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Abstract 

Background:  Despite the ongoing safety-driven spate of flavonoid xanthine oxidase (XOD) inhibition investigations, 
there is a lack of flavonoid-based uricostatic antihyperuricemic agents in clinical medicine. The poor pharmacokinetic 
profiles of glycosides (the natural form of existence of most flavonoids) relative to their aglycones could be largely 
responsible for this paradox. This investigation was aimed at providing both functional and molecular bases for the 
possible discovery of XOD inhibitory (or uricostatic) anti-hyperuricemic flavonoid aglycones from the leaves of a 
flavonoid-rich medicinal plant, Tribulus terrestris. To this end, the flavonoid aglycone fraction of T. terrestris leaf extract 
(FATT) was evaluated in vivo for antihyperuricemic activity in ethanol-induced hyperuricemic mice, monitoring serum 
and liver uric acid levels. Molecular docking and molecular dynamics simulation studies were carried out on the three 
major flavonoid aglycones of T. terrestris (isorhamnetin, quercetin and kaempferol) against an inhibitor conformation 
XOD model. The three flavonoids were also subjected to in vitro XOD activity assay, comparing their IC50 to that of 
allopurinol, a standard uricostatic antihyperuricemic drug.

Results:  FATT significantly lowered serum uric acid (p < 0.0001) and liver uric acid (p < 0.05) levels of the experimental 
animals, implying anti-hyperuricemic activity with uricostatic action mechanism allusions. Molecular docking stud-
ies revealed high binding affinity values (− 7.8, − 8.1, − 8.2 kcal/mol) for the aglycones (isorhamnetin, quercetin and 
kaempferol, respectively). Radius of gyration and RMSD analyses of the molecular dynamics simulation trajectories 
of the three aglycone–XOD complexes revealed substantial stability, the highest stability being demonstrated by 
the kaempferol–XOD complex. In vitro XOD activity assay showed kaempferol (IC50: 8.2 ± 0.9 μg/ml), quercetin (IC50: 
20.4 ± 1.3 μg/ml) and isorhamnetin (IC50: 22.2 ± 2.1 μg/ml) to be more potent than allopurinol (IC50: 30.1 ± 3.0 μg/ml).

Conclusion:  This work provides a scientific basis for the use of T. terrestris in the treatment of hyperuricemia-related 
(e.g. kidney stone and gout) disorders. It also provides the molecular basis for a focussed screening of the flavonoid 
aglycones chemical space for the possible discovery of flavonoid-based uricostatic anti-hyperuricemic drugs or drug 
templates.
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Background
Hyperuricemia (HUA), characterized by serum uric 
acid (SUA) concentration greater than 7  mg/dl, is 
caused by hepatic overproduction and/or renal under-
excretion of uric acid (UA) [1] resulting in the depo-
sition of UA at the joints and kidneys; manifesting 
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primarily as gout and kidney stone-related disorders, 
respectively [2]. In addition, a number of non-stone-
forming but grave metabolic conditions like hyperten-
sion, type II diabetes, cardiac disorders, etc., have been 
implicated as functions of HUA, though the extent to 
which SUA is an independent variable in each is yet 
unknown [3].

HUA treatment is mainly by SUA lowering, achieved 
by UA renal excretion enhancement (uricosuric) and/or 
its biosynthetic inhibition (uricostatic) mechanisms [4]. 
UA biosynthesis in man and other uricase-deficient ani-
mals [5] occurs as the last stage of purine metabolism, 
involving enzymatic conversion of hypoxanthine to UA 
via xanthine as an intermediate [6]. This two-stepwise 
bioconversion is catalysed by the enzyme xanthine dehy-
drogenase (XDH) which is in dynamic equilibrium with 
and, hence, readily interconverted to its isoform, xan-
thine oxidase (XOD). XDH and XOD are, therefore, vari-
ants of the same gene product, by virtue of which they 
are structurally and functionally similar, differing only 
in the nature of the final electron acceptor required for 
their redox activities. While the dehydrogenase uti-
lizes the coenzyme nicotinamide adenine dinucleotide 
(NAD+) as the final electron acceptor, the oxidase makes 
use of molecular oxygen for the same purpose [7, 8]. 
And though they are both independently capable of car-
rying out the UA biosynthetic statutory function, XOD 
appears to be the physiological form of the isozyme pair, 
being the one called to duty during physical exertion [8, 
9]. Nevertheless, given the 100% sequence homology in 
their substrate-binding domains, their catalytic activities 
cannot be distinguished [9]. In the real sense, therefore, 
this investigation is essentially representative of flavonoid 
inhibition of the XDH/XOD isomeric pair and not just of 
XOD that it, for simplicity, implies.

