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Abstract
Ulcerative colitis (UC) is an enduring and complex inflammatory bowel disease that is clinically prevalent, progressive, 
and debilitating. As of now, the few effective medical treatments for UC have unacceptably high side effects. It is crucial 
to find safer and more effective UC treatments. Nodakenin possesses anti-inflammatory and antioxidant activity by sup-
pressing several pro-inflammatory mediators. In the present study, we aimed to evaluate the colonoprotective effect of 
nodakenin in combating colitis through the NFƙB-mediated NLRP3 inflammasome pathway. In mice, UC was induced by 
2,4,6-trinitrobenzene sulfonic acid (TNBS). Nodakenin (10, 20, and 40 mg/kg) was introduced intragastrically, and disease 
activity index (DAI) score was calculated. Malondialdehyde (MDA), myeloperoxidase (MPO), superoxide dismutase (SOD), 
nitric oxide (NO) levels, tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) concentration were evaluated in colon 
homogenate. Colon samples were used for histopathological investigation and mRNA expression studies involving nuclear 
factor kappa B (NFƙB), cyclooxygenase-2 (COX-2), inducible nitric oxide (iNOS), nucleotide-binding receptor domain 
3 (NLRP3), interleukin-1β (IL-1β), and interleukin-18 (IL-18). Nodakenin treatment was found effective in lowering the 
DAI score, histological score, MPO, MDA, and NO levels while elevating SOD levels as compared to the model control 
group, showcasing its anti-inflammatory and antioxidant properties. Nodakenin (40 mg/kg) significantly downregulated the 
expression of TNF-α, IL-6, NFƙB (1.24-fold), iNOS (1.2-fold), COX-2 (1.98-fold), NLRP3 (1.78-fold), IL-1β (1.29-fold), 
and IL-18 (1.17-fold) conferring its great anti-inflammatory potential in combating colitis. Taking together, nodakenin pre-
sumably alleviated TNBS-induced colitis by NFƙB-mediated NLRP3 inflammasome pathway and reduced colon damage 
by downregulating various transcriptional genes and pro-inflammatory mediators.
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Introduction

Inflammatory bowel diseases (IBD) are complex and recur-
rent inflammatory conditions characterized by ulcerative 
colitis (UC) and Crohn’s disease. IBD is becoming more 
common, with India leading the way among Southeast Asian 
nations. The complicated interactions between the environ-
ment, food, some drugs, hereditary factors, and a strong 
immunological reaction against healthy bacteria in the gut 
are thought to be the cause of inflammatory bowel disease 
(IBD) (Gandhi et al. 2021; Abhirami et al 2022). The etiol-
ogy of IBD is unclear and has multiple contributing factors. 
It includes abnormalities in the adaptive immune system, 
dysregulation of the innate immunological response to gut 
microbiota, and disruption of the epithelial barrier (Alatab 
et al. 2020; Kobayashi et al. 2020). IBD necessitates lifetime 
medication and ongoing observation; it represents a sub-
stantial healthcare burden. The current assessment focuses 
on the challenges that are relevant to a nation like India, 
specifically mentioning risk attribution and evolving IBD 
trends and financial concerns (Jain and Venkataraman 2021; 
Snell et al. 2021).

The nuclear factor kappa B (NFƙB) plays a critical role in 
the development and progression of UC (Tong et al. 2023). 
Researchers stated that it triggers multiple transcriptional 
enzymes, such as cyclooxygenase-2 (COX-2) and inducible 
nitric oxide synthase (iNOS), which might cause inflamma-
tory disturbances in the colon (Singh et al. 2020). Nuclear 
NFƙB triggers the release of many transcriptional genes, 
including pro-interleukin-1β (pro-IL-1β) and NOD-like 
receptor protein-3 (NLRP3). Interleukin-18 (IL-18) and 
interleukin-1β (IL-1β) are two pro-inflammatory mediators 
that are released by the signaling, which additionally fosters 
neutrophil infiltration and produces reactive oxygen species 
(Natarajan et al. 2018; Wang et al. 2018; Mao et al. 2020; 
Song et al. 2021). Thus, the novel therapeutics that trigger 
the NLRP3 inflammasome pathway, which is derived from 
NFƙB, would be favorable in battling against this compli-
cated illness.

