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Recently, we've reported the anti-hyperuricemic effects D Cordyceps militaris As

a characteristic compound of C. militaris we hypothesized that cordycepin may
play a role in preventing hyperurecimia. Remarkably, cordgpin produced important

anti-hyperuricemic actions, decreasing SUA (serum uric ad) to 216, 210, and 203

mmol/L (P < 0.01) at 15, 30, and 60 mg/kg in comparison of hyperuricemic ontrol

(337 nmol/L), closing to normal control (202mmol/L). Elisa, RT-PCR and western
blot analysis demonstrated that the actions may be attribigd to its downregulation

of uric acid transporter 1 (URATL1) in kidney. Serum creatire levels and blood urine
nitrogen and liver, kidney, and spleen coef cients demonstated that cordycepin may not
impact liver, renal, and spleen functions. In addition, wesed computational molecular
simulation to investigate the binding mechanism of cordyagain. Of which, van der Waals
interaction dominated the binding. Residues TRP290, ARG17ALA408, GLY411, and
MET147 contributed mainly on nonpolar energy. This providkthe theoretical guidance
to rationally design and synthesis novel URATL1 inhibitors.

Keywords: cordycepin, hyperuricemia, uric acid transporte r 1, molecular docking, molecular dynamics

INTRODUCTION

Hyperuricemia is induced by long-term purine metabolic disersl with high prevalence, and
diagnosed as high SUA status (serum uric aei@;0 mg/dL for female and¢ 6.5 or 7.0 mg/dL

for male;Rock et al., 2013; Liu et al., 20 Lassociating with gout, renal diseases, hypertension,
hyperlipidemia, and atherosclerosisi{oi and Curhan, 2007 Allopurinol is prescribed clinically
for hyperuricemia as a xanthine oxidase (XOD) inhibitd?acher et al., 2006However, it is
denounced due to its renal toxicity and Stevens-Johnsonrsyne (Halevy et al., 2008Another
XOD inhibitor, Febuxostat, was reported to be associatedh wardiovascular complications
(Becker et al., 20)0Uricosurics, especially benzbromarone and probeneciéyaat with renal
transporters to elevate excretions of uric acid for anti-hypieemia Shin et al., 2001 But they

are troubled by the associated adverse e ects, such as ezant of 6-mercaptopurine toxicity,
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allergic, and hypersensitive reactions, and nephropathy animals, Model, and Drug Administration
examples Klarrold, 2013. Thus, the discovery of novel agentsAll animal experiments were approved by and performed
of greater safety and e ectiveness is highly wanted fon Guangdong Institute of Microbiology (approved ID: GT-
hyperuricemia. IACUC20170228; Guangzhou, China). From the Guangdong
Cordyceps militariqas been prescribed against metabolicProvincial Medical Laboratory Animal Centre (Guangzhou,
associated diseases in traditional Chinese medicine fegrak China), Kunming mice (20 2g) were brought. Mice were
centuries izuno, 1999; Ma et al., 20L5We recently allowed to have food and water freely for adapting the labayato
reported thatC. militaris exhibited good anti-hyperuricemic conditions before experiment for 1 week. Primarily, mice
e ect in hyperuricmic mice induced by PO and HX with were separated into normal, hyperuricemic, allopurinol, and
39-48% ratio reduced in uric acid levels at various dosebenzbromarone controls and cordycepin groups of 15, 30, and
approaching the levels of normal mic&dng et al., 2006 As 60 mg/kg, respectively.
a characteristic component d®. militaris cordycepin (or 8 The protocol reported by usY(ong et al., 201)8wvas exploited
deoxyadenosiné&jigure 1), demonstrated various pharmacologic for model establishment with allopurinol and benzbromarone
actions, including antifungalhn et al., 200)) antitumor (Zhang as positive controls. Speci cally, mice were dosed with PO
et al., 201} hypoglycemid{la et al., 201} and antiasthmatic (100 mg/kg) intraperitoneally and HX (600 mg/kg) orally
e ects (Tianzhu et al., 2005 However, its role inC. militaris  simultaneously for models. Meanwhile, normal control mice
for hyperuricmia has not been included. In addition, ademesi were dosed with physiological saline (0.9%) at the same time.
(a cordycepin analog) derivatives (benzimidazole nuctepsi  For drug administration, animals were treated at 1h after
22, Figure 1) have been synthesized and investigated fomodel building at the frequency at once per day for 7 days.
hyperuricemia (atani et al., 2016 Hence, we hypothesized that Allopurinol and benzbromarone controls were drugged at 5 and
cordycepin may prevent hyperuricemia. 7.8 mg/kg correspondingly. For cordycepin groups, mice were
In this paper, we reported the anti-hyperuricemic e ects ofdosed at a 15, 30, 60, mg/kg. Using physiological saline (0.9%),
cordycepin in hyperuricemic mice. Firstly, SUA and UUA (urine normal and hyperuricemic controls were treated at the same
uric acid) were assayed for determine the anti-hyperuricemitime.
e ects of cordycepin. Then BUN (blood urine nitrogen) and
creatinine were examined. Besides, body weights and org#kssaying of Uric Acid, XOD, URAT1, BUN,
coe cients were also included. To explore its mechanism, liepa and Creatinine
XOD activities combined with renal GLUT9, URAT1, and OATlTO test uric acid, BUN, and creatinine according to the
mMRNA and proteins were analyzed. Finally, to learn the bindingnanufactures' protocols, serum, and urine were gathered. Fo
mechanism of cordycepin, molecular dynamic (MD) simulationXOD activity and URAT1 protein assay by ELISA kits, liver and
was involved here. kidney were collected and tested following the manufacture
protocols.