X-ray crystal structure shows XOD to be a homodimer 
(Fig. 1A), each subunit comprising three distinct domains 
as follows: A relatively small N-terminal domain, contain-
ing two iron–sulphur centres; the flavin adenine dinucle-
otide (FAD)-containing domain, which is middle-placed 
both in position and size and the largest C-terminal 
domain, containing dioxothiomolybdenum (iv) ion and 
molybdopterin cofactors [9]. The binding pocket of the 
enzyme’s active site is located in the C-terminal domain 
(Fig.  1B) of each subunit and consists of its two cofac-
tors’ binding regions and the substrate’s binding site in 
which competitive inhibitors also expectedly bind [8, 9]. 
So far, only three clinical drugs (allopurinol, febuxostat 
and topiroxostat) [10] are known to inhibit XOD by bind-
ing at its active site, disrupting its binding with the sub-
strates, xanthine and hypoxanthine, and their ultimate 
catalytic conversion to uric acid to elicit SUA lowering. 
They have found modest applications in the management 
of acute gout attack and urolithiasis [10], but their pro-
phylactic or routine employment in the management or 
prevention of non-stone forming HUA-linked metabolic 
diseases like hypertension and type II diabetes is deterred 
by their associated severe unwanted effects including 
Steven Jones syndrome, hepatotoxicity, bone marrow 
suppression and urticaria [11]. There is therefore a high 
need for the discovery of new but safer uricostatic anti-
hyperuricemic agents.

Flavonoids are a group of natural products that have 
been investigated for the possible discovery of new and 
safer XOD-inhibiting anti-hyperuricemic agents, the 
motivating factor being a general safety notion associ-
ated with them on account of their ubiquity in foods, 
fruits and vegetables, which are freely consumed by ani-
mals and humans alike [12]. However, there is yet no fla-
vonoid-based uricostatic agent in clinical medicine. This 

Fig. 1  X-ray crystal structure of A: Bovine milk xanthine oxidase homodimer and B: C-terminal domain of one of its monomers. Chimera 1.4 was 
used to remove five of the six chains of the homodimer, leaving only one of its two C-terminal domains used for in silico studies. (PDB ID 3NVY, 
2.00 Å)
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paradoxical dearth of clinical flavonoid-based uricostatic 
antihyperuricemics could be attributed, at least, partly 
to the poor pharmacokinetics profiles of glycosides, the 
natural form of existence of most flavonoids [13]: In this 
form, they are poorly orally bioavailable due to poor 
lipophilicity. In addition, they are highly susceptible to 
plasma protein binding and metabolically unstable [13]. 
Bearing the gastric acid hydrolytic activity of the human 
gut in mind, the therapeutic properties of most glyco-
sidic natural products, flavonoids inclusive, are therefore 
attributable to their products of acid hydrolysis—their 
respective aglycones. Hence, the interest in the flavonoid 
aglycones of the flavonoid-rich plant is of focus in this 
investigation, T. terrestris.

Tribulus terrestris (TT) is an annual plant of Mediter-
ranean origin but is now of global distribution [14, 15]. It 
has a wide range of folkloric medicinal uses including the 
treatment of gout, kidney stone and other HUA-related 
diseases like hypertension, stroke and type II diabetes 
[15, 16]. It is rich in alkaloids, flavonoids, saponins and 
the aglycones of saponins (i.e. sapogenins) and flavonoids 
[16]. So far, the flavonoids obtained from various parts of 
TT revolve round just three flavonol aglycone skeletons, 
namely quercetin, isorhamnetin and kaempferol (Fig.  2) 
[17, 18].

Aim of the study
This study was aimed at evaluating the anti-hyperurice-
mic potentials of a flavonoid aglycone-rich fraction of T. 
terrestris leaf extract in vivo in mice and to provide struc-
ture-based molecular frameworks for its XOD inhibitory 
action mechanism via molecular docking and molecu-
lar dynamics simulations, validating all XOD-flavonoid 
interactions by an in  vitro enzyme activity assay with 
the aid of commercially available Bovine XOD and pure 
isorhamnetin, quercetin and kaempferol with an ultimate 
view to providing functional and molecular platforms for 
the possible discovery of flavonoid-based uricostatic anti-
hyperuricemic drug leads.

Methods
Tribulus terrestris leaf material and its crude extract
Tribulus terrestris (TT) leaves were purchased from the 
herb market at Mushin, Lagos, and authenticated at the 
botany department of the University of Lagos, where a 
herbarium sample was also deposited with the voucher 
number LUH7128. The leaves were subsequently dried 
under shade and pulverized. The pulverized leaf mate-
rial (800 g) was macerated in methanol (2 L) for 2 days. 
The extract was decanted and filtered, and its mac was 
subjected to further maceration in methanol (2 L) for 1 

Fig. 2  2D structures of all the docked molecules: isorhamnetin (A); kaempferol (B); quercetin (C); and allopurinol (D), a standard uricostatic drug
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day. Extracts were bulked and concentrated to dryness in 
vacuo at 40 °C to obtain a dried crude extract (40 g).

Experimental animals
Male albino mice weighing 20–27 g were obtained from 
the College of Medicine, University of Lagos (CMUL) 
animal house. They were maintained at standard condi-
tions with a regular diet and water supplied ad  libitum. 
All animal experimental procedures were approved 
by the Lagos Health Research Ethics committee of the 
CMUL (#CMUL/ACUREC/08/22/1076).

