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Abstract

Diabetes Mellitus (DM) is a chronic metabolic disorder characterized by hyperglycaemia, resulting from insulin
resistance or relative peripheral insulin deficiency. Hyperglycaemia is associated with inflammatory stress,
oxidative stress, and neurodegeneration, which leads to several CNS complications associated with DM. Currently
available therapeutics for the management of DM focus on displacing glucose from the blood without affecting
the underlying cause of DM or pathological pathways. This study aimed to investigate the antidiabetic potential
of herbal molecules and their effect on pathways associated with neurological complications associated with DM.
Molecular docking screening of 100 herbal molecules against peroxisome proliferator-activated receptor-y
(PPAR-y), insulin receptor (IR), and Dipeptidyl Peptidase-4 (DPP4) predicted curcumin, chlorogenic acid,
glycyrrhizin, rutin, myricetin, and morin to be the most promising molecules. These molecules were subjected to
in vitro screening employing antioxidant, anti-inflammatory, neurodegeneration, and antidiabetic protocols. Our
results demonstrated rutin and curcumin to be the most promising molecules as these molecules not only
demonstrated good antidiabetic potential in in-silico studies (docking interaction with DM target proteins), but
also demonstrated excellent in-vitro antidiabetic activity by inhibiting a-amylase and enhancing 2NBDG uptake.
Moreover, these molecules exhibited excellent antioxidant, anti-inflammatory, and neuroprotective potential,
suggesting their potential beneficial effects during DM associate CNS complications. In conclusion, rutin and
curcumin could be beneficial in the management of DM and associated neurological complications, however, the
results need further validation through in vivo experimentations.
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(hyperglycaemia). Type-l DM occurs due to the
autoimmune  destruction  of insulin-producing
pancreatic B-cells, resulting in insufficient peripheral
insulin levels. Type-1Il DM is characterized by
decreased insulin sensitivity in the target cells, leading
to less or no glucose uptake in the cells.[*? According
to the International Diabetes Federation (IDF),
approximately 589 million adults (11.1% of the global
population aged 20-79 years) were living with diabetes
in 2024, and is expected to increase to 853 million by
2050.
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Introduction

Diabetes Mellitus (DM) is a systemic endocrine
disorder characterised by elevated blood-glucose levels
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Mortality and morbidity associated with DM are
attributed to the secondary complications associated
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with it, which include neuropathy, nephropathy,
retinopathy, etc. Hyperglycaemia triggers a
pathological condition characterised by increased
production of reactive oxygen species (ROS) from both
mitochondrial and non-mitochondrial sources. This
condition results from the activation of several pro-
oxidative signalling pathways, including the
hexosamine pathway, polyol pathway, protein-kinase
C (PKC) isoforms, and the formation of advanced
glycation end-products (AGE). The excessive ROS
contributes to resistance mechanisms and diabetes
associated CNS complications.F! Moreover, several
reports suggest that prolonged hyperglycemia inflicts
neuroinflammation, which, in combination with the
enhanced oxidative stress, leads to the development of
neurodegeneration and other CNS complications.
Therefore,  compounds  with  hypoglycaemic,
antioxidant, and anti-inflammatory properties could
offer a promising therapeutic strategy for the
management of DM.

Currently, several synthetic drugs are used to manage
diabetes that primarily focus on reducing postprandial
hyperglycaemia. Various drugs, such as AMP-4
activators like metformin, peroxisome proliferator-
activated receptor-y (PPAR-y) activators like
pioglitazone, K-ATPase blockers like gliclazide, and
dipeptidyl peptidase-4 (DPP-4) inhibitors like
sitagliptin, are a few examples of successful
antidiabetic medications. Although these therapies
lower the blood glucose level, they do not affect
underlying CNS complications and pathological
pathways associated with them.*% When compared to
synthetic drugs, plant-based molecules show less to no
toxicity and have fewer adverse effects. Traditional
medicinal herbs with antidiabetic properties can serve
as valuable sources for the development of safer
hypoglycaemic agents.[®"1 Plants are widely recognised
as reliable sources of therapeutic compounds, with
numerous synthetic medications derived directly or
indirectly from them.[® They serve as a viable source
of bioactive compounds, including alkaloids,
glycosides, flavonoids, and polyphenols, which
primarily exhibit antidiabetic effects through their anti-
inflammatory and antioxidant properties.®*°1 This
study aims to identify herbal molecules that could be
beneficial in the management of DM and associated
neural complications using in silico and in vitro
approaches.