EXPERIMENTAL Organ Coef cient

Materials Liver, kidney, and spleen were washed with saline (0.9%)
PO (potassium oxante, 98.0%), HX (hypoxanthine, 99%gnd sucked with normal lters, followed by weighting. Organ
allopurinol (98%), and benzbromarone (98%) were brought frontoe cients were computed by dividing the weight of organ by
Aladdin Reagent Co. (Shanghai, China). Cordycepin (99.5%) wézat of corresponding mouse.

obtained from Target Molecule Corp. (Boston, USA). TRIZOL

reagent was o ered by Invitrogen Co. (USA). By Nanjing Jian-RT-PCR of URAT1, GLUT9, and mOAT1

Cheng Bioengineering Institute (Nanjing, China), Uric aeissay Total RNA extractions were performed using TRIZOL reagent.
kits were supplied. BUN and creatinine Kits were purchased fronAfter homogenation of kidney tissue, the obtained liquid
Mindray Medical Corp. (Shenzhen, China). From R&D Systenwas added with chloroform and centrifuged, followed by
Inc. (USA), XOD and URAT1 Elisa Kits were obtained. precipitating aqueous phase with volume of isopropanol. After
washed by ethanol (75%), the total RNA pellets were suspended
using DEPC water. Using RNA (bg) together with M-
MLV reverse transcriptase, Reverse transcription was conducte

NH
NH; " z The obtained cDNA was diluted with DNase free water and
</N , SN , SN PCR ampli cation was performed using primers at appropriate
O NN oN N//’ conditions (Table 1) with GAPDH as external standard. Finally,
/\Q JJO /\g products were quanti ed by electrophoresis.
HO ;
OH RO CH Western Blot Analysis
cordycepin benzimidazole nucleoside 22 After washing with PBS for three times, kidney cortexes were

FIGURE 1 | Structure of cordycepin inC. militarisand benzimidazole
nucleoside 22 for hyperuricemia.

homogenized with 10-folds of RIPA Lysis Bu er (adding 1 mM
PMSF; protease inhibitor) in ice bath. Following bathed on ice
for 30 min, the mixtures were centrifuged (12000 g, 10 mife T
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TABLE 1 | PCR primer sequences and protocols.