Materials for uric acid analysis and in vitro XOD inhibition 
assay
Uricase-based uric acid assay kit by BiolaboR™ [19] was 
used. It is essentially made up of: (1) an enzyme mixture 
(uricase and peroxidase); (2) a buffer and chromogen 
mixture and (3) a 10 mg/dl standard solution of uric acid. 
Absorbance (OD) of chromophore, resulting from the 
enzymes’ activities, was measured using a Cary 50 UV–
Vis spectrophotometer. Bovine xanthine oxidase (XOD), 
pure isorhamnetin, quercetin and kaempferol were 
obtained from Sigma-Aldrich (Germany).

In silico experimental materials
An HP ProBook equipped with intel Core i5, 500  GB 
Hard Disk, 8 GB RAM and WiFi was the main hardware; 
UCSF Chimera 1.14 [20] was used for protein prepara-
tions; active site interactions simulations and visualiza-
tions were done with the aid of BIOVIA Discovery studio 
visualizer 2021[21]; multiple-ligand docking was carried 
out with the PyRx molecular docking software equipped 
with AutoDock Vina and Open Babel plugins [22]; 
molecular dynamics simulations were performed using 
the University of Arkansas for Medical Sciences (UAMS) 
simlab WebGro web server [23]; other bioinformat-
ics web servers visited for information and downloads 
included RCSB Protein Databank [24], PubChem [25], 
CASTp [26], UniProtKB [27] and PRODRG [28].

Flavonoid aglycone‑rich fraction of Tribulus terrestris leaf 
extract (FATT) preparation
The dried crude methanol leaf extract of TT (40 g) was 
triturated with n-hexane, dichloromethane and methanol 
in succession. The methanol-soluble fraction was con-
centrated to dryness, yielding 10.0 g of the dried fraction 
that was later chromatographed on a C18 open column 
(200 g; 5 × 60 cm), eluting with 50% MeOH and MeOH 
in succession. The 50% fraction was concentrated to dry-
ness (4.5 g), dissolved in 500 ml of a 1:4 MeOH–2 M HCl 
mixture, refluxed at 80  °C for 30  min [18] and cooled. 
After the removal of MeOH under reduced pressure, the 
ensuing solution was extracted with Dichloromethane 

(DCM) (350  ml × 3) in a separating funnel to obtain 
DCM fractions which were bulked, concentrated to dry-
ness in vacuo and kept under refrigeration as the flavo-
noid aglycone fraction of T. terrestris leaf extract (FATT). 
Each of the crude extract and fractions was later screened 
for the presence of the three dominating phytoconstitu-
ents of TT—flavonoids, saponins, and alkaloids [29], 
using standard methods [30].

Anti‑hyperuricemic activity of FATT and its XOD inhibitory 
action mechanism
Forty-eight male albino mice, weighing 20–27  g per 
mouse, were randomly sorted into 6 groups (1–6) of eight 
mice each. Hyperuricemia was induced in five groups 
(groups 2–6) by a daily oral administration of 50% eth-
anol at a dose of 1.8 g/Kg body weight for 10 days [31], 
sparing group 1 (normal group) which received dis-
tilled water instead. The following treatments (all by oral 
administration) were given to the animals an hour after 
the alcohol or water administration each day: Groups 1 
and 2 (normal and negative control groups, respectively) 
received 5% tween 80 (vehicle); group 3 (positive control 
group) received 10  mg/Kg allopurinol, while groups 4, 
5 and 6 (experimental groups) were, respectively, given 
50, 100 and 200 mg/Kg doses of FATT. The animals were 
killed under anaesthesia on the eighth day to obtain their 
blood samples by cardiac puncture and have their liv-
ers excised. The uric acid content of the blood and liver 
samples was determined and correlated with anti-hyper-
uricemic and XOD inhibitory activities, respectively.

Analysis of UA in blood and liver samples
Each blood sample was allowed to clot and then centri-
fuged at 3000 × g for 5 min. One millilitre of the super-
natant (serum) was used for subsequent analysis. On 
the other hand, harvested liver from each animal (about 
1.30  g, on average) was homogenized in 1  ml of ice-
cooled phosphate buffer (pH 7.4) and centrifuged at 
12,000 × g for 5 min and the supernatant used for subse-
quent analysis [32, 33].

UA analysis of the blood serum and liver homogenate 
samples was carried out according to procedures pre-
scribed in the BiolaboR™ uric acid assay kit manual [19], 
with little modifications. The analysis predicated on col-
orimetric principles as follows: Assay kit’s reagents R1 
and R2 were mixed to produce a working reagent mix-
ture containing uricase, peroxidase and a chromogen 
built with aminoantipyrine and dichlorohyroxybenze 
sulphonate precursors [34]. Twenty-five microlitres of 
the sample (serum or liver homogenate) was added to 
1000 μl of the working reagent mixture and incubated for 
5 min at room temperature to allow uricase act on uric 
acid in the sample to produce allantoin, carbon dioxide 
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and hydrogen peroxide which, in the presence of peroxi-
dase, acted on the earlier formed chromogen to produce 
quinoneimine, a red-coloured complex. The absorbance 
of the complex in the final mixture was measured (using 
a Cary 50 UV–Vis spectrophotometer at 505  nm wave-
length) and correlated with the sample’s uric acid con-
centration. The procedure was repeated for the assay kit’s 
reagent R3 (a 10  mg/dl UA standard solution), and the 
sample concentration was calculated using the formula:

For the liver samples, UA concentration in mg/dl of 
homogenate was converted to mg/g of liver, using the 
liver weight homogenized.