There are new developments in treating UC to combat 
IBD by targeting various pathways. However, there are 
various side effects of allopathic medications and several 
new medications account for the high rate of resistance in 
patients with UC. The lack of satisfaction with existing treat-
ments has led to a rise in interest in novel pharmacological 
strategies involving natural materials (Witaicenis et al. 2014; 
Di Stasi 2021; Haftcheshmeh et al. 2022). Phytoconstituents 
from natural sources play a crucial role in developing new 
drug discovery processes. Coumarins are naturally derived 
from many natural sources, and it has been proven that cou-
marin and its derivatives are anti-inflammatory and antioxi-
dant compounds that may be beneficial as adjuvant therapy 

for individuals with UC (Kirsch et al. 2016; Sharifi-Rad 
et al. 2021; Carneiro et al. 2021).

Nodakenin is a coumarin compound initially isolated 
from the roots of Angelica gigas. It has neuroprotective 
activity against glutamate-induced toxicity anti-allergic 
activity and anti-inflammatory activity (Kang and Kim 
2007). A study revealed that nodakenin inhibits IgE/Ag-
induced degranulation in mast cells. It has been stated that 
nodakenin has several pharmacological properties such as 
anti-inflammatory, antimicrobial, anti-aggregatory, neu-
roprotective, and memory-boosting properties (Kim et al. 
2011; Rim et al. 2012). Nodakenin prevents the release of 
inflammatory cytokines in mast cells, including TNF-α and 
IL-4, and suppresses anaphylactic shock in an animal model. 
Nodakenin inhibited the growth of skin lesions resembling 
atopic dermatitis in mice (Park et al. 2014).

Nodakenin ameliorated scopolamine-induced memory 
disruption in mice depicting its cognitive enhancement activ-
ity (Kim et al. 2007). Nodakenin at the dose of 10 mg/kg 
and 30 mg/kg was found effective against LPS-induced liver 
injury in mice by suppressing pro-inflammatory cytokines 
such as TNF-α, IL-6, IL-1β, and other transcriptional factors 
such as iNOS and COX-2. It has also been proven to inhibit 
NFƙB overexpression and depicted anti-inflammatory activ-
ity and anti-oxidant activity against liver injury in mice (Lim 
et al. 2021). It also suppresses LPS-induced inflammatory 
response in RAW 264.7 murine macrophage cells and mice 
peritoneal macrophages by acting through the NFƙB path-
way (Rim et al. 2012). It has also been proven that nodakenin 
at 20 mg/kg dose inhibits NLRP3 inflammasome activation 
in chronic kidney disease along with downregulation of 
several pro-inflammatory mediators and also inhibits NFƙB 
activation (Liao et al. 2021a). However, the protective role 
of nodakenin in IBD has not been reported, and given the 
aforementioned findings, the current investigation focuses 
on nodakenin’s ability to mitigate inflammatory bowel dis-
ease in TNBS-induced colitis in mice through the NFƙB-
mediated NLRP3 inflammasome pathway.

Materials and methods

Animals

Eight to 10-week-old female BALB/c mice weighing 
18–25 gm were procured from Zydus Research Centre in 
Ahmedabad, Gujarat, India. Mice were housed in facilities 
that averaged 25 °C with 0.5 °C variability. The lighting 
schedule was 12 h of light and 12 h of darkness, with a 5% 
deviation. The relative humidity was kept at roughly 50%. 
The Institutional Animal Ethics Committee approved the 
experimental protocol (RPCP/IAEC/2022–2023/R6).
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Induction of colitis

Mice (n = 8) were randomly divided into six groups: NC 
(normal control, 0.5% CMC suspension), MC (model con-
trol, TNBS), STD (sulfasalazine 100 mg/kg + TNBS), NO1 
(nodakenin 10 mg/kg + TNBS), NO2 (nodakenin 20 mg/
kg + TNBS), and NO3 (nodakenin 40 mg/kg + TNBS). Pre-
vious research served as the basis for the nodakenin dosage 
for the study. Nodakenin (97.2% purity, Clearsynth Labs 
Ltd., Mumbai, India; CAS NO.: 415–31-8) and sulfasala-
zine (Sigma-Aldrich) were suspended in 0.5% CMC and 
given orally once a day. The start of the treatment plan was 
24 h prior to the administration of TNBS (Fig. 1A). Morris 
et al. (1989) claimed that TNBS (Sigma-Aldrich) was used 
to produce colitis in female BALB/c animals. Colitis was 
induced by TNBS (Sigma-Aldrich) in female BALB/c as 
described by Morris’s method (Morris et al.). To summarize, 
the mice that had been fasted over a full night were put to 
sleep, and then, using an 18 gauge lavage inserted 3.5–4 cm 
proximal to the anus, 100 µL of TNBS (2.5% TNBS in 50% 
ethanol) was gradually injected into the descending colon. 
Only 50% ethanol was given intracolonically to normal con-
trol animals. For 1 min, mice were kept in the Trendelenburg 
position to avoid TNBS spillage (Luo et al. 2017; Wang et al. 
2018; Zhang et al. 2020).

