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Abstract: Objectives: Diabetic nephropathy (DN) is one of the most prevalent secondary complications associated
with diabetes mellitus. Decades of research have implicated multiple pathways in the etiology and pathophysiology
of diabetic nephropathy. There has been no reliable predictive biomarkers for the onset or progression of DN and
no successful treatments are available. Methods: In the present study, we explored the datasets of RNA sequencing
data from patients with Type Il diabetes mellitus (T2DM)-induced nephropathy to identify a novel gene signature.
We explored the target bioactive compounds identified from Azanza garckeana, a medicinal plant commonly used
by the traditional treatment of diabetes nephropathy. Results: Our analysis identified lymphotoxin beta (LTB), SRY-
box transcription factor 4 (SOX4), SOX9, and WAP four-disulfide core domain protein 2 (WFDC2) as novel signatures
of T2DM-induced nephropathy. Additional analysis revealed the pathological involvement of the signature in cell-
cell adhesion, immune, and inflammatory responses during diabetic nephropathy. Molecular docking and dynamic
simulation at 100 ns conducted studies revealed that among the three compounds, Terpinen-4-ol exhibited higher
binding efficacies (binding energies (AG) = -3.9~5.5 kcal/mol) against the targets. The targets, SOX4, and SOX9
demonstrated higher druggability towards the three compounds. WFDC2 was the least attractive target for the com-
pounds. Conclusion: The present study was relevant in the diagnosis, prognosis, and treatment follow up of patients
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with diabetes induced nephropathy. The study provided an insight into the therapeutic application of the bioactive
principles from Azanza garckeana. Continued follow-up invitro validations study are ongoing in our laboratory.
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Introduction

Diabetes is one of the most common chronic
metabolic diseases. Over 10.5% (536.6 million
people) of the world’s adult population are liv-
ing with diabetes. It was estimated to rise to
12.2% (783.2 million) in 2045 [1]. The 2021
global expenditures of diabetes were estimat-
ed at 966 billion USD, and are projected to
reach 1,054 billion USD by 2045 [1]. The global
increase incidence of DM is concomitantly
associated with increased diabetic complica-
tions, such as neuropathy, retinopathy, and
nephropathy [2-5]. These complications dem-
onstrate that diabetic nephropathy (DN) is the
most destructive. It is the leading cause of end-
stage renal disease in the developed world [6],
and causes significant mortality and morbidity
[4, 7]. Despite the substantial public health bur-
den associated with DN and decades of deep
research, a number of unmet needs remain.
The molecular pathogenesis is poorly under-
stood and there are no efficient therapeutic
strategies to avoid, slow, or reverse the devel-
opment and progression of diabetic nephropa-
thy [8] other than regulation of the glucose lev-
els, blood pressure, and lifestyle interventions
which in most cases are less successful [9, 10].
Identifying a biomarker of genetic alteration
that is associated with the susceptibility of DN
in humans has been challenging [6, 11]. There
is an urgent need for new biomarkers to stratify
the risk of DN among patients with DM and to
develop curative treatments strategies.

The recent increase in technology, integration
of systems biology approaches, and evolving
data from genomics studies, should enable
proper biomarker identification [6]. In the pres-
ent study, a unique NCI repository of clinical
datasets of RNA sequencing data from tissue
biopsies of type Il diabetes patients with diabe-
tes nephropathy were explored to identify a
novel signature of diabetes nephropathy. We
conducted subsequent bioinformatics analysis
to identify genetic perturbation associated with
this novel signature over the course of diabetes
nephropathy.