Description Genebank Sense primer (5 0—3(5 Antisense primer (5 0-30) Product size (bp) Tm(C) Thermal cycle
GAPDH NM_008084.2 GTTCCTACCCCCAATGTGTCC TAGCCCAAGATGCTTCAGT 125 60 40
GLUT9 NM_001012363.2 GATGCTCATTGTGGGACGGTT CTGGACCAAGBGGGACAA 241 60 40
URAT1 NM_009203.3 CGCTTCCGACAACCTCAATG CTTCTGCGCCCAABRTATCT 254 60 40
OAT1 NM_008766.3 GCCTTGATGGCTGGGTCTATG AGCCAAAGACATGCGAGA 287 60 40

supernatants were gotten as the total proteins, determined DWBLE 2 | Antibodies for Western blotting analyses.
BCA Protein Assay Kit (Tiangen Biotech Co., China). Before o
electrophoresis, the total proteins were denatured by intoga  ~°™"*" Description Catalog number
for Smin in boiling water. Samples (6g) were separated by pqeintech Group (Chicago, USA) Rabbit URATL Antibody ~ 189-1-AP
10% SDS-PAGE. And then onto PVDF membrane (Millipore s giologicals (o, usa) Rabbit GLUT9 Antibody NBP1-053
USA) they were electrophoretically transferred. Non-speci ¢,
binding sites of obtained membranes were blocked in TBST
(Tris-bu ered saline with 0.1% Tween-20) mixed with 5%
skimmed milk powder. After that, they were then incubated
overnight individually with speci ¢ antibodiesTable 2 diluted

in TBST, consisting of URAT1 (1:2,000), GLUT9 (1:2,000), DATcharges, 0.15M NaCl were added. Then, the built system
(1:2,000), and GAPDH (1:4,000). After washed for three simewas minimized and then equilibrated with cononical (NVT)
with TBST, they were incubated with HRP-conjugated goat-antiensemble. Following that, a further equilibration simidatwith
rabbit 1IgG (1:3,000) as the secondary antibody diluted irBTB the isobaric-isothermic (NPT) ensemble was conducted. The
for 30 min. Consequently, they were washed for three timéis wi production was carried out in the NPT ensemble. van der Waals
TBST and then mixed with ECL (Enhanced ChemiluminescencéydW) and long-range electrostatic interactions were igrb
Servicebio Co., China). Following that, they were exposed toeyond 1.2 nm.

X-ray Im. The contents of target protein were analyzed via_. . .

densitometry using Alpha Innotech (AlphaEaseShop, USA) anBinding Free Energy Calculation

bcam Inc (Cambridge, USA) OAT1 Antibody ah135924
ervicebio Co. (Wuhan, China) GAPDH Antibody GB13002-m-1

normalized by the respective blotting from GAPDH. (MM-PBSA)
MM-PBSA Kumari et al., 201)was used for binding free energy
Statistical Analysis calculation ( Gyinding, Equation 1).
Data were analyzed by ANOVA and showed as meastandard
error. Signi cance of di erence were & < 0.05 orP < 0.01, 1 Gbinding D Geomplex  (GreceptorC Giigand) @

compared by two-tailed Studentgests. )
The G-value (&) can be represented as Equation (2).

Molecular Docking

The molecular docking modeling study was performed with the

CDOCKER Wu et al., 2008 The structure of URAT1 was where E,m represents the molecular mechanics energy, TS

homology modeled previousiyrbng et al., 2016 The binding denotes the entropic contribution, (T, temperature; S, epio

pocket was determined by alignment with its template. The 3Dand Guonationfepresents the solvation free energy.

structures were down from PubChem Compound (ID: 6303) Molecular mechanics energymf includes the energy of

and optimized thr_ough energy minimization with the CHARMm bonded (Bonged, electrostatic (Becrostatd, and van der Waals
force eld. Docking calculations were performed using the(EvdW)interactions (Equation 3)

default parameters.

