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ARTICLE INFO ABSTRACT

Article history: To find the novel genes/proteins and their cross talk leading to chronic kidney injury employing integrated in silico
Received on: July 27, 2024 and in vivo approach. National Centre for Biotechnology Information data were used as the initial source for the
Accepted on: October 29, 2024 chronic kidney disease (CKD) genes. Hub genes were analyzed through Cytoscape employing three centrality
Available Online: January 25, 2025 methods viz. degree, between-ness centrality, and maximum neighborhood centrality. Additionally, a master regulator

of these genes was also identified through ingenuity pathway analysis. All these molecular entities were further
experimentally validated in-vivo in rat unilateral ureter obstruction (UUO) model of CKD, by gene and protein
expression studies by employing real time polymerase chain reaction and immunohistochemistry analysis. The study
exploits in-silico and in-vivo approach for hub gens identification underlining CKD through UUO rat model. The
bioinformatics approach scrutinized 10 hub genes and Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) as the master regulator of these screened hub genes. Amongst these, 3 top-ranked genes viz. Transforming
growth factor beta, transforming growth factor alpha , and STAT-3 were found to be highly upregulated genes in
CKD as signified by the coloring pattern of the software. Furthermore, the in vivo analysis employing the UUO rat
model reiterated the mechanistic role being played by these hub genes in CKD as demonstrated by the upregulated
gene and protein expression of the genes, with higher elevation at day 18 than at day 14 post surgery. NF-kB has
been ascertained as a major participant in various forms of kidney diseases and the observations from the present
study lend support that NF-kB has a much more complicated role, being the major regulator of genes participating
in the manifestation of CKD and thus can be restrained by therapeutic manoeuvres.
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1. INTRODUCTION course of action, the highest rates of patients are being kept away
Acute kidney injury (AKI) is a disease that concerns nations on from availing the benefit of the current treatment. To confront such
a global scenario [1]. It is a multiphasic disease that elevates the obstacles, highly promising therapeutic strategies have been applied to
risk of acquiring chronic kidney disease (CKD) or end-stage renal treat CKD due to the advancement of technology in the medical field.
disease (ESRD) [2]. CKD is often characterized by a renal function New interventional drugs like angiotensin enzyme inhibitors, sodium
abnormality continuously for at least a period of 3 months with an glucose transport inhibitors, can somehow delay the progression of
expression of abnormal renal bio-markers together with a decline the disease but are associated with troublesome side effects and the
in glomerular filtration rate (GFR) (<60ml/minute per 1.73m?) prevalence of CKD continues to escalate [6]. Therefore, with a view to
[3]. Obstructive nephropathy is one of the frequent clinical causes serve CKD, it is necessary to penetrate into its molecular mechanism.
that is attributed to this damage. Irrespective of the underlying root These molecular insights are pivotal in contributing efficacious
cause, the pathological outcome of CKD is generally observed as the therapeutic targets for CKD patients.

renal fibrosis that accentuates towards ESRD, including obstructive

Through intensive research, it has now been untangled that besides
nephropathy [4].

many other altered processes, CKD is often marred by inflammatory

Hemodialysis and kidney transplantation are considered as the most responses leading to the commencement of cytokine and chemokines

effective treatment strategies for CKD patients [5]. Being an overpriced secretion [4]. Apart from inflammation, apoptosis is equally responsible
for damaging the kidney and intensifying CKD development [7].

Moreover, the initial phases of fibrosis are a consequence of a
complicated inflammatory process and is considered as the main spark
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whole process together with finding potential solutions to disease
prognosis and diagnosis [8]. Several reports have suggested that NF-
kB is shown to be a key transcription molecules in humans as well as
animal models of CKD [9]. Consistent with the previous reports, our
work now proposes that NF-kB has a much more complicated role,
being a major regulator of inflammation and fibrosis in the pathology
of CKD.

In the present work, we have therefore adopted a bioinformatics
approach to decode the biomolecules that can be utilized for the
prognosis of the disease progression. Additionally, to corroborate,
bioinformatics findings were therefore validated through an in
vivo approach employing a rat model of chronic kidney injury, i.e.,
unilateral ureter obstruction (UUO).

2. METHODS

The present work was executed by following the methodology
(Fig. 1).

2.1. In Silico Studies

2.1.1. Retrieval of rat CKD genes from national centre for
biotechnology information (NCBI)

Now if we investigate the pathophysiology of CKD, Inflammation,
apoptosis, and fibrosis are the major consequences of CKD regardless
of the disease aetiology. Consequently, finding genes and their links
allying chronic kidney injury and its main processes, viz. inflammation,
apoptosis, and fibrosis becomes foremost to curb CKD, which has
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hardly been elucidated. Therefore, the NCBI which is an international
reserve for the scientific examination of biological data was employed.

NCBI was used to retrieve the list of all the genes related to CKD
for rat kidneys using keywords “CKD genes”, “Inflammatory genes
in CKD”, “Apoptotic genes in CKD”, “Genes for Fibrosis in CKD”,
“EMT genes in CKD”, and secured in Microsoft Excel format.