Azanza garckeana a member of the Malvaceae
family commonly known as Goron Tula has
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been extensively used as an herbal remedy for
the treatment of diabetes and its associated
complications [12]. Our previous studies have
validated the antidiabetics, and attenuation
effects of this plant extract against oxidative
stress, inflammation, neuronal complications,
and hepato-nephropathy in the experimental
model of diabetes [13, 14]. Several other
medicinal properties of this plant have been
reported in the literature [15-18]. Considering
the traditional reputation of this plant in the
management of diabetes [19], and our experi-
mental validation of its effectiveness, we evalu-
ated the target bioactive compounds from
extract of this plant against the novel signature
using computational approaches including
molecular docking and dynamics simulation.
Molecular docking and simulation are struc-
ture-based modeling of binding interactions
between a target protein molecule and a drug
candidate [20-23]. Providing an insight into
the behavior and mechanism of the drug activ-
ity in the binding site of target. This research
provided an insight into novel signature of
T2DM-induced nephropathy and its therapeutic
potency of bioactive compounds from Azanza
garckeana. The present study was relevant in
the diagnosis, prognosis, and treatment follow
up of patients with diabetes induced nephropa-
thy. Follow-up invitro validations studies are on-
going in our laboratory.

Materials and methods

Acquisition of transcriptomic datasets and
identification of differentially expressed genes
(DEGSs) associated with diabetic nephropathy

High-throughput sequencing and transcrip-
tomic microarray-based datasets (GSE30122,
GSE30529, GSE25724, and GSE30528) of
diabetic hepatopathy/nephropathy and nor-
mal tissue samples (controls), were retrieved
from the Gene Expression Omnibus database.
The datasets respectively consisted of 19
and 50 (GSE30122); 10 and 12 (GSE30529);
seven and six (GSE25724); and nine and 13
(GSE30528) samples from diabetic hepato-
pathic/nephropathic and normal tissues. The
differentially expressed analysis package Lim-
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ma was used for the analysis of DEGs between
diabetic hepatopathic/nephropathic and nor-
mal tissues from each database. The threshold
value for DEGs was selected as a p value of
<0.05 and |log2 fold change (FC)| of >1.

Functional enrichment and pathways analysis
of type 2 DM (T2DM) hub genes

A gene ontology (GO) function analysis was con-
ducted to annotate DEGs from molecular func-
tions (MFs) and biological processes (BPs). A
Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was con-
ducted to annotate DEG pathways. Enrichment
analyses were conducted using the Enrichr
and STRING servers. All enriched terms were
selected based on a false discovery rate
(FDR)-adjusted p value of <0.05. Enrichment
results were visualized using the enrichment
plot module of ImageGP and are displayed in
the form of dot plots.

Protein-protein interaction (PPI) analysis of
T2DM hub genes

A PPI network of DEGs in T2DM was estab-
lished using the Search Tool for the Retrieval
of Interacting Genes (STRING) server version
11.5. DEGs were imported into multiple protein
modules of the server, and the analysis was
conducted based on software default parame-
ters. The degree of connectivity of the DEGs at
each node in the network was calculated by a
connectivity analysis. Core genes in the interac-
tions were defined as T2DM hub genes and
were selected based on genes with a high node
degree (=20 node degrees).

Plant extraction and gas chromatography-
mass spectrometry (GC-MS) analysis

The pulp of Azanza garckeana was collected in
the month of June 2021 from Tula village, in
Gombe State, Nigeria. It was authenticated at
the Biological Science Department, Alex Ebonyi
State, University Nigeria, and voucher identity
was deposited. The pulp was air-dried, pulver-
ized, and was extracted with methanol by mac-
eration [18]. The methanol extracted was sub-
sequently fractionated with hexane, chloroform,
and ethyl-acetate. The ethyl-acetate fraction
of A. garckeana was subjected to characteriza-
tion using GCMS analysis [24]. The most abun-
dant compounds were explored for therapeutic
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targeting the novel gene signature of T2DM-
induced nephropathy in the silico model.