Gx D Emm TSC C':‘solvation (2)

i i Emm D EbondedC Eelectrostati€ E,gw (3)
MD Simulation m 1 Eponde

Simulation was performed with GROMACS 5.0Mefs et al.,  Gggyaton includes electrostatic (Gja) and nonelectrostatic
2008; Wennberg et al., 2019he docked structure of URAT1 (Gapolay SOIVation free energy (Equation 4).

with cordycepin was utilized as the start. Geometric optiricza

and electrostatic potential of cordycepin were calculated at Gsolvation D Gpolar C Gapolar 4)

the DFT/6-31G level. The corresponding topology les of the

ligands were generated by the Automated Topology BuildeGapolarwas calculated with SASA modélymari et al., 2014

(ATB) server with the charge distribution calculated by D&T Snapshots extracted from MD trajectory at intervals of 4 ns
31G level guantum method. The Charmm36 force eld was usedvere used for calculation of MM-PBSA binding free energy. All
for URAT1, which were imbedded in POPC membrane and thertalculations were performed by use of the g_mmpbsa package
solvated using the TIP3P water model. To salt and neutralizdeveloped for GROMACS{Umari et al., 201
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RESULTS

induced a uric acid excretion decline in mice (2#4inol/L)
. . . . . in comparison with normal control (372mmol/L, P < 0.01).
Antl-hyperurlcemlc Actions of Cordycepln Furthermore, allopurinol induced a further decrease (215
through URAT1 mmol/L, P < 0.01), given rise by inhibiting XOD. In contrast,
As shown inFigure 2A, potassium oxonate and hypoxanthine cordycepin at 15, 30, and 60 mg/kg e ectively elevated UUA (303,
were further demonstrated to induce hyperuricemia in mice374, and 408mol/L for three dose? < 0.01).
successfully, elevating SUA from normal control (2@80l/L) to In order to estimate renal functions, BUN and creatinine
337mmol/L for hyperuricemic control P< 0.01). The treatment were examinedRigures 2C,D. BUN for hyperuricemic control
of allopurinol (5 mg/kg, positive control) in hyperuricemic pg  (16.61 mmol/L) was higher than that of normal control (11.96
caused signi cantly declines in SUA to T8nol/L (P < 0.01), mmol/L,P < 0.01), indicating some impairment by amount PO.
much lower than normal controlf < 0.01). For benzbromarone BUN in allopurinol control (16.67 mmol/LP < 0.01) was 139%
at 7.8 mg/kg, it evoked a signi cantdecline in SUA to 2Z@®@0l/L  of normal control and no signi cant di erence was observed
(P < 0.01), nearing normal control. Remarkably, cordycepirbetween allopurinol and hyperuricemic controls. Moreover,
produced decreases in SUA to 216, 210, and 8®3ol/lL  benzbromarone elevated that to 19.95 mmol®R € 0.01).
(P < 0.01) at 15, 30, and 60 mg/kg correspondingly, closing ttn contrast to that, groups of cordycepin demonstrated BUN
normal control. levels at 15.93, 15.82, and 16.27 mmol/L. Signi cant ireean

To elucidate the possibilities that the reductions of SUAserum creatinine were observed in hyperuricemic (6inol/L,
by cordycepin were caused by the elevation of renal uric aci®t < 0.05) and allopurinol (61.2nmol/L, P < 0.05) controls,
excretion, its e ects on UUA were detectedrigure 2B). In  contrasting to normal control (57.9mmol/L, Figure 2D).
hyperuricemic control, treatment of PO and HX combindely However, cordycepin decreased that to 56.8, 52.3, and 55.7
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FIGURE 2 | In uence of cordycepin on (A) SUA, (B) UUA, (C) serum creatinine, and(D) BUN. *P < 0.05, **P < 0.01 vs. normal control;* P < 0.05, #* P < 0.01 vs.
hyperuricemic control;11 P < 0.01 vs. allopurinol control.
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mmol/L (P < 0.01) in comparison with hyperuricemic control, with normal control (10.96 pg/mL). The URATL1 levels in
closing to normal control. hyperuricemic mice treated by cordycepin at various doseg wer