2.1.2. Search tool for the retrieval of interacting genes (STRING)
analysis

To establish the Protein Interaction Network (PIN) between the
proteins/genes retrieved from NCBI, the STRING database (version
11.0) was employed. The reliability score of protein interaction
was maintained at 0.400 (medium confidence). Interaction sources
incorporated were text mining, experiments, databases, co-expression,
neighborhood, gene fusion, and co-recurrence.

2.1.3. Retrieval of hub genes through cytoscape analysis

The network retrieved from STRING was then imported to Cytoscape
(version 3.8.2). Using the molecular complex detection (MCODE),
cluster analysis of the PIN was performed. The parameters for the
same included: MCODE score >4, degree cut-off = 2, node score cut-
off = 0.2, max depth = 100, and k-score =2. The top-scoring module
was considered as the most significant one, which was further analyzed
for topological characteristics like degree (k), betweenness centrality
(BC), and maximum neighborhood component (MNC) by Cytoscape
plugin cytohubba.
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apoptotic genes in CKD, genes for
\_ fibrosis in CKD, EMT genes in CKD
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Figure 1. Flowchart of the methodology employed to trace the significant genes involved in CKD.
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Cytoscape plugin cytohubba scores each gene of a network by its
topological measures based on the shortest path. In the present
study, three major topological measures having both local as well as
global influence, have been employed for scrutinizing hub genes viz.
- Degree Centrality, BC and MNC. Genes having top 10 scores are
recovered, each from above mentioned three topological measures,
having a pattern of color signifying highly essential genes with red
color. Among these genes, the top-ranked three genes were obtained
by combining the results of the above three topological parameters viz.
STAT-3, transforming growth factor alpha (TNF-a), and transforming
growth factor beta (TGF-B) were then validated in vivo.

2.1.4. Qiagen ingenuity pathway analysis (IPA)

For further evaluation of the network, IPA (84978992) was used for
observing any cross talk among the retrieved genes. The highest-
ranked first 10 genes scrutinized from cytohubba were uploaded on
Qiagen IPA software.

Core analysis of the hub genes was conducted within IPA. The IPA
input was then further examined to create pathway networks aimed at
identifying the primary upstream regulator among the targeted genes.
Filters were applied in the upstream regulator results, specifically
focussing on molecule types such as cytokines, enzymes, growth
factors, nuclear receptors, transcription regulators, and transmembrane
receptors. Following this filtering, the upstream regulator which
targeted the remaining genes was shortlisted. Specific disease filters
such as inflammation, apoptosis, and fibrosis were applied. Other
parameters like species type, relation type, and model type were kept
at their default settings for broader information search.

2.2. In Vivo Studies

2.2.1. Animal experimental design

The experimental work was accomplished on Sprague-Dawley rats
weighing 200-250 g body weight. These were, procured from the
Central Animal House of the Institute. The research proposal pursued
was certified by the Institutional Animal Ethics Committee and
executed following the regulations of Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA).

After 1 week’s adaptation, UUO surgery was performed under
anesthesia using ketamine:xylazine (100 mg/kg:10 mg/kg)
intraperitoneal injection. During the procedure, the fur from the
surgical site of the animals was shaved off with a trimmer, disinfected
and then they were positioned on the right lateral position on a warm
pad during the course of surgery to preserve their body warmth.
Through a left flank abdominal incision, the left ureter was exposed
and completely ligated with a 5-0 polypropylene suture at two points
and cut between the ligatures. The abdominal muscles were then
sutured in layers using absorbable polyglactin suture. The skin was
sutured using non-absorbable polypropylene suture. The surgical
incision was cleaned with povidone-iodine solution and an aseptic
dressing of the wound was done. The ureters of the Sham-operated
rats were isolated but not ligated. The right kidney was left untouched.

The animals were sacrificed on postoperative days 10, 14, 16, 18, and
21 for standardization. The significant pathological changes, in the
form of a dilated renal calyceal system, were found 14th day onwards.
The renal fibrosis, however, was observed after the 18th postoperative
day. Hence, the 14th and 18th postoperative days were selected for
final analysis in the current study.

The animals were categorized into three groups established on the day
of their sacrifice (n = 6 in each group): 1) Sham Group, 2) UUO 14
Group, and 3) UUO 18 Group. UUO 14 and UUO 18 group were
further divided into right non-ligated contralateral kidney (RK) and
left ligated kidney (LK) and were sacrificed on day 14 and day 18,
respectively.

2.2.2. Evaluation of kidney injury

Evaluation of the kidney injury was performed by estimating the serum
creatinine level which was carried out by employing a commercially
available kit and the results were analysed using a spectrophotometer.

2.2.3. Histopathological examination

A histological examination of the kidney was carried out by fixing
the kidney in 10% buffered formalin, for subsequent processing.
Dehydration of the formalin-fixed tissues was then carried out in
ascending grades of alcohol dilutions (30%, 50%, 70%, 90%, and
100%). The sections were cleaned in benzene and then submerged
in paraffin. Microtome was used for cutting the paraffin-embedded
tissues into fine sections. Following this, the hematoxylin and eosin
(H and E) method was employed to stain the 5 pm thick sections of
paraffin-embedded tissues. The images were then examined using a
light microscope.