Ligand receptor interaction studies (molecular
docking)

The crystal structure of lymphotoxin beta re-
ceptor (LTBR) was downloaded from PDB (ID:
4AMXW). The grid box size was built of 200 x
150 x 126 points in the X, y, and z directions,
and the center was located at x = -37.3, y =
-22.6, and z = -248.7. The crystal structure of
SRY box transcription factor 4 (SOX4) was
downloaded from PDB (ID: 3U2B) [25]. The grid
box size was built of 126 x 126 x 88 points in
the x, y, and z directions, and the center was
located at x = 14.4,y =-4.6, and z =-2.1. The
crystal structure of SRY box transcription factor
9 (SOX9) was downloaded from PDB (ID: 4EUW).
The grid box size was built of 126 x 70 x 120
points in the x, y, and z directions, and the
center was located at x = -17.2, y = -20.9, and
z = 14.4. WAP four-disulfide core domain pro-
tein 2 (WFDC2) was simulated by modeling.
The three-dimensional (3D) structures of the
ligands were obtained in mol2 format [26], and
converted to PDB and subsequently PDBQT
files using AutoDock Vina [27]. A blind docking
protocol using AutoDock Vina (version 0.8) [27]
default settings were adopted for molecular
docking study. Protocols described in previous
studies [22, 28-30] were adopted for ligand
and receptor preparations prior to docking
[30-32].

MD simulations and trajectory analysis

The molecular dynamic studies of the best do-
cking posed complex (LTBR:Squalene, SOX4:
Terpinen-4-ol, SOX9:Squalene, and WFDC2:
2,6-Di-tert-butyl-p-cresol) were conducted by
using Schrodinger 2022 version 1 with Maestro
version 13.1.137, MM share version 5.7.137,
and Windows-x64 Platform as described in pre-
vious studies [33-37]. The MD analysis was
done in replicate to avoid variation.

Results

Identification of a novel gene signature for
diabetic nephropathy

Volcano plots of DEGs between diabetic nephro-
pathic tissues and normal control tissues are
shown in Figure 1A. Based on the cutoff crite-
ria, totals of 181, 562, 73, and 167 upregulat-
ed DEGs in diabetic nephropathy were res-
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Figure 1. Identification of differentially expressed genes (DEGs) from transcriptomic datasets of diabetic hepatopathy/nephropathy. A. Volcano plots of DEGs be-
tween diabetic nephropathic tissues and normal control tissues. B. Venn diagram of DEGs integrated from the four datasets. C. Venn diagram of DEGs integrated
from three datasets. D. Detailed gene list from each integration.
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pectively identified from the GSE30122, GSE-
30529, GSE25724, and GSE30528 datasets.
By integrating the DEGs from these datasets,
four significant co-expressed DEGs (LTB, SOX4,
SO0X9, and WFDC2) were shared by the four
datasets as shown in a Venn diagram (Figure
1B). The 99 DEGs were co-expressed in three
of the datasets (GSE30122, GSE30528, and
GSE30529; Figure 1C). The detailed gene list is
provided in Figure 1D. These DEGs were sub-
jected to subsequent network and enrichment
analyses to identify T2DM hub genes and their
roles in diabetes-induced hepatopathy/nep-
hropathy.

PPI network and pathway enrichment of T2DM
hub genes

The PPI network produced totals of 96 nodes,
481 edges, 10 average node degrees, 0.553
average local clustering coefficients, and a PPI
enrichment p value of <1.0e-16. From PPI net-
work interactions, 17 T2DM hub genes (=20
node degrees) were identified, including ITGB2,
TYROBP, FN1, IL10RA, CCR2, C1QB, CD53,
LY86, C1QA, PLEK, CD48, FYB, CD44, CCL5,
CD2, IRF8, and LAPTMS5 (Figure 2A). Enrich-
ment analyses revealed that T2DM hub genes
were enriched in KEGG pathways including
complement and coagulation cascades, per-
tussis, extracellular matrix (ECM)-receptor
interactions, phagosomes, focal adhesion,
hematopoietic cell lineages, primary immuno-
deficiencies, systemic lupus erythematosus,
cytokine-cytokine receptor interactions, cell
adhesion molecules, rheumatoid arthritis, the
Wnt signaling pathway, the nuclear factor (NF)-
KB signaling pathway, the phosphatidylinositol
3-kinase (PI3K)-Akt signaling pathway, leuko-
cyte transendothelial migration, and chemo-
kine signaling pathway (Figure 2B). T2DM hub-
gene enrichment processes included nephron
tubule formation, kidney development and mor-
phogenesis, and triglyceride metabolic pro-
cesses associated with cell adhesion, immune,
and inflammatory responses (Figure 2C, 2D).
Our analysis strongly suggested that pathologi-
cal roles of T2DM hub genes in diabetic ne-
phropathy were associated with cell-cell adhe-
sion, immune, and inflammatory responses.