Mice body weight data were shown ifigure 3 After 11.48,11.05, and 8.98 pg/mL and all was much lower than that of
acclimatization for 1 week and the establishment ohyperuricemic control (14.56 pg/mPB,< 0.01).
hyperuricemic for another 1 week, normal, hyperuricemic, To further examine the mechanisms of anti-hyperuricemic
and benzbromarone controls showed similar body weightsactions of cordycepin, its a ections for GLUT9, URAT1, and
However, allopurinol signi cantly inhibited the weight gndgh ~ OAT1 mRNAs and proteins were examine&igure 6). For
(P< 0.05). hyperuricemic control, PO down-regulated GLUT9 mRNA

Organ coe cients were recorded for evaluation of e ects (P < 0.01) and protein P < 0.05,Figures 6A-Q. It also up-
of cordycepin on inner organ functiong={gure 4). Allopurinol  regulated URATI and OAT1 mRNA but down-regulated their
increased liver coe cient in comparison with normal control proteins. Allopurinol and benzbromarone regulated down the
(P< 0.05Figure 4A). But cordycepin groups showed similarities GLUT9, URAT1, and OAT1 mRNA expressions and GLUT9
to normal control. Kidney coe cients for all groups were in and URAT1 proteins compared with hyperuricemic group.
neighborhood Figure 4B). Spleen coe cients for hyperuricemic Signi cantly, 15, 30, and 60 mg/kg cordycepin signi cantly
control (0.40%) were higher than normal control (0.34%decreased the URATI mRNA and protein in a dose-dependent
P < 0.01,Figure 4Q). Allopurinol (0.38%) and benzbromarone pattern. Thirty and sixty milligrams/kilograms cordycepin
(0.45%) controls and cordycepin at three doses (0.47, 0.4, aslevated the GLUT9 and OAT1 protein expressions in kidney,
0.44%) showed similarity to hyperuricmic control in that. respectively, compared with hyperuricemic control. According

XOD activities in hyperuricemic control were ascertained tothe above, cordycepin may interacts mainly with URAT1 to lower
be 118% fold (14.31 U/L) of normal mice (12.17 UR< 0.05, serum uric acid levels. Thus, we tried a computational protoco
Figure 5A). In contrast to hyperuricemic control, allopurinol including docking, molecular dynamics, and energy calioies,
control (5 mg/kg) reduced liver XOD activities to 12.33 U/L to gather aninsightinto the binding mode of cordycepin andhga
signi cantly (P < 0.05), closing to that of normal control some structural demands on cordycepin inhibitory.

(12.17 U/L). The none XOD inhibitor, benzbromarone, had not

impact on XOD activity (14.39 U/L) comparing with that of . .

hyperuricemic group. Cordycepin at 15, 30, 60 mg/kg showedteraction of Cordycepin for URAT1 by
similar or even enhanced activities to 14.14, 15.94, aré#17/L.  Molecular Dynamic Simulation Analysis

(P> 0.05,P < 0.05, andP < 0.05) respectively, comparing to Figure 7 shows the initial pose of the cordycepin in the active
hyperuricemic control. pocket. Figure 7adepicts the two dimensional diagram of the

A ections of cordycepin on URATL1 levels of renal organ docked cordycepin-protein complex. Apparently, cordycepin
were examined by Elisa test primariljigure 5B). Renal URAT1 bind with the tunnel shaped pocket surrounded by CYS21,
of hyperuricemic (14.56 pg/mL) and allopurinol (14.80 pg/mL)ARG22, TYR85, MET147, PHE174, PHE293, and LEU415 via
groups increased signi cantlyP(< 0.01) when compared them three hydrogen bonds specically to MET147, ARG22, and
TYP85. Wherein, hydrogen donor of the amine on nucleoside of
cordycepin bonds with sulfur atom of MET147. Hydrogen and
oxygen atoms of two hydroxyl groups of sugar ring bind with
oxygen atom of hydroxyl group of TYP85 and hydrogen atom
of amine group of ARG22, respectively.

