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Sodium orthovanadate protects against ulcerative colitis
and associated liver damage in mice: insights into modulations
of Nrf2/Keap1 and NF-kB pathways
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Abstract

Ulcerative colitis (UC) is a prominent category of disease that is associated with bowel inflammation, it can occur at any
period of life and is prevalently rising on a global scale. Dextran sulfate sodium (DSS) has been extensively used to develop
colitis due to its ability to mimic human UC, providing consistent and reproducible inflammation, ulceration, and disruption
of the epithelial barrier in the colon. Chronic inflammation in the gut can lead to alterations in the gut-liver axis, potentially
impacting liver function over time, while direct evidence linking diversion colitis to liver damage is limited. Thus, the present
study aims to assess the gut and liver damage against DSS and the possible molecular mechanisms. Forty-seven animals were
randomly assigned to six groups. Ulcerative colitis was induced using 2.5% w/v DSS in three alternate cycles, each lasting
7 days, with 1-week remission periods in between. SOV (5 and 10 mg/kg, orally) and the standard drug 5-aminosalicylic
acid (100 mg/kg, orally) were administered from the start of the 2nd DSS cycle until the end of the experiment. Biochemi-
cal parameters, ELISA, histopathological, and immunohistochemical analyses have been conducted to assess damage in the
colon and liver. SOV significantly reduced colitis severity by lowering the DAI score, oxidative stress markers (LPS, IL-1,
MPO, nitrite), and restoring liver biomarkers (SGPT, SGOT). Histopathological findings supported these protective benefits
in the liver and gut. Moreover, immunohistochemical analysis showed SOV enhanced the expression of the cytoprotective
mediator Nrf2/Keap-1 and reduced the expression of inflammatory mediators NF-kB and IL-6. Present findings concluded
that SOV demonstrated a dose-dependent effect against UC through anti-inflammatory and antioxidant pathways, with the
highest dose of SOV 10 mg/kg having more significant (p < 0.001) results than the low dose of 5 mg/kg.
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Introduction