Characterization of previously validated anti-
diabetic bioactive fraction (ethyl-acetate) frac-
tion of A. garckeana

Based on our pilot in vivo study, the ethyl-ace-
tate fraction of A. garckeana exhibited the most
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significant protection against diabetes-induced
dyslipidemia, hepatopathy, and nephropathy.
We characterized its bioactive constituents and
revealed the presence of various bioactive con-
stituents. The most abundant compounds that
were present were 2,6-Di-tert-butyl-p-cresol
(20.57%), spinacene (17.74%), and terpinen-
4-ol (6.81%) and may have been responsible
for the bioactivity of this fraction. Other com-
pounds identified included; y-Terpinene, linalo-
ol, limonene, caryophyllene, trans-a-Bergamo-
tene, «a-Farnesene, [B-Bisabolene, 9,12-Octa-
decadienoic acid (Z,Z)-methyl ester, pentadec-
anoic acid, 14-methyl-, methyl ester, and meth-
yl elaidate. The major compounds identified
based on their molecular weight, molecular for-
mula, retention time (RT), peak area percent-
age, and the class of bio activities is presented
in Table 1. The chromatogram is shown in
Figure 3. The compounds were subjected to
molecular docking studies to analyze their tar-
geting the novel T2DM hub-gene signature of
diabetic nephropathy.

Exploring the therapeutic bioactive com-
pounds for targeting the novel T2DM hub-gene
signature of diabetic nephropathy

Our molecular docking analysis revealed that
2,6-Di-tert-butyl-p-cresol, spinacene and ter-
pinen-4-ol docked to different interacting
amino acid residues of the target proteins and
at different binding affinities (Figures 4-7;
Tables 2, 3). The protein-ligand interaction pro-
file of the spinacene, 2,6-Di-tert-butyl-p-cresol,
and terpinene-4-ol against the target proteins
are presented in Table 3. The targets, SOX4
and SOX9 demonstrated higher druggability
towards the three compounds. WFDC2 was
the least attractive target for the compounds
(Table 2). The interaction of LTB involved sev-
eral Van der Waals forces, conventional hydro-
gen bond, alkyl, Pi-pi stacked, and Pi-sigma
interaction with spinacene (ARG61, GLUQO,
HIS91, TRP92, ASN93, THR96, GLN99, TYR94,
LEU95, ILE9T), 2,6-Di-tert-butyl-p-cresol (CYS-
43, GLN46, TYR50, TYR94, TYR51, PR0O53),
and Terpinen-4-ol (GLN46, GLU49, TYR50,
ARG61, TYR51, TYR94, TYR51). The higher Van
der wall forces can be attributed to the higher
binding affinity of LTB to spinacene (-4.7 kcal/
mol), and 2,6-Ditert-butyl-p-cresol (-4.6 kcal/
mol) when compared to Terpinen-4-ol which
has the least binding affinity (-3.9 kcal/mol).

SOX4 interacted by its AA residues; MET7,
ASNS8, LYS49, GLU57, ARG60, ALA9, PHE10,

Am J Transl Res 2023;15(7):4504-4520



Identification of novel signature of T2DM-induced nephropathy

-]

Glycosaminoglycan binding
Extracellular matrix struc.
Heparin binding

Antigen binding

Collagen binding

Serin endopeptidase inhibitor
Cysteine endopeptidase inhibitor
Complement binding
Signaling receptor binding
Signaling receptor activity
Protein containing complex
Endopeptidase inhibitor

4509

Molecular Function

FDR

® 001
@ 002
@ o003
@ oo

strength

1.25
1.00

0.75

L 050

Complement and coagulation cascade :

