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ARTICLE INFO ABSTRACT
Keywords: Network pharmacology is an emerging field which is currently capturing interest in drug discovery and devel-
Network pharmacology opment. Chronic kidney conditions have become a threat globally due to its associated lifelong therapies.
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Nephrotic syndrome (NS) is a common glomerular disease that is seen in paediatric and adult population with
characteristic manifestation of proteinuria, oedema, hypoalbuminemia, and hyperlipidemia. It involves podocyte
damage with tubulointerstitial fibrosis and glomerulosclerosis. Till date there has been no specific treatment
available for this condition that provides complete remission. Repurposing of drugs can thus be a potential
strategy for the treatment of NS. Recently, epigenetic mechanisms were identified that promote progression of
many renal diseases. Therefore, in the present study, we investigated two epigenetic drugs valproic acid (VPA)
and all-trans retinoic acid (ATRA). Epigenetic drugs act by binging about changes in gene expression without
altering the DNA sequence. The changes include DNA methylation or histone modifications. The targets for the
two drugs ATRA and VPA were collated from ChEMBL and Binding DB. All the genes associated with NS were
collected from DisGeNET and KEGG database. Interacting proteins for the target genes were acquired from
STRING database. The genes were then subjected to gene ontology and pathway enrichment analysis using a
functional enrichment software tool. A drug-target and drug-potential target-protein interaction network was
constructed using the Cytoscape software. Our results revealed that the two drugs VPA and ATRA had 65
common targets that contributed to kidney diseases. Out of which, 25 targets were specifically NS associated.
Further, our work exhibited that ATRA and VPA were synergistically involved in pathways of inflammation,
renal fibrosis, glomerulosclerosis and possibly mitochondrial biogenesis and endoplasmic reticulum stress. We
thus propose a synergistic potential of the two drugs for treating chronic kidney diseases, specifically NS. The
outcomes will undoubtedly invigorate further preclinical and clinical explorative studies. We identify network
pharmacology as an initial inherent approach in identifying drug candidates for repurposing and synergism.

and Majumdar, 2021). NS necessitates chronic treatment with steroids
or other immunosuppressants, angiotensin converting enzyme in-
hibitors and monoclonal antibodies as there are no specific targeted
treatments available so far (Saleem and Bierzynska, 2017) (Korbet,
2012). In most of the cases, patients are found to be steroid resistant and
they ultimately progresses to end stage renal disease requiring kidney
transplantation or dialysis. It thus becomes crucial to find alternative

(Abrahamet al, .2016) (Avne.r. et a.l., 2009) .(Singhet al, 2013)'. On.e treatments that can attenuate proteinuria, glomerulosclerosis and renal
among the chronic renal conditions is nephrotic syndrome (NS) which is fibrosis associated with the condition of NS (Avner et al., 2009) (Geeet
identified by its defining features of proteinuria, oedema, hypo- al, 2015) (Mekahliet al, 2009)

albuminemia, and hyperlipidemia involving podocyte loss, renal fibrosis
and glomerulosclerosis (Avner et al., 2009) (Doucet et al., 2007). NS can
be classified into several types viz. focal segmental glomerulosclerosis,
minimal change disease, membranous nephropathy and IgA nephropa-
thy which are categorized based on their underlying causes (Varghese

1. Introduction

Globally and in the developing countries, the prevalence of chronic
kidney diseases (CKD) is considerably high with a significant number of
patients in need of renal replacement therapy (Glassock et al., 2017)

Valproic acid (VPA) is a popular anti-convulsant and an anti-
neoplastic agent (Cinatlet al, 1997). It is a short chain fatty acid which
was found to inhibit class I and class II histone deacetylases (HDACs) and
regulate  cell differentiation, apoptosis, proliferation and
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Abbreviations

CKD chronic kidney diseases

NS nephrotic syndrome

VPA valproic acid

ATRA all trans retinoic acid

HDAC  histone deacetylase

HDACi histone deacetylase inhibitor

MCD minimal change disease

RARs retinoic acid receptors

SRNS steroid resistant nephrotic syndrome
SSNS steroid sensitive nephrotic syndrome
INS idiopathic nephrotic syndrome

FSGS focal segmental glomerulosclerosis
KEGG Kyoto Encyclopedia of Genes and Genomes
GO gene ontology

BP biological process

MF molecular function

cc cellular component

immunogenicity in cancerous cells, thus attenuating the process of
metastasis. Histone deacetylase inhibitors (HDACI) are the compounds
that increase acetylation of histone and non-histone proteins by inhib-
iting the enzymatic activity of HDAC. HDACi are known to manifest
their anti-inflammatory and antifibrotic effects in some organs, but their
effect on the progression of renal disease is studied to a lesser extent;
however, several studies have shown beneficial effect of HDACI in
attenuating proteinuria and kidney injury in murine models (Varghese
and Majumdar, 2021) (Van Benedenet al, 2011). Studies have shown
that VPA can attenuate kidney injury and proteinuria (Van Benedenet al,
2011) (Khan et al., 2015) in diabetic nephropathy model in rats and
adriamycin murine models, nevertheless the mechanisms underlying the
disease and the action of drug are not clearly understood. All-trans
retinoic acid (ATRA) is a natural derivative of vitamin A, known to
play a role as an antioxidant and regulator of cell differentiation,
apoptosis and attenuation of inflammation. ATRA acts by binding to
retinoic acid receptors (RARs). Binding of ATRA to RARs give rise to a
relaxed chromatin structure via activation of RARs and thereby acti-
vating gene transcription. It has also been known to partake in the
protective role in certain renal diseases leading to attenuation of pro-
teinuria (Zhang et al., 2018) (Liu et al., 2008). Several studies have used
VPA and ATRA in combination for the treatment of myelodysplastic
syndrome and acutepromyelocytic leukemia (Ciminoet al, 2006)
(Kuendgenet al, 2005) (Buget al, 2005) and showed good tolerability of
this combination. This particular combination was observed to be safe
and was associated with induction of hypomethylation of DNA and
histone acetylation (Sorianoet al, 2007). Epigenetic mechanisms have
been known to contribute in the progression of diseases such as cancer,
inflammatory disorders, neurological diseases (Berdasco and Esteller,
2013). Additionally, in renal conditions involving sclerosis and fibrosis,
epigenetic mechanisms have been recognized recently (Hadden and
Advani, 2018). The therapy of combining VPA and ATRA can therefore
be a novel therapeutic approach in treating NS.