Ulcerative colitis (UC) is a bowel-associated inflammatory
disease that affects the rectum and colon to various extents
throughout the life of an individual. The typical symptoms
of UC include chronic diarrhea, often accompanied by blood
or pus, abdominal pain and cramping, rectal bleeding, unin-
tentional weight loss, fatigue, and occasional fever (Ungaro
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et al. 2017) (Danese et al. 2018). This condition mainly
involves periodic inflammation of the mucous lining that
starts in the rectal area and extends continuously upward,
terminating abruptly where it transits into healthy colon tis-
sues (Burisch et al. 2023). Without effective treatment, per-
sistent inflammation can degrade quality of life, often requir-
ing surgical intervention and frequent hospital visits, and it
can also elevate the risk of colorectal cancer (Viola et al.
2024). The annually reported incidences of UC contain up to
20 cases per 100,000 persons and prevail up to 291 cases per
100,000 persons (Santiago et al. 2022), and the estimation
for the year 2023 is 5 million cases throughout the globe (Le
Berre et al. 2023). The advancement of UC is influenced by
genetics and environment. Environmental and geographi-
cal factors, along with unhealthy eating habits, alcohol con-
sumption, smoking, pollution, and the use of medications,
can alter gut microflora resulting in inflammatory conditions
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(Molodecky and Kaplan 2010). Similarly, the genetic fac-
tors are partially involved in disease progression. A recent
meta-analysis of genome-wide association studies (GWAS)
has identified 163 single nucleotide polymorphism loci
associated with inflammatory bowel disease (IBD) (Ek
et al. 2014). These genetic loci include genes involved in
key biological processes such as autophagy, microbial rec-
ognition, lymphocyte signaling, response to endoplasmic
reticulum stress, and cytokine signaling (Liu et al. 2015;
Jostins et al. 2012). The pathogenesis of UC remains uncer-
tain, but it is widely acknowledged that the colonic mucin,
gut microbiome composition, and barrier integrity result in
potentially heightened absorption of luminal antigens, that
further initiate the various molecular pathways (Tatiya et al.
2018). It has been reported lipopolysaccharide (LPS) is pri-
marily produced inside the gut when the barrier of the gut
is interrupted (Li et al. 2023), and LPS through the portal
vein enters into the liver, then stimulates the hepatic inflam-
matory mediator causing liver damage (Liu et al. 2017). It
mainly binds to TLR4 on the surface of macrophages and
dendritic cells (Boirivant et al. 2008). This binding acti-
vates intracellular signaling pathways including NF-«xB,
NLRP3 and Nrf2, and proinflammatory cytokines such as
TNF-a, IL-1f, and IL-6 that tend to propagate, amplify the
inflammatory response, and contribute to systemic and local
inflammation in the gut (Currie et al. 2001). Nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)
acts as a regulatory mediator for survival, initiation, and
diversification of innate immune and inflammatory cells by
potentiating the expression of pro-inflammators that contrib-
utes to chronic inflammation and tissue damage in UC (Liu
et al. 2018). Furthermore, the Nrf2 (nuclear factor erythroid
2-related factor 2) acts as a cyto-defensive element, that relo-
cates into the nucleus and prompts the activation of phase II
detoxification and antioxidant genes including NQO1, HO-1,
GCL, and SOD (Khor et al. 2006). This activation enhances
the cell’s ability to neutralize reactive oxygen species and
mitigate intestine inflammation. So, Nrf2/Keap1 and NF-xB
pathways present novel avenues for managing inflammatory
bowel disease, particularly UC. Majorly 5-aminosalicylic
acid (5-ASA), which is utilized in inflammatory gut manage-
ment and UC remission maintenance, is suggested to exert
its effects through the Nrf2/Keap1 axis (Kang et al. 2017).
Recent research indicates that activating intestinal Nrf2 can
inhibit the NF-kB pathway, suggesting a promising therapeu-
tic approach for treating UC and its complications (Horow-
itz et al. 2023). Clinical studies indicate that 5-10% of cases
of liver injury is a common extra-intestinal complication in
persons having UC, often seen as a secondary effect of gut
barrier disruption (Thin et al. 2014). It is undeniable that
managing hepatic problems can also be prioritized within the
treatment regimen for UC. Therefore, gut microflora regen-
eration through the nutritional and natural manner in UC
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advancement is a rational preference (Herrera et al. 2023).
However, the UC management is multifaceted, but the cor-
nerstone medication is S-aminosalicylic acid (5-ASA), also
known as mesalamine, and is a therapeutic agent used in the
treatment of UC. It primarily reduces colon inflammation by
inhibiting the production of inflammatory mediators like pros-
taglandins and leukotrienes, key components in the inflamma-
tory process of UC (Sandborn and Hanauer 2003). But acute
5-ASA intolerance syndrome typically presents with worsened
diarrhea, fever, and abdominal pain. Patients who stop 5-ASA
due to intolerance are at greater risk of adverse outcomes like
hospitalization, colectomy, needing more advanced therapies,
and reduced response to TNF biologics (Mikami et al. 2023).
Besides this, other treatment options include glucocorticos-
teroids, thiopurine, TNF-a antagonists, methotrexate, vedoli-
zumab, and antibiotics. Unfortunately, these drugs also have
limitations in effectiveness and safety. Corticosteroid intake
increases the risk of infections, osteoporosis, hyperglycemia,
hypertension, weight gain, and mood swings, and in long-
term use, adrenal suppression (Timmer et al. 2016) and immu-
nomodulator therapies cause bone marrow suppression, liver
toxicity, and pancreatitis (Reddy and Loftus 2006). Thus, find-
ing of drug with more potency, effectiveness, and minimal
adverse effects is imperative (Fu et al. 2010). Notably, sodium
orthovanadate (SOV), a compound originating from inorganic
moiety related to the vanadium group, acts as a competitive
inhibitor of protein tyrosine phosphatases (PTPs) (Harrington
et al. 2021; Joshi et al. 2022). In reported studies on cancer
cells, vanadium compounds showed a protective response
by inhibiting the cell cycle at checkpoints GO/G1, G1/S, and
G2/M (He et al. 2021). Besides this, it is involved in multiple
physiological processes including fertilization (Gunther et al.
2013), apoptosis (Khalil and Jameson 2017), cell cycle, and
neuronal death through the PI3K/AKT and MAPK pathway
(Kim et al. 2019), which further initiates the cyto-defensive
mechanism (Yu et al. 2019). The previous reports have vari-
ous pharmacological properties of the SOV including the anti-
diabetic (Mehdi et al. 2006; Begum et al. 1991), antioxidant,
anti-inflammatory (Willsky et al. 2013), and neuroprotective
activities (Khalil and Jameson 2017). Earlier studies reported
that the antioxidant and anti-inflammatory properties of vana-
dates by inhibiting PTPs work as a key mechanism in the
treatment of UC (Omayone and Olaleye 2021). SOV might be
helpful by protecting the cells in the colon lining, promoting
healing, regulating apoptosis, and maintaining cellular integ-
rity that reduces the inflammation in the colon. Moreover,
PTPs regulate the cell cycle by controlling the phosphoryla-
tion status of key proteins involved in cell division (He et al.
2021). So, SOV can promote the survival and proliferation of
epithelial cells in the gut lining, aiding in the repair of ulcer-
ated and mucosal healing and regeneration. Therefore, the
current study is designed to explore the effectiveness of SOV
against the DSS and its gut-associated liver damage.
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Materials and methods
Drugs and chemicals

Dextran sulfate sodium salt (Cat. # 76203, 30-50 kDa molecu-
lar weight) was procured from Sisco Research Laboratories,
and sodium orthovanadate (Cat. #S6508 purity = >90%) was
procured from Sigma Aldrich. The lipopolysaccharide (Cat#
E2214Mo) and IL-1 B (Cat# E-EL-MO0037) ELISA Kits were
procured from Elabsciences, China, and Erba kits for SGPT
(Cat# 120207) and SGOT (Cat# 120616) were procured from
the Transasia Biomedical Ltd. The antibody NF-Bp65 (Cat#
SC-8008), Nrf2 (Cat#SC-365949), and IL-6 (Cat# SC-28343)
soured from the Santa Cruz biotechnology. Additionally, Onco-
gene Research Product USA detection kit FragEL™ DNA
Fragmentation (Cat. # QIA39; Calbiochem), Vector labs stain-
ing kit the impress excel (Cat. # MP-7601), and other chemical
reagents and stains were acquired from Sigma-Aldrich, USA.

Rationale of study and dose selection
The dextran sulfate sodium (DSS) induced colitis model

is widely used for studying inflammatory bowel disease
(Eichele and Kharbanda 2017). It provides key insights

into histopathological and morphological changes in intes-
tinal barrier function, microbial balance shifts, and metab-
olome alterations associated with human UC development
(Singla et al. 2023). Various studies have explored a spec-
trum of 1-5% w/v DSS dosages for 5-7 days durations
(Wetwittayakhlang et al. 2021). Clinically, a treat-to-target
strategy has been adopted in ulcerative colitis, focusing on
inducing and maintaining remission to replicate human
pathological conditions (Bressenot 2018). The dosage
selected for this study was determined by referencing ear-
lier preclinical studies. The dosage regimen for sodium
orthovanadate dose, 5 and 10 mg/kg (Joshi et al. 2022),
and standard drug 5-aminosalicylic acid, 100 mg/kg (Roy
et al. 2022), has been selected, both orally administered
after being dissolved in distilled water from the 1st day of
2nd DSS cycle continued till sacrifice (Fig. 1).

