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Abstract

There has been a dramatic increase in the prevalence of diabetes mellitus

(DM) and its associated complications globally. The postprandial stage of

DM involves prompt elevation in the levels of blood glucose and α‐amylase, a

carbohydrate‐metabolizing enzyme is mainly involved in the regulation of

postprandial hyperglycemia. This study was designed to assess the ability of

a well‐known flavonoid, taxifolin (TFN), against postprandial hyperglycemia

and its inhibitory effects on α‐amylase activity through the assessment of

therapeutic potentials of TFN in an alloxan‐induced diabetic animal model.

The binding potential TFN with an α‐amylase receptor was also investigated

through molecular dynamics (MD) simulation and docking of to compare the

binding affinities and energies of TFN and standard drug acarbose (ACB)

with target enzyme. TFN significantly improved the postprandial hypergly-

cemia, lipid profile, and serum levels of α‐amylase, lipase, and C‐reactive
protein in a dose‐dependent manner when compared with that of either DM‐
induced and ACB‐treated alloxan‐induced diabetic rats. Moreover, TFN also

enhanced the anti‐oxidant status and normal functioning of the liver in

alloxan‐induced diabetic rats more efficiently as compared to that of ACB‐
treated alloxan‐induced diabetic rats. Therapeutic potentials of TFN were

also verified by MD simulation and docking results, which exhibited that the

binding energy and affinity of TFN to bind with receptor was significantly

higher as compared to that of ACB. Hence, the results of this study signify

that TFN might be a potent inhibitor of α‐amylase that has the potential to

regulate the postprandial hyperglycemia along with its anti‐inflammatory

and anti‐oxidant properties during the treatment of DM.
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1 | INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disorder
having an abnormally high level of blood glucose because
of dysregulation of insulin secretion from β‐cells of
pancreatic islets, insulin resistance in peripheral tissues,
decreased glucose uptake in peripheral tissues, and/or
abnormal hepatic glucose production and carbohydrate
metabolism.1-3 It has been estimated that due to the
increased incidences of T2DM by the year 2030, there will
be a drastic increase in the global health burden in terms
of prevalence of T2DM and its associated complications.
There are numerous causative factors for the develop-
ment of T2DM. One of the endogenous factors that
regulate glucose metabolism is a carbohydrate‐metaboliz-
ing enzyme, namely, α‐amylase. Postprandial hypergly-
cemia is one of the main reasons for the induction of
many diabetic complications.4 Among which the cardi-
ovascular diseases are the major complications that are
associated with T2DM and are rapidly prevailing
globally.5 This calls for a well‐time management of
hyperglycemia for the prevention of DM‐associated
complications.6

α‐amylase is a carbohydrate‐metabolizing enzyme that
contributes in increasing the level of glucose in blood.7,8

Similarly, insulin influentially secreted from the β‐cells
of pancreatic islets soon after the glucose metabolism by
carbohydrate digestion by α‐amylase results in the
exhaustion of β‐cells.9 Correspondingly, inhibin of these
carbohydrate‐digesting enzymes, that is, α‐amylase can
prove to be a suitable option for the treatment of DM.10

As modern research is elucidating the increasingly
associated adverse events of commercially available
antidiabetic drugs,11 there is a strong need for exploring
and detecting the other ways of ideal therapeutics for DM
treatment showing maximum efficacy and minimal side
effects. Relating to the therapeutic choices available for
the treatment and prevention of DM, there are many
commercial drugs available such as acarbose (ACB). ACB
is one of the standard drugs that is the potent inhibitor of
α‐amylase and α‐glucosidase. By inhibiting these en-
zymes, ACB decreases the absorption of carbohydrates
from the intestine and is exclusively used for the
treatment and/or prevention of T2DM.12 However, these
drugs are known to show many unwanted effects like
diarrhea, lactic acidosis, liver toxicity, and cardiovascular
complications.11,13

Flavonoids can meet this criterion of an ideal therapeu-
tics while combating against DM and its associated
complications.8,14,15 Among various types of flavonoids,
taxifolin (TFN), also known as dihydroquercetin, is known
to have therapeutic potentials against various types of
diseases.16 In early studies, TFN has shown to protect the

hyperglycemia‐induced osmotic stress by inhibiting the
accumulation of recombinant human aldose reductase and
sorbitol in humans.17 As the anti‐oxidant potential of TFN
is concerned, recently this property of TFN has shown to
protect the heart and vascular tissues through providing the
protection against lipid peroxidation and reducing the
incidences of apoptosis.18 However, the probable beneficial
properties of TFN on inhibition of α‐amylase remains so far
to be elucidated.

Thereby, the purpose of this study was to investigate
the inhibitory effects of TFN in comparison to a well‐
known inhibitor of α‐amylase, that is, ACB on the activity
of α‐amylase in vivo using an experimentally induced
diabetic animal model. Moreover, the associated bio-
chemical parameters including serum levels of glucose,
insulin, liver, and kidney function biomarkers along with
serum levels of anti‐oxidant enzymes were also investi-
gated. Furthermore, we also performed molecular dy-
namics (MD) simulation and protein docking to compare
the binding efficacy of TFN and ACB with α‐amylase
enzyme to verify the therapeutic effects TFN and ACB
attained by performing experimental studies.