Material and Methods:

Selection of herbal molecules:

A total of 100 herbal molecules were selected from the
literature that have shown potential to target various
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pathways associated with DM and CNS complications.
These  pathways  include  oxidative  stress,
neuroinflammation, and neurodegeneration. Selected
heral molecules were subjected to molecular docking
against several targets of DM, including PPAR-y,
insulin receptor (IR), and DPP-4.

Preparation of Ligands and Receptors for
Molecular Docking

The 2D structures of the selected herbal molecules
were generated using ChemDraw Ultra 7.0 and
converted to 3D structures using the MarvinSketch
tool. The AutoDock Vina 1.5.6 was used to convert the
saved 3D structure of ligands from .pdb to .pdbqgt
format and saved. Similarly, the structures of the
standard drugs were prepared and saved in .pdbqt
format.”*! The crystallized structures of the proteins,
PPAR-y (5YCP), IR (1IR3), and DPP-4 (IPFQ)
receptors, were obtained from the Protein Data Bank,
having resolutions of 2.7, 2.5, and 1.9 A, respectively.
AutoDock Vina was used to prepare the selected
protein for docking by removing unwanted residues
and water molecules, adding polar hydrogens and
charges, and saving it in .pdbqt format for analysis.
Molecular Docking

Molecular docking was performed using Auto Dock
Tools-1.5.6 software, where the prepared ligands and
standard drugs were docked with the selected target
proteins. The grid box was configured to determine the
coordinates of the proteins. The grid box was centred
at x = 25.378, y = 11.101, and z = 31.782, with
dimensions of 60 for x, y, and z. Auto-grid and auto-
dock widgets were used to prepare docking and grid
files. Docking was performed, and the results were
reported in terms of free energy (kcal/mol). The 2D
interactions of the docked results were visualized using
Discovery Studio software.[*1112]

In-Vitro Evaluation

Various in vitro assays were performed to further
validate the docking results. The best compounds
predicted from the docking analysis on the basis of
binding affinities were subjected to in vitro assays to
predict the potential of these molecules to target DM,
oxidative stress, neuroinflammation, and
neurodegeneration.

Anti-diabetic activity

a-Amylase inhibitory activity

The ability of test substances to inhibit a-amylase
activity was evaluated using the method described by
Ali et al. with slight modifications.[**] 30 pl of test
compounds at various concentrations (50-500 uM)
were mixed with 60 pl of enzyme (1U/ml prepared in
PBS; pH-6.9) and incubated for 10 minutes at 37°C in
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95-well plates. An equal volume of pure water was
added in place of the test compounds in the enzyme
control reaction. Further, the reaction was terminated
by adding 30 pl HC1 (1M) and 120 ul of 5% w/v IKI.
Absorbance was recorded at 630 nm using a UV
spectrophotometer as a measure of enzyme activity. All
experiments were conducted in triplicate. Percentage

a-amylase inhibition was calculated using the
following equation, and the 1Cso values were
determined.