Experimental protocol

Forty-seven male BALB/c mice, weighing between 25 +2
g, were procured from a CCSEA registered breeder (AIIMS,
New Delhi). The study’s research plan was sanctioned by the
Institutional Animal Ethics Committee (IAEC) of ASBAS-
JSM College of Pharmacy, Bela (Ropar), under the allotted

1.CON Normal Drinking Water
2 | | S0V (ome/x) |
= | | | | | | |
5-ASA (100 mg/kg)
R | | | | | |
SOV (5 mg/kg)
5.DSS +SOV5 | | I I | | I
SOV (10 mg/kg)
6.DSS + SOV10 | I | | I I | .
L S—) | 2 3 4 5 . 7
Senatizats
Weeks

E Normal Drinking Water

Fig. 1 A visual representation outlining the experimental framework,
demonstrating the treatment protocols and dosage regimens allocated
to different groups: CON: received normal drinking water. PERSE:
received SOV 10 mg/kg started from 3rd week and continued till
sacrifice. DSS: received DSS 2.5% w/v in drinking regular water for
three consecutive cycles of 7 days from the first week of the study
and continued till sacrifice. DSS+5-ASA: received DSS in 3 alter-
native cycles and 5-ASA 100 mg/kg from 2nd cycle of DSS admin-

istration persists until the point of sacrifice. DSS+ SOV 5: received
2.5% DSS in 3 alternative cycles and SOV 5 mg/kg from 2nd cycle
of DSS exposure extends until the animals were sacrificed. Group 6;
DSS+ SOV 10: received DSS and SOV 10 mg/kg from 2nd cycle of
DSS exposure continue up to sacrifice. DSS, dextran sulfate sodium
2.5% wlv; 5-ASA, 5-aminosalicylic acid 100 mg/kg; SOV 5, sodium
orthovanadate 5 mg/kg; SOV 10, sodium orthovanadate 10 mg/kg
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ASCB/IAEC/18/23/180 number. The animals were kept in
standard laboratory conditions, with temperature maintained
at 23+ 2 °C, humidity at 40+ 10%, and a 12-h light—dark
cycle. All experimental procedures conducted between 9:00
AM and 4:00 PM daily were in accordance with the Indian
Government New Delhi, regulatory principles by the Com-
mittee for the Control and Supervision of Experiments on
Animals (CCSEA), and the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines. Animals were
assigned randomly into six different groups.

Group 1: CON received 0.9% saline.

Group 2: PERSE mice received a high dose of sodium
orthovanadate (SOV 10 mg/kg). Group 3: DSS mice
received DSS (2.5% w/v) with drinking water in 3 cycles
of 7 days with a remission period of 7 days in between
each cycle (Singla et al. 2023).

Group 4: DSS +5-ASA mice received DSS (2.5% w/v)
and standard drug 5-amino salicylic acid 100 mg/kg.
Group 5: DSS+ SOV 5 mice received DSS (2.5% w/v)
intervention sodium orthovanadate low dose 5 mg/kg.
Group 6: DSS+ SOV 10 mice received DSS (2.5% w/v)
and intervention sodium orthovanadate high dose 10 mg/kg.

After the completion of the experimental work, animals
were sacrificed for the biochemical and fixed with formalin
for histological investigations.

Collection of samples

On the last day of the experimental study, mice (overnight
fasting) were anesthetized with pentobarbitone (50 mg/kg,
i.p.) and samples were acquired through retro-orbital plexus
for biochemical investigation. The liver and colon were dis-
sected and washed with chilled PBS. The tissue was stored
at— 80 °C for further biochemical and molecular investiga-
tions and fixed with formalin for histopathology.

Disease Activity Index (DAI)

DAI was calculated by averaging the total scores of body
weight loss assessed as 0, no loss; 1, 1-5%; 2, 5-10%; 3,
10-15%; and 4, > 15%; stool consistency score as 0, normal;
2, loose stool; 4, diarrhea; and rectal bleeding assessed as
0, no bleeding; 1, hemoccult positive; 2, hemoccult positive
and visual pellet; and 4, gross bleeding. The Disease Activ-
ity Index was calculated as %weight loss + Stool consist-
ency + Bleeding/3 (Vashist et al. 2018).

Peripheral blood micronucleus assay

The purpose of the peripheral micronucleus assay is to
evaluate the genotoxic potential of a substance by detecting
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and measuring micronuclei inside the cell. As per stand-
ard protocol, mice tail’s tip blood sample was collected
before sacrifice (Morita et al. 1997). Further pre-cleaned
slides were used for smear preparation. Following dry-
ing, the slides were treated with absolute methanol for 5
min and subsequently stained with acridine orange. The
Olympus fluorescent microscope (Model BX 51) was uti-
lized for observing the slides at the objective (100 X) under
oil immersion with the digital photomicrograph software
(OLYSIA BioReport, 2001).

Biochemical analysis
Biomarkers for inflammation and oxidative stress in serum

The levels of lipopolysaccharide and IL-1 B levels were eval-
uated by employing the ELISA technique in accordance with
the guidelines provided by the manufacturer. The levels of
SGPT and SGOT were analyzed through the ERBA com-
mercial kits as per standard protocol.