2 | MATERIALS AND METHODS

2.1 | Animals and treatment protocol

All studies using experimental animals were conducted
in accordance with the Institutional Biosafety Commit-
tee, University of Agriculture, Faisalabad, Pakistan, for
the use of laboratory animals. Thirty healthy albino rats
of either sex having approximate body weight of 200 to
250 g were taken and kept in cages in animal room of the
Institute of Pharmacy, Physiology and Pharmacology,
University of Agriculture, Faisalabad, Pakistan. Rats were
given standard basal diet and provided with water ad
labium at room temperature (22 ± 2°C) for 12 h light and
12 h dark cycle. After one week of acclimatization, rats
were divided into five groups. Group 1 was nondiabetic
control (NDC). Group 2 was alloxan‐induced nontreated
diabetic control (DC) through a single intraperitoneal
injection of alloxan (120mg/kg body weight of rat).
Group 3 was alloxan‐induced diabetic rats treated with
ACB (40mg/kg) through the intragastric route. Group 4
was alloxan‐induced diabetic rats treated with 25mg/kg
of taxifolin (LD‐TFN) through the intragastric route.
Group 5 was alloxan‐induced diabetic rats treated with
100mg/kg of taxifolin (HD‐TFN) through the intragastric
route. The treatment was carried out for one month.
Blood glucose was measured using a glucometer (Accu
check Performa, Roche Pakistan Limited) at day 1 for
basal values followed by the measurement at day 3 for the
confirmation of diabetes in alloxan‐treated groups.
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2.2 | Sample collection

Blood samples were collected from rat’s tail. Collected
blood samples were allowed to coagulate at room
temperature for 20min. Later, blood was centrifuged
for 15 min at 3000 × g. The serum collected after
centrifugation was stored at −20°C until further analysis.

2.3 | Impact of treatment on the blood
glucose level

Hyperglycemia reflects the increase in the blood glucose
level and is one of the key indicators of DM; therefore,
glucometer (Accu check Performa) was used to measure
the blood glucose levels in all groups of experimental
animals.

2.4 | Impact of treatment on amylase
activity

To estimate the impact of alloxan and treatment (ACB,
LD‐TFN, and HD‐TFN) on carbohydrate metabolism in
collected samples of experimental animals, the serum
level of α‐amylase was measured before (1st day), during
(15th day), and last (30th day) day of the treatment
period.

2.5 | Impact of treatment on lipase
activity

To evaluate the impact of alloxan and treatment (ACB,
LD‐TFN, and HD‐TFN) on lipid metabolism in collected
samples of experimental animals from all groups, the
serum level of lipase was measured quantitatively using
an assay kit at predefined time points, that is, before,
during, and last day of the treatment period.

2.6 | Assessment of treatment on lipid
profile

To estimate the impact of alloxan and treatment (ACB,
LD‐TFN, and HD‐TFN) on the lipid profile, the serum
levels of high density lipoprotein (HDL), total cholesterol
(TC), triglycerides (TGs), and low density lipoproteins
(LDL) were measured using their corresponding assay
kits at predefined time points, that is, before, during, and
last day of the treatment period.

2.7 | Impact of treatment on
anti‐oxidant enzyme status

To estimate the impact of alloxan and treatment (ACB,
LD‐TFN, and HD‐TFN) on the anti‐oxidant enzyme

status in collected samples of experimental animals from
all groups, serum levels of superoxide dismutase (SOD)
and catalase (CAT) were measured quantitatively using
their corresponding assay kits at predefined time points,
that is, before, during, and last day of the treatment
period.

2.8 | Impact of treatment on
inflammatory biomarkers

To estimate the impact of alloxan and treatment (ACB,
LD‐TFN, and HD‐TFN) on inflammation, the serum
levels of C‐reactive protein (CRP) and white blood cells
(WBCs) count were measured at predefined time points.

2.9 | Impact of treatment on liver
function

To estimate the impact of alloxan and treatment on the
liver in collected samples of experimental animals from
all groups, the serum levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were mea-
sured using their corresponding assay reagent kits at 1st,
15th, and last (30th) day of the treatment period.

2.10 | Computational and docking
studies

2.10.1 | Ligand preparation and docking
studies

At first, the cocrystal structures of α‐amylase, ACB, and
catechin (PDB entry: 2QV4, 3BC9, and 4C94, respec-
tively19-21) were retrieved from RCSB protein data bank
(PDB) (Figure 9A and Figure 1S, supporting information).
The geometrically active conformation of catechin was
extracted from 4C94 to be used as a template to build the
structure of TFN. Finally, a 3‐D‐structure of TFN was
constructed using a Sybyl‐X1.3/ SKETCHmodule22 by minor
modification at 4‐position of ring‐C (Figure 1S, supporting
information). Three‐dimensional structures of both com-
pounds (ACB and TFN) were minimized by Tripos force
field with GasteigereHückel atomic charge. Flexible docking
simulations were carried out to investigate the binding
modes of selected inhibitors in complex with α‐amylase
using a Surflex‐Dockmodule of molecular modeling software
package SYBYL‐X 1.3.23 The crystal structures of complex
α‐amylase with modified ACB (PDB entry: 2QV419), down-
loaded from RCSB‐PDB, were used as a starting point for
further calculations. Structure of α‐amylase was carefully
analyzed to confirm the chemical accuracy using structure
preparation tools implemented in a biopolymer module of
SYBYL‐X 1.3.22 Missing hydrogens were added, charges were
applied, and atom types were assigned according to the
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AMBER 7 FF99 force field. Finally, the energy was
minimized to prevent the steric clashes using the Powell
algorithm with a convergence gradient of 0.5 kcal/(mol·Å)
for 1000 cycles. The primary conformation of modified ACB
in 2QV4 was used as the starting point for ProtoMol
generation (an idealized active site). Finally, the generated
conformations of ACB and TFN were individually docked
into the active site of α‐amylase (2QV4) to replace modified
ACB. Twenty best‐docked poses were finally saved for each
inhibitor. These putative poses of ligand were ranked using
the Hammerhead scoring function.24,25 Surflex dock module
employs an empirically derived consensus scoring (C‐score)
function that combines Hammerhead’s empirical scoring
function,24,25 that is, D‐score (dock score), G‐score (gold
score), Chem‐Score, potential mean force score, and the total
score with a molecular similarity method (morphological
similarity) to generate and rank putative poses of ligand
fragments. Each of the ligands was docked into the active site
of a receptor at least ten times, and 20 highest ranked
putative poses according to the Hammerhead scoring
(C‐score) function were finally saved for each inhibitor.
The top‐ranking docking conformations for each compound
were retrieved for further MD simulations.