Network pharmacology has been greatly utilized for exploring new
drugs. It is also used to investigate already existing drugs for re-
purposing (dan Xionget al, 2018) (Hopkins, 2008). Another applica-
tion of network pharmacology is to understand the mechanisms of drug
formulations which have multiple drug components in it. Therefore it is
widely used to explore traditional herbal formulations (dan Xionget al,
2018) (Chandran et al., 2015a) (LI and ZHANG, 2014). Lately,
increasing attention has been paid to the application of the network
pharmacology. It also finds it application in uncovering efficacious
drugs for treating an array of diseases with common pathogenesis and to
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unravel the mechanism of action of drugs (Chandran et al., 2015b) (Yuet
al, 2016) (Qiet al, 2016). Thus, in the present study, we explored the
synergistic potential of VPA and ATRA for the treatment of NS using
network pharmacology approach.

2. Methods
2.1. Collection of drug targets and their associated diseases

The targets for the two drug compounds ATRA and VPA were ob-
tained from the data base ChEMBL (https://www.ebi.ac.uk/chembl/)
and Binding DB (https://www.bindingdb.org/bind/index_original.jsp)
(Chandran et al., 2015b) (Liu et al., 2007). With the aim of retrieving the
targets from Binding DB, the structures of the two drug compounds were
first retrieved from ChEMBL in .sdf format. The .sdf files were then
entered and queried in the Binding DB so as to obtain the targets. All
targets were obtained specifically by filtering the organism as “Homo
sapiens”. Targets from both the databases having Uniprot IDs were
combined and the targets that overlapped and were in duplicates were
carefully screened and eliminated. The gene and the gene names for all
the drug targets were obtained from UniProt using the UniProt IDs of the
targets (Bairochet al, 2005). The disease in which each drug target
participated, were obtained from DisGeNET (https://www.disgenet.
org/search) which is a web server that provides the data regarding
various genes and its associated diseases. Data regarding each drug
target genes associated with different diseases were obtained and
collated from this database (Deu-pons et al., 2015) (Yuet al, 2019).

2.2. Collection of genes of NS

The genes specifically associated with NS were obtained from two
databases DisGeNET (https://www.disgenet.org/search) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) (https://www.kegg.jp/
kegg/pathway.html) (Deu-pons et al., 2015) (Kanehisa, 2002). The
genes were identified by searching for terms specific to nephrotic syn-
drome in the databases viz. nephrotic syndrome, focal glomerulo-
sclerosis, childhood nephrotic syndrome, idiopathic nephrotic
syndrome, nephrotic syndrome-minimal change disease, steroid sensi-
tive nephrotic syndrome, nephrotic range proteinuria, glomerulo-
sclerosis (disorder), IgA glomerulonephritis, glomerulonephritis,
membranous glomerulonephritis, mesangioproliferative glomerulone-
phritis, proteinuria, steroid resistant nephrotic syndrome, tubulointer-
stitial fibrosis, renal interstitial fibrosis, steroid dependent nephrotic
syndrome, focal segmental glomerulosclerosis (primary and secondary),
renal fibrosis, nephrotic syndrome-frequently relapsing, nephrotic syn-
drome with focal and segmental sclerosis, steroid resistant nephrotic
syndrome of childhood, and renal sclerosis. All the overlapping genes
were screened and then eliminated to avoid duplication.

2.3. Potential target identification, gene mapping and protein-protein
interactions

The targets collected for ATRA and VPA were then mapped to the
collected genes associated with nephrotic syndrome to identify and
obtain shared genes. These shared genes were predicted to be the po-
tential targets of ATRA and VPA for treating NS (Gao et al., 2018).
Additionally, we also identified and obtained proteins that interacted
with these potential targets from STRING database (https://string-db.
org/) having a highest threshold confidence score of 0.9 (Jensenet al,
2009) (Gao et al., 2018). Intersecting gene targets between SRNS and
SSNS, and the overlapping targets between ATRA, VPA, SRNS and SSNS
were also identified.

2.4. Gene Ontology (GO) and pathway enrichment analysis

GO: biological process (BP), molecular function (MF) and cellular
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component (CC) and pathway enrichment analysis were carried out with
the help of Reactome (https://reactome.org/) and FunRich database
using special software tool for functional enrichment analysis called
FunRich, version 3.1.3. with p-value <0.05 (hypergeometric test)
(Pathanet al, 2015) (Rouka et al., 2020).

2.5. Construction of networks

2.5.1. Network construction

A network consists of multiple nodes and edges. Nodes are the points
of communication while the edges are the lines that communicate be-
tween the nodes. We constructed different networks from the retrieved
data. Drug-Target and Drug-Target-Protein interaction networks were
constructed using Cytoscape 3.8.2. application which is an open source
software based on java (Shannonet al, 2003).

2.5.2. Analysis and evaluation of networks

A cytoscape plugin called network analyzer was used to analyse and
evaluate the networks (de Jong et al., 2003). All the nodes of the
network were analysed using an index called “degree” given by the
analyser (Yuet al, 2019). Degree value corresponds to the number of
edges between a node and another node in the network. This index play
a key role in the network and the value is positively associated with the
significance of a node in the network (Diet al, 2018) (Raman et al.,
2014).