Biomarkers for oxidative stress and inflammation
in the colon

To assess inflammation, myeloperoxidase (MPO)
(Ohkawa et al. 1979) and nitrite concentrations (Green
et al. 1982) were assessed by adhering to established
procedures with colon tissue homogenate with phosphate
buffer and then underwent three cycles of freezing and
thawing, and then centrifugation was performed by rpm
4000 g at 4 °C up to 20 min. The concentration of MPO in
the sample was determined by adding o-dianisidine. The
MPO activity was assessed spectrophotometrically at 460
nm wavelength. For conducting the nitrite assay, super-
natant and Griess reagent were mixed in equal volumes,
and for completing this reaction 10-15 min in the dark
incubated mixture, the value of absorbance was measured
at 540 nm. Biuret assay is used for estimating protein
concentration.

TUNEL assay for detection of apoptotic cells

The colon and liver were fixed in 10% v/v formalin, blocks
were prepared in paraffin, and slides were prepared with
microtome (Leica RM2145, Germany) 4 um sections. DNA
disintegration was assessed through terminal deoxynucleoti-
dyl transferase-mediated dUTP nick end labeling (TUNEL)
(Calbiochem, Oncogene Research Product, USA) assay. As
per the standard protocol, the assay was conducted, and the
software “Isis” was utilized for image analysis of the total
cell population (Carl Zeiss, Axiolmager M1, Germany)
and TUNEL-positive cell count. A charged coupled device
(CCD) camera was used for image capturing.
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Fig.2 a Pictorial representation demonstrates the stool consist-
ency as indicated in a dotted circle black, rectal bleeding mark as
a black square. b Pictorial representation demonstrates the colon
length. ¢ Histogram showing Disease Activity Index. d Colon
length. e Percentage change in body weight. All values are expressed
as mean+SEM (n=7-8). ®®®p<0.001 vs. CON, *p<0.01,

% Change in body weight

#p <0.001 vs. DSS, “p<0.01, “p<0.001 vs. DSS+5-ASA. The
statistical data analysis was presented by one-way ANOVA analy-
sis using Turkey’s test and two-way analysis of variance (ANOVA)
with post hoc test Bonferroni. DSS, dextran sulfate sodium 2.5% w/v;
5-ASA, 5-aminosalicylic acid 100 mg/kg; SOV 5, sodium orthovana-
date 5 mg/kg; SOV 10, sodium orthovanadate 10 mg/kg
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Fig.3 a Histogram represents plasma LPS levels (EU/L). b IL-1f
levels (pg/ml). ¢ Histogram represents myeloperoxidase levels (U/100
mg protein). d Nitrite levels (UM/mg protein). e Histogram represents
SGPT levels (IU /dl). f SGOT levels (IU /dl). All values are expressed
as mean+SEM (n=7-8). ©®®p<0.001 vs. CON, #p<0.01,

statistical data analysis was presented using one-way ANOVA anal-
ysis using Turkey’s test. DSS, dextran sulfate sodium 2.5% w/v;
5-ASA, 5-aminosalicylic acid 100 mg/kg; SOV 5, sodium orthovana-
date 5 mg/kg; SOV 10, sodium orthovanadate 10 mg/kg
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a). CON PERSE

DSS+ SOVS DSS+ SOV10

Fig.4 a Pictorial representation shows peripheral blood micronucleus
in the red circle. b Histogram represents micronucleated erythrocytes
per 1000 cells. All values are expressed as mean+SEM (n="7-8).

@@@, <0.001 vs. CON, *p<0.05, #¥p <0.001 vs. DSS, “p<0.001

vs. DSS+5-ASA. The statistical data analysis was presented using

Histopathological examination

The animals were euthanized, and the colon and liver were iso-
lated, then fixed these organs with formalin 10% v/v. Dehydra-
tion of tissue was done with increasing concentrations of etha-
nol, and then paraffin blocks were prepared, 5 um thick sections
of tissue through Mayer’s albumin mounted over glass slides.
Sections underwent staining with standard stains which include
hematoxylin and eosin for morphological examination (Pai et al.
2018) (score scale was used for the colon and liver histology
damage), picrosirius red-acid fast green for collagen deposi-
tion (Segnani et al. 2015), alcian blue for goblet cell (Otali et al.
2016), and ortho-toluidine blue for mast cell, and then further
observation of the slides was done at 20 x and 40 X magnifica-
tions under the Olympus BX51, Tokyo, Japan, microscope. The
impact of SOV on the production of mucous-secreting goblet
cells and collagen deposition quantified with ImageJ software
(version 1.54h, National Institutes of Health, Bethesda, MD).

Immunohistochemistry

Paraffin sections were cleared and rehydrated with xylene and
grade concentrations of alcohol. Further, citrate buffer was
utilized for antigen retrieval at 95-100 °C incubation. The pri-
mary antibodies of anti-NF-kBp65, anti-Nrf2, and anti-IL-6
(1:50 dilution with TBS) were added on sections and incu-
bated throughout the night. Further, slides were treated with
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one-way ANOVA analysis using Turkey’s test. DSS, dextran sulfate
sodium 2.5% w/v; 5-ASA, 5-aminosalicylic acid 100 mg/kg; SOV 5,
sodium orthovanadate 5 mg/kg; SOV 10, sodium orthovanadate 10
mg/kg

goat anti-mouse IgG and goat anti-rabbit IgG or depending
upon the 1° antibody and stained the remaining background
with haematoxylin. The percentage of immunopositive areas
was measured utilizing the “Image J” software.