2.2.4. Total histological score (THS)

THS was estimated on account of degeneration, necrosis, and
inflammation of the tubules. The formula used for the calculation of the
histological score was—THS = TD/2+TN+TIN/2 where TD, tubular
dilation; TN, tubular necrosis; TIN, tubulointerstitial inflammation.
The score was marked regular between the range of 0-2, mild between
2 and 6, and above that range was considered as severe THS.

2.2.5. Quantitative real-time polymerase chain reaction (PCR)

Expression analysis of both the kidneys, right contralateral (RK) as
well as left ligated (LK) was carried out by real time PCR utilizing
SYBR Green master mix containing sequence-specific primers
(Table 1). Data were analyzed by calculating the fold change through
relative quantitation Comparative cycle threshold (CT) Method
(AACt) with GAPDH chosen as the internal control.

The reaction mixture was put together in thin-walled PCR tubes
comprising of SYBER Green master mixture with forward and reverse
primers, cDNA template, and nuclease free water. All the constituents
were properly mixed before transferring to the PCR tray. The thermal
cycles were programmed for cDNA synthesis followed by PCR
amplification. The delta-delta Ct method (244t Method) also known
relative Quantitation Comparative CT Method was applied in real—
time PCR to calculate the relative fold change in gene expression,
normalized to Ct value of the housekeeping gene.

The following formula was used to calculate the relative fold change:
D(-AACH)

2.2.6. Immunohistochemistry

Paraffin-embedded renal sections were deparaffinized, rehydrated
with descending grade of alcohol dilutions (100%, 90%, 70%, 50%,
and 30%). After washing, blocking was achieved in 3% bovine serum
albumin (BSA). Following blocking, incubation of the renal section
was executed with the primary antibodies diluted in BSA using anti-
rabbit serum against TNF-a with 1:500 dilutions and rabbit antibody
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Table 1. Primer sequences employed for the study with GAPDH as internal control.

S.No.  Gene name (Rattus norvegicus)

Primer sequence

1 STAT-3 Forward: 5'- CAG CAA TAC CAT TGA CCT GCC-3' 62.25
Reverse: 5-TTT GGC TGC TTA AGG GGT GG-3'

2 TNF-a Forward: 5'-GCC ACC ACG CTC TTC TGT-3' 59.5

Reverse: 5'-GGC TAC GGG CTT GTC ACT C-3'

3 TGF-p Forward: 5'-GGA CTA CTA CGC CAA AGA AG-3' 55.6
Reverse: 5'- TCA AAA GAC AGC CAC TCA GG-3'

4 NF«xB Forward: 5'- TTA CGG GAG ATG TGA AGA TG -3’ 52.85
Reverse: 5'- ATG ATG GCT AAG TGT AGG AC -3’

5 GAPDH Forward: 5'- AAG GTG GTG AAG CAG GCG GC-3' 68.9

Reverse: 5- GAG CAA TGC CAG CCC CAG CA-3'

Annealing temperature

STAT-3, Signal transducer and activator of transcription 3; TNF-a, Tumor necrosis factor alpha; TGF-p, Transforming growth factor beta; NF-kB, Nuclear Factor

kappa B; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.

to TGF-f with 1:500 dilution at 4°C overnight. The next day, goat
anti-rabbit IgG secondary antibody conjugated with fluorescein
isothiocyanate (FITC), diluted in BSA was used for incubation for
2 hours at room temperature. Following counterstaining the sections
with 6-diamidino-2-phenylindole (DAPI), the slides were examined
under a fluorescence microscope (Nikon Eclipse 80i).

Formalin-fixed, paraffin-embedded sections were initially heated
and immersed in xylene for deparaffinization. The sections were
rehydrated with descending grade of alcohol dilutions followed by
immersing in distilled water. To suppress the endogenous peroxidase
activity, the slides were incubated in peroxidase-blocking reagent
(H,0, in methanol). Slides were subjected to antigen retrieval in
citrate buffer inside a microwave oven. Blocking of the sections
was achieved in blocking media of 3% BSA in PBS (with Triton
X- 100) at room temperature. After blocking, incubation of the
renal sections was executed with the primary antibodies diluted in
BSA using anti-rabbit serum against TNF-o with 1:500 dilution and
rabbit antibody to TGF-f with 1:500 dilution at 40°C overnight in
a moisture chamber. Washing of the slides with (PBST) Phosphate
Buffered Saline with Tween 20 was done to get rid of unbound
primary antibodies the following day. Incubation was performed
with goat anti-rabbit IgG FITC conjugated secondary antibody,
diluted in BSA (1:10,000 dilution) for the duration of 2 hours at
room temperature in a dark and humid chamber. The tissue sections
were again washed with PBST. After completion of all the requisite
washing steps, the sections were counterstained with DAPI for 2—-5
minutes, followed by washing with PBS to pool out excess DAPI.
Finally, the sections were cover-slipped in mounting media and
were examined using Nikon Eclipse 80i fluorescence microscope
equipped with Northern Eclipse Imaging Elements-D (NIS-D)
software.

