kidney coefficients,
serum levels of Cr and BUN in were reduced by 29.88%, 22.69% and 34.05%, suggesting
the nephroprotective effects of 5OCSA in HUA. Moreover, histopathological analysis by
H&E staining (Figure 5) further validated the kidney injury in HUA and nephroprotective
effects of 5OCSA. Another indicator of kidney injury in HUA examined in this study are
inflammatory cytokines. Compared with saline group, TNF-α, IL-1β, IL-6 and IL-18 in
kidney tissue of HUA mice, have been increased by 72.44%, 68.13%, 46.89% and 65.67%,
respectively (Figure 6). Compared with the HUA group, 5OCSA could dose-dependently
compromise the elevated cytokines in HUA mice, and high dose group (40 mg/BWs) could
reduce the elevated TNF-α, IL-1β, IL-6 and IL-18 by 19.60%, 31.28%, 25.87%, and 32.47%,
respectively. Taken together, our study suggested 5OCSA played nephroprotective role in
HUA mice. Considering the dual roles of pro-inflammatory cytokines in HUA kidneys,
indicator and inducer, the mechanism of 5OCSA interaction with cytokines required further
investigation. Meanwhile, whether nephroprotective effects of 5OCSA could be realized
through XOD inhibition independent mechanism should also be addressed in future study.

Natural products have long been considered as safe resources for drug development
with few side effects [48,49]. As a strong XOD inhibitor used clinically, AP performed
well in reducing sUA in PO/HX induced HUA mice (Figure 4a) as expected. Strikingly,
as shown in Figure 5, the histological defect of kidney was not well restored by AP which
might be interpreted as side effects of AP on kidney. In this study, we examined the



Molecules 2021, 26, 7307 11 of 15

BWs and organ coefficients for the toxicity or side effects study of 5OCSA. As shown
in Figure 3b,c, liver coefficients are stable in various groups, but kidney coefficients are
elevated in the HUA group. However, different doses of 5OCSA could reduce the elevation
to a certain extent, indicating 5OCSA can antagonize the effect of PO/HX on kidney.
Meanwhile, BWs of each groups group stably without statistical difference among groups.
Taken together, 5OCSA has little toxicity for the mice.

4. Materials and Methods
4.1. Material

SGR was obtained from Tongrentang Pharmacy (Changchun, China) and a voucher
sample (#SGR-ZD-2020073106) was reserved in College of Pharmacy, Changchun Univer-
sity of Chinese Medicine. Isolation columns including macropore adsorptive resin D101
(A832686), column-layer chromatographic silica gel (C820912), Sephadex LH-20 (S822637),
sodium carboxymethylcellulose (CMC-Na, C804625) and hypoxanthine (G1725018) were all
obtained from Macklin (Shanghai, China). EtOH, EtOAc, CH2Cl2, CHCl3 and MeOH were
purchased from Aladdin (Shanghai, China). XOD (X4500-25UN), AP (8003-25G), xanthine
(X7375-25G), potassium oxonate (PO, 156124), PBS (806552-500ML), NaOH (S8045-500G),
KH2PO4 (P0662-500G) and DMSO (D8418-100ML) used for detection of enzyme activity
were all purchased from Merck (Chengdu, China).

4.2. Separation

6.0 kg of dried SGR was crushed and extracted by 100 L 70% EtOH three times for 4 h
at 50 ◦C. Removing EtOH from the extract under reduced pressure and partitioned with
n-Hexane till the water layer is colorless. Evaporated the remaining water and achieved
3.32 kg of crude ethanol extracts (CEE). Dissolved 3.0 kg CEE with 30% EtOH and subjected
to macropore adsorptive resin D101. Eluted the resin with distilled water and 70% ethanol
successively and partitioned with n-BuOH and EtOAc successively. 182.4 g of EtOAc
soluble fraction (EAF) and 1584.0 g n-BuOH soluble fraction (BUF) were obtained. The
EAF fraction (150 g) was separated by silica column and eluted by gradient CHCl3-MeOH
solutions successively (30:1, 25:1, 20:1, 15:1, 10:1, 5:1 and 0:1 v/v). The seven fractions were
collected and the solvent was recovered under reduced pressure, obtaining CMF1 (4.0 g,
30:1), CMF2 (8.4 g, 25:1), CMF 3 (12.7 g, 20:1), CMF4 (11.5 g, 15:1), CMF5 (9.5 g, 10:1), CM6
(6.4 g, 5:1) and CMF7 (2.1 g, 0:1), respectively.