KEGG Pathways

Focal adhesion ¢
Pertussis *
ECM-receptor interaction :
Phagosome .
Cytokine-cytokine receptor
P13k-AKT signaling O
Hematopoietic cell lineage e
Systemic lupus erythematosus °
Cell adhesion molecule { 12
Whnt signaling 10
Chemokine signaling 08
Primary immunodeficiency { e [
Rheumatoid arthritis { ®
NF-kb signaling{ ®
Leukocyte transendothelial migration

FDR

@ 001
@ o002
@ oo

strength

Biological Process
Immunological synapse .
Regulation of TGFB .
Neuron remodeling .
Triglyceride Metabolism
Nephron tubule formation
Kidney morphogenesis
Cell-cell adhesion by integrin
Dendritic cell chemotaxis
Leukocyte cell-cell adhesion
Superoxide anion gen. 400
T cell chemotaxis 300
Complement activation . L 200
Extracellular matrix org.
Inflammatory response

Pvalue

@® 0.005
@ 0010
@ o015
@ o020

SCORE

20 40 60

Am J Transl Res 2023;15(7):4504-4520



Identification of novel signature of T2DM-induced nephropathy

Figure 2. Functional enrichment and network pathways analysis of type 2 diabetes mellitus (T2DM) hub genes. (A)
The constructed protein-protein interaction (PPI) network. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment. (C) Gene ontology (GO) molecular functions and (D) biological processes of T2DM hub genes.

Table 1. Compounds identified from the gas chromatography-mass spectrometry (GC-MS) analysis of
the ethyl-acetate fraction of Azanza garckeana

RT Area% Compound MF MW (g/mol) C%'rispsoejn‘;fs
3.663 0.27 Limonene CoHis 136.23 monoterpene
3.995 0.12 y-Terpinene CoHis 136.23 monoterpene
4.545 0.65 Linalool C,H. g0 154.25 monoterpene
5.723 6.81 4-Carvomenthenol C,H.g0 154.25 monoterpenes
8.192 0.64 Eugenol C,H.,0, 164.2 terpenes
9.049 0.82 Caryophyllene CsH,, 204.35 sesquiterpene
9.215 0.75 trans-a-Bergamotene CsH,, 204.35 sesquiterpene
9.915 0.56 a-Farnesene C,H,, 204.35 sesquiterpenes
10.117 0.55 B-Bisabolene C,H,, 204.35 sesquiterpenes
10.185 20.57 2,6-Di-tert-butyl-p-cresol C,H,,0 220.35 phenol
14.652 3.69 Pentadecanoic acid, 14-methyl-, methyl ester  C,_H,0, 270.5 fatty acid ester
15.005 0.06 n-Hexadecanoic acid C,H,,0, 256.42 fatty acid
16.271 3.22 9,12-Octadecadienoic acid (Z,Z)-methyl ester  C,H.,0, 294.479 fatty acid ester
16.323 2.96 Methyl elaidate C,oH360, 296.5 fatty acid ester
16.551 0.92 Methyl stearate C,oH30, 298.504 fatty acid
18.409 17.74 Spinacene C,oHgo 410.7 triterpene

RT = retention time; MF = molecular formula; MW = molecular weight; PA = peak area.
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Figure 3. Gas chromatography-mass spectrometry (GC-MS) chromatogram of the ethyl-acetate fraction of Azanza
garckeana.
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Figure 6. Three-dimensional (3D) and two-dimensional (2D) views of receptor-ligand interactions between the protein target lymphotoxin beta (LTB) and ligands:
terpinen-4-ol, 2,6-Di-tert-butyl-p-cresol, and spinacene.
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Figure 7. Three-dimensional (3D) and two-dimensional (2D) views of receptor-ligand interactions between the protein target WAP four-disulfide core domain 2
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Table 2. Molecular docking-based binding affinities (AG) of bioactive compounds from the ethyl-ace-
tate fraction of Azanza garckeana for targeting the novel type 2 diabetes mellitus hub-gene signature
of diabetic nephropathy

MW AG (kcal/mol)
Compound Compound CID MF Abundance (%)