% amylase inhibition = 1 — (Absorbance of test/
Absorbance of control) x 100

NBDG uptake assay
The effect of herbal molecules on glucose uptake was
determined by using a fluorescently labelled 2-NBDG
glucose analogue as per the method described by Jung
et al.l'l The glucose absorption activity of the test
compounds was assessed in L6 cells using 96-well
clear-bottom black fluorescence plates. Cell cultures at
70-80% confluence were used for the final test, where
cells were serum-starved overnight, cells were
incubated in HEPES-buffered Krebs Ringer Phosphate
Solution (KRP buffer) containing 0.1% BSA for 30
minutes at 37°C. Cells were treated with different
concentrations of the test sample (0.625-5 puM) in
glucose-free culture media at 37°C. Further, 2-NBDG
was added to the culture plates at a final concentration
of 200 pg/mL. At the end of the treatment, the
supernatant was aspirated, and 100 uL PBS was added
to each well. An inverted fluorescent microscope was
used to detect the 2-NBDG uptake by cells through
fluorescence reading, and the results were measured as
corrected total cell fluorescence (CTCF).
Antioxidant Assay
DPPH Radical Scavenging Assay
The antioxidant capabilities of the identified ligands
were assessed through  UV-spectrophotometric
analysis using 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay. This assay was performed as
per the procedures described by Mehta et al. and Chen
et al., with slight modifications.[*>¢1 To prepare the
working concentrations for the DPPH inhibition
assays, a stock solution (100 pM) of each test
compound was prepared in 95% methanol and
subsequently diluted to concentrations ranging from
0.625-5 pM. 3 ml DPPH solution (0.4 mM prepared in
95% methanol) was mixed with 1 ml solution of
different herbal molecules (test), ascorbic acid
(standard), or 95% methanol (blank). The reaction
mixture was mixed thoroughly and incubated in the
dark at 37 °C for 30 minutes. The entire experiment
was conducted in triplicate, and the absorbance of the
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reaction mixtures was recorded using a UV
spectrophotometer at 517 nm. DPPH radical
scavenging activity was calculated by using the
following equation, and the 1Cso values were
determined.
%DPPH radical scavenging =1- (Absorbance of test/
Absorbance of control) x 100
Hydroxyl radical scavenging assay
The hydroxyl radical scavenging activity of the herbal
molecules was evaluated using a modified version of
the method described by Wang et al. and Luo et al.[}718]
Herbal molecules at concentrations of 0.625, 1.25, 2.5,
and 5 pM were incubated with 2 mM EDTA-Fe (0.5
ml), 3% H20: (1.0 ml), and 0.360 mg/ml crocus in 4.5
ml sodium phosphate buffer (pH 7.4) for 30 min at
37°C. The detection of hydroxyl radicals was
performed by measuring the absorbance at 520 nm
using a UV spectrophotometer. The entire experiment
was conducted in triplicate. The hydroxyl radical-
scavenging activity was calculated by using the
following equation, and the 1Cso values were
determined.
% Hydroxyl radical scavenging =1- (Absorbance of
test/ Absorbance of control) x 100
In-vitro Neurotoxicity Assay
The impact of herbal molecules on HgCl2-induced
neurotoxicity was assessed using Neuro2A cell lines.
The evaluation employed the MTT assay as described
previously by Nagu et al.d EMEM media was used to
culture Neuro2A cells until they reached 70%
confluency. Subsequently, the growth media were
replaced with serum-free EMEM media. To this, 10 pl
solution (300 uM) of each herbal molecule was added.
An equivalent volume of PBS (pH 7.4) was utilized for
the control reaction. The culture plates were incubated
for 6 h in a humidified CO: incubator at 37°C.
Thereafter, 25 uM HgCl, was transferred to each cell
to induce neurotoxicity, and culture plates were
incubated for 24 hours in a COz incubator at 37°C. The
culture media was removed, cultures were washed with
PBS, and cell lysis was done by adding DMSO.
Absorption of the formazan was measured
spectrophotometrically at 570 nm as a measure of cell
viability. The entire experiment was conducted in
triplicate, and the percentage of neuroprotection was
calculated.
Anti-inflammatory Assay
Inhibition of protein denaturation
In vitro anti-inflammatory properties of natural
compounds were assessed by examining the ability of
herbal molecules to prevent albumin denaturation as
per the method outlined by Ullah et al., with some
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modifications.*®! The reaction mixture consisted of 1
ml of herbal compounds (0.625-5 pM; test) or
diclofenac sodium (0.625-5 pM) (standard) or distilled
water (as a blank) and 1 ml of 1% aqueous bovine
serum albumin prepared in PBS (pH 6.4). These
mixtures were incubated at 37°C for 30 minutes. This
was followed by a denaturing temperature of 57°C for
5 minutes. Each tube was subsequently cooled under
running tap water, and the absorbance was measured
spectrophotometrically at 660 nm. The entire
experiment was conducted in triplicate. Percentage
inhibition of protein denaturation was calculated using
the following equation, and I1Cso values were
determined.