Daily records of the body loss of weight, stool consist-
ency, and gastrointestinal bleeding were recorded after the 
administration of TNBS. The three features were summed 
up, and the disease activity index (DAI) was calculated using 
the scoring system (Table 1). Following the outcome of the 
examination, mice were euthanized on day 7, colon samples 
were collected, and colon weight and length were measured. 
The colon homogenate was prepared using cold phosphate-
buffered saline (PBS), it was centrifuged, and the superna-
tant was used in the measurement of antioxidant markers 
such as MPO, MDA, NO, and SOD levels. A small colon 
segment was employed for quantitative real-time PCR and 
various oxidative stress, while the distal part of the colon 

was stored in a 4% formaldehyde solution and was examined 
for histopathological changes.

Oxidative stress and antioxidant marker 
measurement

The level of malondialdehyde (MDA) was measured in 
colon homogenate at 532 nm as per the method earlier 
described by Ohkawa et al., and the results were expressed 
as mol/g of tissue (Ohkawa et al. 1979). Myeloperoxidase 
(MPO) levels were measured by the method described by 
Krawisz et al., and the data were presented as U/gm of tis-
sue (Krawisz et al. 1984). Nitric oxide (NO) levels were 
determined using Griess reagent according to the previously 
mentioned method by Green et al. The results were stated 
as µM/gm of protein (Green et al. 1982). The superoxide 
dismutase (SOD) was analyzed by the method described 
by Misra et al., and the data were analyzed at 450 nm and 
expressed as U/g of tissue (Misra and Fridovich 1972).

Evaluation of TNF‑α and IL‑6 levels

Colon tissue was homogenized using PBS solution and was 
centrifuged for 10 min at 12,000 g at 4 °C. The superna-
tant was then moved to fresh tubes and kept at − 80 °C until 
analysis. TNF-α and IL-6 levels were measured by using a 
standard protocol of enzyme-linked immunosorbent assay 

Fig. 1   Effect of nodakenin 
against TNBS-induced colitis 
in mice. A Effect of nodakenin 
on body weight loss. B DAI 
score post-TNBS induction. 
Values are expressed as the 
mean ± SEM (n = 8). **p < 0.05, 
***p < 0.001 vs model control 
group; #p < 0.01, ##p < 0.05, 
###p < 0.001 vs normal control 
group. NC (normal control), 
MC (model control, only 
TNBS), STD (sulfasalazine, 
100 mg/kg), NO1, NO2, NO3 
(nodakenin 10, 20, 40 mg/kg), 
respectively

Table 1   Disease activity index (DAI) score

Body weight 
loss (%)

Stool consistency Bleeding Score

 < 0 Normal Negative 0
1–5 1
6–10 Loose stools Hemoccult positive 2
11–15 3
 > 15 Diarrhea Gross bleeding 4
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(ELISA) by using Mouse ELISA kits by Elabscience, USA, 
and the data were expressed as pg/mL.

Quantitative real‑time PCR

The colon samples were utilized for total RNA extraction 
using TRIzol reagent and NucleoSpin RNA isolation kit 
(Takara Bio, USA) after being kept in an RNA protector 
(Takara Bio, USA) and kept at − 80 °C. Using a QIAxpert 
nanodrop spectrophotometer, the amount of RNA was meas-
ured. Using a 2 µg RNA sample and the PrimeScript 1st 
strand cDNA synthesis kit (Takara Bio, USA), cDNA was 
synthesized. The TB Green Premix Ex Taq II (Tli RNase H 
Plus, Takara Bio, USA) master mix kit was used for quantita-
tive RT-PCR. Table 2 contains a list of the primers’ forward 
and reverse sequences. Using GAPDH as a reference gene, 
the cycle threshold (Ct) for the particular gene of interest 
was recorded, and the relative quantification was calculated 
using the 2-△△CT method (Livak and Schmittgen 2001).