2.6. Three way analysis of dexamethasone, ATRA and VPA

Since corticosteroids are the first line of therapy for patients with NS,
we carried out a three way analysis of the steroidal drug dexamethasone
together with ATRA and VPA with an aim to identify the overlapping
targets and involvement of the targets of dexamethasone in NS. The
targets of dexamethasone were obtained in the same way as that of
ATRA and VPA from ChEMBL and Binding DB, as described in section
2.1.
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3. Results
3.1. Collection of targets for ATRA and VPA and their associated diseases

On performing the network analysis of drug compounds ATRA and
VPA, we acquired a total of 160 targets for VPA and 138 targets for
ATRA. Out of these, 103 targets were common to both ATRA and VPA.
These 103 targets included kidney related as well as other disease
related targets. Thus, in all 195 targets were identified with a total of 92
uncommon or non-overlapping targets and 103 common or overlapping
targets for ATRA and VPA (Fig. 1 and Fig. 6). All 195 targets obtained for
ATRA and VPA were entered in DisGeNET database. We observed that
out of 195, 114 targets were associated with different kidney related
diseases such as nephrotic syndrome, diabetic nephropathy, kidney
failure, renal cell carcinoma, renal hypertension, lupus nephritis,
chronic kidney disease etc. Thus, out of the 103 targets that were
common for ATRA and VPA, 65 genes were involved in kidney associ-
ated diseases (Fig. 1). Subsequently, a drug-target network was con-
structed using cytoscape (Fig. 6).

3.2. Collection of genes of NS

The genes specifically involved in nephrotic syndrome were
collected from KEGG and DisGeNET database. Each of the input terms
and their corresponding number of genes obtained are-nephrotic syn-
drome: 384, focal glomerulosclerosis: 281, childhood nephrotic syn-
drome: 23, idiopathic nephrotic syndrome: 51, nephrotic syndrome-
minimal change disease: 85, steroid sensitive nephrotic syndrome: 36,
nephrotic range proteinuria: 7, glomerulosclerosis (disorder): 221, IgA
glomerulonephritis: 456, glomerulonephritis: 391, membranous
glomerulonephritis:197, mesangioproliferative glomerulonephritis: 21,
proteinuria: 239, steroid resistant nephrotic syndrome: 73, tubu-
lointerstitial fibrosis: 328, renal interstitial fibrosis: 138, steroid
dependent nephrotic syndrome: 6, primary focal segmental glomerulo-
sclerosis: 18, secondary focal segmental glomerulosclerosis: 4, focal

Total 195 Targets

ATRA (138) VPA (160) ATRA (87) VPA (92)
35 103 57 114 kidney disease targets 727 65 27
(17.94%) (52.82%) (29.23%) (19.29%) (57.01%)  (23.68%)

Total 114 Targets

[ 65 Common Kidney Disease Targets ]

[ 25 NS Targets ]

Fig. 1. Venn diagram for overlapping targets between ATRA and VPA and targets associated with kidney diseases. ATRA, all trans retinoic acid; VPA, valproic acid;

NS, nephrotic syndrome.
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segmental glomerulosclerosis: 42, renal fibrosis: 570, nephrotic
syndrome-frequently relapsing: 5, nephrotic syndrome with focal and
segmental sclerosis: 3, steroid resistant nephrotic syndrome of child-
hood: 73, and renal sclerosis: 41. Thus a total of 3693 NS genes were
obtained from DisGeNET. Also, we observed that all the genes obtained
from KEGG (33 genes) intersected with the genes obtained from Dis-
GeNET. Additionally, genes of multiple input terms overlapped. There-
fore, following elimination of duplicate genes and/or similar terms, a
total of 1733 genes related to nephrotic syndrome were identified
(Supplementary Table S1).

3.3. Potential target identification, gene mapping and protein-protein
interactions

On mapping all the 195 collected targets of ATRA and VPA with 1733
genes associated with NS, we obtained 41 shared genes which were
identified as potential targets for NS (Fig. 6). Out of the 41 genes, 25
genes were common to ATRA and VPA and the remaining 16 genes
included 8 genes each of ATRA and VPA (Table 1 and Table 2). Addi-
tionally, 50 protein targets associated with these 25 common genes were
acquired from STRING database (Fig. 5 and Supplementary Table S2).
Subsequently, a drug-target-protein interaction network was con-
structed (Fig. 5).

3.3.1. Identifying overlapping genes between SRNS, SSNS, ATRA and VPA

With an aim to identify intersecting genes between SRNS and SSNS,
and the overlapping targets between ATRA, VPA, SRNS and SSNS, we
analysed all the targets that were obtained for NS. There were a total of
73 genes (after eliminating duplicates) specifically for the terms “steroid
resistant nephrotic syndrome” and ‘“steroid resistant nephrotic syn-
drome of childhood”. A total of 36 genes for the term “steroid sensitive
nephrotic syndrome” were obtained. 16 target genes were common
between SRNS and SSNS. Out of which NR3C1 gene was common be-
tween SRNS, SSNS, ATRA and VPA. ABCB1, HDAC2, NFKB1 coincided
between SRNS or SSNS, ATRA and/or VPA. All the four genes i.e.,
NR3C1, ABCB1, HDAC2, NFKB1 were the target genes involved in SRNS
(Figs. 6 and 7).

Table 1
25 nephrotic syndrome (NS) related genes common to all trans retinoic acid
(ATRA) and valproic acid (VPA).

UniProt IDs Gene Gene description

P50052 AGTR2 Type-2 angiotensin II receptor

P28482 MAPK1 Mitogen-activated protein kinase 1

P41597 CCR2 C-C chemokine receptor type 2

076074 PDESA c¢GMP-specific 3’,5’-cyclic phosphodiesterase
Q16539 MAPK14 Mitogen-activated protein kinase 14

P00533 EGFR Epidermal growth factor receptor

P33261 CYP2C19 Cytochrome P450 2C19

P08246 ELANE Neutrophil elastase

P17948 FLT1 Vascular endothelial growth factor receptor 1
P51681 CCR5 C-C chemokine receptor type 5

P25101 EDNRA Endothelin-1 receptor

P03956 MMP1 Interstitial collagenase

P14780 MMP9 Matrix metalloproteinase-9

P03372 ESR1 Estrogen receptor

P37231 PPARG Peroxisome proliferator-activated receptor gamma
P21554 CNR1 Cannabinoid receptor 1