Percentage inhibition = (Absorbance of control —

Absorbance of test)/ Absorbance of control) x 100
Inhibition of heat-induced haemolysis
Heat-induced haemolysis is another in vitro model to
determine the anti-inflammatory potential of test
molecules.?%?!1 Reaction mixture consisted of 5 ml
isotonic buffer having 1 mL of different concentrations
(0.625-5 pM) of test molecules and 50 pL of
erythrocyte suspension. An equal volume of vehicle
was added to the isotonic buffer in the control reaction.
Reaction mixtures were incubated at 54 °C for 20
minutes over a water bath, followed by centrifugation
at 1300 g for 3 minutes. Absorbance of the resulting
supernatant was measured at 540 nm. The percentage
inhibition of haemolysis was estimated by using the
following equation, and ICso values were determined.
%Inhibition of hemolysis = (Absorbance of control —

Absorbance of test)/ Absorbance of control) x 100
Statistical Analysis
GraphPad Prism 6 software was utilized to evaluate
statistical significance. The results were presented as
mean £ SD. To determine statistical significance, a
one-way ANOVA followed by Dunnett's multiple
comparison post hoc test was employed (* p < 0.05, p
< 0.01, and * p < 0.001) and Duncan's multiple range
test at p < 0.05.
Results and Discussion
Molecular Docking Study
A total of 100 herbal molecules were subjected to
molecular docking screening against PPAR-y, IR, and
DPP4 using Auto Dock tools. The study employed
rosiglitazone, insulin, and sitagliptin as internal
standards for PPAR-y (5YCP), IR (1IR3), and DPP4
(1PFQ), respectively. The molecules were screened
based on their binding affinity and the amino acids
involved in the ligand-receptor interaction. Our results
predicted baohuside, cyanidin-3-rhamnoside,
curcumin, chlorogenic acid, desmanthin, guaijaverin,
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glycyrrhizin, myricetin, morin, and rutin as the most
promising herbal molecules. The results of docking
interactions with PPAR-y are detailed in Table 1.
Table 1: Docking interactions of lead molecules
with PPAR-y (5YCP) and amino acids involved in
the binding interaction.

Common
Interacting
Amino Acids
ARG288,
CYS285,
GLN286,
GLU259,
GLY284,
HIS449,
LEU330,
LYS37,
PHE287,
SER289,
SER342
GLU259,
GLY284, SER
342
ARG288,
CYS285,
LEU255,
PHE287
ARG288,
CYS285,
GLY284,
HIS449,
LEU330,
PHE287,
SER289,
SER342
GLU259,
GLY284,
SER342
ARG280,
ARG288,
ILE249, ILE
341, GLY284,
PHE287,
SER342
ARG288,
LEU255,
PHE287,
SER342
GLY284,
PHE287,
SER342

Docking
Score
(kcal/mol)

S.

Molecules
No.

Rosiglitazone
(Standard)

2. | Baohuside

Cyanidin-3-
rhamnoside

4, | Curcumin -71

Chlorogenic

acid Tl

6. | Desmanthinl -10.3

7. | Guaijaverin

8. | Glycyrrhizin
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ARG288
LEU255,
SER342
GLU259,
LEU255,
SER342
ARG288,
GLY284,
PHE?287,
PHE?287,
LEU330,
SER289,
SER342

The docking analysis indicates that desmanthin and
glycyrrhizin exhibited the lowest binding energy of
—10.3 kcal/mol and —9.8 kcal/mol, respectively,
suggesting their potential to influence PPAR-y activity.
The docking score for the standard drug, rosiglitazone,
was observed to be —7.6 kcal/mol, which was
comparable to (=7.1 kcal/mol) and
chlorogenic acid (=7.1 kcal/mol). Standard drugs
demonstrated strong interaction with ARG288,
CYS285, GLN286, GLU259, GLY284, HIS449,
LEU330, LYS37, PHE287, SER289, and SER342.
Notably, the binding energy of rutin with the target
receptor was —8.1 kcal/mol and demonstrated the
highest amino-acid interactions with the receptor,
indicating its strong potential to modulate receptor
activity. The RMSD values for the herbal molecules
ranged from 0.00 to 1.0, which were comparable to
rosiglitazone, indicating good interaction.