Statistical analyses

GraphPad Prism 8 software was utilized for analyzing the
obtained data, and the mean + SEM was used to express the
results. Statistical differences among all distinct groups were
assessed by Bonferroni post hoc testing for two-way ANOVA
and Tukey’s test for one-way ANOVA multiple comparisons
within groups, and p <0.05 represents statistical significance.

Results

Effect of SOV on Disease Activity Index (DAI)
and colon length

The Disease Activity Index (DAI) demonstrates a direct asso-
ciation with the severity of ulcerative colitis. Animals exposed
to DSS exhibited a significant (p <0.001) decline in body
weight percentage, colon length, and DAI score significantly
higher as compared to the CON group. In contrast to this,
the administration of DSS + SOV 5 and SOV 10 led to a sig-
nificant (p <0.001) upturn in body weight percentage, colon
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1a).

2). CON

Fig.5 1a Pictorial representation shows crypt disruption (red star)
leukocyte infiltration (red triangle). 1b Histogram represents his-
tological score. 2a Pictorial representation shows PSRFG staining
in colon sections; fibrotic area shows with red arrow. 2b Histogram
represents fibrotic index. 3a Pictorial representation shows alcian
blue staining of colon sections; loss in goblet cell area shows with red
arrow. 3b Histogram represents percent goblet cell area. 4a Pictorial
representation shows toluidine blue staining of colon sections; mast
cell shows with dotted red arrow. 4b Histogram represents mast cell.
All values are expressed as mean+SEM (n=7-8). ®®®p <0.001 vs.
CON, #p <0.01, ¥ <0.001 vs. DSS, ““p<0.001 vs. DSS +5-ASA.
The statistical data analysis was presented using one-way ANOVA
analysis using Turkey’s test. DSS, dextran sulfate sodium 2.5% w/v;
5-ASA, 5-aminosalicylic acid 100 mg/kg; SOV 5, sodium orthovana-
date 5 mg/kg; SOV 10, sodium orthovanadate 10 mg/kg

length, and DALI score significantly (p <0.001) decreased as
compared to diseased group DSS. The DSS + SOV 5 inter-
vention group demonstrated a significant variation in body
weight percentage (p <0.001), length of colon (p <0.01), and
DAI score showed a non-significant difference, whereas the
DSS+ SOV 10 group did not display any notable difference
in body weight percentage, length of colon, and DAI score in
comparison to the DSS +5-ASA group (Fig. 2a, b, c, d, and e).

Effect of SOV on the oxidative stress markers
and inflammation

The oxidative burden and inflammatory biomarkers includ-
ing LPS, IL-1p, MPO, nitrite, SGPT, and SGOT (p <0.001)
significantly elevated in DSS-exposed groups in compari-
son of CON group mice. However, the DSS 4+ SOV 5 and
SOV 10 showed a significant reduction in LPS, IL-1, MPO,

nitrite, SGPT, and SGOT levels as compared to the DSS.
Besides this, the intervention group DSS + SOV 5 showed
a significant difference in LPS (p <0.01), IL-1p (p <0.001),
MPO (p <0.001), nitrite (p <0.001), SGPT (p <0.001),
and SGOT (p <0.05), and DSS + SOV 10 showed a sig-
nificant difference in LPS (p <0.05), SGPT (p<0.01), and
SGOT (p<0.001) levels whereas non-significant differ-
ence in MPO, IL-1p, and nitrite levels when compared to
DSS +5-ASA (Fig. 3a,b, ¢, d, e, f).

Effect of SOV on peripheral blood micronucleus

A significant rise in the count of micronucleated erythro-
cytes (MNERYSs) was detected in the DSS exposure group
(»<0.001) in comparison to CON animals. A notable sig-
nificant decrease in the number of MNERY's was noted in
the DSS +SOV 5 (p <0.01) and DSS+ SOV 10 (p <0.001)
treatment group as compared to the DSS group. Further-
more, a significant difference was noted in DSS + SOV
5 (p<0.001) and a non-significant difference with the
DSS 4+ SOV 10 group in a number of MNERY's compared
with 5-ASA (Fig. 4a and b).

Effect of SOV on histological of the colon

Colon sections of all groups were studied under the micro-
scopic through H&E staining where the DSS group exhibited
crypt distortion, infiltration, and high histopathological score in
comparison to the CON group (Fig. 5 1a and 1b). Microscopi-
cally examination with PSRFG staining (Fig. 5 2a and 2b),
the DSS group displayed a significant (p <0.001) rise in the
percentage of fibrotic content and a significant decline in the
percentage of goblet cell area in comparison to the CON group
(Fig. 5 3a and 3b). Further, the mast cell number (Fig. 54a and
4b) is significantly elevated in DSS-exposed mice as compared
to the CON group. However, the group DSS+ SOV 5 and 10
effectively recovered tissue morphological changes, showed
a (p<0.05, p<0.001) significant decline in the histologi-
cal score, fibrosis score, and mast cell number significantly,
and improved the goblet cell as compared to the DSS group.
Whereas, a significant (p <0.05, p<0.001) difference was
observed DSS + SOV 5 group in all histopathological exami-
nations, and group DSS+ SOV 10 showed a non-significant
difference in all observed histopathological scores except the
fibrosis score (p <0.001) as compared with 5-ASA.