In vitro XOD inhibition assay
Experimental details of the assay followed established 
procedures [35, 36] with little modifications as fol-
lows: Bovine milk XOD (Sigma-Aldrich) was incubated 
in the presence of xanthine with varying concentra-
tions (5–100 μg/ml) of each of isorhamnetin, quercetin, 
kaempferol and allopurinol (standard) prepared in 5% 
DMSO; enzyme activity was measured as the uric acid 
concentration of the reaction mixture and monitored as 
absorbance at 290  nm with a UV–Visible spectropho-
tometer. The assay mixture was prepared with 1 ml of the 
solution of the test substance, 2.9 ml of phosphate buffer 
(pH 7.5) and 0.1 ml of the xanthine oxidase enzyme solu-
tion (0.1 units/ml in a pH 7.5 phosphate buffer), prepared 
immediately before use. After allowing for a pre-incu-
bation period of 15 min at 25 °C, the reaction was initi-
ated by the addition of 2  ml 150  μM xanthine solution 
(prepared in the phosphate buffer) and the assay mix-
ture was incubated at 25 °C for 30 min. The reaction was 
then stopped by the addition of 1 ml of 1 N HCl and the 
absorbance was measured at 290 nm. The assay was done 
in triplicates, and the mean percentage inhibition was 
calculated by the following equation. IC50 values were 
subsequently determined from the percentage inhibition 
data [32, 33].

where A = absorbance of mixture of enzyme, substrate 
and buffer (without test substance) after incubation; 
B = absorbance of mixture of substrate and buffer (with-
out the enzyme and test substance) after incubation; 
C = absorbance of mixture of enzyme, substrate, buffer 
and test substance after incubation; D = absorbance of 
mixture of enzyme and buffer (without substrate and test 
substance) after incubation.

Conc. =
Abs. Sample

Abs. Standard
× 10

(

mg/dl
)

Inhibition(%) =
(A− B)− (C − D)

(A− B)
× 100

Pre‑docking protein and ligands preparations
The X-ray crystal structure of bovine milk XOD homodi-
mer complexed with quercetin (PDB ID 3NVY; resolu-
tion 2.00 Å) was uploaded into Chimera 1.14 workspace 
by direct fetch from the Protein Databank (PDB). Chain 
C of the six (A, B, C, J, K, L) chains of the homodimer 
was selected, and the others were deleted. All non-
standard residues comprising dioxothiomolybdenum (iv) 
ion, molybdopterin and water molecules were removed. 
Hydrogens and AMBER charges were added followed 
by energy minimization using 200 steepest descent and 
10 conjugate gradient steps. The prepared protein struc-
ture was saved as a pdb file for subsequent uses. The 3D 
structures of the three flavonoid aglycones of interest 
(quercetin, isorhamnetin and kaempferol) were down-
loaded as structure data files (sdf ) from PubChem along 
with that of allopurinol, a standard uricostatic drug. The 
downloaded structures were uploaded into the Open 
Babel plugin workspace of the PyRx docking software for 
energy minimization and their subsequent conversion 
into AutoDock-compliant (or pdbqt) ligands.

Multiple ligands docking and docking validation
The prepared protein was uploaded into the PyRx dock-
ing workspace and made macromolecule. The docking 
site was mapped using the active site amino acid residues 
information obtained from the Computed Atlas of Sur-
face Topography of proteins (CASTp) and UniProt web 
servers. Multiple-ligand docking algorithm was run using 
the Vina plugin with its characteristic rigid-macromole-
cule–flexible-ligand features, ligand degree of freedom 
being fixed at 8 to produce a maximum of 9 conforma-
tional models per ligand. With the understanding that 
quercetin was also the co-crystallized ligand, making 
its docking more or less a redocking process, the coor-
dinates of its most stable (or best docking pose) were 
superimposed on those of its XOD co-crystallized struc-
ture, calculating variations between atoms of the two 
conformations as root-mean-square deviation (RMSD) 
by the BIOVIA Discovery Studio visualizer software.

Molecular dynamics simulations of aglycone–XOD 
complexes
The three aglycone–XOD complexes were subjected to 
molecular dynamics simulation to evaluate their stability 
in the rather dynamic physiological environments using 
WebGro, the University of Arkansas for Medical Sci-
ences (UAMS) web server for molecular dynamics simu-
lations, with the following independent variables set as 
parameters: Box type was triclinic with SPC water model; 
GROMOS9643a1 was selected as force field; equilibrium 
temperature was 300 K, while simulation time was set at 
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20 ns. Ligand–protein complexes pdb files were prepared 
with BIOVIA Discovery Studio 2021; ligand topology 
files were prepared with the PRODRG web server, using 
Microsoft notepad to transfer ligand coordinates from 
ligand–protein complex pdb files to the PRODRG work-
space, validating calculations with correct 3D structure 
generated by the web server from the coordinates inputs; 
trajectory analysis was limited to root-mean-square devi-
ation (RMSD) and radius of gyration (Rg) plots [23, 37].