Table 2 depicts the docking interaction results for IR
(11R3) and test molecules. Our findings indicate that
amino acids such as ALA1028, ASN1137, ASP1083,
ASP1150, GLN1004, GLY1003, GLY1005, and
GLY1082 play a significant role in the interaction of
insulin with IR. Molecules interacting with these amino
acids are predicted to effectively target IR. Morin and
rutin yield the most favourable outcomes with docking
scores of —9.00 kcal/mol and —10.1 kcal/mol,
respectively. The binding interactions of these
molecules surpassed the standard, which had a docking
score of —6.9 kcal/mol. Further, rutin and curcumin
showed strong interactions with amino acids like
ALA1028, ASP1083, ASP1150, GLN1004, LYS1030,
MET1079, MET1139, and VAL1010. Docking
interaction of other herbal molecules was observed in
the range of —7.0 kcal/mol to -8.8 kcal/mol, which was
comparable to the standard drug. The RMSD values for
the herbal molecules ranged from 0.00 to 0.94,
indicating good interaction and suggesting their
potential use on the insulin receptor.

9. | Myricetin

10. | Morin

11. | Rutin

curcumin
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DPP4 (1PFQ) is a key enzyme involved in glucose
metabolism, and the docking interactions of the test
molecules as 1PFQ are depicted in Table 3. Our results
suggest that ALA210, ALA213, ASP302, LEU214,
PHE208, PRO159, SER158, SER212, THR156,
TRP154, TRP157, TRP115, and TRP216 are the
primary amino acids involved in the interaction
between sitagliptin and the protein. Our findings
identified glycyrrhizin as the most effective ligand for
DPP4 with a docking score of -10.3 kcal/mol. The
docking scores of other herbal compounds indicated
superior interaction (-7.4 kcal/mol to -9.4 kcal/mol)
with DPP4 when compared to Sitagliptin (-6.9
kcal/mol). The RMSD values for the herbal compounds
ranged from 0.00 to 1.0, comparable to sitagliptin,
indicating a strong interaction.

Table 2: Docking interactions of lead molecules
with IR (1IR3) and amino acids involved in the
binding interaction.

Common
Interacting
Amino Acids
ALA1028,
ASP1083,
ASP1150,
GLN1004,
LYS1030,
MET1079,
MET1139,
VAL1010
ASP1083,
ASP1150,
LEU1002,
MET1076,
MET1139,
VAL1010
ASP1083,
GLN1004,
GLY1003,
LEU1002,
LYS1030,
VAL1010
ASP1083,
ASP1150,
GLN1004,
LYS1030,
MET1079,
MET1139,
VAL1010
ASP1083,
GLN1004

Docking
Score
(kcal/mol)

S.

Molecules
No.

Insulin
(Standard)