P04150 NR3C1 Glucocorticoid receptor

P04626 ERBB2 Receptor tyrosine-protein kinase erbB-2
P17252 PRKCA Protein kinase C alpha type

P29274 ADORA2A Adenosine receptor A2a

P35354 PTGS2 Prostaglandin G/H synthase 2

P27361 MAPK3 Mitogen-activated protein kinase 3

Q16236 NFE2L2 Nuclear factor erythroid 2-related factor 2
P08575 PTPRC Receptor-type tyrosine-protein phosphatase C
P08684 CYP3A4 Cytochrome P450 3A4
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Table 2

41 (25 overlapping genes and 16 non-overlapping) genes involved in nephrotic
syndrome (NS), renal sclerosis and fibrosis, glomerulonephritis and proteinuria.
MCD: minimal change disease; SRNS: steroid resistant nephrotic syndrome;
SSNS: steroid sensitive nephrotic syndrome; INS: idiopathic nephrotic syn-
drome; FSGS: focal segmental glomerulosclerosis.

Common NS
Genes associated
with the disease

Disease Uncommon (non-
overlapping) NS genes

associated with the

disease
MCD, SRNS, SSNS, INS MAPK1 F3 (VPA)
PDESA HDAC2 (VPA)
MAPK14 LTA4H (VPA)
CYP2C19 NFKB1 (VPA)
FLT1 ABCB1 (ATRA)
EDNRA HIF1A (ATRA)
MMP1
ESR1
NR3C1
PTGS2
CYP3A4
Renal fibrosis AGTR2 HDAC2 (VPA)
MAPK1 HDACI1 (VPA)
MAPK14 GSK3B (VPA)
EGFR HDAC4 (VPA)
ELANE NFKB1 (VPA)
CCR5 VDR (ATRA)
EDNRA NR1H4 (ATRA)
MMP1 MMP2 (ATRA)
MMP9 ABCB1 (ATRA)
PPARG AR (ATRA)
CNR1 HIF1A (ATRA)
ERBB2 SMN1 (ATRA)
PRKCA
ADORA2A
PTGS2
MAPK3
NFE2L2
PTPRC
Glomerulosclerosis, FSGS AGTR2 HDAC9 (VPA)
MAPK1 HDAC2 (VPA)
CCR2 HDACI (VPA)
MAPK14 RARA (ATRA)
MMP1 MMP2 (ATRA)
MMP9 HIF1A (ATRA)
PPARG
PRKCA
PTGS2
MAPK3
NFE2L2
PTPRC
Glomerulonephritis, IgA AGTR2 RARA (ATRA)
glomerulonephritis, MAPK1 VDR (ATRA)
membranous CCR2 MMP2 (ATRA)
glomerulonephritis PDE5SA ABCB1 (ATRA)
MAPK14 SMN1 (ATRA)
EGFR
ELANE
CCR5
MMP1
PPARG
CNR1
NR3C1
PRKCA
MAPK3
NFE2L2
PTPRC
Proteinuria, Nephrotic range FLT1 F3 (VPA)
proteinuria PTGS2

3.4. Pathway enrichment and GO analysis

Pathway enrichment analysis of 25 overlapping genes using FunRich
gave 241 enriched pathways with a p-value <0.05 and analysis in
Reactome database gave 145 enriched pathways (Supplementary Table
S3). No pathways were found for the gene NFE2L2 in Reactome
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database. The top 20 significantly enriched pathways obtained from
FunRich and Reactome database are shown in Fig. 2. A comparison of
biological pathway of 25 common NS genes and 16 non-overlapping
genes was performed using FunRich tool from reactome database. A
doughnut chart of the overlaid pathways is represented in Fig. 3. The
analysis showed that the genes were involved in pathways of activation
of matrix metalloproteinases, collagen degradation, neutrophil degran-
ulation, extra nuclear estrogen signalling, degradation of extracellular
matrix, SUMOYlation of intracellular receptors, nuclear receptor tran-
scription pathway, IL-4 and IL-13 signaling, regulation of PTEN gene
transcription, and PPARA activates gene expression.

Gene ontology: Biological Process (BP), Molecular Function (MF)
and Cellular component(CC) enrichment carried out (Supplementary
Table S4) using FunRich tool (p < 0.05) gave 604 biological processes
such as cell surface signaling pathway, cellular response to reactive
oxygen species, positive regulation of MAP kinase activity, regulation of
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blood pressure, regulation of inflammatory response, cellular response
to TNF, cytokine mediated signaling pathway, renin-angiotensin regu-
lation of aldosterone production, endoplasmic reticulum unfolded pro-
tein response, positive regulation of release of cytochrome c¢ from
mitochondria, regulation of mitochondrial membrane potential etc. The
different molecular function (MF) that were enriched were enzyme
binding, ligand binding, MAP kinase activity, nitric oxide synthase
regulator, ATP binding, chromatin binding, transcription cofactor
binding. The enriched cellular components (CC) were plasma mem-
brane, cytoplasm, endoplasmic reticulum lumen, mitochondria, cell
surface, chromatin etc. The top 5 enriched GO: BP, MF, CC are shown in
Fig. 4.

3.5. Network analysis

A drug-target-protein interaction network of 25 overlapping targets

ALK1 pathway

BMP receptor signaling

ALK1 signaling events

Glucocorticoid receptor regulatory network:

TGF-beta receptor signaling

Regulation of nuclear SMAD2/3 signaling

Regulation of cytoplasmic and nuclear SMAD2/3
signaling

TCR signaling in naive  (D4+ T cells
Glypican pathway

VEGFRI specific signals

CXCR4-mediated signaling events

Biological pathway

Sphingosine 1-phosphate (S1P) pathway

Endothelins

VEGF and VEGFR signaling network

Glypican 1 network

Signaling events mediated by VEGFR1 and VEGFR2

EGFR-dependent Endothelin signaling events

ATF-2 transcription factor network

Retinoic acid receptors-mediated signaling
Validated transcriptional targets of APL family
members Fral and Fra2

0 20 a0 60 il

Percentage of genes

(a)
- Logt0 (pvalue) I Percentage of gene
p=0.05 reference
0 2 4 6 8 B pvalue

(b) - Logl (pvalue) I Percentage of gene
p=0.05 reference
v 2 4 5 g [ Epale

Gastrin-CREB signalling pathway via PKC and MAPK

EGFR Transactivation by Gastrin

Signal attenuation

RAF/MAP kinase cascade

Interleukin-10 signaling

RSK activation

Suppression of apoptosis

Negative feedback regulation of MAPK pathway.