Results
Phytochemical screening of crude extract and fractions 
of TT leaf extract
The distribution of the three major phytochemical groups 
(alkaloids, flavonoids and saponins) of TT is given in 
Table 1. The three were present in the crude extract but 
unequally distributed in the fractions.

Serum uric acid (SUA)‑lowering effects of Tribulus terrestris 
of FATT​
SUA level of the hyperuricemic group (negative control) 
was significantly higher than that of the normal control 
group (p < 0.0001) (Fig.  3). Each of the three doses (50, 
100 and 200 mg/Kg) of the flavonoid aglycone fraction of 
T. terrestris leaf extract (FATT) showed highly significant 
SUA-lowering effects compared to the negative control 
(p < 0.0001). There was no clear dose dependence pattern 
of FATT anti-hyperuricemic effect at this dose range as 
depicted in Fig. 3.

Liver uric acid (LUA)‑lowering effects of FATT​
The liver uric acid (LUA) level of the hyperuricemic (neg-
ative control) group was significantly higher than that of 
the normal control (p < 0.001) though not as much as that 
observed for SUA (p < 0.0001). Similarly, the flavonoid 
aglycone fraction did not show as much LUA-lowering 
effect as its SUA lowering, the only significant lowering 
(p < 0.05) showing at the highest FATT dose, 200 mg/Kg 
(Fig. 4).

Docking validation
Re-docked quercetin superimposed on its co-complexed 
conformation with an RMSD of 1  Å. Figure  5 depicts 
the structural representation of the superimposed coor-
dinates of the co-complexed and re-docked quercetin 
molecules.

Xanthine oxidase (XOD) binding affinities of flavonoid 
aglycones
Quercetin docking served as validation docking, giving 
a binding energy of −  8.1  kcal/mol. All the docked fla-
vonoid aglycones of T. terrestris were observed to show 
higher binding affinities (or lower binding energies) than 
that of allopurinol, a standard and pioneer uricostatic 
anti-hyperuricemic agent. These observations are sum-
marized in Table 2.

Active site interactions of allopurinol and the three 
flavonoid aglycones of TT
Allopurinol was observed to be in a completely differ-
ent orientation than the three flavonoid aglycones in the 
XOD active site, thereby interacting with completely dif-
ferent active site residues than the ones the aglycones 
showed interactions with: For instance, each of the agly-
cones showed a pi-alkyl interaction with the substrate-
binding ARG912, isorhamnetin showing additional 
carbon–hydrogen interaction with the catalytic GLU802. 
On the other hand, allopurinol’s interactions were a con-
ventional hydrogen bond with THR 1093 and a pi-sigma 
bond with GLN1040 (Figs. 6, 7, 8 and 9).

Molecular dynamics simulations of aglycone–XOD 
complexes
The radius of gyration of each of the aglycone–XOD 
complexes was largely maintained around 28  Å, and its 
RMSD was kept below 3 Å in the entire course of 20-ns 
simulation time. Figures  10 and 11, respectively, depict 
the radius of gyration and RMSD analyses of the trajecto-
ries of the simulations.

Table 1  Relative distribution of the three dominant phytochemical groups of Tribulus terrestris in its leaf extract and fractions

+ = Present; − = Absent

NH n-hexane; DCM dichloromethane; 50% MeOH CFr 50% methanol chromatographic fraction; MeOH CFr 100% methanol chromatographic fraction; FATT​ flavonoid 
aglycone fraction of Tribulus terrestris leaf extract

Phytochemical Extract/fraction

Crude extract NH-soluble DCM-soluble 50% MeOH CFr MeOH CFr FATT​

Alkaloid + − + − − −
Flavonoid + − + + − +
Saponin + − − − + −
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In vitro xanthine oxidase inhibition assay
The IC50s of the three flavonoid aglycones and allopuri-
nol are given in Table 3.

Discussions
Hyperuricemia induction
Because hepatic XOD inhibition involvement was crucial 
to the intended anti-hyperuricemic activity investiga-
tion, the induced hyperuricemia would require at least 
some allusions to hepatic UA biosynthesis contribution. 
Hence, the adoption of the ethanol induction method 
depends primarily on the accumulation of purines from 
excess ATP consumption accompanying ethanol metabo-
lism and its consequent enhanced hepatic XOD biocon-
version of purines to UA [38]. This precluded the use of 
potassium oxonate (PO), commonly employed for hyper-
uricemia induction in rodents, as its action mechanism, 
predicated on the rodent-encoded uricase inhibition, 
hinges on UA urinary elimination impairment with no 

modicum of hepatic XOD biosynthetic activity contri-
bution [39]. All the same, the suitability of the adopted 
ethanol induction method was manifest in the significant 
increases in SUA (p < 0.0001) and LUA (p < 0.05) levels of 
the negative control group compared to those of the nor-
mal control group (Figs. 3 and 4).