(g/mol) SOX4 SOX9 LTB WFDC2
2,6-Di-tert-butyl-p-cresol CID: 31404 CH,,0 220.35 20.57 47 5.0 -4.6 -4.8
Spinacene CID: 638072 C,Hyo 410.7 17.74 45 52 -47 -3.6
Terpinen-4-ol CID: 11230 C,H,O0 154.25 6.81 55 45 -39 42

MF, molecular formula; MW, molecular weight; SOX4, SYR boxtranscription factor 4; LTB, lymphotoxin beta; WFDC2, WAP four-
disulfide core domain 2. The lowest free binding energies were calculated by the AutoDock Vina program.

Table 3. The protein-ligand interaction profile of analysis of the spinacene, 2,6-Di-tert-butyl-p-cresol,
and terpinene-4-ol against the target proteins

Targets/ Interacting amino acid residues

Ligands  squalene 2,6-Di-tert-butyl-p-cresol Terpinen-4-ol

LTBR 3(ARG61, GLU9O, HIS91, TRP92, 3(CYS43, GLN46, TYR50,  %(GLN46, GLU49, TYR50,
ASN93, THR96, GLN99), {(TYR94, TYR94), (TYR51, PRO53)  ARG61), ®(TYR51, TYRO4),

LEU95, ILE97)

SOX4 3(MET7, ASNS8, LYS49, GLU57,
ARG60), °(ALA9, PHE10, TRP41,
ILES3, ALA56)

SOX9 °(PRO108, MET109, ASN110,

3(ASN8, MET11, GLY38),
(PHE10, TRP41)

3(ASN110, MET113,

(TYR51)

3(GLY1, TYR70, LYS71), *(HIS2,
ILE3), (TYR72, ARG73, PRO74),
4(ILE3)

3(PRO170, TYR172), ¢(PRO108,

TRP143, GLU148, GLU156, GLU159), SER136, LYS137, GLY140), ARG162, HIS165, LYS166,

°(ALA111, LYS151, ARG152, VAL155, ¢(PHE112, TRP143)

ALA158, ARG162)

WFDC2  *(ASP75, GLY78, SER79, GLN82,
VAL99, ASP100, LYS108, CYS109),

TYR174), 4(HIS169)

2(ASN86, PRO88, ASN112, ?(PRO81, VAL83, ASN86,
SER118, CYS119,

ASN112, SER118, CYS119,

¢(CYS80, CYS110, ARG111, VAL117) THR121), (PRO81, VAL120) THR121), ((VAL120)

aVan der Waals; "Conventional hydrogen bond; Alkyl or Pi-alkyl, Pi-pi stacked, Pi-sigma; ¢Others.

TRP41, ILE53, and ALA56 (spinacene), ASNS,
MET11, GLY38, PHE10, TRP41 (2,6-Di-tert-
butyl-p-cresol), and terpinene-4-ol (GLY1, TYR-
70, LYS71, HIS2, ILE3, TYR72, ARG73, PRO74,
and ILE3). These interactions, resulted in bet-
ter binding efficacy of terpinene-4-ol (-5.5 kcal/
mol) to SOX4 when compared to other ligands
(Tables 2, 3). The interacting residues of
WFDC2 and SOX9 are presented in Table 3.
SOX4 demonstrated a higher binding sensitivity
to the ligands (-4.5 to -5.5 kcal/mol). WFDC2
(-3.6 to -4.8 kcal/mol) exhibited the least inter-
action affinities (Table 2).