In simulation, the RMSDs for the protein backbone and the
binding pocket were monitoredHigure 8). Accordingly, RMSD
for the binding pocket was uctuant initially and stable after
6 ns. Both RMSDs for protein backbone and binding pocket
converged to equilibrium during the last 5 ns. Hence, 500
snapshots extracted from the 5 ns were utilized for strudtana
energy analysis.

The hydrogen-bond occupancies were computed to examine
the binding behaviors of cordycepinTgble 3. Signi cant
hydrogen bond forces were observed for cordycepin with
URAT1, where GLY411 as the acceptor for cordycepin occupied
up to 11.6% and TRP290 as the donor up to 29.9%.

The energy distributions of binding free energy were depicte
(Table 4, where the prediction{ Gpregict D 83.324  1.122
kJ/mol) supported the experiment result of binding. Overall,
the remarkable nonpolar actiond Gnopolar D 1 Gyaw C 1 Gsa

127.33 kJ/mol) implied the key roles of the hydrophobic
residues in pocket for binding; conversely, the polar term
(1 Gpolar D 1 Ggle C 1 Gpp; 43.99 kJ/mol) was opposite for

Body Weight (g)

FIGURE 3 | Affections of cordycepin on the body weights of mice detectd on
the 1st, 4", and 7th days of experiments. p < 0.05 vs. hyperuricemic control.
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FIGURE 5 | Actions of cordycepin on(A) XOD activities and(B) URAT1 protein by Elisa.P < 0.05, **P < 0.01 vs. normal control;* P < 0.05, # P < 0.01vs.
hyperuricemic control.

the integration of URATI1-cordycepin complex. The polar From the averaged structur&igure 9A), the hydroxymethyl
solvation free energiesl Gyp,) exhibited an adverse e ect on group on the sugar moiety and amine group on the nucleoside
binding. part of cordycepin could form HBonds to TRP200 and GLY411,
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FIGURE 6 | Affections of cordycepin on mRNA and protein of renal GLUT@A-C), URAT1(A,D,E), and OAT1(A,FG). *P < 0.05, **P < 0.01 vs. normal control;
# P< 0.05 # P < 0.01vs. hyperuricemic control.
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FIGURE 7 | (a) 2D view and 3D views(b,c) on binding interactions of docked pose.

FIGURE 8 | RMSD of (A) protein backbone and (B) binding pocket.

respectively, which made a stable interaction between cely TRP290, ARG17, ALA408, GLY411, and MET147 had important
and URATL1. In aim to screen the pivotal residues, energyoles in binding, which mainly re ected that the nonpolar
decomposition was conducted to gain energy contributions ointeractions Figure 90 were driving the complexing process
each residue. Obviously, the interaction spectfaggre 9B)  with cordycepin. Besides that, the favorable polar intecasti
showed that the highlighted favorable residues were TRP29@gre generated by ARG420 and ARG410, LYS78, and ARG398
ARG410, ARG420, GLY411, MET147, ARG17, ALA408Figure9D). Thus, the residues ARG420, ARG410, LYS78,
LEU415, PHE293, GLY412, MET148, MET407, and LYS78 ahd ARG398 contributed strong polar forces to stabilize
the binding pocket. Consistent with the binding free energythe URAT1-cordycepin complex, and TRP290, LEU404,
analysis, most of them were hydrophobic, implying for theGLY411, and ARG17 had an adverse eect on the polar
key role of hydrophobic interaction. Of which, the residuesbinding.
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TABLE 3 | Hydrogen bond analysis of MD trajectory.

dosage comparison may be irrelevant since further studiesldh
be required. This rstly demonstrates the anti-hyperuricemic

Complex Donor Acceptor D'Sta?;;e A'Eg)le OCC[(JIZSHCV actions of cordycepin. SUA is frequently dominated by
the renal UUA excretion I¢hida et al., 2012 Cordycepin

URAT1-cordycepin N5-H13 411GLY(0) 3.025 25.81 11.6 e ectively elevated UUA in hyperuricmic mice, indicating that

290TRP(HE1) C2-02 2893 29.65 29.9 the anti-hyperuricemic e ects of cordycepin may relevant to

TABLE 4 | Predicted binding free energy and its individual terms (kJ/od).