Histopathological analysis

The distal portion of the isolated colon samples were preserved 
in a 10% formalin solution and embedded in paraffin. Five-
micrometer-thick sections were cut and stained using hema-
toxylin and eosin (H&E). The sections were observed under a 
microscope, and the colonic damage was evaluated in the sam-
ples by scoring as described in Table 3 (Dieleman et al. 1998).

Statistical analysis

GraphPad Prism software (version 8.4.2, Trial Version) was 
used to analyze the data. The disease activity index (DAI) and 
histological colitis score were analyzed by the Kruskal-Wallis 

with Dunn’s multiple comparison tests, whereas all the other 
parameters were analyzed by one-way analysis of variance 
(ANOVA) test followed by Tukey’s multiple comparison test, 
and the data are expressed as mean ± standard error of the 
mean (SEM). The significance level was p < 0.05.

Results

Effect of nodakenin on body weight loss 
against TNBS‑induced colitis

Following the TNBS administration, the DAI score and 
body weight loss in the MC group were significantly higher 
(p < 0.0001) than in the NC group. Nodakenin and sul-
fasalazine protected the TNBS-induced body weight loss 
in a dose-dependent manner, and there was a significant 
difference (p < 0.001) when compared to the MC group. 
When compared to the MC group, the DAI scores for STD 
(100 mg/kg), NO2, and NO3 (20 and 40 mg/kg) consider-
ably decreased (p < 0.001) (Fig. 1A, B).

Effect of nodakenin on gross colonic changes 
against TNBS‑induced colitis

Inflammation of the colon is characterized by a reduction 
in colon length and an increase in colon weight/length 
ratio. The MC group showed significant (p < 0.0001) eleva-
tion in colon weight/length ratio and shorter colon length 
as compared to the NC group. Nevertheless, the STD 
(sulfasalazine, 100 mg/kg), NO2 (20 mg/kg), and NO3 

Table 2   List of primers used in quantitative RT-PCR

Gene Primer sequence

iNOS Forward: 5′-GGG​AAT​CTT​GGA​GCG​AGT​TG-3′
Reverse: 5′-GTG​AGG​GCT​TGG​CTG​AGT​GA-3′

COX-2 Forward: 5′-GAA​GTC​TTT​GGT​CTG​GTG​CCT-3′
Reverse: 5′-GCT​CCT​GCT​TGA​GTA​TGT​CG-3′

IL-1β Forward: 5′-GGC​TGG​ACT​GTT​TCT​AAT​GC-3′
Reverse: 5′-ATG​GTT​TCT​TGT​GAC​CCT​GA-3′

NFƙB Forward: 5′CTG​GCA​GCT​CTT​CTC​AAA​GC
Reverse: 5′CCA​GGT​CAT​AGA​GAG​GCT​CAA​

IL-18 Forward: 5′GAC​CTG​GAA​TCA​GAC​AAC​TTTGG​
Reverse: 5′GCC​TCG​GGT​ATT​CTG​TTA​TGGA​

NLRP3 Forward: 5′5′-GCC​GTC​TAC​GTC​TTC​TTC​CTT​TCC​-3′
Reverse: 5′5′-CAT​CCG​CAG​CCA​GTG​AAC​AGAG-3′

GAPDH Forward: 5′CCA​TCA​CCA​TCT​TCC​AGG​AG
Reverse: 5′CCT​GCT​TCA​CCA​CCT​TCT​TG

Table 3   Histological scoring

Feature Description Score

Inflammatory cell infiltration None 0
Slight 1
Moderate 2
Severe 3

Goblet cell number decrease None 0
Slight 1
Moderate 2
Severe 3

Crypt changes None 0
Basal 1/3 damaged 1
Only surface epithelium intact 2
Entire crypt and epithelium 

loss
3

Damage to the intestinal wall None 0
Slight 1
Moderate 2
Severe 3
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(40 mg/kg) treatment groups provided considerable protec-
tion (p < 0.0001) against the decrease in colon length and 
increase in colon weight/length ratio (Fig. 2A–C).