Activation of Matrix Metalloprateinases

SUMOylation of intracellular receptors

PLOGY events in ERBB sighaling

S . |
Estrogen-dep nuclear events of

ESR-membrane signaling

SHCL events in ERBB2 signaling

Signal transduction by L1

ERK/MAPK targets

TFAP2 (AP-2) family regulates transcription of growth
factors and their receptors

PISP, PP2A and IER3 Regulate PI3K/AKT Signaling

ESR-mediated signaling

Activation of the AP-1 family of transcription factors

RHO GTPases Activate NADPH Oxidases

Percentage of genes

Fig. 2. Top 20 significantly enriched biological pathways of 25 nephrotic syndrome (NS) related genes obtained using FunRich tool from (a) FunRich database and

(b) reactome database. ***p < 0.001.
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Nuclear Receptor transcription pathway( 25.0%)

SUMOylation of intracellular...

Collagen degradation( 6.3%)

Biological Pathway of 25 Common NS Genes and 16 Non-overlapping NS Genes

Interleukin-4 and Interleukin-13 signaling( 12.5%)

Degradation of the extracellular matrix( 6.3%)

Activation of Matrix Metalloproteinases( 6.3%)

[16 non-overlapping genes between ATRA and VPA on outer chart and 25 common NS genes on inner chart.]

Neutrophil degranulation
12.5%)

Extra-nuclear estrogen signaling(
o= 6.3%)
Regulation of PTEN gene transcription...

Degradation of the extracellular
matrix( 6.3%)

Activation of Matrix Metalloproteinases(
6.3%)

PPARA activates gene...

M Collagen degradation( 6.3%)

SUMOylation of intracellular
receptors( 31.3%)

Nuclear Receptor transcription
pathway( 25.0%)
Neutrophil degranulation...

Interleukin-4 and Interleukin-13
signaling( 12.5%)

Regulation of PTEN gene transcription(

12.
Extra-nuclear estrogen signaling( 6.3%) o)

PPARA activates gene expression(
6.3%)

Fig. 3. Doughnut chart of biological pathways of 25 common NS genes and 16 non-overlapping genes created using FunRich tool.

of ATRA and VPA and the proteins which interacted with these targets
was constructed using the Cytoscape 3.8.2 software (Fig. 5). In the
network, there were in all 77 nodes and 418 edges. The average degree
value that was calculated by Network Analyzer was 10.857. The 25
targets interacted with 50 proteins in 368 ways (Supplementary Table
S5). There were a total of 33 nodes in the network having degree values
greater than the average degree value (Supplementary Table S6). In the
drug-target network, there were 197 nodes and 298 edges representing
the targets of the two drugs ATRA and VPA (Fig. 6).

3.6. Three way analysis of dexamethasone, ATRA and VPA

126 genes targets were obtained for dexamethasone from ChEMBL
and Binding DB after elimination of all the duplicate gene targets
(Supplementary Table S7). From 126 genes, 106 genes intersected be-
tween ATRA and/or VPA. Out of 103 NS genes that were common be-
tween ATRA and VPA, 94 genes intersected with dexamethasone. Five
genes of SRNS namely NR3C1, RELA, ABCB1, TNF, ALB overlapped with
the target genes of dexamethasone.

4. Discussion

Network pharmacology is a growing field that is used widely in the
area of drug discovery process. It involves computational biology with
the amalgamation of systems biology and omic technology (Zhang et al.,
2013) (Hopkins, 2008). Many of the drugs that are used to treat cancer,
heart diseases, neurological disorders and other chronic illnesses can act
on multiple targets acting via numerous biological pathways (Luo et al.,
2014). Thus it becomes necessary to understand the complex pathways
that a drug can act in different diseases. Moreover, it is implicated that
drugs when used in combination can have an impact on multiple targets
and can be effective in controlling complex diseases as compared to
single drug that binds to a specific target (Zimmermann et al., 2007).
Several studies were carried out that involved herbal medicines and
traditional Chinese medicines that unravelled their therapeutic benefits
in treating diabetic kidney disease, renal failure and renal fibrosis.
Network pharmacology approach was used in these studies to identify
the mechanisms of the drugs. A network pharmacology study carried out
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by Lifei Gu et al., identified the mechanisms and active components of
Abelmoschus manihot (L.) Medik. It is a herbal plant and it’s extract is
used in the patented medicine for treating chronic nephritis in China
(Zhang, 2020). A study carried out by Dong et al., identified the targets
of astragalus membranaceous-angelica sinensis compound to under-
stand the potential mechanism of the compound in diabetic nephropa-
thy using network pharmacology (Dong et al., 2021). Qian et al., and
Yan Li et al., used the network pharmacology approach to unravel the
mechanism of Cordyceps Cicadae and Cordyceps sinensis respectively in
diabetic nephropathy (Qianet al, 2021) (Liet al, 2021). Another study
carried out by Inoue et al., analysed the beneficial effects of VPA using
bioinformatics tool (Inoueet al, 2019a). Understanding the network of
interactions between drugs and protein molecules using network phar-
macology, contributes to identifying potential drugs and their targets in
treating diverse complex diseases. This can be valuable for drug repur-
posing and identifying synergism between drugs (Luo et al., 2014)
(Zimmermann et al., 2007) (Il Goh et al., 2007).