Contribution Cordycepin (kJ/mol)

promoting UUA.

Hyperuricemia causes chronic renal diseases frequently. BUN
and creatinine levels are indicators of renal heaktht@ine et al.,
2005. In this experiment, PO induced some negative impacts
on renal function, but allopurinol had not damaged the renal
hardly further. In contrast, cordycepin reversed the elevgbf

1 Gygw 114113  0.732
1 Gele 15179 0.642 PO on BUN and creatinine, showing some protective impacts
1Gpp 50.170 1.226 on renal function. In other report, its reno-protective e eatsay
1 Gea 13.222  0.060 be mediated by suppressing Smad2/3 protein and elevating HGF
1Gmm 129.29 expressionl(i et al., 201).
1 Gy 45.95 Analysis of organ weights has traditionally been used for
1 Grnopolar 127.33 examination of the toxic e ects of chemicals for inner organs
1 Gpolar 43.99 (Mlch_ael et al., ZQQ7 In this study_, aII_opurlnoI |nc_reased I|\{er
1 Gprecict 83324 1122 coe C|en_ts, sh_ovv_mg some n_ega_tlve impact on _I|\{er fun(_:tlon.
Comparing with it, cordycepin did not show toxicity on liver.
Moreover, cordycepin depicted no toxicity on renal function.
Finally, it also showed no adverse e ects on immune functién o
DISCUSSION spleen.
Because XOD catalyses purines to uric acidll¢, 1996,
Cordycepin is a promising compound discovered fromalterations of XOD activities may vary serum uric acid

C. militaris(Cunningham et al., 1950; Kaczka et al., )9@hich

concentration directly. In this work, cordycepin did not skio

has been exploited as a famous traditional herb medicine fasuppressive e ects on XOD, suggesting that cordycepin may not
kidney and lung disorder therapies for hundreds of yeatsq interact with XOD. In human, excreted uric acids are reabsar
et al.,, 199 It plays as a characteristic bioactive constituenin kidney. In kidney, URAT1 plays a most powerful role for
for this medicinal fugal, whom structure resemble adenesinurate reabsorptionfnomoto et al., 2002From Elisa result, the
(Lennon and Suhadolnik, 19Y61t benets cancer therapy URAT1 protein levels in cordycepin groups were lower than that
in many aspects, such as anti-proliferatiodu@ et al., 199% in the hyperuricemic group, showing a dose-dependent pattern.
anti-migration (Hueng et al., 2007 and inducing apoptosis From RT-PCR and western blot, cordycepin administration
(Li et al.,, 201} in many mechanisms, including a ecting signi cantly decreased URAT1 mRNA and protein expression.
lysosomal degradationHueng et al., 2017 targeting miR- All above, cordycepin reduced serum uric acid levels through
33b hang et al., 2005 modulating the ERK-JNK signaling increasing uric acid clearance from kidney by interactinghw
pathway Hwang et al., 2016; Joo et al., 2)jlactivating p38 URAT1.
MAPK (Baik et al., 201 and so on. Additionally, it also The e ective doses at 15, 30, and 60 mg/kg in mice in this
demonstrated neuroprotective actionsyuan et al.,, 2016 study could be scaled into 85, 171, and 343 mg/day for 60 kg
through its antioxidant property @latunji et al., 2016 and individuals by body surface are&€¢agan-Shaw et al., 200
inhibiting CHOP and Bax J{in et al.,, 201} Besides cancer other studies, cordycepin did not show toxic e ects up to 72
therapy and neuroprotection, metabolic diseases were alsog/kg for mice (Vla et al., 201} suggesting daily dosing 411 mg
focused. For instance, it could prevent hyperlipidemia thitoug is safe for 60 kg individuals. These imply that the above low
activating of AMP-activated protein kinasé& (o et al., 2010 doses of cordycepin for hyperuricemia may be safe and e ective.
and hyperglycemia through regulation of glucose metabolisBut anyway, cautious examination of the e cacy, safety, and
(Ma et al., 201p Recently, we reported the anti-hyperuricemiatoxicology of cordycepin is necessary.
actions of C. militaris through regulation of URAT1 Yong Docking was frequently exploited for building initial poses
et al., 201pand hypothesized that cordycepin may contributefor MD simulation and investigated binding mode of ligands
this action. Therefore, we chose cordycepin for hyperuriegemifor targets (iu et al., 201)) For cordycepin, it docked in the
research for the rsttime. tunnel pocket through three hydrogen bonds, providing evicken
The hyperuricemic models were built successfully andor its bioactivity. RMSD of MD simulation showed that the
used for assaying anti-hyperuricemic e ects for cordycepincomplex of URAT1 with cordycepin is stable and equilibrium in
being consistent with previous reportY¢ng et al., 2016 the last 5 ns, con rming that the initial conformation is rianal.
Comparison of positive control drug, anti-hyperuricemice cg  Hydrogen bond occupancy was analyzed and the high occupied
of cordycepin seemed to be similar to benzbromarone, buGLY411 and TRP290 should be the key residues for its inhipitor
lower than allopurinol in this study. Obviously, this e ective activity.
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FIGURE 9 | (A) The averaged structure for complexes URAT1-cordycepiniB) energy difference of each residue for cordycepin(C) nonpolar interaction spectra;
(D) polar interaction spectra.