Molecular dynamic simulation of ligand-target
complexes

The molecular dynamic simulation of ligand-
target complex was conducted. In this simula-
tion study, the RMSD from Figure 8 illustrated
that the SOX4-Terpinen-4-ol complex had a
higher RMSD. It displayed large fluctuations in
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RMSD trend, indicating complex flexibility.
SOX9-Squalene and WFDC2-2,6-Di-tert-butyl-
p-cresol complexes show a similar trend of
RMSD with little fluctuation patterns that tend
to increase at 0-30 ns and between 60-100 ns.
LTBR-Squalene complex demonstrated higher
stability with very little deviation at the early
stage of simulation (0-20 ns) after which at-
tained equilibrium until the end of the simula-
tion period (Figure 7). This desirable RMSD
suggests the stability of the ligand in the target
protein cavity. The degree of mobility in a bio-
logical system can be indicated by the Rg pro-
file. The WFDC2-2,6-Di-tert-butyl-p-cresol, and
SOX4-Terpinen-4-ol had the smallest rGyr mean
value of 2.91, and 2.44 respectively and were
stable from the onset and throughout the 100-
ns simulation period. LTBR-Squalene complex
and SOX9-Squalene complex had a high mean
Rg pattern which fluctuated throughout the
simulation period. Our SASA analysis showed
that LTBR-Squalene complex exhibited the

Am J Transl Res 2023;15(7):4504-4520



Identification of novel sighature of T2DM-induced nephropathy

——LTBR-638072
—— S0OX4-5325830
—— WFDC2-31404
—— SOX9-638072

. _____RMSD

40 60
Time (ns)

RMSF

10 T T

——LTBR-638072
—— S0X4-5325830
—— WFDC2-31404

8 —— S0X9-638072

L] T T T L]
0 20 40 60 80 100 120 140 160
Time (ns)

80 100

SASA (B?)
g

Radius of Gyration

——LTBR-638072
—— S0X4-5325830
—— WFDC2-31404
8 —— SOX9-638072
74
—~6 R
<
5,
Q5
4 - -
3 2
2 T T T T
0 20 40 60 80 100
Time (ns)
- . _SASA

~——LTBR-638072
—— S0X4-5325830
—— WFDC2-31404
—— SOX9-638072

1000

800

- . - . |
0 20 40 60 80 100
Time (ns)

Figure 8. MD analyses of LTBR-638072 (LTBR-Squalene complex), SOX4-5325830 (SOX4-Terpinen-4-ol complex),
S0X9-638072 (SOX9-Squalene) and WFDC2-31404 (WFDC2-2,6-Di-tert-butyl-p-cresol complex) showing the RMSD
graphical illustration, RMSF plot, rGyr representation, and SASA diagram. All MD simulations were performed by

using Schrédinger version 2022_1.

most stable SASA profiles with mild deviation
demonstrating a rigid and stable profile. The
high fluctuating trend in SASA observed in
SOX9-Squalene and SOX4-Terpinen-4-ol com-
plex suggested protein expansion and loose
binding of receptor to the ligand. LTBR-Squal-
ene complex had the least RMSF value of 1.27
(Table 1) suggesting its rigidity. The higher
mean RMSF of SOX4-Terpinen-4-ol complex
imply more flexibility throughout the MD
simulation.

Discussion

Diabetic nephropathy (DN) is one of the most
prevalent and most destructive secondary
complications associated with diabetes melli-
tus. It is a leading cause of end-stage renal dis-
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ease in the developed world [6] causing signifi-
cant mortality and morbidity [4, 7]. Decades of
research have implicated multiple pathways in
the etiology and pathophysiology of diabetic
nephropathy. There has been no reliable pre-
dictive biomarkers for the onset or progression
of DN and no successful treatments are avail-
able. This unmet clinical need calls for an
urgent need for new biomarkers to stratify risk
of DN among patients with DM and to develop
appropriate therapeutic strategies.

The present study takes a crucial step towards
achieving this goal by identifying a novel gene
signature whose deregulatory expression pre-
cisely stratifies patient samples with diabetic
nephropathy progression and by analyzing their
pathways interactions [9]. Identifying this novel
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signature by integrating deregulatory genes
from multiple RNA sequencing datasets from
patients with T2DM induced nephropathy will
lead to results providing novel insight into
the pathogenesis of DN, and identify biomark-
ers of DN as a therapeutic target. Our initial
analyses of these datasets identified a total of
181, 562, 73, and 167 upregulated DEGs that
can account for the differences in their clinical
course of the different datasets. Integration of
these DEGs resulted in a four significant co-
expressed DEGs (LTB, SOX4, SOX9, and WFDC?2)
by the four datasets of DN.