SUA‑ and LUA‑lowering effects of FATT​
Each of the three doses of FATT investigated showed a 
significant SUA-lowering effect compared to the nega-
tive control (p < 0.0001). While the activity of each dose 
was comparable to that of allopurinol, no significant 
dose dependence was observable, probably because the 
dose range over which such observation could be made 
had been exceeded. And though this anti-hyperuricemic 
activity only partly, by virtue of the induction mechanism, 
alluded to XOD inhibition, it sufficed greatly in establish-
ing the anti-hyperuricemic activity of FATT, thereby pro-
viding a strong scientific basis for the application of the 

Fig. 3  One-way ANOVA (with Tukey’s post hoc) comparison of serum uric acid (SUA) levels of experimental (FATT-treated) and control mice groups. 
Data are presented as mean ± SEM (n = 8); SUA levels of negative and normal controls were compared to ensure SUA elevation before treatment; 
SUA levels of each of FATT-treated and negative control groups were compared to evaluate FATT’s SUA-lowering effects. There was a highly 
significant SUA elevation before treatment (####p < 0.0001); similarly, there was a highly significant SUA lowering in each of the 50, 100 and 200 mg/
Kg FATT-treated groups (****p < 0.0001)
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plant in its earlier-mentioned treatment claims of kid-
ney stone and other hyperuricemia-related disorders in 
(“Background” section).

A comparison of SUA and LUA data (Figs.  3 and 4) 
showed that only the highest dose of FATT (200  mg/

Fig. 4  One-way ANOVA (with Tukey’s post hoc) comparison of liver uric acid (LUA) levels of experimental (FATT-treated) and control mice groups. 
Data are presented as mean ± SEM (n = 8); LUA levels of the negative and normal controls were compared to ensure LUA elevation before 
treatment; LUA levels of each of FATT-treated and negative control groups were compared to evaluate FATT’s LUA lowering effects. There was 
significant LUA elevation before treatment (###p < 0.001); there was significant LUA lowering in only the 200 mg/Kg FATT-treated group (*p < 0.05)

Fig. 5  Stick model superimposition of coordinates of co-crystallized 
(A) and docked (B) conformations of quercetin. The two structures 
were superimposed in the Discovery Studio Visualizer’s workspace 
and RMSD calculated, setting A as reference. The superimposed 
structures overlaid with a high degree of correspondence, differing 
only with an RMSD of 1 Å

Table 2  Binding energies (in Kcal/mol) of allopurinol and the 
three flavonoid aglycones of Tribulus terrestris (isorhamnetin, 
quercetin and kaempferol) with an inhibitor conformation model 
of xanthine oxidase (XOD)

Ligand Binding 
energy (Kcal/
mol)

Isorhamnetin − 8.2

Quercetin − 8.1

Kaempferol − 7.8

Allopurinol − 5.9
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Fig. 6  2D (A) and 3D (B) simulations of allopurinol–XOD active site supramolecular bondings, showing a conventional hydrogen bond (with 
THR1093) and a pi-sigma bond interaction (with GLN1040) that are neither of substrate binding nor of catalytic importance

Fig. 7  2D (A) and 3D (B) simulations of isorhamnetin–XOD active site supramolecular bondings, showing a pi-alkyl interaction with the 
substrate-binding ARG912 and a carbon–hydrogen interaction with the catalytic GLU802
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Kg) produced a significant LUA lowering (p < 0.05). A 
comparison of this p value with that of SUA lowering 
(p < 0.0001) even at the lowest (50 mg/Kg) dose showed 
FATT demonstrating much greater potency for low-
ering SUA than for LUA. Notwithstanding, given the 

fact that LUA accumulation could only have occurred 
by overwhelming hepatic UA biosynthesis, unlike SUA 
accumulation, which could occur either as a result of 
excessive UA biosynthesis and/or its impaired urinary 
elimination, LUA-lowering data appear more associable 

Fig. 8  2D (A) and 3D (B) simulations of quercetin–XOD active site supramolecular bondings, showing a substrate-binding consequential pi-alkyl 
interaction with ARG912

Fig. 9  2D (A) and 3D (B) simulations of kaempferol–XOD active site supramolecular bondings, showing a substrate-binding consequential pi-alky 
interaction with ARG912
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with hepatic XOD inhibition than do the corresponding 
SUA data.

However, the huge variation in the intensities of these 
two responses over the same dose range was indicative 
of variation in action mechanisms. For instance, the fact 
that FATT did not show LUA lowering effect at 50 mg/
Kg dose, at which its SUA-lowering activity was not only 
highly significant (p < 0.0001) but also above which there 
was no dose dependency (Fig. 3), showed that the XOD 
inhibitory SUA-lowering effect of FATT must have been 
greatly augmented by some additional SUA-lowering 
means. And recalling that the only known alternative 
LUA-lowering means is UA urinary elimination enhance-
ment, anti-hyperuricemic effects of flavonoid aglycones 
could be conjectured as jointly uricostatic and uricosuric.