2.10.2 | Molecular dynamics simulations

The final complexes of ACB and TFN bond to the
α‐amylase were subjected to the MD simulations for

FIGURE 1 Effect of treatment on glycemia. Treatment was
started after the induction of diabetes mellitus. Normal saline was
administered in nondiabetic rats (n = 5) and alloxan‐induced
diabetic rats (n = 5) once a day. ACB (40mg/kg), LD‐TFN
(25mg/kg), and HD‐TFN (100mg/kg) were administered once a
day in ACB, LD‐TFN, and HD‐TFN groups, respectively. Blood
glucose was measured once in a week. The level of significant
difference was estimated by Bonferroni post‐test using two‐way
ANOVA. *P< 0.001 when compared with the DC group. **P< 0.05
when compared with the ACB group. ***P< 0.001 when compared
with the ACB group . ‡P< 0.001 when compared with the DC
group. ACB, acarbose; ANOVA, analysis of variance; DC, diabetic
control; HD‐TFN, high‐dose taxifolin; LD‐TFN, low‐dose taxifolin;
n, total number of animals used in each group

FIGURE 2 Effect of treatment on the amylase activity. To
estimate the impact of alloxan and treatment (ACB, LD‐TFN, and
HD‐TFN) on carbohydrate metabolism, the serum levels of amylase
were measured at 1st, 15th, and last (30th) day of the treatment
period. The level of significant difference was estimated by
Bonferroni post‐test using two‐way ANOVA. *P< 0.001 when
compared with the NDC group. **P< 0.001 when compared with
the DC group. °P< 0.001 when compared with the ACB group.
°°P< 0.05 when compared with the ACB group at the 30th day of
the treatment period. ‡P< 0.001 when compared with the LD‐TFN
group. ACB, acarbose; ANOVA, analysis of variance; DC, diabetic
control; HD‐TFN, high‐dose taxifolin; LD‐TFN, low‐dose taxifolin;
n, total number of animals used in each group; NDC, nondiabetic
control

FIGURE 3 Effect of treatment on lipase. To estimate the
impact of alloxan and treatment (ACB, LD‐TFN, and HD‐TFN) on
lipid metabolism, the serum levels of lipase were measured at 1st,
15th, and last (30th) day of the treatment period. The level of
significant difference was estimated by Bonferroni post‐test using
two‐way ANOVA. *P< 0.001 when compared with the NDC group.
**P< 0.001 when compared with the DC group. °P< 0.001 when
compared with the ACB group. ‡P< 0.001 when compared with the
LD‐TFN group. ACB, acarbose; ANOVA, analysis of variance;
DC, diabetic control; HD‐TFN, high‐dose taxifolin; LD‐TFN,
low‐dose taxifolinn; n, total number of animals used in each group;
NDC, nondiabetic control

4 | REHMAN ET AL.



further stabilization and refinement. All MD simula-
tions were thoroughly performed in AMBER16
software package26 at least for 50 nanoseconds (ns).
Both systems were neutralized by replacing some water
molecules with Na+ counter‐ions. The force field
parameters for protein‐ligand complexes were assigned
using AMBER ff99SB27 force field for protein while
general AMBER force field28 (GAFF together with
RESP charges29) for ligands. Each system was relaxed
at 300 K and 1 bar pressure in explicit TIP3P by
executing three consecutive steps of energy minimiza-
tion before a solvation model.30 Keeping in account the
system stability, MD equilibrations were performed in
additional eight steps for each system.31 Finally, each
system was subjected to MD simulation using NPT
ensemble at constant temperature and pressure of
300 K and 1 atm, respectively.32 The coordinates of MD
simulation trajectories were collected at every 1 and
2 ps during equilibration and MD production run,
respectively. All MD simulations procedures were
carried out using CARNAL, ANAL, and CPPTRAJ
modules of AMBER16.

2.10.3 | Free energy calculation

Molecular mechanics–based scoring method MM/PB
(GB)SA,33 in AMBER16 software package, was applied
to compare the binding‐free energies of selected
compounds in α‐amylase complexes. At first, the
representative sets of equilibrium confirmations for
complex, free receptor, and free ligand were prepared
and binding‐free energy was calculated as a difference
between the total free energy of ligand–protein complex
(Gcom) and sum of individual receptor (Grec) and ligands
(Glig) free energy. At least, 1000 snapshots for each
complex (ACB‐ and TFN–α‐amylase), were taken from
the last 5 ns stable MD trajectory at 5 ps intervals to
predict the binding‐free energies (ΔGbind).