2. | Baohuside -7.3

Cyanidin-3-
rhamnoside

4, | Curcumin -7.0

Chlorogenic
acid
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GLY1005, SER158,
LYS1030, THR156,
6. | Desmanthinl -8.2 MET1139, TRP154,
SER1006, TRP157,
VAL1010 TRP215,
GLY1082, TRP216
LEU1002, PRO159,
7. | Guaijaverin -89 LYS1030, Cyanidin-3- SER158,
MET1079, 3. rhamnoside -85 THR156,
VAL1010 TRP157,
ASP1083, TRP216
.. GLN1004, THR156,
8. | Glycyrrhizin -7.9 MET1076, TRP154,
MET1139 . TRP157,
LEU1002, 4, | Curcumin -8.6 TYR120,
- LYS1030, TYR128,
9. | Myricetin 85 | MET1130, VAL155
VAL1010 Chiorogenic THR156,
GLY1082, 5. acid -74 TRP154,
LEU1002, TRP157
10. | Morin -9.0 LYS1030, LEU214,
MET1139, Desmanthin PRO159,
VAL1010 6. 1 -94 THR156TRP15
ALA1028, 7, TRP21,
ASP1083, TRP216
GLY1003, PRO159,
11. | Rutin -10.1 LEU1002, 7. | Guaijaverin 84 THR156
LYS1030, ' ' TRP157,
MET1139, TRP216
VAL1010 ALA210,
Table 3 Docking interactions of lead molecules with LEU214,
DPP4 (1PFQ) and amino acids involved in the PHE208,
binding interaction. SER212,
s Docking 8. | Glycyrrhizin -10.3 THR156
Né) Molecules Score Interacting TRP154,
(kcal/mol | Amino Acids TRP157,
) TRP215,
ALA210, TRP216
ALA213, PRO159,
ASP302, _— THR156,
LEU214, 9. | Myricetin -8.2 TRP154,
PHE?208, TRP157
 |oman | |0 o
(Standard) SER212, 10. | Morin -7.8 TRP154,
THR156, TRP157
TRP154, THR156,
TRP157, 11. | Rutin -8.3 TRP154,
TRP115, TRP157
TRP216 We analysed the screening results of docking analysis
. LEU214, based on the binding affinity, amino acids involved in
2. | Baohuside 85 PRO159, the interaction, bond length, and type of bonds. Out of
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100 screened and 10 most promising molecules to
target DM through PPAR-y, IR, and DPP-4 pathways,
we selected curcumin, chlorogenic acid, glycyrrhizin,
rutin, myricetin, and morin as the lead molecules for
further in vitro analysis.

Antidiabetic Assay

a-amylase is an enzyme that is responsible for the
conversion of complex polysaccharides into simpler
and absorbable monomeric units (D-glucose), thereby
increasing blood sugar levels. Inhibiting this enzyme is
considered a good approach to control post-prandial
blood sugar spikes during DM. There is numerous
scientific evidences where inhibition of a-amylase by
the test molecules has been demonstrated to be
promising anti diabetic candidates.?2241 In the present
study, we determined the inhibitory effect of curcumin,
chlorogenic acid, glycyrrhizin, rutin, myricetin, and
morin on a-amylase activity in terms of 1Cso values
(Figure 1).

154

e
1

1C50 Value (uM)

n
1

Fig. 1: The effect of herbal molecules on a-amylase
activity in terms of ICso values. Results are depicted
as mean + SD (n = 3) of the observed ICso values.
Different letters above the error bar represent that
the results are significantly different at p < 0.05 by
Duncan’s multiple range test.

Our results suggest that rutin is the most potent
molecule to inhibit a-amylase activity, as indicated by
the lowest ICso value. Moreover, curcumin and
myricetin also demonstrated promising results in
inhibiting a-amylase activity. These results suggest
that rutin, curcumin, and myricetin could be beneficial
in the management of DM by controlling post-prandial
blood glucose levels by inhibiting a-amylase activity.
The glucose uptake assay is another in vitro assay to
screen molecules with potential antidiabetic properties.
This method involves the use of fluorescent glucose, 2-
NBDG, which is absorbed through GLUT transporters.
Due to its fluorescent nature, its accumulation within
cells is quantified using a fluorescence microscope as a
marker of glucose uptake.?% We determined the effect
of curcumin, chlorogenic acid, glycyrrhizin, rutin,
myricetin, and morin on glucose uptake in L6 cells and
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compared the results with insulin serving as a positive
control. The results are depicted in Figure 2 in terms of
corrected total cell fluorescence (CTCF), where the
higher CTCF value suggests increased glucose uptake
and vice versa.

100+

Corrected Total Cell Fluorescence

Fig. 2: Effect of herbal molecules on 2NBDG
uptake in the Neuro2A cell lines. Results are
depicted as mean + SD (n = 3). Statistical
significance was determined by one-way ANOVA
followed by Dunnett’s multiple comparison post
hoc test at ***p <0.001, **p < 0.01, and *p <0.05
(control vs treatments).