Effect of SOV on histological of the liver
In the liver of normal and perse mice when examined micro-

scopically through H&E staining, no abnormal view or
architecture change was noted. The animal exposed to DSS
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Fig.6 1a Pictorial representation shows H&E staining; inflamma-
tory cell infiltration in the central vein represents with black arrow,
sinusoid dilation leukocyte infiltration with black star, and binuclear
hepatocyte with black dotted circle. 1b Histogram represents histo-
logical score. 2a Pictorial representation shows PSRFG staining
of liver sections; fibrotic area shows with dotted black square. 2b
Histogram represents percent fibrotic area. 3a Pictorial representa-
tion shows toluidine blue staining of liver sections; mast cell shows
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with dotted red arrow. 3b Histogram represents mast cell number.
All values are expressed as mean+SEM (n=7-8). ©®®p<0.001
vs. CON, *p<0.01, #p<0.001 vs. DSS, “p<0.01, ™p<0.001
vs. DSS+5-ASA. The statistical data analysis was presented using
one-way ANOVA analysis using Turkey’s test. DSS, dextran sulfate
sodium 2.5% w/v; 5-ASA, 5-aminosalicylic acid 100 mg/kg; SOV 5,
sodium orthovanadate 5 mg/kg; SOV 10, sodium orthovanadate 10
mg/kg
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Fig.6 (continued)

initiates the damage in the liver that was indicated by inflam-
matory cell infiltration in the central vein, sinusoid dilation
with (p <0.001) a significant high histological (Fig. 6 1a and
1b), fibrosis score (Fig. 6 2a and 2b), and mast cell number
(Fig. 6 3a and 3b), as compared to the DSS-exposed mice.
Besides this, the 5-ASA, DSS + SOV 5 and 10 mice exhibit
binuclear hepatocytes (BNs), which displayed promoting
the proliferation of hepatocyte and histological (p <0.01),
fibrosis score (p <0.001), and mast cell number significantly
(»<0.001) reduced which indicated the treatments facilitated
recuperation against DSS induced liver damage. Besides this,
the intervention group DSS 4SOV 5 significant differences
in histological (p <0.001), fibrosis score (p <0.001), and non-
significant differences in mast cell number significantly and
DSS + SOV 10 showed non-significant differences in the his-

tological score in comparison to DSS + 5-ASA.

Effect of SOV on Nrf2, NF-kB, and IL-6 expression
in the colon

Immunohistochemical analysis revealed that DSS signifi-
cantly (p <0.001) activates the inflammation by reducing the
Nrf2 and exhibited a lessened proportion of immunoposi-
tive staining (Fig. 7 1a and 1b), whereas the expression of
p <0.001 significantly arises the NF-xB (Fig. 7 2a and 2b)
and IL-6 (Fig. 7 3a and 3b) and showed a higher proportion
of immunopositive staining in comparison of CON group.

@ Springer

Conversely, the DSS + SOV 5 treatment group displayed
a significant (p <0.001) high expression of Nrf2 and low
expression of NF-kB (p <0.01) and IL-6 (p <0.001) protein,
as compared to the DSS group, whereas the DSS +SOV 10
treatment groups displayed (p <0.001) significant upturn
in the expression of Nrf2 and significant (p <0.001) sup-
press the expression of NF-kB and IL-6 protein, as com-
pared to the DSS group. Besides this, the intervention group
DSS + SOV 5 showed a significant (p <0.001) difference
in all protein expression, and DSS + SOV 10 showed a sig-
nificant difference in (p <0.05) NF-xB, whereas the non-
significant difference in Nrf2, IL-6 percentage immunoposi-
tive area in comparison to the standard group DSS + 5-ASA.

Effect of SOV on Nrf2, NF-kB, and IL-6 expression
in the liver

Immunohistochemical analysis revealed that DSS signifi-
cantly activates the inflammation by (p <0.001) decreasing
the Nrf2 (Fig. 8 1a and 1b) and increasing (p <0.001) NF-xB
(Fig. 8 2a and 2b) and IL-6 (Fig. 8 3a and 3b) expression and
exhibiting a higher proportion of immunopositive staining
in inflamed areas of liver tissue in comparison of the CON
group. Conversely, the DSS + SOV 5 treatment group dis-
played a significant (p <0.01) increase in the expression of
Nrf2 and reduction in NF-xB (p <0.01) and IL-6 (» <0.001)
protein and expressed less immunopositive region as
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Fig.7 1a Pictorial representation shows Nrf2 expressions in colon sec-
tions of different groups. 1b Histogram represents percentage immuno-
positive area of Nrf2 protein. 2a Pictorial representation of the NF-kB
expressions in colon sections of different groups. 2b Histogram repre-
sents percentage immunopositive area of NF-kB protein. 3a Pictorial rep-
resentation shows IL-6 expressions in colon sections of different groups.
3b Histogram represents percentage immunopositive area of IL-6 pro-
tein. All values are expressed as mean+SEM (n=7-8). @@@), £0.001

compared to DSS treated mice, whereas the DSS + SOV
10 treatment group exhibited a significant (p <0.001)
increase in the expression of Nrf2 and more immunoposi-
tive region and significant reduction (p <0.001) in NF-xB

% Immunopositive Area of Nf-kB

o

vs. CON, "5 <0.01 #p<0.001 vs. DSS, “p<0.05, ““p<0.001 vs.
DSS+5-ASA. The statistical data analysis was presented using one-way
ANOVA analysis using Turkey’s test. DSS, dextran sulfate sodium 2.5%
w/v; 5-ASA, 5-aminosalicylic acid 100 mg/kg; SOV 5, sodium orthova-
nadate 5 mg/kg; SOV 10, sodium orthovanadate 10 mg/kg; Nrf2, nuclear
factor erythroid 2-related factor 2; NF-kB, nuclear factor kappa-light-
chain-enhancer of activated B cells; IL-6, Interleukin 6

and IL-6 protein expression and expressed less immunoposi-
tive region as compared to DSS treated mice. Besides this,
the intervention group DSS + SOV 5 showed a significant
(p<0.01, p<0.001) difference, and DSS + SOV 10 showed
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a non-significant difference in the percentage immunoposi-
tive area in comparison to the standard group DSS + 5-ASA.