CMF2 was separated by Sephadex LH-20 and two fractions were obtained. CMF2.1
and 2.2. CMF2.1 was recrystallized in MeOH and compound 3 was obtained (28.4 mg).
CMF2.2 was added to silica gel column chromatography and the obtained CMF2.2.1 and
CMF2.2.2 was eluted with CH2Cl2-MeOH (15:1 and 1:1), respectively. CMF2.2.1 was then
subjected to semi-preparative HPLC (UltiMate 3000, Thermofisher, Germering, Germany)
(MeOH-H2O, 25:75) and compound 4 was obtained (159.8 mg); CMF2.2.2 was recrystallized
in MeOH and compound 5 was obtained (133.1 mg). CMF5 was recrystallized in MeOH
and obtained compound 1 (114.6 mg). The remaining solutions were added to silica gel
column chromatography again and the obtained CMF5.1-5.3 was eluted with CH2Cl2-
MeOH (12:1, 10:1 and 8:1), respectively. CMF5.1 was subjected to semi-preparative HPLC
(MeOH-H2O, 50:50) and the obtained compound 2 (203.7 mg). CMF5.3 was recrystallized
(methanol) to obtain compound 6 (463.5 mg).

4.3. XOD Inhibitory Assay and Reversibility Study

XOD enzyme activity was measured by the spectrophotometry (INESA/752N, Shang-
hai Yidian Company, Shanghai, China) of 295 nm indicating the mount of uric acid [50].
The reaction mixture is 200 µL, including 40 µL XOD (0.05 U, final concentration 250 U/L),
50 µL of 1 mM xanthine, 10 µL of sample solution dissolved in DMSO, and 100 µL of 2 mM
phosphate buffer (pH 7.5). For the control group and blank group, 10 µL DMSO and 40 µL
phosphate buffer replaced 10 µL test sample and 40 µL XOD respectively. Each reaction
was examined in triplicate. Different concentrations of extractions (CEE, EAF, BUF and



Molecules 2021, 26, 7307 12 of 15

CMFs (1–7)) for XOD inhibition assay were all tested. To obtain the IC50 values, compounds
isolated from fractions CMF2 and CMF5 (1 to 6) were evaluated in five different concen-
trations and plotted via Graphpad. All reactions were examined in triplicate. Inhibition
rates of XOD was calculated as (Absorbance control − Absorbance samples)/(Absorbance
control − Absorbance blank) × 100%. The inhibition reversibility study of 5OCSA on
XOD was performed by using 5 different concentration of compounds (0.00, 3.75, 7.50,
15.00, and 30.00 µM) and 5 different concentrations of XOD (50.0, 100.0, 150.0, 200.0 and
250.0 U/L). Plots of OD295/min vs. concentration of XOD were generated by Graphpad
Prism 5 (version 5.01, GraphPad Company, San Diego, CA, USA).

4.4. Animals Groupings and Experiment Procedure

Kunming mice (License # SCXK (Liao) 2020–0001) were all obtained from Chang-
sheng Biotech (Benxi, China) and maintained under 12 h day/night cycle and 21 ± 2 ◦C
temperature. 48 mice (six weeks old, 21.0 ± 2.0 g) were randomly divided into 6 groups,
saline group (15 mL/kg BWs saline via intraperitoneal injection (i.p.); 20 mL/kg BWs
0.5% CMC-Na via intragastric (i.g.) gavage × 7 days), HUA group (300 mg/kg/day PO
via i.p. injection × 7 days, HX 600 mg/kg/day via i.g. gavages × 7 days), HUA+AP or
positive control group (HUA; 20 mg/kg/day AP via i.g. gavages × 7 days), HUA+5OCSA-
L or low dose 5OCSA group (HUA; 10 mg/kg/day 5OCSA via i.g. gavages × 7 days),
HUA+5OCSA-M or medium dose 5OCSA group (HUA; 20 mg/kg/day 5OCSA via i.g.
gavages × 7 days) and HUA+5OCSA-H or high dose 5OCSA group (HUA; 40 mg/kg/day
5OCSA via i.g. gavages × 7 days). PO was dissolved into 25 mg/mL by sterile saline. HX
and 5OCSA were dissolved into 60 mg/mL and 40 mg/mL respectively by 0.5% CMC-Na.
At day 7, blood was collected 1 h after drug administration and kept still in room temper-
ature for 1 h. Centrifuged at 5000× g and 25 ◦C for 10 min and collect the supernatant.
Serum uric acid levels were examined by uric acid test kit (C012-2-1, Nanjing Jiancheng)
according to the protocol. Experiments were permitted by the ethics committee of College
of Pharmacy, Changchun University of Chinese Medicine.