In the present study we used this network pharmacology method to
explore the targets and synergistic potential of two drugs ATRA and VPA
in treating NS. The drugs have been known for their anti-inflammatory,
anti-neoplastic activity and have been much explored and used in
treating cancer alone as well as in combination. However, not much has
been investigated with respect to their synergistic potential in treating
chronic kidney disease like NS. We first obtained all the targets of ATRA
and VPA from ChEMBL and Binding DB. ChEMBL and Binding DB are
chemical databases of molecules that have drug like properties and
biological activities that integrate genomic data, contribute to under-
standing interaction of proteins and ligands and helps in identifying new
drugs and obtaining the targets for the drug molecules. Once the targets
were obtained, each target was then searched in DisGeNET database to
screen for targets associated with kidney diseases. DisGeNET is a data-
base that focuses on human genes and their association to diseases and
KEGG is database specially designed to give data regarding genomes,
pathways, drugs and diseases. We retrieved 114 targets in total out of
195 targets of ATRA and VPA that had a share in different kidney dis-
eases such as nephrotic syndrome, diabetic nephropathy, kidney failure,
renal cell carcinoma, renal hypertension, lupus nephritis, chronic kidney
disease, glomerulosclerosis, and renal fibrosis. It was observed that the
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Fig. 4. Gene Ontology enrichment data of 25 common NS genes using FunRich tool (a.) Top 5 enriched molecular function (b.) Top 5 enriched biological process (c.)

Top 5 enriched cellular component.

drugs had 65 targets in common for ATRA and VPA. Secondly, all the
genes associated with NS were collected from DisGeNET and KEGG and
were then mapped to the target genes of ATRA and VPA. The results
revealed 41 targets that overlapped with NS genes out of which 25 genes
were common for ATRA and VPA suggesting a potential role of the two
drugs in treating NS. We constructed drug-target and drug-target-
protein interaction networks in cytoscape and 50 interacting proteins
of the targets were identified from STRING database. The STRING
database gives information pertaining to known and predicted protein-
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protein interactions. Some of the interacting proteins identified were
PIK3R1, EGF, STAT3, VEGFA, VEGFB and KEAP1 (Fig. 5).

In the three way analysis of dexamethasone, ATRA and VPA, the four
intersecting genes (excluding ALB) between SRNS and dexamethasone
were either the targets of ATRA and/or VPA or were identified to play a
role in inflammatory pathways in the pathway and GO analysis of
intersecting NS genes between ATRA and VPA. Thus our analysis in-
dicates that ATRA and VPA can act on several genes involved in SRNS.
Additionally, ALB gene that encodes for the protein albumin was
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identified as one of the five targets of dexamethasone. 106 target genes
of dexamethasone intersected with ATRA and VPA which shows that the
two drugs can act on the targets of the steroidal drug dexamethasone.
The remaining 20 genes of dexamethasone also intersected with the
protein targets obtained for ATRA and VPA and were also involved in
pathways identified in FUNRICH pathway analysis and GO analysis.
HDAC2 was identified as one of the target gene of SRNS and an increase
in HDAC2 enzyme has been recently identified to play a central role in
causing podocyte damage, proteinuria and glomerulosclerosis (Liu et al.,
2020). VPA being an HDAC inhibitor can act on HDAC2 and thus could
play a vital role in steroid resistance by preventing podocyte damage
and protein leakage.

Analysis of pathways is carried out to understand the mechanisms
and pathways of target genes participating in various biological func-
tions. Therefore, we carried out the pathway enrichment analysis, the
results of which revealed that multiple common targets of ATRA and
VPA took part in multiple pathways such as TGF-f signalling, PI3K/AKT
signalling, RHO-GTPases, ERK/MAPK targets signalling, activation of
MMPs, pathways of inflammation, suppression of apoptosis (Fig. 2
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Supplementary Table S3). The TGF-f is a cytokine that is intently linked
to many glomerular diseases and in a diverse podocyte diseases such as
membraneous nephropathy, diabetic nephropathy, and FSGS, its re-
ceptors become upregulated (Zhou and Yang, 2008). TGF-f exerts its
action through SMAD-independent pathways, including Rho GTPases,
MAP kinases, ERK, Cdc42, ILK, B-catenin, and PI3K-Akt-mTOR cascades
(Hallet al, 2018) (Zhou and Yang, 2008). The PI3K-Akt signalling
pathways are associated with podocyte apoptosis and their activation
regulates apoptosis (Ren and You Yu, 2016) (Manning and Cantley,
2007) (Song et al., 2005). The drugs VPA and ATRA regulate TGF-p
signalling and partake in PI3K-Akt and MAPK pathways in several types
of cancer (Liu et al., 2008) (Qiet al, 2019) (Duenas-Gonzalez et al., 2008)
(Fenget al, 2012). Thus our results of functional and pathway analysis
indicates the potential synergistic involvement of ATRA and VPA, in
chronic renal diseases including NS by acting on biological pathways
contributing to NS.

Renal fibrosis and glomerulosclerosis is a typical manifestation in
several types of NS. Glomerulosclerosis involves tissue scaring and
thickening of glomeruli of the kidneys. Renal fibrosis occurs due to long
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Fig. 7. Network of overlapping targets between
ATRA, VPA, SRNS and SSNS. The green and the grey
nodes represent the target genes of SRNS and SSNS.
The purple nodes indicate the overlapping genes be-
tween SRNS and SSNS. Blue nodes represent the tar-
gets of the two drugs ATRA and VPA. The square
nodes in pink and red represents the two drugs ATRA,
VPA and SRNS, SSNS respectively. Four genes i.e.,
NR3C1, ABCB1, HDAC2, NFKB1 (represented as or-
ange nodes) were the target genes involved in SRNS.
SRNS: steroid resistant nephrotic syndrome; SSNS:
steroid sensitive nephrotic syndrome; ATRA: all trans
retinoic acid; VPA: valproic acid. (For interpretation
of the references to colour in this figure legend, the
a reader is referred to the Web version of this article.)