Effect of SOV on DNA damage

Colonic and hepatic sections were examined for DNA dam-
age; the DSS group displayed a (p <0.001) significant rise
in the percentage of TUNEL-positive cells in comparison
to the CON group. Conversely, the DSS + SOV 5 displayed
significant (p <0.01) and DSS+ SOV 10 (»p <0.001) sig-
nificant decline in the % of TUNEL-positive cells in com-
parison to the DSS group. However, the intervention group
DSS + SOV 5 showed a significant (p <0.001) difference,
and DSS + SOV 10 showed a non-significant difference in
the TUNEL-positive cells percentage in comparison to the
standard group DSS + 5-ASA (Fig. 9 1a and 1b, 2a and 2b).

Discussion

The interdependence of the gut and the liver disturbances
worsen a range of hepatic diseases. Roughly 25-30% of
patients experience impaired liver function, and about 4-5%
will progress to chronic liver disease (Seidelin and Nielsen
2009). Research suggests that colon inflammation and ulcers
cause rectal bleeding, mice fed 2-10% DSS developed acute
colitis, with symptoms including diarrhea, bleeding from the
rectal, and loss of body weight throughout the 10-15 days

@ Springer

DSS+ 5-ASA

(5
g ¥

o
o

&
=]

w
(=]

N
o

-
o

% Immunopositive Area of IL-6

(=]

(Babu et al. 2023). However, the acute nature of the DSS
model limits its relevance for studying long-term disease pro-
gression and chronic inflammatory processes characteristic of
human IBD (Chassaing et al. 2014). Despite this, DSS remains
valuable for initial screening of anti-inflammatory drugs,
studying the innate immune response, and understanding
basic mechanisms of epithelial injury and repair (Wirtz et al.
2017). The primary reason for these symptoms is the pres-
ence of multiple erosions and inflammatory alterations (Juluri
et al. 2011). In contrast to this, our current result showed a
reduction in ulcerative colitis symptoms such as weight loss,
diarrhea, and bloody stools, which resulted overall significant
(p<0.001) decline in DAI score in SOV 5 and 10 and 5-ASA
treatment groups as compared to the DSS-exposed animals.
The inflammatory environment inside the intestines helps to
transfer the colitis into systemic inflammation. The primary
significance lies in LPS directly initiating liver injury via the
gut-liver axis, thereby raising in pro-inflammatory cytokines
originating from the liver and worsening the progression of
UC (Taehwan et al. 2024). Researchers have reported the reac-
tive species of oxygen and nitrogen triggered oxidative burden,
driven by inflammation that leads to lipid peroxidation, and
molecular damage in colitis patients (Chassaing et al. 2014;
Tuzun et al. 2002). In the current research, an overproduction
of free radicals was suggested by the significant (p <0.001)
increase in levels of oxidative stress markers including LPS,
IL-1B, MPO, nitrite, and hepatic markers SGPT and SGOT
in colitis-induced animals, whereas our intervention, SOV,
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Fig.8 1a Pictorial representation shows Nrf2 expressions in colon
sections of different groups. 1b Histogram represents percentage
immunopositive area of Nrf2 protein. 2a Pictorial representation of
the NF-kB expressions in colon sections of different groups. 2b His-
togram represents percentage immunopositive area of NF-kB protein.
3a Pictorial representation shows IL-6 expressions in colon sections
of different groups. 3b Histogram represents percentage immunopo-
sitive area of IL-6 protein. All values are expressed as mean+SEM
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(n=7-8). ®®®p<0.001 vs. CON, *p<0.01, #p<0.001 vs. DSS,
“p<0.001 vs. DSS+5-ASA. The statistical data analysis was pre-
sented using one-way ANOVA analysis using Turkey’s test. DSS,
dextran sulfate sodium 2.5% w/v; 5-ASA, 5-aminosalicylic acid 100
mg/kg; SOV 5, sodium orthovanadate 5 mg/kg; SOV 10, sodium
orthovanadate 10 mg/kg; Nrf2, nuclear factor erythroid 2-related fac-
tor 2; NF-kB, nuclear factor kappa-light-chain-enhancer of activated
B cells; IL-6, Interleukin 6
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Fig.8 (continued)