3 | RESULTS

3.1 | Effect of treatment on glycemia

Hyperglycemia means the increase in the level of blood
glucose and is considered as a hallmark of DM. To

FIGURE 4 Effect of treatment on the lipid profile. To estimate the impact of alloxan and treatment (ACB, LD‐TFN, and
HD‐TFN) on the lipid profile, the serum levels of HDL (A), TC; (B), TGs; (C), and LDL; (D), were measured at 1st, 15th, and last
(30th) day of the treatment period. The level of significant difference was estimated by Bonferroni posttest using two‐way ANOVA.
*P < 0.001 when compared with the NDC group. ■P < 0.01 when compared with the DC group. **P < 0.001 when compared with the
DC group. ■■P < 0.01 when compared with the ACB and LD‐TFN group. °P < 0.05 when compared with the ACB group.
°°P < 0.001 when compared with the ACB group. ‡P < 0.05 when compared with the LD‐TFN group. ACB, acarbose; ANOVA,
analysis of variance; DC, diabetic control; HDL, high density lipoprotein; HD‐TFN, high‐dose taxifolin; LDL, low density
lipoproteins; LD‐TFN, low‐dose taxifolinn; n, total number of animals used in each group; NDC, nondiabetic control;
TC, total cholesterol; TGs, Triglycerides
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evaluate the effect of alloxan and treatment on the
glycemic status of experimental animals, the levels of
blood glucose (mg/dL) once in a week were measured in
NDC‐, DC‐, ACB‐, LD‐TFN‐, and HD‐TFN‐groups. As
shown in Figure 1, we found that before the start of
treatment, alloxan significantly increased the blood
glucose level (P< 0.001) in all rats as compared to that
of NDC rats. However, upon the start of treatment, we
found that ACB, LD‐TFN, and HD‐TFN started to show
the significant hypoglycemic effects at 15th day
(P< 0.001) and 10th day (P< 0.001; Figure 1). At the
end of the treatment period, it was found that ACB, LD‐
TFN, and HD‐TFN exhibited significant (P< 0.001)
hypoglycemic effects. Furthermore, we also observed
that HD‐TFN presented better hypoglycemic effects when
compared with that of ACB (P< 0.001) and LD‐TFN
(P< 0.05) treated experimental rats.

3.2 | Effect of treatment on amylase
activity

α‐amylase is one of the most important enzymes that is
required for the breakdown of carbohydrates, and thus
the level of glucose in the blood increases accordingly.
Here, in our study, we also estimated the impact of
treatment on serum levels of α‐amylase. Before the start
of treatment, alloxan exposure significantly (P< 0.001)
elevated the serum levels of α‐amylase (Figure 2).
However, at the end of treatment, we found a highly
significant difference (P< 0.001) between the serum
levels of α‐amylase in alloxan‐induced experimental rats
when compared with that of ACB‐, LD‐TFN‐, and HD‐
TFN‐treated experimental diabetic rats (Figure 2). At the
end of treatment, we found that HD‐TFN‐treated
experimental diabetic rats exhibited the lower levels of

FIGURE 5 Effect of treatment on the anti‐oxidant status. To
estimate the impact of alloxan and treatment (ACB, LD‐TFN, and
HD‐TFN) on the anti‐oxidant status, the serum levels of SOD
(A), and CAT (B), were measured using their corresponding assay
reagent kits at 1st, 15th, and last (30th) day of the treatment period.
The level of significant difference was estimated by Bonferroni
post‐test using two‐way ANOVA. *P< 0.0001 when compared with
the NDC group. **P< 0.001 and °P< 0.01 when compared with the
DC group. ‡P< 0.001 when compared with the ACB group at the
30th day of the treatment period. °°P< 0.001 when compared with
the DC group at the 30th day of the treatment period. ACB,
acarbose; ANOVA, analysis of variance; CAT, catalase; DC, diabetic
control; HD‐TFN, high‐dose taxifolin; LD‐TFN, low‐dose
taxifolinn; n, total number of animals used in each group;
NDC, nondiabetic control; SOD, superoxide dismutase

FIGURE 6 Effect of treatment on liver function biomarkers.
To estimate the impact of alloxan and treatment on liver, the serum
levels of AST (A) and ALT (B) were measured using their
corresponding assay reagent kits at 1st, 15th, and last (30th) day of
the treatment period. The level of significant difference was
estimated by Bonferroni post‐test using two‐way ANOVA.
*P< 0.0001 when compared with the NDC group. **P< 0.001 when
compared with the DC group at 15th and 30th day of the treatment
period. ‡P< 0.01 when compared with the ACB group at the 30th
day of the treatment period. ***P< 0.001 when compared with the
DC group at the 30th day of the treatment period. ACB, acarbose;
ALT, alanine aminotransferase; ANOVA, analysis of variance;
AST, aspartate aminotransferase; DC, diabetic control;
HD‐TFN, high‐dose taxifolin; LD‐TFN, low‐dose taxifolin;
NDC, nondiabetic control
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α‐amylase as compared to that of ACB (P< 0.05) and LD‐
TFN (P< 0.001) treated experimental rats.

3.3 | Effect of treatment on lipase
activity

Lipase is a well‐recognized enzyme for the metabolism
and regulation of a normal lipid profile. Here, in our

study, we also estimated the impact of treatment on
serum levels of lipase. Before the start of treatment,
alloxan exposure significantly (P< 0.001) elevated the
serum levels of lipase (Figure 3). However, at the end of
treatment, we found a highly significant difference
(P< 0.001) between the serum levels of lipase in
alloxan‐induced DC experimental rats when compared
with that of ACB‐, LD‐TFN‐, and HD‐TFN‐treated
experimental diabetic rats (Figure 3). At the end of
treatment, it was found that HD‐TFN‐treated experi-
mental diabetic rats exhibited lower levels of lipase as
compared to that of ACB (P< 0.001) and LD‐TFN
(P< 0.001) treated experimental rats.