term inflammation resulting in production of growth factors, angiogenic
factors, cytokines and proteinase. All of these factors stimulate excessive
accumulation of extracellular matrix components through epithelial to
mesenchymal transition (EMT), which leads to production of
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myofibroblasts and induces accelerated kidney dysfunction and failure
(Liu, 2010) (Iwano et al., 2002). Renal fibrosis is the chief process in the
progression of NS along with glomerulosclerosis and changes in renal
vasculature (Boor et al., 2007). It serves as a final common pathway
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leading to almost all forms of chronic kidney diseases (Nangaku, 2004).
Our findings revealed that the 25 targets genes common to ATRA and
VPA participated in renal fibrosis in steroid resistant nephrotic syn-
drome, steroid sensitive nephrotic syndrome, idiopathic nephrotic syn-
drome, focal segmental glomerulosclerosis, glomerulonephritis, and
nephrotic range proteinuria (Table 2). Out of the 25 gene targets, 18
targets were associated with renal and tubulointerstitial fibrosis, 12
genes were involved in glomerulosclerosis and 11 genes were involved
in different types of NS such as idiopathic nephrotic syndrome, minimal
change disease, steroid resistant and steroid sensitive nephrotic syn-
drome. MAPK1, MAPK14, MMP1, and PTGS2 were the key targets that
were associated with renal fibrosis, glomerulosclerosis and NS. Pathway
analysis in Reactome and FunRich revealed the involvement of genes in
immune mediated pathways such as interleukins signalling, signalling
events mediated by VEGFR1 and VEGFR2 signalling. These immune
mediated receptors have been known to participate in nephrotic syn-
drome (Ereminaet al, 2003). Other enriched pathways identified include
RAF/MAP kinase pathway, transcription pathways, MAPK pathways,
and activation of MMPs. MMPs and VEGF are known to contribute in
renal fibrosis and renal damage (Boor et al., 2007) (Catania et al., 2007).
The analysis thus reveals the involvement of ATRA and VPA targets in
these pathways.

PGC-la plays a major role in mitochondrial biogenesis and is
considered as a master regulator (Hasegawa and Inagi, 2020). PPAR-y is
another key transcription factor that is involved in a variety of cellular
functions such as energy metabolism, regulation of mitochondrial
function, oxidation of fatty acids and regulation of anti-oxidant defence
mechanisms. Our analysis identified PGC-1a as the interacting protein in
the network (Corona and Duchen, 2016). In NS, oxidative stress is
generated in podocytes which contributes to tissue injury, inflammation,
and podocyte detachment (Massyet al, 2005). Nuclear factor erythroid
2-related factor 2 (NFE2L2) also called as NRF2 is an important tran-
scription factor involved in protection of oxidative stress, antioxidant
machinery acting as well as mitochondrial biogenesis via NRF2-KEAP1
pathway (Ruiz et al., 2013) (de Zeeuwet al, 2013). NRF2 (NFE2L2)
was noted to be a common target for ATRA and VPA and KEAP-1 was
identified as the interacting protein thereby directing their synergistic
role in anti-oxidant mechanisms and in regulating mitochondrial
biogenesis in NS, possibly in podocytes. Further studies are however
essential to confirm their action and efficacy in pathogenesis of NS. We
also identified the gene JUN, which encodes for activator protein-1
(AP-1) transcription factor c-Jun. This transcription factor is known
for its anti-apoptotic role in cancer and is an important target for Jun-N
terminal kinsase (JNK). c-Jun and JNK are also associated with endo-
plasmic reticulum (ER) stress and the transcription factor c-Jun is known
to act against ER stress in neuronal and hepatic tissues (Senft and Ronai,
2015). Our network analysis revealed that 9 overlapping genes of ATRA
and VPA that played a role in NS namely, MAPK1, MAPK14, MAPKS3,
STAT3, PPARG, NR3C1, NCOA1, NFE2L2 and VEGFA interacted with
JUN, suggesting a possibility of targeting these genes in treating NS with
respect to ER stress (Supplementary Table S3). Pathway analysis also
revealed AP-1 mediated transcription signalling pathways involving
ATF2 which is member of AP-1 complex further suggesting a role of
ATRA and VPA synergistically in ER stress pathways. However, studies
are further required to be carried out in renal tissues in order to validate
and confirm the role of these drugs in ER stress. Further, we identified
genes such as ADORA2A and ELANE that were common for ATRA and
VPA. Data regarding their contributing roles in NS is meagre which
necessitates further explorative studies in understanding the action of
ATRA and VPA synergistically through these targets.

The analysis of GO (BP, MF and CC) revealed that the 25 genes
participated in cell surface signaling pathway, cellular response to
reactive oxygen species, regulation of mitochondrial membrane poten-
tial, positive regulation of MAP kinase activity, regulation of blood
pressure, regulation of inflammatory response, cellular response to TNF,
cytokine mediated signaling pathway, renin-angiotensin regulation of
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aldosterone production, endoplasmic reticulum unfolded protein
response, positive regulation of release of cytochrome ¢ from mito-
chondria and were involved in various function viz. ligand binding, MAP
kinase activity, nitric oxide synthase regulator, ATP binding, chromatin
binding, transcription cofactor binding. The genes were localized in
different cellular components such as plasma membrane, cytoplasm,
endoplasmic reticulum lumen, mitochondria, cell surface, chromatin
etc. Thus the GO enrichment data further strengthens the role of syn-
ergistic activity of ATRA and VPA in treating NS possibly through
pathways of inflammation, gene transcription, oxidative stress, mito-
chondrial and ER pathways.

Apart from the overlapping 25 genes associated with NS, additional
16 genes identified for ATRA and VPA were NFKB, HDAC 1, 2, 4, and 9,
F3, GSK3B, LTA4H, RARA, VDR, NR1H4, MMP2, ABCB1, AR, HIF1A,
and SMN1 (Table 2). Our results revealed that these 16 targets have their
involvement in renal sclerosis and fibrosis associated with different
types of NS thus indicating that these targets can be aimed and explored
so as to identify their roles in treating NS when ATRA and VPA is
administered to obtain synergistic outcomes. The overlaid doughnut
plot of biological pathways revealed that the 16 genes participated in
pathways of collagen degradation, degradation of ECM, activation of
MMP, and interleukin signalling further suggesting their potential role
in NS pathogenesis.