Xanthine oxidase (XOD) model and chain selection
The unavailability of an inhibitor conformation of the 
human XOD in the Protein Databank (PDB) at the time 
of this investigation warranted using the 3NVY-coded 
XOD model as substitute. It is the X-ray crystal model of 
bovine milk XOD co-crystallized with a flavonoid inhibi-
tor, quercetin [40]. It should be noted that the factor of 
primary consideration in this selection was the existence 
of the protein in its inhibitor conformation, the presence 

of flavonoid as co-crystallized ligand being merely fortui-
tous. Additional key considerations in this bovine XOD 
choice, however, were its mammalian origin and the 
superimposability of its active site on that of the human 
enzyme [41, 42]. Moreover, the 3NVY homodimer model 
was particularly suitable considering its good resolution 
(2.00  Å) and distinct demarcation of the three domains 
in each monomer into chains, A B C in one and J K L, 
respectively, in the other [43]. This enabled the use of 
only chain C, one of the two active site-containing chains 
(chains C and L) of the homodimer, for the docking and 
other in silico studies, making time-involving in silico 
processes (e.g. protein preparation) achievable within 
practicable computational time.

Docking validation and binding affinities of the aglycones 
with XOD
Figure 5, a stick model of the overlay of the coordinates 
of the co-crystallized quercetin conformation and those 
of its docked best pose, visually shows excellent corre-
spondence calculated as 1.00  Å RMSD by the Discov-
ery Studio software. The docking protocol was thereby 
validated.

The binding energies of the three flavonoid aglycones 
(−  7.8, −  8.1, −  8.2  kcal/mol for kaempferol, quercetin 

Fig. 10  Radii of gyration of: A isorhamnetin–XOD, B kaempferol–XOD and C quercetin–XOD complexes over a 20-ns simulation time
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and isorhamnetin, respectively) were significantly lower 
than that of allopurinol (− 5.2 kcal/mol). This portends a 
higher binding affinity of each of the aglycones for XOD 
compared to that of allopurinol, projecting flavonoid 
aglycones as more-XOD specific than allopurinol and, 
invariably, indicating that more potent and safer uricos-
tatics than allopurinol could emanate from the flavonoid 
aglycone chemical space [44].

Molecular basis for the facility of flavonoid aglycone–XOD 
binding
The comparable in vivo activity of allopurinol and those 
of the flavonoid aglycones notwithstanding, molecu-
lar docking experiment results indicated that the flavo-
noid aglycones (FAs) showed more affinity to XOD than 
allopurinol did. The higher affinity of the FAs compared 
to allopurinol’s could be speculated based on active site 
amino acid residues involved in their interactions as fol-
lows: Three active site amino acid residues (GLU1261, 
GLU802 and ARG880) have been recognized to be cata-
lytically crucial to XOD biotransformation of xanthine to 
uric acid [45–47]. In addition, the active site bears other 
residues which, though non-catalytic, play significant 
roles in the purine substrate and cofactors binding. They 
include GLN767, PHE789, ARG912, ALA1079, PHE914 
and THR1010 [37]. A careful analysis of the 2D and 
3D active site interaction simulations of the aglycones 
(Figs.  7, 8 and 9) showed that each aglycone showed a 
pi-alkyl interaction with the substrate-binding ARG912, 

Fig. 11  RMSD curves showing instantaneous deviation of structures of: A isorhamnetin–XOD, B kaempferol–XOD and C quercetin–XOD complexes 
from their respective initial structures over a 20-ns simulation time

Table 3  XOD inhibitory activities of isorhamnetin, quercetin and 
kaempferol calculated as inhibitory concentration producing 
50% inhibition (IC50) in μg/ml

Compound IC50 (μg/ml)

Isorhamnetin 22.2 ± 2.1

Quercetin 20.4 ± 1.3

Kaempferol 8.2 ± 0.9

Allopurinol 30.1 ± 3.0
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while isorhamnetin, in addition, showed a carbon–
hydrogen interaction with the rather catalytic GLU802. 
On the other hand, allopurinol’s hydrogen bonding with 
THR1093 and pi-sigma bonding with GLN1040 (Fig.  6) 
were neither of substrate-binding nor of catalytic conse-
quence, thereby explaining the higher binding affinities of 
the aglycones than that of allopurinol for XOD (Table 2). 
This, in a way, provides a strong molecular support for 
the possible discovery of potent anti-hyperuricemic 
agents from the flavonoid aglycones of TT and, by exten-
sion, the flavonoid aglycone chemical space in general.

Molecular dynamics of flavonoid aglycone–XOD complexes
Every atom in a physiological system is in a constant 
state of motion, being found in the field of forces exerted 
by surrounding atoms within and without the molecule 
of which it is a part [48]. Binding affinity outcomes of 
molecular docking would therefore often need to be 
validated by the stability of ligand–protein complexes in 
such dynamic environments simulated over a suitable 
period of time. Arguably, the two most useful stability-
assessing parameters deductible from a typical ligand–
protein complex dynamics simulation trajectory are 
radius of gyration (Rg) and root-mean-square deviation 
(RMSD) [48].