4.5. HE Staining and Kidney Histomorphometry

Fix the right kidney in 4% para-formaldehyde solution (in PBS) for 3 days at room
temperature. Embedded the samples with paraffin and sectioned the specimen in 5 µm
slices. Stained with hematoxylin and eosin (HE) and observed under light microscope
(Osteoplan II; Carl Zeiss, NY, USA).

4.6. Measurement of Uric Acid Concentration and XOD Activity

Concentrations of serum uric acid were determined by a standard kit from Nanjing
Jiancheng (C012-1-1, Nanjing, China). Considering the low solubility of uric acid, the serum
samples were diluted 10-fold at 50 ◦C. 200 µL test samples or standard solution (50 mg/L
or 297.4 µM uric acid) were mixed with 2.0 mL Buffer P gently and let stand for 10 min.
The samples were then centrifuged at 3000× g for 5 min and collected the supernatant. The
supernatant was mixedwith Buffer A and Buffer B gently and let stand for 10 min at room
temperature. The absorption value in 690 nm was examined by spectrophotometer. XOD
activity from serum and liver samples were examined by spectrophotometric method with
a XOD assay kit obtained from Nanjing Jiancheng (A002-1-1, Nanjing, China) [51]. Each
test has been performed in triplicate.

4.7. Molecular Docking

3NVY [33] is the entry code of bovine XOD co-crystallization with quercetin retrieved
from RCSB PDB, with a resolution of 2.0 Å. In this study, discovery studio 4.5 (BIOVIA,
San Diego, CA, USA) was used for the docking of 5-O-caffeoylshikimic acid and quercetin
into 3NVY. For the preparation of docking, we removed all water molecules and added
charges and hydrogen to 3NVY [51]. The compounds were docked using the CDOCKER
protocol with default settings.
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5. Conclusions

Considering the pharmacological effects of SGR extracts in reducing uric acid in HUA,
we performed a XOD inhibitory assay-coupled separation of fractions and compounds from
SGR. Our results revealed that CMF2 and CMF5 derived from EAF showed obvious XOD
inhibitory potency, with inhibitory rate of 39.82% and 52.03% at 200 µg/mL, respectively.
Through further isolation, we obtained three XOD inhibitors, 5OCSA with IC50 of 13.96 µM,
as well as two known XOD inhibitors, quercetin (#3),and astilbin (#6) from CMF2 and CMF5.
Furthermore, 5OCSA has been successfully docked into the active pocket of XOD (PDB
#3NVY), suggesting the existence of physical interaction between XOD and 5OCSA. To
evaluate the in vivo effect of 5OCSA on HUA, we generated a PO/HX induced HUA model.
5OCSA could inhibit both hepatic and serum XOD in vivo, together with reducing the
sUA level. Moreover, different doses of 5OCSA could all effectively and dose-dependently
compromise the elevated serum level of BUN and Cr and the histological defect and
activation of cytokines in kidneys, suggesting the nephroprotective effects of 5OCSA on
kidney injury in HUA. Collectively, our results suggested that 5OCSA may be developed
into a safe and effective XOD inhibitor based on in vitro, in silico and in vivo evidence.

Supplementary Materials: The following are available online. Figure S1: Detailed procedure of
compounds isolated from CMF2 and CMF5; Figure S2: Structure analysis of the total 6 compounds.
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