Our results demonstrated the highest CTCF value for
insulin that was significantly (p < 0.001) higher than
the control. Rutin and curcumin demonstrated
significant (p < 0.001) improvement in 2NBDG uptake
as indicated by the higher CTCF value than control.
Results observed for rutin and curcumin were
promising and were comparable to insulin. However,
chlorogenic acid, glycyrrhizin, myricetin, and morin
failed to improve 2NBDG uptake, and the results were
comparable to the control. These findings suggest that
rutin and curcumin could be promising drug molecules
for the management of DM, which could enhance
glucose uptake during DM. These findings are
consistent with the literature reports where molecules
capable of enhancing 2NBDG uptake have been
demonstrated to be promising anti-diabetic
candidates. 62"

Antioxidant Assay

DPPH radical scavenging and hydroxyl radical
scavenging assays are the most widely used methods to
determine the antioxidant activity of herbal and
synthetic molecules. In solution, DPPH is a stable free
radical having a deep violet colour. When an
antioxidant molecule is introduced to the DPPH
solution, it reduces the DPPH molecules, resulting in a
colour change to yellow. This colour change is
determined spectrophotometrically (517 nm) as a
measure of the antioxidant potential of the test
molecules.”®!  Likewise, the hydroxyl radical
scavenging assay is based on the potential of test
compounds to neutralize hydroxyl radicals, which are

704



Rutin and Curcumin as Promising Agents for Diabetes-Associated Neurological Complications: A
Molecular Docking and In Vitro Evaluation

generated in the reaction mixture through the Fenton
reaction.[?°3% Results of the in vitro antioxidant activity
are depicted in Figure 3.

1050 Value

Fig. 3: The effect of herbal molecules on in-vitro
DPPH radical scavenging assay (A) and hydroxyl
radical scavenging assay (B). Results are depicted
as mean + SD (n = 3) of the observed I1Cso values.
Different letters above the error bar represent that
the results are significantly different at p < 0.05 by
Duncan’s multiple range test.

Our results demonstrated curcumin, morin, and rutin as
the most potent molecules in scavenging DPPH free
radicals and hydroxyl radicals. Literature suggests that
DM is associated with enhanced oxidative stress in the
CNS that leads to several complications, amongst
which neurodegeneration, ! cognitive
impairment,¥231 dementia,*4 and depression! are
the most prevalent.

Our results suggest that curcumin, morin, and rutin
have significant antioxidant activity, as indicated by
the lower ICso values. These molecules could be
beneficial in attenuating oxidative stress-mediated
complications associated with DM. Literature suggests
that curcumin relieves oxidative stress, which is
responsible for the macrovascular and microvascular
complications associated with DM, and attenuates the
insulin secretion, glucose transport pathway, DNA
damage, vascular permeability, and generation of free
fatty acids contributing to endothelial dysfunctions.!
Likewise, our results for morin and rutin are also in line
with the existing literature that suggests that these
molecules have significant antioxidant potential that is
responsible for their beneficial effects during oxidative
stress. [37:31

Anti-inflammatory Assay

Anti-inflammatory potential of curcumin, chlorogenic
acid, glycyrrhizin, rutin, myricetin, and morin was
assessed by two in-vitro anti-inflammatory assays,
inhibition of protein denaturation and inhibition of
heat-induced hemolysis. Inhibition of protein
denaturation assay is based on the ability of the test
compound to attenuate structural damage to the protein
structure, caused by physical or chemical stress, which
is associated with inflammatory conditions.
Denaturation of proteins leads to the formation of auto-
antigen and contributes to inflammation-mediated
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complications.*¥ Likewise, inhibition of heat-induced
hemolysis is another in vitro method to screen the anti-
inflammatory potential of test molecules. This assay is
based on determining the potential of the test substance
to stabilize the plasma membrane of red blood cells
(RBCs) when exposed to elevated temperatures,
thereby preventing or reducing hemolysis. Heat
exposure destabilizes and disrupts RBC membranes,
mimicking the lysis of lysosomal membranes during
inflammation.*IResults of the in vitro anti-
inflammatory activity are depicted in Figure 4.

1050 Value (uM)

1CS0 Value (uM)

Fig. 4: The effect of herbal molecules on in vitro
inhibition of protein denaturation (A) and
inhibition of heat-induced hemolysis (B). Results
are depicted as mean = SD (n = 3) of the observed
ICso values. Different letters above the error bar
represent that the results are significantly different
at p < 0.05 by Duncan’s multiple range test.