2.3. Statistical Analysis

Statistical analysis was performed using Microsoft Excel, Office 365
(v16.0) (Microsoft, Redmond, WA). Categorical data were reported
as percentages and frequency and data for continuous variables were
summarized using the mean and standard deviation of three independent
experiments, performed in triplicates. The variance between samples
was compared using F-test Two-sample variance tool in Microsoft
Excel. If the p-value in the F-test was less than 0.05, then the samples
were considered not to have equal variances. Student’s z-test was used
for the continuous variables with equal variance otherwise Welch’s
t-test was used. The p-value of <0.05 was considered significant with
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Figure 2. The image shows protein- protein interaction network (PPIN)
generated through String software tool in UUO induced chronic kidney
injury. Total of 37 genes were uploaded for String analysis to generate a
network having interaction score fixed to medium confidence (0.400). Lines
connecting the genes indicate the interactions amongst them, with thicker
lines suggesting stronger interactions between the genes.

all the statistical tests being two-tailed. To calculate the confidence
interval, 95% of confidence level (o = 0.05) was taken.

3. RESULTS

3.1. NCBI Retrieval of Gene

Irrespective of the primary reason behind the causation of CKD,
inflammation, apoptosis, and fibrosis are the main processes accountable
for CKD. Therefore, in the present frame of work, these specific
keywords were used to fetch genes from NCBI database. The result
showed 37 candidate genes related to “CKD genes” (Supplementary
File, Sheet 1), 27 “inflammatory genes in CKD” (Supplementary File,
Sheet 2), 28 “apoptotic genes in CKD” (Supplementary File, Sheet
3), 27 “genes for fibrosis in CKD” (Supplementary File, Sheet 4) and
15 “epithelial mesenchymal transition genes in CKD” (Supplementary
File, Sheet 5) retrieved from NCBI. The search remained restricted “rat
kidney”. Thus, a total of 134 genes were screened. After eliminating
the redundant genes from the list of 134 genes, the final list turned
out to be 37 in number. This gene list was further analyzed for the
construction of PIN (Fig. 2).



Tomar et al.: NF-kB a master regulator in the rat model of chronic kidney disease 2025;13(2):193-205 197

Figure 3. The figure shows top 10 scrutinised hub genes employing Cytoscape plugin cytohubba. For scrutinization,
cytohubba employed three topological measures viz. Degree Centrality, BC and MNC. Genes having top scores
were recovered, each from above mentioned three topological measures, having a pattern of color signifying highly
upregulated genes in CKD with red color. The shade of the colour from strong red to blue specifying the order of the
genes from top to bottom.

3.2. Module Analysis and Calculation of Topological Measures
to Find Hub Henes by Cytoscape Analysis

The network was then exported to cytoscape plugin MCODE, the
results of which showed that the network included 2 modules.
According to MCODE scores, 13 nodes, and 53 edges were
present in module 1 with an 8.833 score, and 6 nodes, and 8 edges
were present in module 2 with a 3.200 score. Module 1 with the
maximum score of 8.833 was selected as the most influential
one containing 13 genes. Now these 13 genes of modules 1 were
further visualized for topological characteristics including degree
(k), BC, and MNC by Cytoscape plugin Cytohubba (Fig. 3). Based
on the centrality methods ten overlapping genes viz.- STAT3,
TNFa, TGFB, PPARy, NOS2, EGFR, NOTCHI1, HIFI1A, EPO,
and Rela were identified (Table 2). Among these 10 genes, the
top-ranked three genes were obtained by combining the results of
the above three topological parameters viz. STAT-3, TNF-a, and
TGF-B were validated in vivo by generating a rat model of UUO
model of chronic kidney injury.

3.3. Ingenuity Pathway Analysis

The master regulator of all the 10 screened hub genes was observed by
implementing the core analysis approach of IPA. It has been verified
in our lab that nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB) plays a major role in AKI [10,11]. In the present study
also, NF-kB was identified as the master regulator of CKD genes
through IPA platform. The results suggested that NF-xB complex was
regulating the above-identified 10 hub genes. Upregulation of NF-kB
molecule causes activation of the genes including TNF, TGFBI,
NOTCHI1, RELA, NOS2, HIF1A, EGFR, and EPO. The gene PPARG
is getting inhibited by the regulation of NF-kB (Fig. 4). Therefore,
in addition to the top three ranked genes viz. STAT-3, TNF-a, and
TGF-B, the in vivo validation of NF-kB becomes highly pertinent to
depict its role in CKD.

3.4. In Vivo Analysis of UUO Model in Rats

3.4.1. Renal function analysis

The biochemical analysis of the results unveiled no remarkable change
in the level of serum creatinine among the Sham group and UUO 14
group (p > 0.05; CI 0.025-0.107). However, on day 18, a slight surge
in creatinine level was depicted w.r.t. the Sham group (p < 0.001; CI
0.188-0.340) (Fig. 5).