The novel gene signature in DN were enriched
with signaling pathways involved in ‘cell-cell
adhesion’, ‘immune response’ and ‘inflamma-
tory response’. The enriched cytokine-cytokine
receptor interaction observed with the hub
genes have been previously implicated in the
initiation and progression processes of diabet-
ic nephropathy [38]. These immune response
and inflammation genes, WFDC2, LTB, and
SOX9 are of particular interest. WFDC2 contrib-
utes to EMT by activating AKT signaling path-
way and regulating MMP-2 expression [39]. It
has been reported to regulate immune sup-
pression [40]. Nakagawa et al. [41] identified
SOX9 and WFDC2 as a molecular markers of
tubulointerstitial fibrosis and tubular cell dam-
age in patients with chronic kidney disease. A
microarray analysis revealed elevated kidney
expression levels of WFDC2 in patients who
undergo renal transplant [42]. Increased ex-
pression of WFDC2 in myofibroblasts from
mouse kidneys has been reported to mediate
renal fibrosis [43]. It has been reported that the
increased expression of SOX9 correlated with
the extent of histopathology detected in renal
biopsies [41]. LTBR can activate NF-kB path-
ways that promote renal inflammation and has
been regarded as a therapeutic target in renal
inflammation [44]. These previous findings
strengthen our findings that WFDC2 and SOX9
were associated with the progression of DN
and that target inhibition can provide attrac-
tive strategies for the treatment of diabetes
nephropathy. The results of the present study
provide vital information for the development of
novel diagnostic tools and therapeutic agents
to predict and prevent DN. More experimental
studies are needed to determine how the novel
gene signature influences the initiation and
progression of DN.

We explored the target of bioactive compounds
identified from Azanza garckeana, a medicinal
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plant commonly used by the traditional treat-
ment of diabetes. Molecular docking is a struc-
ture-based modeling of binding interactions
between a target protein molecule and a ligand
small molecule for targeted inhibition [20-23].
It provides an estimate of the binding efficacy
of the drug candidate to the target molecule,
and hints at the behavior of small-molecule
drugs in the binding site of target proteins and
possible mechanistic roles of drug candidates
[45-49].

Our molecular docking analysis revealed that
among the three compounds, Terpinen-4-ol
exhibited higher binding efficacies (binding
energies (AG) = -3.9~5.5 kcal/mol) against the
targets. The targets, SOX4 and SOX9, demon-
strated higher druggability towards the three
compounds. WFDC2 was the least attractive
target for the compounds (Table 2). Analysis of
the ligand interaction complex revealed that
the 2,6-Di-tert-butyl-p-cresol, spinacene, and
terpinen-4-ol were bound to the targets by
alkyl, van der Waals, hydrophobic, and pi inter-
actions. The molecular docking and dynamic
analysis suggested the therapeutic bioactive
compounds particularly Terpinen-4-ol from the
ethyl-acetate fraction of A. garckeana for tar-
geting the novel T2DM hub-gene signature of
diabetic nephropathy. The results of the pres-
ent study strongly suggest the application of A.
garckeana for the effective treatment of dia-
betic nephropathy. The ethyl-acetate fraction of
this plant represents a reserve of candidates
for developing new drugs.

The present study was relevant in the diagno-
sis, prognosis, and treatment follow up of
patients with diabetes induced nephropathy.
The study provided an insight into the thera-
peutic application of the bioactive principles
from Azanza garckeana. Follow-up invitro vali-
dations studies are on-going in our laboratory.

Conclusions

In conclusion, the present study identified a
novel signature of T2DM-induced nephropathy
which was relevant in the diagnosis, prognosis,
and treatment follow up of patients with diabe-
tes induced nephropathy. Molecular docking
and dynamics simulation revealed the affinities
and therapeutic application of bioactive com-
pounds from Azanza garckeana. Follow-up invi-
tro validations studies are on-going in our
laboratory.
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