Our results demonstrated rutin to be the most potent
anti-inflammatory molecule, having the lowest I1Cso
value in both studies. Moreover, curcumin and
myricetin also demonstrated good anti-inflammatory
potential, but had higher 1Cso values than rutin.
Literature suggests that DM is associated with
enhanced inflammatory stress in the CNS that leads to
several complications, amongst which
neurodegeneration,*  cognitive  impairment, 242,
dementia,[*?l and depression®! are the most prevalent.
Our results suggest that rutin, curcumin, and myricetin
have significant anti-inflammatory activity, as
indicated by the lower 1Cso values. These molecules
could be beneficial in attenuating inflammatory stress-
mediated complications associated with DM. Our
findings are consistent with the recent literature reports
where rutin has been demonstrated to have significant
anti-inflammatory potential to attenuate inflammation-
mediated complications.®3#1  Likewise, the anti-
inflammatory potential of curcumin and myricetin to
attenuate various complications has also been
reported, 547 consolidating our findings

Cell Viability Assay

HgClz is a recognized neurotoxin and is known to
inflict neuronal damage through apoptosis, necrosis,
and cytoskeleton damage. We used HgCl: to inflict
neurodegeneration in Neuro2A cell lines and evaluated
the neuroprotective potential of herbal compounds in
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terms of percentage of cell viability. Results of the
effect of herbal molecules on HgClz-induced
neurodegeneration are depicted in Figure 5.

% Cell Viability

Fig. 5: Effect of herbal molecules on HgCle-
induced neurodegeneration in terms of percent cell
viability. Results are depicted as mean + SD (n =
3). Statistical significance was determined by one-
way ANOVA followed by Dunnett’s multiple
comparison post hoc test at “*#p < 0.001 (control vs
HgClz) and ***p < 0.001, **p < 0.01, and *p < 0.05
(HgCl2 vs treatments).

Our results suggest that HgCl. inflicted significant
neurodegeneration, as the cell viability was
significantly lower when compared to the control.
Treating these cells with herbal molecules improved
cell viability, suggesting neuroprotective effects. Our
findings suggest that curcumin and rutin are the most
promising molecules. Treating Neuro2A cells with
curcumin and rutin significantly improved cell viability
and attenuated neurodegeneration in a dose-dependent
manner. Although improvement in cell viability was
also observed for other molecules, the results were not
as promising as those observed for curcumin and rutin.
Our findings are consistent with the literature, where
HgClz  is  known to induce  significant
neurodegeneration in cell lines.[ Moreover, literature
suggests that herbal molecules capable of inhibiting
HgClziinduced  neurodegeneration could be a
promising candidate for the management of CNS
complications.[ Our results for curcumin and rutin are
in line with the literature, where these molecules have
been reported to possess the potential to mitigate
neurodegeneration.[*8%1 These results suggest that
rutin and curcumin could be promising molecules to
attenuate DM and associated neurodegeneration.

Conclusion

The present work was focused on identifying herbal
molecules that could not only be beneficial for the
management of DM, but also could target various
pathways associated with the development of DM
mediated neurological complications. For this, a
combination of molecular docking and an in vitro
screening approach was followed. Our findings
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demonstrated rutin, curcumin, and myricetin to be the
most promising herbal molecules. These molecules
demonstrated good interaction with PPAR-y, IR, and
DPP-4 receptors in docking studies. Moreover, these
molecules demonstrated significant antidiabetic
activity (inhibited a-amylase and enhanced glucose
uptake), promoted neuronal survival, prevented
neurodegeneration, and demonstrated excellent
antioxidant and anti-inflammatory activities. Based on
these findings, we propose that rutin, curcumin, and
myricetin could be beneficial in the management of
DM and associated complications by targeting glucose
homeostasis, neurodegeneration, oxidative stress, and
inflammatory stress. However, these findings are
preliminary and need further experimental validation
through in vivo and clinical studies. Based on our
findings, we propose rutin, curcumin, and myricetin as
promising lead molecules for the management of DM
and associated neurological complications.
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