Table 2. List of 10 genes with high degree, BC and MNC. The table
shows top 10 scrutinised hub genes employing Cytoscape plugin
cytohubba. For scrutinization, cytohubba employed three topological
measures viz. Degree Centrality, BC and MNC. Genes having top scores
were recovered, each from above mentioned three topological measures.
10 hub genes were obtained by combining the results of three topological
parameters.

Degree BC MNC Hub genes
STAT3 STAT3 STAT3 STAT3
TNFa TNFa TNFa TNFa
TGFp1 NOS2 TGFp1 TGFp1
PPARy PPARy PPARy PPARy
NOS2 TGFBI1 NOS2 NOS2
EGFR EGFR EGFR EGFR
NOTCHI EPO NOTCHI NOTCHI
HIF1A NOTCH1 HIF1A HIF1A
EPO HIF1A EPO EPO
RELA RELA RELA RELA

STAT3, Signal transducer and activator of transcription 3; TNFo, Tumor necrosis
factor alpha; TGFP, Transforming growth factor beta; PPARy, Peroxisome
proliferator- activated receptor gamma; NOS2, Nitric oxide synthase 2; EGFR,
Epidermal growth factor receptor; NOTCHI, Neurogenic locus notch homolog
protein 1; HIFIA, Hypoxia-inducible factor 1-alpha; EPO, Erythropoietin; RELA,
proto-oncogene.

3.4.2. Kidney histopathology on day 14 and day 18 after ureter
ligation

In the Sham control group, kidney architecture was found to be
well-marked with properly organized cells, intact nuclei, normal
tubules, and glomeruli. Whereas UUO 14 group was characterized
by dilatation of the tubules, interstitial nephritis, and ruptured
glomeruli showing widening of Bowmans’ space. These changes
were exaggerated on day 18 with additional visible foci of fibrosis
(Fig. 6).

3.4.3. Calculation of THS

The THS was calculated for the semiquantitative estimation of the
kidney injury based on the formula- THS = TD/2+TN+TIN/2. Based
on the histological score, it was observed that THS was multi-folds
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Figure 4. Image depicting NF-kB as the master regulator of top 10 hub gene through core analysis approach of IPA. Strong red colour signify
upregulation of genes whereas blue colour indicates downregulation of genes.
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Figure 5. Renal function test of UUO nephropathy in blood serum of rats-
Changes in serum creatinine. Data represented as means +/- SD. *p < 0.05
w.r.t. to the control group.

increased at 14 days and reached a maximum at 18 days following
ureter obstruction with respect to control as shown in Figure 7.

3.4.4. Real time PCR analysis of TNF-o, TGF-p, STAT-3, and
NF-kB gene with respect to CKD

In the UUO 14 group the fold change of TNF-a was inconspicuous
in control versus right non-LK (1.4 w.r.t control; p = 0.091; 95% CI
0.087 to 1.024), while it was 2.1 times to that of control in the left
LK (p <0.05; 95% CI 0.369-2.269). However, in UUO 18 group the
expression of TNF-o was 3 times to that of the control in the right
kidney (p = 0.002; 95% CI 0.931-3.240) and 4.5 times in the left
LK in comparison to the control (p = 0.001; 95% CI 1.743-5.418)
(Fig. 8a).

A gradual decrease in the expression of STAT-3 gene in UUO 14
Group was observed. The fold change of STAT-3 in UUO 14 group
was highest in the sham group, then in the right kidney, and least in the
left kidney. However, the expression of STAT-3 gene was prominent
in the left kidney in UUO 18 group, and it was almost triple, 2.8 times
to that of the sham group (p = 0.01; 95% CI 0.549-3.213). However,
the changes in the expression of the STAT-3 gene was found to be
insignificant in sham group and right kidney (1.05 w.r.t sham group; p
=0.765; 95% CI 0.331-0.439) (Fig. 8b).

Next, the level of TGF-f gene was analyzed and a considerable
upsurge in its expression was noticed in the right kidney of UUO
14 group which was double (2.61; p =0.079; 95% CI 0.224-3.435)
w.r.t. sham control kidney. However, its expression was found
decreased in the left LK of the same group when compared with
control (0.92; p = 0.764; 95% CI 0.485-0.643). On the contrary,
in UUO 18 group, mRNA expression of TGF-3 experienced a rise
in the fold change of 1.3 in the right kidney (p = 0.343; 95% CI
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Figure 6. Photomicrographs depicting histopathological changes (H&E staining) in rat kidney after UUO of Sham control group, UUO 14 and UUO
18 groups a) Sham group showing normal kidney architecture (black arrows- normal Bowman’s space, white arrows- normal renal tubules); b) UUO 14
group showing inflammation and dilatation of tubules (white arrows) and Bowman'’s space (black arrows) of left LK; ¢) Widening of renal pelvis of left

LK of UUO 14 group (black arrow); d) UUO 18 group showing significant dilatations of tubules (black arrow heads) and Bowman’s space (black arrows)
of left LK; e) UUO 18 group showing mild interstitial fibrosis (black arrow heads) of left LK; f) Prominent widening of the renal pelvis of left LK UUO
18 group (scale bar = 100 pm).