MAPK3, MAPK1, MAPK14 were among the targets having major
involvement in the drug-target-protein interaction network as well as
they were involved in multiple biological pathways suggesting their
significant role in NS. Thus, the activity of MAPK in NS may be explored
when ATRA and VPA is given in combination.

HIFA was identified as one of the targets of ATRA and NF-x B as one
of the targets of VPA. HIFA is associated with changes in inducing
podocyte foot process, thickening of glomerular basement membrane,
and accumulation of collagen (Steenhardet al, 2010). Production of
proinflammatory cytokines that are controlled by NF-« B is responsible
for progression of inflammation while inhibition of this pathway at-
tenuates renal inflammation and fibrosis (Mezzanoet al, 2001). This
therefore supports the potential anti-inflammatory role of HDAC in-
hibitors pointing towards the beneficial role of VPA in NS. Although the
exact mechanism of action of ATRA and VPA that display protective
action on podocytes, its structure and function remains elusive, several
studies have demonstrated the benefits and probable mechanisms of
these drugs in renal physiology. In our analysis, HDAC 1, 2, 4 and 9 were
the targets of VPA that were identified to be associated with NS. A recent
study carried out by Inoue et al., demonstrated that modification (in-
hibition) of HDAC 1 and 2 in podocytes diminished albuminuria and
glomeruloscelrosis via regulation of early growth response 1 (EGR1) in
podocytes (Inoueet al, 2019a). EGR1 is a transcription factor which is
responsible for regulating actin cytoskeleton structure and podocyte
death. An increase in EGR1 expression has been noted in the podocytes
of patients with NS. Also, HDAC4 and HDAC 9 expression was increased
following podocyte injury inhibiting autophagy, reducing nephrin and
podocin expression. Therefore, silencing of HADC 4 and 9 expressions
can attenuate injury to podocytes (Inoueet al, 2019a) (Liuet al, 2016)
(Wanget al, 2014). Thus it was demonstrated from the study that HDACs
plays a crucial role in podocyte injury and damage, and HDAC 1 and 2 is
primarily involved in the mechanism of podocyte damage through an
increased expression of EGR1 and treatment with HDAC inhibitor VPA
led to a reduced EGR1 expression (Inoueet al, 2019b). Several other
mechanisms that lead to podocyte loss and injury have been reported in
various studies. Multiple other mechanisms have been identified in
which HDAC inhibitors have been involved and are associated with
attenuating podocyte injury. These are MAPK pathway, ROS pathway,
NF-kB/iNOS signalling pathway, TGF-p1/Smad pathway and apoptosis
signalling pathway (Varghese and Majumdar, 2021) (Van Benedenet al,
2013) (Van Benedenet al, 2011). ATRA has been identified to exert
protective effects on podocytes through mechanisms of inhibition of
NF-kB gene and c-AMP mediated podocyte differentiation
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(Sierra-Mondragon et al., 2018). It has also been identified to act by
down-regulating TGF-p1/Smad pathway, by reduction of ROS genera-
tion and inhibiting protein kinase C activity (Sierra-Mondragonet al,
2019) (Kim et al., 2015) (Liu et al., 2011). Even though many mecha-
nisms are proposed and identified for HDAC inhibitors and ATRA there
is still a need to understand the exact mechanism on how these com-
pounds exerts their protective effects in renal dysfunction. Further
clinical and preclinical studies are therefore crucial.

Although no clinical studies have been conducted on the combina-
tion of ATRA and VPA for treating renal diseases, there are several
clinical studies that are ongoing with different HDACi and specifically
VPA (Varghese and Majumdar, 2021). Recently, Veterans Aging Cohort
Study was conducted by Inoue et al., in patients exposed to VPA treat-
ment. The study noted that VPA exposure significantly brought down
the decline in estimated glomerular filtration rate. Also, the beneficial
effect of VPA was more distinct in proteinuric patients (Inoueet al,
2019a). Our present study will surely unlock the possibilities for con-
ducting more preclinical studies on the drug combinations of ATRA and
VPA which would eventually pave way to clinical studies to cross po-
tential barriers in the area of nephrotic syndrome.

5. Conclusion

Our study revealed that ATRA and VPA were commonly involved in
multiple biological pathways associated with NS. NS is a complex kidney
condition and there is no specific treatment available so far to achieve
complete remission. Repurposing of drugs is a strategy that is greatly
explored by pharmaceutical industry. Our results from network phar-
macology analysis unravelled multiple targets that were common for the
two drugs, that act in unison in biological pathways of mitochondrial
biogenesis, ER stress and pathways associated with renal fibrosis and
sclerosis. These pathways can contribute in understanding the complex
disease mechanisms of NS. We therefore identify the potential of ATRA
and VPA acting synergistically in treating NS. The synergism of ATRA
and VPA thus converges to be effective in treating renal fibrosis, scle-
rosis, inflammation and proteinuria which are implicated in the patho-
genesis and tissue re-engineering witnessed in NS. The study gave rise to
identification of pathways and mechanisms associated with our drug
candidates, which were less explored in treating nephrotic syndrome.
Our analyses revealed that pathways of mitochondrial biogenesis and ER
stress played a part in nephrotic syndrome and are critical pathways that
need intervention to treat the condition along with other crucial path-
ways of inflammation, sclerosis and fibrosis. These two pathways have
not been investigated considerably with regards to NS.

Overall, our work points towards a new prospect for treating the
chronic renal condition of nephrotic syndrome with the help of network
pharmacology analysis. We identify network pharmacology as an initial
inherent approach in identifying drug candidates for repurposing and
synergism. Further additional preclinical and clinical studies are unde-
niably requisite for validation and affirmation. Our study outcome will
thus undoubtedly invigorate further preclinical and clinical explorative
studies.
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