3.4 | Effect of treatment on the lipid
profile

The low levels of TC, TG, and LDL, and high levels of
HDL in blood are considered as the normal lipid profile.
Here, we also estimated the impact of treatment on the
serum lipid profile. Before the start of the treatment,
alloxan exposure significantly (P< 0.001) decreased the
serum levels of HDL (Figure 4A), while the serum levels
of TC, TG, and LDL were elevated (Figure 4B‐D,
respectively). At the end of treatment, we found a highly
significant difference (P< 0.001) between the serum
levels HDL, TC, TG, and LDL in alloxan‐induced DC
experimental rats when compared with that of ACB‐, LD‐
TFN‐, and HD‐TFN‐treated experimental diabetic rats
(Figure 4). It was also found that HD‐TFN‐treated
experimental diabetic rats exhibited the raised levels of
HDL (Figure 4A), while the lowest levels of TC
(Figure 4B), TG (Figure 4C), and LDL (Figure 4A) as
compared to that of ACB (P< 0.001) and LD‐TFN
(P< 0.05) treated experimental rats.

3.5 | Effect of treatment on the
anti‐oxidant enzyme status

We also investigated the effect of treatment on the anti‐
oxidant enzyme status by measuring the serum levels of
SOD and CAT using their assay reagent kits before,
during, and at the end of the treatment period (Figure 5).
As clearly seen in Figure 5A and B, alloxan significantly
decreased the serum levels of SOD (P< 0.0001) and CAT
(P< 0.0001), respectively, in alloxan‐exposed experimen-
tal rats as compared to that of NDC experimental rats.
However, at the end of the treatment, we found that HD‐
TFN did not significantly increase the serum levels of
SOD (Figure 5A) and CAT (Figure 5B) at the 30th day of
the treatment period as compared to that of ACB
(P< 0.001) treated experimental diabetic rats.

FIGURE 7 Effect of treatment on inflammation. To estimate the
impact of alloxan and treatment (ACB, LD‐TFN, and HD‐TFN) on
inflammation, the serum level of CRP was measured at 1st, 15th, and
last (30th) day of the treatment period. The level of significant
difference was estimated by Bonferroni post‐test using two‐way
ANOVA. *P< 0.001 when compared with the NDC group. **P<0.001
when compared with the DC group. °P<0.01 when compared with
the ACB group. ACB, acarbose; ANOVA, analysis of variance;
CRP, C‐reactive protein; DC, diabetic control; HD‐TFN, high‐dose
taxifolin; LD‐TFN, low‐dose taxifolin; NDC, nondiabetic control

FIGURE 8 Effect of treatment on WBC count. To estimate the
impact of alloxan and treatment (ACB, LD‐TFN, and HD‐TFN) on
inflammation, WBC were counted at 1st, 15th, and last (30th) day
of the treatment period. The level of significant difference was
estimated by Bonferroni post‐test using two‐way ANOVA.
*P< 0.001 when compared with the NDC group. **P< 0.001 when
compared with the DC group. °P< 0.05 when compared with the
DC group. °°P< 0.01 when compared with the ACB group.
ACB, acarbose; ANOVA, analysis of variance; DC, diabetic
control; HD‐TFN, high‐dose taxifolin; LD‐TFN, low‐dose taxifolin;
NDC, nondiabetic control; WBC, white blood cell
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3.6 | Effect of treatment on
inflammation

To validate the therapeutic use of TFN against DM, the
current study explored the anti‐inflammatory potentials
of TFN along with antihyperglycemic properties. For
this, the serum levels of CRP were measured in DC‐,
ACB‐, LD‐TFN‐, and HD‐TFN‐treated experimental
diabetic rats. As shown in Figure 6, before the start of
treatment, alloxan exposure significantly (P< 0.001)
elevated the serum levels of CRP. However, at the end
of treatment, we found a highly significant difference
(P < 0.001) between the serum levels of CRP in alloxan‐

induced DC experimental rats when compared to ACB‐,
LD‐TFN‐, and HD‐TFN‐treated experimental diabetic
rats (Figure 6). It was found that HD‐TFN‐treated
experimental diabetic rats exhibited better reduction in
serum levels of CRP as compared to that of ACB‐treated
experimental rats (P < 0.01).

3.7 | Effect of treatment on the WBC
count

To estimate the impact of alloxan and treatment (ACB,
LD‐TFN, and HD‐TFN) on inflammation, the counts of

FIGURE 9 Docking results of acarbose and TFN. (A), Structural formulas of acarbose (ACB) and TFN. (B), Superimposition of the
docked ligand ACB (yellow), TFN (cyan) in the main active site of α‐amylase. Binding mode of (C) ACB/α‐amylase and (D) TFN/α‐amylase
complexes. ACB, acarbose; TFN, taxifolin

FIGURE 10 RMSDs of C‐α atoms of protein. Backbone atoms of binding pocket (within 6.5 Å) and heavy atoms in the ligand for
(A) acarbose–α‐amylase, (B) taxifolin–α‐amylase, and (C) RMSF of each residue of protein for the complex obtained from the crystal
structure and all three α‐amylase complexes obtained from 50 ns MD simulation. MD, molecular dynamics; RMSD, root‐mean‐square
deviation; RMSF, root‐mean‐square fluctuation
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WBCs were made at 1st, 15th, and 30th day of the
treatment period. It was noticed that after exposure to
alloxan and before the start of the treatment, there was
an elevation in the normal count of WBCs of all alloxan‐
exposed groups when compared with that of the NDC
group (Figure 7). However, it was found that HD‐TFN‐
treated experimental diabetic rats exhibited better
reduction in WBCs count even when compared to that
of ACB‐treated experimental rats (P< 0.01).