-
N

Total Histological Score
>

| I I

Sham Uuo 14 Uuo 18
Time after injury

o N b O ©

Figure 7. Semiquantitative analysis of kidney injury by calculating THS
based on degeneration, necrosis and inflammation of the tubules following
ureter obstruction. Data represented as means +/- SD. *p < 0.05 w.r.t. to the

control group.

0.480-1.269) and 4.1 (p = 0.001; 95% CI 1.701-4.663) in the left
LK, (Fig. 8c).

NF-«xB gene was found to be increased to more than double fold in
the right kidney (2.56; p = 0.114; 95% CI 0.438-3.554) and almost

seven times in the left kidney to that of the sham group in UUO 14
group (7.57; p < 0.001; 95% CI 3.997-9.138). In UUO 18 group also
the expression of NF-kB gene in the right kidney was almost 6 times
higher to that of the control. The left kidney also displayed a marked
activation of NF-kB characterized by a prominent increase in its
expression and it was found to be 19 times higher in comparison to
sham group (19.13; p = 0.001; 95% CI 9.851-26.418) (Fig. 8d).

3.4.5. Immunohistochemical analysis

Expressions of TNF-o and TGF-3 were further validated at the protein
level and it was found that the immunofluorescence analysis for TNF-a
and TGF-fB were consistent with the results of PCR studies.

Results of immunohistochemical staining depicted that in Group II,
the expression of TNF-a was increased in the LK as compared to
that of the contralateral kidney. However, there was no perceivable
expression in the sham control. In Group III, the expression was much
more pronounced in the LK with respect to the contralateral kidney

(Fig. 9).

Next, the tissue sections were evaluated for the expression of TGF-p
and it was deciphered that there was not much variation in the
protein expression was slightly higher in the LK as compared to the
contralateral kidney in Group II. The sham control group again had a
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Figure 8. Evaluation of a) TNF-0, b) STAT-3, ¢) TGF-p d) NF«B gene expression on UUO induced kidney injury in rats. The
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Figure 9. Representative immune-histochemical stained images of rat kidney with FITC labelled TNF-a antibody (green colour)
counterstained with DAPI (blue colour) of UUO Nephropathy of a) Sham group b) Right non LK of UUO 14 Group c) Left LK
of UUO 14 Group d) Right non LK of UUO 18 Group ¢) Left LK of UUO 18 Group. Results of immunohistochemical staining
depicted that in UUO 14 group, the expression of TNF-a was increased in left LK as compared to that of right non-LK. In UUO
18 group, the expression was much more pronounced in left LK with respect to right non-LK. However, there was no perceivable
expression in the sham group. Images are observed at magnification of 10%. Scale bar: 100 pm.
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Figure 10. Representative immune-histochemical stained images of rat kidney with FITC labelled TGF-f antibody (green colour)
counterstained with DAPI (blue colour) of UUO Nephropathy of a) Sham group b) Right non-LK of UUO 14 group ¢) Left LK of UUO
14 group d) Right non-LK of UUO 18 group e) Left kidney of UUO 18 group. Examination of stained kidney sections of UUO14 group

affirmatively manifested that the right contralateral kidney has higher protein expression of TGF- as compared to the left LK. TGF-
expression in UUO 18 group followed the same pattern as was observed for TNF-o and manifested highest expression in the LK than
in contralateral and least in the sham control group. Sham control displayed no noticeable expression of TGF- as such. Images are
observed at magnification of 10x. Scale bar: 100 pm.

trivial expression of TGF-f as it was observed for TNF-a. However,
in Group II1, there was a significant increase in the expression in the
interstitial and tubular cells (Fig. 10).

4. DISCUSSION

To delineate the three central molecular processes, i.e.,
inflammation, apoptosis, and fibrosis, involved in CKD, the
bioinformatic approach was utilized to look for the major set of
genes possessing the potential in the disease pathophysiology
[12,13]. The prediction analysis employing the bioinformatics tool
Cytoscape was used for scoring and ranking genes in a network
according to the three most influential topological parameters
viz. Degree Centrality, BC and MNC [14]. The results filtered 10
essential overlapping genes in the top-ranked list (STAT3, TNFa,
TGFB, PPARy, NOS2, EGFR, NOTCHI1, HIF1A, EPO, and Rela).
Three genes (STAT3, TNF, and TGF) with the highest score in
accordance with the Cytoscape findings, were taken further for in
vivo analysis. Additionally, NF-kB has been found to be the key
mediator in regulating the expression of the above-obtained genes
as observed through IPA.

For the experimental validation of the above-mentioned genes,
UUO surgery was performed in rats on 14 and 18 days as the
damage became apparent from day 14 and onwards. The extent
of the damage was more pronounced on 18th day post ureter
obstruction as compared to day 14th as depicted by the appearance

of fibrosis on histopathological examination of the LK on day 18.
This notion besides lending support gets reiterated by the fact that
NF-kB exhibited enhanced expression indicating a significant
function in UUO-induced CKD (p = 0.011; 95% CI 3.05-20.079).
Experiments carried out in our laboratory prior to this study have
shown the part played by NF-kB in folic acid-induced AKI, we
now in the present frame of work, we display the role of NF-kB in
UUO-induced CKD.