Rg is the time-based displacement of the coordinates of 
parts of the complex structure from a fixed point, usually 
its main axis. It specifically evaluates the compactness 
of the macromolecular structure or the proneness of its 
secondary structure to changes that could lead to folding 
perturbations and, hence, new tertiary structures, over a 
given period of time [48]. Rg values depend on the sec-
ondary structure of the protein involved. Predominantly, 
α-helix proteins tend to have higher Rg values than those 
of their β-sheet counterparts while those with mixtures 
of both have Rg values in between the two extremes [49]. 
Other critical factors affecting Rg values are the num-
ber of units the protein is made up of and the number of 
domains (or chains) making up each unit [49]. Analysis 
of the Rg-time plots of the aglycone–XOD complexes 
(Fig.  10) showed that each complex was largely main-
tained at an Rg below 28 Å, notably modest for an α-helix 
dominated huge (85 Kda) XOD C-terminal domain under 
consideration [50].

RMSD, in molecular dynamics parlance, is the devia-
tion between the coordinates of atoms of a biomolecule 
at an instant and those of its initial structure. It is cal-
culated by spatial rotation of an instantaneous structure 
to superimpose with the initial (or reference) structure 
with the maximum overlap possible. In other words, 
RMSD is a measure of deviation in the overlay of two 
compared structures, i.e. instantaneous and initial struc-
tures. It is used to assess the degree of conformational 

changes of the macromolecular structure in the course 
of the dynamics simulation [49]. RMSD-time plot of each 
aglycone–XOD complex (Fig. 11) showed the compared 
structures converging at around 2 ns, broadly plateauing 
for the rest of the 20 ns simulation time, with a deviation 
of instantaneous from initial structures averagely main-
tained around 3  Å during the period. This observation 
implies the general stability of the three aglycone–XOD 
complexes [51–53]. However, kaempferol–XOD complex 
demonstrated the least fine fluctuations associated with 
the RMSD plots particularly over the plateaued region, 
revealing it as the most stable of the three complexes. 
Molecular dynamics simulations therefore, in general, 
revealed a stable aglycone–XOD complex for each of the 
three flavonoid aglycones of TT and suggests kaemp-
ferol as a better inhibitor despite its least docking score 
(− 7.8 kcal/mol) compared to quercetin (− 8.1 kcal/mol) 
and isorhamnetin (− 8.2 kcal/mol).

In vivo XOD inhibition assay
The IC50 values of kaempferol (8.2 ± 0.9 μg/ml), querce-
tin (20.4 ± 1.3  μg/ml) and isorhamnetin (22.2 ± 2.1  μg/
ml) were conspicuously lower than that of allopurinol 
(30.2 ± 3.0 μg/ml), showing that the three flavonoids are 
better XOD inhibitors than allopurinol, a standard XOD 
inhibiting antihyperuricemic drug. Further analysis of the 
IC50 values, however, showed that the three flavonoids do 
not have equal potencies, kaempferol (IC50: 8.2 ± 0.9 μg/
ml) being more potent than isorhamnetin and quercetin 
which have comparable potencies (IC50 22.2 ± 2.1  μg/
ml and 20.4 ± 1.3  μg/ml, respectively). This result is in 
tandem with the molecular dynamics simulation RMSD 
plots (Fig. 11) which showed kaempferol–XOD complex 
as more stable than the isorhamnetin–XOD and querce-
tin–XOD complexes. At this juncture, it is intellectu-
ally gratifying to speculate on the possible correlation 
of kaempferol’s better-stabilized XOD complex and its 
associated stronger XOD inhibition potency to its dis-
tinct structure compared to those of isorhamnetin and 
quercetin: The three flavonoid aglycones are flavonols, 
essentially comprising a flavone skeleton with multiple 
oxygenated substituents, mostly hydroxyls (Fig.  2) [54]. 
Kaempferol, however, appears different from the other 
two in its lack of substitution at the 3ʹ position which 
is methoxylated and hydroxylated in isorhamnetin and 
quercetin, respectively. Recalling that each of isorham-
netin and quercetin showed unfavourable donor–donor 
interactions in the analyses of active site interaction sim-
ulations (Figs. 6, 7, 8 and 9), it is safe to link the lack of 
3′ oxygenation in kaempferol to its lack of unfavourable 
active site interaction and hence the edge over its coun-
terparts in XOD inhibition.
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Conclusion
The current investigation, via in  vivo SUA- and LUA-
lowering data, vis-à-vis the adopted hyperuricemia 
induction protocol established the hyperuricemic poten-
tials of TT, alluding its action mechanism to XOD inhi-
bition corroborated by in silico molecular docking and 
molecular dynamics simulations. On another hand, the 
XOD inhibitory action mechanism has been confirmed 
by in  vitro evaluation of the inhibitory activities of the 
three flavonoid aglycones of TT on a commercially avail-
able bovine XOD. The three flavonoid aglycones showed 
better inhibitory activity against the enzyme than allopu-
rinol did both in vitro and in silico, portending the pos-
sible discovery of potent flavonoid-based uricostatic 
anti-hyperuricemic agents, using any of these flavonoids 
as a template. This investigation therefore unequivocally 
demonstrated the XOD-inhibiting antihyperuricemic 
activities of the flavonoid aglycone extract of T. terrestris 
and its three major flavonoid aglycones—isorhamnetin, 
quercetin and kaempferol. However, the role of syner-
gism of these flavonoids in the activity of the extract and, 
hence, its possible application in combination therapy 
would require substantial additional data and hereby rec-
ommended as a further investigation.
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