3.8 | Effect of treatment on liver
function biomarkers

We measured the serum levels of AST and ALT before,
during, and at the end of the treatment period (1st, 15th,
and 30th day) and their level of significant difference was
estimated by Bonferroni post‐test using two‐way analysis
of variance (ANOVA; Figure 8). We found that alloxan
significantly increased (P< 0.0001) the serum levels of
both enzymes (AST and ALT) as compared to their NDC
rats (Figure 8A and 8 B). But, when the treatment was
started, we found that LD‐TFN (P< 0.001) and HD‐TFN
(P< 0.001) ameliorated the adverse effects of alloxan on
the liver by significantly decreasing the serum levels of
liver function biomarkers (AST and ALT) as compared to
that of DC experimental rats. At the end of the treatment
period, we also noticed that LD‐TFN (P< 0.001) and HD‐
TFN (P< 0.001) significantly counterfeited the side
effects of alloxan on liver function biomarkers (AST
and ALT) as compared to that of ACB‐treated experi-
mental rats (Figure 8).

3.9 | Molecular docking and molecular
dynamics simulation

In the present work, molecular docking studies were
performed to reveal the key molecular interactions

responsible for the difference in binding affinities of
studied ligands toward target protein. The best‐docked
poses were selected based on the cumulative score
(C‐score) as depicted in Table S1. The docking scores of
ACB and TFN for α‐amylase are 6.24 and 6.89,
respectively, which indicate that TFN has a relatively
higher binding affinity toward α‐amylase than ACB.
Furthermore, these top‐ranked docking poses (Figure 9)
were saved for each compound and graphically viewed to
identify the ligand–protein interactions responsible for
the difference in binding affinity. As depicted in
Figure 9B, both ligands acquired similar mode of
interaction within the active site of α‐amylase, where
they can make several H‐bond interactions with
surrounding residues. The graphical analysis shows that
Trp58, trp59, Tyr62, Gln63, Hie101, ALeu162, Leu165,
Arg195, Asp197, Ala198, Glu233, Ile235, Phe256, Hie299,
Asp300, Hie305, Gly306, and Ala307 are the most
important residues present at the active site. The best
possible interacting model of ACB with α‐amylase is
displayed in Figure 9C. The docked model of ACB reveals
that the compound occupies the major area of pocket and
make 11 H‐bond interactions with surrounding residues
such as Tyr62, Gln63, Arg195, Glu233, Hie299, Asp300,
Hie305, and Ala307. The –NH group, which is located
between the ring A and ring B, and hydroxyl group
located at C‐3 of ring B act as H‐bond donor to form 2H
bonds with the carbonyl function of Glu233 and Asp300
(Figure 9C). Interestingly, Glu233 and Asp300 are critical
because of their key role in hydrolysis of glycosidic bonds
of carbohydrates. The involvement of these residues has
already been reported in making key interactions with
myricetin and ethyl caffeate,34 which supports the
accuracy of docking results of our study.

To elucidate the interaction mode of TFN with
α‐amylase, the top‐ranked docked pose of the TFN–α‐
amylase complex was also critically analyzed (Figure 9C).
The docking results show that most residues contributing
toward ACB binding to α‐amylase also have favorable
interactions with TFN. However, unlike ACB–α‐amylase
system, Hie305 and Ala307 of α‐amylase are unable to
interact with TFN, as TFN is relatively smaller in size
than ACB. As shown in Figure 9C, TFN was able to
establish at least eight H‐bond interaction with surround-
ing residues including key residues Glu233 and Asp300
in donner acceptor motif. Furthermore, ring‐A and ‐B of
TFN extend in the opposite direction within ligand
binding cleft of α‐amylase, where they were able to
establish two additional π–π interaction with benzene
rings of Trp59 and Tyr62 of α‐amylase (Figure 9C and
Figure S2), whereas no such interaction was observed in
the case of an ACB–α‐amylase complex system, as ACB
lacks any aromatic ring in its structure (Figure 9,10B).

FIGURE 11 Comparison between binding‐free energy in
terms of α‐amylase bonded with acarbose (in black) and taxifolin
(in cyan)
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Since ACB established greater number of H‐bond
interactions, the better binding affinity of TFN to
α‐amylase than ACB suggests that apart from H‐bonding
interaction other nonbonding interactions also play a
critical role toward the binding of a ligand with a receptor
under an energetically favored condition. Thus, these
variations in a ligand–receptor interaction pattern could
account for the higher α‐amylase inhibitory potency of
TFN than ACB.