Other reports also lend strong corroboration to such a conclusion
where in NF-kB is shown to be a key inflammatory ensuing molecules
in humans as well as animal models of CKD. In one of the reports, it is
demonstrated that chronic kidney failure gets attenuated by inhibiting
the expression of NF-kB by geniposide injections [15]. Reports
have also suggested that NF-kB is responsible for kidney injury in
the UUO mouse model. They showed that telbivudine, drug with
antiviral properties, targeted NF-kB signaling pathway and resulted
in decreased inflammation and fibrosis [16]. Consistent with the
previous reports, our work now proposes that NF-kB has a much more
complicated role, being a major regulator in the pathology of CKD.

NF-kB activation takes a creative lead throughout the process of
inflammation which serves as a trademark for CKD. NF-kB resides
in the cytoplasm complexed with inhibitory-kB proteins. To get
activated, it relies on the phosphorylation of the inhibitory protein,
thereby its release and translocation into the nucleus. Following this,
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NF-kB act as a trigger for the activation of multiple inflammatory
genes accountable for kidney diseases.

NF-kB is itself acted upon by several other cytokines for its
activation. Amongst the several other stimuli, TNF-a is one of
them, that is held responsible for eliciting the response of NF-kB
by coupling to its receptor, thus, ensuing a domino effect on each
other’s stimulation [17,18]. This engagement of NF-kB and TNF-a
in a circular loop has been suggested to be the significant factor
responsible for the mechanism of inflammation in various CKD
[19]. Likewise similar increase was also seen in the expression
of TNF-a parallel to that of NF-xB in the left LKs of animals in
comparison to the sham control as well as right non-LK, signifying
a strong association among them. Previous studies [20,21] have
reported similar pattern of elevation in the gene expression of these
cytokines thus ensuring their roles in inflammation during UUO-
induced renal damage.

Studies on animal models have shown the role of TNF-a in the
progression of CKD from AKI by the upregulation of M1 macrophages
and advancing the stage to fibrosis. High expression of TNF-a has been
evidenced in several experimental animal models for CKD including
diabetic kidney disease [22]. A similar statistically significant rise in
TNF-a expression (p = 0.05; 95% CI 0.002-4.329) was observed on
18th day with respect to 14th day in the ligated left kidney in our
study (Fig. 8). Moreover, one of the members of TNF superfamily,
i.e., TWEAK caused renal fibrosis of UUO mice through activation
of NF-xB signaling. The reports also pointed to the observations
wherein, TWEAK, one of the sole cytokines manifested to activate
nonclassical NF-kB signaling in tubules of the kidney [23,24]. One
more study, it is reported that isoliquiritigenin, a flavonoid, is anti-
inflammatory and antifibrotic in its action. Following treatment with
this flavonoid, UUO induced kidney injury remarkably improved by
downregulating the levels of TNF-a, IL-6, and IL-1f gene expression
and simultaneously suppressing the phosphorylation of NF-kB [25].
In yet another study it was suggested that following treatment with
nifuroxazide, an antibacterial drug, the expression of TNF-a, TGF-$1
and IL-1 B was diminished and consequently resulted in reduced
inflammation and fibrosis, which were liked with targeting NF-xB
signaling [26]. Thus, it is strongly believed that this cyclic interplay of
TNF and NF-kB must be playing a major role in UUO-induced renal
tissue inflammation.

Eventually, following inflammation and apoptosis, fibrosis is the
main concluding pathway of all sorts of CKD and literature reports
evidence have shown that NF-kB/TNF-a are primarily responsible in
provoking fibrosis by augmenting the expression of IL-6, and TGF-f1
in glomerular diseases [27,28]. It is very well documented in plenty of
reports that NF-xB is opulently expressed during chronic inflammation
and releases proinflammatory cytokine IL-6, which consequently
results in the activation of STAT-3 gene [29]. It has been exhibited
that NF-kB communicates directly with STAT3, thereby, aiding its
recruitment to the promoter region of NF-kB and vice-versa and
thus, are shown to symbiotically regulate various inflammatory and
apoptotic genes [30]. Uncontrolled stimulation of Stat 3 gene has been
depicted in various disorders specifically in cancer and autoimmune
diseases, but its role has currently been manifested for its involvement
in several kidney diseases [31]. Elevated expression of STAT-3 has
been delineated in earlier studies in the tubular and interstitial region
of the kidney in UUO rat model of kidney fibrosis [32]. In another
subsequent research, activation of STAT-3 has been exhibited in mice
model for kidney fibrosis generated by ureter obstruction. In their
study, they treated the mice with S31-201, following UUO and found
a remarkable decline in the expression of proinflammatory cytokines,

fibronectin, alpha smooth muscles actin, and type I collagen, resulting
a decrease in the level of fibrosis [33]. Another study demonstrated
the participation of IL-6 in the activation of NF-kB and STAT-
3 in fibroblasts by the subsequent elicitation of TGF-f resulting in
myofibroblast proliferation and extracellular matrix (ECM) deposition
[34]. Therefore, turning on these pathways results in more serious
renal injury in these cases.