Cordycepin features a ribofuranose and an adenine nucleosidupplement, may be natural remedies for hyperuricemia.
linked by &-N9-glycosidic bond. The main structural featuresMoreover, MD simulation was performed to unveil the
of cordycepin are hydroxyl and amine groups on the nucleosideinding mechanism of cordycepin and grasp the important
and ribose sugar, which renders it behaves multi-dentalndy  structural demands for binding. The energy decomposition
The interaction spectra depicted that the favorable aminshowed that nonpolar interaction dominated binding process.
acids of evident contributions were hydrophobic, implyingath Furthermore, energy decomposition of residue unveiled the
they form strong van der Waals forces. From the bindingfavorable and none-favorable contributions of residues. |
free energy decomposition calculation, we could infer threg t the simulation, nonpolar energy contributions were raised
hydroxymethyl group on the sugar moiety and amine groupmainly from residues TRP290, ARG17, ALA408, GLY411, and
on the nucleoside part of cordycepin can raise the polar anlET147. Our work provided guidance for design URAT1
nonpolar interactions simultaneously to boost the complexnhibitors with the favorable bioavailability, safety, dan
forming. e cacy.

From the above, cordycepin could be a reference for
designing novel inhibitors against URAT1, and the most
important rules was as following: (1) the residue TRPZQ&‘UTHOR CONTRIBUTIONS

and GLY411 could participate in the stable hydrogen bond§Y was responsible for the concept and design of the study
the hydroxymethyl group on the sugar moiety and amine '

group on the nucleoside part of cordycepin: (2) Based orTY did the whole experiments of the study and wrote the

the important residues TRP290, ARG410, ARG420, GLY41 ’anuscrlpt. SC, ¥X, DC, JS, OS.’ .C‘] and_ Dz conducted_ part of
MET147 ARG17, ALA408, LEU415, PHE293, GLY412, MET145'€ experlmt_ents. All authors participated in the_preparauon of
MET407, and LYS78, the complexes with cordycepin could '€ manuscript, and have approved the nal version.
stabilized. Hopefully, novel compounds with higher e cacy yna
be designed and obtained for further research. ACKNOWLEDGMENTS
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