low and high doses restore the levels of these markers which
demonstrated anti-inflammatory and anti-oxidative property
of present intervention model. Research has indicated that
intestine inflammation or dysplasia tends to occur in multiple
locations across the colon (Levi and Harpaz 2006). Addition-
ally, the disruptions in the mucus layer can reduce intercellular
adhesion, making individuals more vulnerable to pathogens
and thereby triggering inflammation and dysbiosis (Riddell
et al. 1983). In our recent study, the DSS-exposed mice exhib-
ited intense colonic mucosal and crypts disruption, whereas
in liver inflammatory cell infiltration in the central vein, sinu-
soid dilation, leukocyte infiltration, and less binuclear hepato-
cyte. Moreover, the high fibrotic index, reduced goblet cell
percentage, and increased mast cell count were observed in
both of the organs. Conversely, the groups DSS+SOV 5 and
10 demonstrated significant (p <0.01, p <0.001) improvement
in all these histopathological changes by improving the cell
architecture, reducing the collagen deposition, regenerating the
goblet cells, hepatocyte, and reducing the mast cell number.
The oxidative stress encourages the molecular pathways that
initiate genetic damage which includes DNA single-nucle-
obase lesions, strand breaks, and impairment cross linking of
inter- and intra-strand (Melis et al. 2013). This effect is cor-
related with our study results, and micronucleated cell count is
significantly (p <0.001) high in the case of the colitis-induced
mice that indicates the possibility of DNA damage, whereas
our DSS+ SOV 5 and 10 significantly reduce micronucleated
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cells. The Nrf2/Keaplaxis primarily influences DNA damage
repair pathways including BER (base excision repair), NER
(nucleotide excision repair), MMR (mismatch repair), HR, and
NHEJ (homologous recombination and non-homologous end
joining). It is hypothesized SOV might alter the Nrf2/Kea-
plaxis for maintaining cellular redox balance and reducing
DNA lesions by activating supports DNA repair (Jayakumar
et al. 2015). Besides this, Nrf2/Keap! axis is important for
both the development and upkeep of optimal functioning of GI
(Liu et al. 2023). The researcher reported and published evi-
dence of this axis in the progression of UC (Khor et al. 2006).

Nrf2 not only impacted NF-«kB function and the produc-
tion of inflammation-triggering cytokines like IL-1p, IL-6,
and TNF-a, but also influenced the expression of ICAM-1
gene, intestinal permeability, and the level of endotoxin in
the bloodstream (Qu et al. 2020; Gao et al. 2022). Earlier
research indicated that DSS-treated Nrf2 knockout mice
exhibited a threefold rise in lipid peroxidation and signifi-
cant oxidative harm compared to their wild-type mice (Khor
et al. 2006). Furthermore, the data reported that the mice
with colitis symptoms had high expression of NF-«xB; there-
fore, the silencing of these pathways could serve as a better
treatment approach in colitis patients (Laurindo et al. 2023).
In contrast to this, in the present investigation, the substan-
tial significant (p <0.001) reduction in Nrf2/Keap1 expres-
sion and overexpression of NF-kB and IL-6 was exhibited
in the DSS group in comparison to control group animals.
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Fig.9 1a Pictorial representation demonstrates the colon (DAPI,
FITC, and merged) of TUNEL-positive cells (represented with the
red circle). 1b Histogram showing percentage of TUNEL-positive
cells in different groups. 2a Pictorial representation demonstrates
the liver (DAPI, FITC, and merged) of TUNEL-positive cells (rep-
resented with the red circle). 2b Histogram showing percentage of
TUNEL-positive cells in different groups. All values are expressed
as mean+SEM (n=7-8). ®®®p<0.001 vs. CON, #p<0.01,
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###<0.001 vs. DSS, ““p<0.001 vs. DSS+5-ASA. The statistical
data analysis was presented using one-way ANOVA analysis using
Turkey’s test. DSS, dextran sulfate sodium 2.5% w/v; 5-ASA, 5-ami-
nosalicylic acid 100 mg/kg; SOV 5, sodium orthovanadate 5 mg/kg;
SOV 10, sodium orthovanadate 10 mg/kg; DAPI, 4';6-diamidino-
2-phenylindole; FITC, fluorescein isothiocyanate; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling
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The treatment groups DSS + SOV 5, 10, and DSS +5-ASA
(p<0.01, p<0.001) significantly increase the area immu-
nopositive cells in the case of Nrf2/Keap 1 expression and
decline NF-xB and IL-6 proteins expression. Activation of
Nrf2 could potentially correlate with heightened mobilization
of NF-kB during an inflammatory response. Nevertheless, the
direct correlation between inhibiting NF-xB and activating
Nrf2 has not been conclusively established in colitis. Addi-
tional investigation is needed to clarify the specific impact of
SOV by utilizing Nrf2 and NF-xB knockout mice. Research
has shown that apoptosis serves as an indicator of active UC
(Liu et al. 2017). One primary contributor to UC is the unfor-
tunate occurrence of apoptosis, that is leading to the exposure
of pathogenic attack to immune cell mucosal lining in the gut
(Seidelin and Nielsen 2009). In this current investigation, the
proportion of TUNEL-positive cells was notably greater in the
group treated with DSS in comparison to the control group.
However, after treatment with DSS+ SOV 5 and SOV 10, as
well as DSS +5-ASA, there exists a significant reduction in
the % TUNEL-positive cells. Additionally, PTPs control the
cell cycle by managing the phosphorylation status of essen-
tial proteins involved in cell division. Consequently, SOV can
enhance the survival and proliferation of epithelial cells in
the gut lining, supporting the repair of ulcers and promot-
ing mucosal healing and regeneration. Therefore, the cur-
rent research demonstrates that SOV notably reduces colonic
mucosal damage and associated liver dysfunctioning against
colitis mice by suppressing ROS generation and release of
inflammatory cytokines NF-kB and IL-6 and potentiating the
cytodefensive mediator Nrf2/Keap1 expression. The molec-
ular mechanism identified in this investigation recommends
that sodium orthovanadate has the potency to be effective in
treating colitis.

Conclusion

Comprehensive assessments, including DAI scores, bio-
chemical markers of oxidative stress, neutrophil migra-
tion, histopathological findings, and immunohistochemical
analysis confirmed that sodium orthovanadate significantly
improved the anti-inflammatory; antioxidant activities
against the DSS induced liver damage in male BALB/c mice.
The high dose of 10 mg/kg shows more significant effects
than the low dose of 5 mg/kg.
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