The present work also witnessed NF«B coupled rise in the expression
of TGF-B in UUO 18 group (p < 0.001; 95% CI 1.717-4.806)
certifying the role of TGF-$ in fibrosis as demonstrated in other
studies [35]. TGF-B1 is considered as the principal profibrotic cytokine
and myofibroblasts as the dominant cells responsible for generating
fibrotic ECM. In some of the in-vitro studies also it was found that
the epithelial cells attain the characteristics of mesenchymal cells
phenotype when kidney epithelial cell lines were treated with TGF-f
[36]. In yet another parallel study, increased expression of TGF-3 was
observed in IgA nephropathy patients indicating its involvement in
fibrosis in the pathogenesis of CKD [37]. All these studies lend strong
support to the present work.

However, TGF-f level in UUO 14 group was found to be highest in
the non-LK in comparison to sham control and the left LK (Fig. 8).
This can be elucidated on the basis that TGF-p has pleiotropic role and
is not just involved in fibrosis, as mentioned above, it has a diverse
roles like proliferation of cells, anti-inflammatory, cell differentiation
and ECM deposition [38]. Another plausible reason for the decrease
of TGF-f in the LK is compensatory hypertrophy. TGF-f is witnessed
to play as one of the significant molecules responsible for ensuing
compensatory hypertrophy in the contralateral kidney [39,40]. It
has been very well documented that mesangial cells are one of the
principal sources of TGF-B [41]. Obstructive nephropathy results
in increased filtration of the glomerulus accompanied by increased
production of mesangial cells in the contralateral kidney. This is
further followed by accumulation of TGF-f which prompts tubular
cells to encounter compensatory hypertrophy in the contralateral
kidney. When an ample amount of TGF-f gets collected, it in turn
prevents the amplification of mesangial cells consequently resulting
in an impediment of compensatory hypertrophy of the contralateral
kidney. However, when the stage of fibrosis is reached, TGF-f gets
shifted in the LK. Several reports have suggested the relation of the
contralateral kidney in compensatory hypertrophy in obstructive
nephropathy animal models [42.,43].

The bioinformatics observation of the present study, through
IPA, further revealed the interaction of NF-kB and TGF-f in the
advancement of kidney injury. NF-xB /TNF-o are primarily responsible
in provoking kidney inflammation and fibrosis by augmenting the
expression of IL-1f, and TGF-B1 in several kidney diseases. One of
the studies has demonstrated that Artemisinin, an antimalarial drug
has been shown to have anti-inflammatory and anti-fibrotic role by
decreasing the expression of TGF-f and simultaneously suppressing
NF-xkB pathway in 5/6 nephrectomy rat model [44]. Ferulic acid,
another pharmacological drug, significantly reduced the expression
of NF-kB, TGF-Bland TNF-a in the diabetic nephropathy rat model
[45]. It appears from these studies that TGF-f§ and NF-xB are getting
decreased together, it can be assumed that both these genes work in
co-ordination.

The present result is thus, in compliance with the other studies
signifying the role of NF-kB and TGF-f in fibrosis. The present work
also offers an additional advantage with respect to previous studies
as the majority of the findings have analyzed the expression of the
genes in the LK. However, the role of the participating genes in the
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unobstructed kidney has not formerly been analyzed. Thus, in the
present piece of work, the expression level of predictive genes was
considered in the contralateral as well as in the LK.

4.1. Limitations

There are a few limitations of the study

First, the inefficiency of UUO model to precisely analyse the
variations in kidney function due to the presence of unobstructed
kidney as the serum creatinine levels cannot be used as a parameter for
assessment of CKD. Second, Rat UUO model experiences pronounced
inflammatory component as compared to humans, hence the degree of
gene expression may be variable and different in humans. Third, UUO
model does not cast light on established disease as observed in clinical
studies. Fourth, the present study used literature search for genes from
NCBI only, other transcriptomic or proteomic dataset repositories can
also be used. Fifth, clinical studies would be required to validate our
results in humans.

5. CONCLUSION

NF-kB has been ascertained as a major participant in various forms
of kidney diseases. Our study too revealed that NF-kB has a major
influence on leading genes impacting CKD. For the first time, the study
speculated, from the results drawn from integrated systems biology
and in-vivo approach, that the top three genes (STAT-3, TNF-a, and
TGF-B) work in coordination in disease progression and NF-kB being
a major regulator of genes, participating in manifestation of CKD.
The coupled increase in the expression of these genes proposed, that
these might be significant contributors in the advancement of the
disease. Our results suggested that NF-kB plays a pertinent role in
the manifestation of CKD and thus can be restrained by therapeutic
manoeuvres. The crosstalk amongst these molecular entities must be
investigated for various kidney diseases specifically for CKD. With
the evolution of modern techniques in the medical field, the present
information will certainly enhance the knowledge of the underlying
molecular etiology of CKD and eventually can be harnessed for
potentially therapeutic targets.
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