Although docking analysis can provide an acceptable
binding mode, the solvent, temperature, and pressure
effects could not be taken into account. Therefore,
docking results were postprocessed with more reliable
MD simulations to describe the dynamical behavior of
complex at an atomic level by flexibly and firmly treating
a ligand–receptor complex. Moreover, it also allows to
calculate the binding‐free energies using an implicit
MMGB (PB) SA approach, which provides an accurate
ranking of potential ligands binding to the target protein.
To inspect the dynamic stability of studied complex
systems, the fluctuation of root‐mean‐square deviation
(RMSD) of backbone atoms was examined over 50 ns of
MD trajectories. As illustrated in Figure 10A and 10 B,
each system achieved equilibrium rapidly after some
initial fluctuations, which indicate a stable conformation
for a docked structure. Figure 10A and 10B also
illustrates the RMSD of the ligand (in blue) in the active
site, where RMSD of ACB reaches at 1.2 Å during 20 to
30 ns, then level off to 0.8 Å in the following 20 ns,
whereas the RMSD of ACB remains constant at 0.5 Å
throughout the simulation, thus indicating the stable
conformation of TFN in its active site. These results
captured our attention toward the fact that ACB exhibit a
relatively larger structure than TFN. Therefore, ACB may
switch between two kinds of conformations in the
binding site, which may induce changes in the length
and the number of the H bonds with surrounding
residues. These conformational fluctuations were further
confirmed by overlaying the coordinates of representative
MD‐simulated snapshot over the initial confirmation
(Figure S3). These findings also explain why the TFN
demonstrates higher binding affinity in TFN–α‐amylase
complex over ACB–α‐amylase. Figure 10C depicts the
analyses of root‐mean‐square fluctuation (RMSF) against
the residue number for both ligand–receptor complexes.
The protein structures of both complexes display a
similar pattern of RMSF. The results indicate that
higher fluctuations of the residues in the TFN–α‐amylase
system as compared to the ACB–α‐amylase system. The
ligand binding site residues including Trp58, trp59,
Tyr62, Gln63, Hie101, ALeu162, Leu165, Arg195,
Asp197, Ala198, Glu233, Ile235, Phe256, Hie299,
Asp300, Hie305, Gly306, and Ala307 display greater

conformational drift for the TFN–α‐amylase system than
that for the ACB‐bound system. Overall, these analyses
for binding stabilization further reinforce the accuracy of
molecular docking and experimental results.

The binding‐free energies of both ACB‐ and TFN‐
bonded systems were computed using an MMGB/PBSA
approach. The results are plotted and summarized in
Figure 11 and Table S2, respectively. These results show a
noticeable difference of computed binding affinities for
ACB (ΔGpred (GB) =−45.19 kcal·mol−1) and TFN (ΔGpred

(GB) =−49.48 kcal·mol−1). Although the difference in
binding‐free energies is not very high but sufficiently
reflect the fact that TFN exhibits greater binding affinity
toward α‐amylase than ACB. Consequently, these results
are also in agreement with molecular docking and
experiment results. To identify the key driving forces
responsible for higher binding affinities of TFN, total
binding‐free energy was further decomposed into in-
dependent binding‐free energy components (Figure 11
and Table S2). As shown in Figure 11, the van der Waals
interactions and the nonpolar solvation contribution
arising either from aromatic interactions or the burial
of the hydrophobic moieties (ring A and B) represent the
favorable binding‐free energies for TFN (−53.62 kcal·-
mol−1) over ACB (−47.64 kcal·mol−1). Although varia-
tions in electrostatic interactions also make noticeable
differences in binding affinity of the ACB‐bonded system
(Figure 11), the decrease of the van der Waals contribu-
tion may be responsible for the decrease in binding
affinity of ACB. Hence, it might be proposed that the
higher binding affinities of inhibitor TFN are mainly
dominated by the van der Waals and nonpolar solvation‐
free energies along with electrostatic and H‐bond
interaction.

4 | DISCUSSION

Hyperglycemia is one of the main parameters of T2DM,
which is a metabolic disorder and is rapidly prevailing
globally. The use of synthetic antidiabetic agents that are
commercially available is usually associated with some
unavoidable adverse effects.11,35 Due to these adverse
effects, the use of traditional plant‐oriented medicinal
compounds has gained considerable attention.8,15,36-38

Among various therapeutic strategies for the treatment
of hyperglycemia including postprandial hyperglycemia,
inhibition of the activity of carbohydrate digestive
enzymes like α‐amylase and/or glucosidase can be a
useful option.39 Inhibition of glucose absorption and
metabolism has proven to ameliorate the hyperglycemia.7

In this study, ACB was used as a standard of the α‐amylase
inhibitor for comparative analysis. ACB derived from
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microorganism and along with other synthetic potent
α‐amylase inhibitors like miglito has been recognized for
causing adverse effects like flatulence, bloating, allergy,
and liver injury.40 Hence, the work has been focusing on
exploring the plant‐based compounds for their potential
as inhibitors of carbohydrate‐metabolizing enzyme
α‐amylase so to have maximum therapeutic effects with
minimum untoward effects.41,42 The current work showed
a therapeutic potential of a well‐known flavonoid, TFN,
against the inhibition of α‐amylase enzyme, and thus helps
to reduce the hyperglycemia (Figure 1) and ameliorates
deleterious parameters associated with DM. Both low and
high doses of TFN showed a rapid reduction in the blood
glucose level in alloxan‐induced diabetic rats (Figure 1).
The probable effect could be reduction in insulin
resistance or increase in the release of insulin from
β‐cells of pancreatic islets. However, if this hyperglycemia
needs to be reverted, inhibition of carbohydrate‐digesting
enzyme, which contributes in increasing the blood glucose
level, is an effective therapeutic approach.43 Interestingly,
in an in vivo study, we found that TFN was capable of
reducing the activity of α‐amylase in a dose‐dependent
manner to a better extent when compared with that of
standard drug ACB (Figure 2), and hence, we found the
subsequent reduction in hyperglycemia of the same
treated group (Figure 1). This correlation supports the
role of α‐amylase and inhibitory effect of TFN on
α‐amylase for decreasing the blood sugar level. In addition,
to the best of our knowledge, we have for the very first
time evaluated the role of TFN in inhibition of α‐amylase
in vivo and in in silico determination of its binding energy
with target enzyme.

Alteration in the serum level of the lipid profile is
associated with the increased level of lipase enzyme
during the pathogenesis of DM.44 Absorption of fats
are recognized to be decreased by the inhibition of a
key enzyme, that is, lipase.45 Correspondingly, we also
found that treatment of alloxan‐induced diabetic rats
with TFN reduced the serum level of lipase enzyme
(Figure 3) in a significant manner that was expected to
reduce the absorption of fats into the bloodstream.
Previously, it has been shown that the increased
serum level of TC, TG, and LDL in diabetic rats is
associated with the altered serum lipase level.46

Remarkably, as anticipated, the treatment of TFN
provided the reduction in serum levels of TC, TG, and
LDL, which were otherwise found to be elevated in
nontreated alloxan‐induced diabetic rats (Figure 3).
This result is in line with other work done by
evaluating the role of flavonoids on the lipid profile.47

This reduction in the level of lipids in our study
could be in part due to inhibition of lipase enzyme
by TFN.

Among these deleterious parameters, generation of
ROS is one of the major factors associated to be increased
along with the progression of hyperglycemia and its
complications.48-51 Among the risk factors of diabetes,
generation of ROS is considered to play a crucial role in
the development and progression of DM. They are also
known for their damaging effects on the islets of
pancreas.50,52 Flavonoids have shown to have anti‐oxidant
activities through various mechanisms of actions15,53,54;
however, the anti‐oxidant potential of TFN in diabetic rats
has not been evaluated in detail. Hence, this study also
provides the evidence of potential anti‐oxidant property of
TFN during DM. This was observed by the recovery in the
serum levels of anti‐oxidant enzymes (SOD and CAT) in
diabetic rats after their treatment with LD‐TFN and
HD‐TFN (Figure 4A and B). TFN has also previously
been reported by inhibiting the hyperglycemia‐induced
apoptosis by overturning the oxidative stress.55 Oxidative
stress due to induction of ROS and/or reduction in the
activities of anti‐oxidant enzymes may play an important
role in the pathogenesis of DM and its associated
complications.49 In our study, we found a remarkable
decrease in the serum levels of SOD and CAT (Figure 5A
and 5B) in alloxan‐induced diabetic rats, but TFN
significantly increased the serum levels of SOD and CAT
in a dose‐dependent manner in a better way as compared
to that of ACB‐treated diabetic rats (Figure 5). The
anti‐oxidant potential of TFN reported in our study
follows the same pattern as was observed previously.55

It has been well documented that inflammation plays
a key role during the pathogenesis of T2DM and has
now been considered as one of the main risk factors for
the development of insulin resistance and pathogenesis
of T2DM.48,56-58 Dietary polyphenols have been reported
to exhibit the anti‐inflammatory properties in various
types of diseases notably.15,53 Previously, it has been
reported that elevated levels of CRP reported during DM
have been considered as an inflammatory biomarker for
the prediction of DM. Similarly, to validate the anti‐
inflammatory potential of TFN in alloxan‐induced DM
in experimental rats, the serum levels of CRP were
measured (Figure 7). TFN also showed its anti‐
inflammatory potential in alloxan‐induced DM that
was estimated by measuring the serum level of CRP.
Here, we found a highly significant difference between
the serum levels of CRP in alloxan‐induced diabetic
experimental rats and TFN‐treated experimental dia-
betic rats (Figure 7). Moreover, TFN exhibited better
anti‐inflammatory effects when compared with that of
ACB (Figure 7). Moreover, we also found that alloxan
significantly decreased the total counts of WBCs
(Figure 8), which indicate the induction of inflamma-
tion in diabetic rats, but at the end of treatment period,
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TFN significantly decreased the WBCs count as
compared to that of nontreated alloxan‐induced diabetic
rats (Figure 8). These results are found to be in line with
the recent study in which similar findings have also
been reported.59 This clearly indicates that TFN reduced
the process of inflammation that was initiated after
alloxan exposure partly by hyperglycemia and due to
induction of oxidative stress.

In addition, the in silico studies of TFN and ACB
were performed using molecular docking and MD
simulation to compare their binding affinities and
energies with the target enzyme, α‐amylase. A combined
molecular docking and MD simulation approaches were
applied to reveal the key structural basis responsible for
high inhibitory potency of TFN than ACB against
α‐amylase. The results indicate that molecular docking
and MD simulations results are in a strong correlation
with experimental results. The MD simulation and MM/
PBSA calculations further rationalized the reasonable
binding mode of ACB‐ and TFN‐bound complexes, and
the π–π interactions were identified as key driving
forces to be responsible for higher binding affinities of
TFN than ACB.

5 | CONCLUSION

We aimed to investigate the inhibitory effects of TFN on
α‐amylase activity through assessment of its therapeutic
potential in diabetic rat models and its enzyme binding
potential through the MD simulation and computational
tools. The key findings of this study indicate that TFN is a
potent inhibitor of α‐amylase as compared to that of ACB
and it has the ability to prevent the postprandial
hyperglycemia. Moreover, it has the potential to exhibit
its anti‐inflammatory and anti‐oxidative effects during
the pathogenesis of T2DM. In addition to the significant
outcomes obtained during in vivo experiments, molecular
docking results also revealed that the π–π interaction in
the TFN–α‐amylase complex system imparted the better
binding affinity of TFN for α‐amylase as compared to that
of ACB.
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