Effect of nodakenin on oxidative stress parameters 
in colon tissues

Higher MDA levels are an indicative of oxidative dam-
age and are a potent marker for free radical-induced lipid 

peroxidation. MDA levels in colon tissues of the MC group 
were significantly (p < 0.0001) elevated as compared to the 
NC group. Nonetheless, nodakenin (NO) and sulfasalazine 
suppressed the MDA levels rise as compared to the MC 
group (Fig. 3A). MPO, a lysosomal protein found in neutro-
phils, serves as a biomarker for assessing the colic state. MC 
group depicted a significant elevation (p < 0.001) in MPO 
level than the NC group showcasing the well-established 
colitis in mice. However, STD and nodakenin treatment 

Fig. 2   Nodakenin improved the clinical features and macroscopic 
damage to the colon against TNBS-induced colitis in mice. A Rep-
resentative images of the colon. B Colon length of all experimental 
groups. C Colon weight/length ratio (mg/cm). D Histological score. 

Values are expressed as the mean ± SEM (n = 8). NC (normal con-
trol), MC (model control, only TNBS), STD (sulfasalazine, 100 mg/
kg), NO1, NO2, NO3 (nodakenin 10, 20, 40 mg/kg), respectively
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significantly (p < 0.001) averted the rise in MPO levels as 
compared to the MC group, depicting a decrease in neutro-
phil infiltration in colonic tissues (Fig. 3B). The substantial 
rise in MPO level and NO level suggests a persistent phago-
cyte-dependent nitro-oxidative stress throughout the colon 
in TNBS-induced colitis. The NO level of the MC group 
was significantly (p < 0.0001) raised than the NC group. Pre-
treatment with nodakenin (NO3, 40 mg/kg nodakenin) and 

sulfasalazine was effective in controlling oxidative stress and 
significantly (p < 0.0001) lowered the NO level depicting its 
antioxidant activity (Fig. 3C). One important antioxidant 
enzyme that helps prevent tissue against oxidative damage is 
SOD, its levels are reduced in the TNBS model, and similar 
results were seen in the present study. The SOD level of the 
MC group was significantly (p < 0.0001) reduced as com-
pared to the NC group. However, nodakenin (20 mg/kg and 

Fig. 3   Effect of nodakenin on 
oxidative stress parameters and 
inflammatory mediators. A 
Malondialdehyde (MDA) levels. 
B Myeloperoxidase (MPO) lev-
els. C Nitric oxide (NO) levels. 
D Superoxide dismutase (SOD) 
levels. E TNF-α concentration. 
F IL-6 concentration. Values are 
expressed as the mean ± SEM 
(n = 8). NC (normal control), 
MC (model control, only 
TNBS), STD (sulfasalazine, 
100 mg/kg), NO1, NO2, NO3 
(nodakenin 10, 20, 40 mg/kg), 
respectively
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40 mg/kg) and sulfasalazine prevented the decline in SOD 
level illustrating its protective effect against oxidative dam-
age due to TNBS (Fig. 3D).

Effect of nodakenin on pro‑inflammatory cytokines, 
TNF‑α, and IL‑6 levels in colon

TNF-α and IL-6 levels in the MC group were significantly 
(p < 0.0001) elevated than the NC group. Nonetheless, 
all the doses of nodakenin and sulfasalazine significantly 
(p < 0.0001) decreased the TNF-α and IL-6 levels than the 
MC group demonstrating the anti-inflammatory activity of 
nodakenin (Fig. 3E, F).

Effect of nodakenin on TNBS‑induced 
histopathological changes in colon

The colonic architecture of the NC group was normal, as 
seen in Fig. 4A. Increased mucosal thickening, goblet cell 
loss, inflammatory cell infiltration, and crypt abscess loss are 
the characteristics of TNBS-induced colitis. The MC group’s 
H&E stain (Fig. 4B) exhibited all the attributes of TNBS 
colitis. The NO1 group had anomalies such as minor damage 
to goblet cells, inflammatory cell infiltration, and mucosal 
thickening (Fig. 4D). However, the STD, NO2, and NO3 
groups restored the colonic architecture, and intact goblet 
cells are seen in histopathological analysis (Fig. 4C, E, F). 
The histological score of the MC group was significantly 
elevated (p < 0.0001) as compared to the NC group. Com-
pared with the MC group, the nodakenin and sulfasalazine 
groups showed a considerably higher histological score 
(p < 0.0001) (Fig. 2D).

Effect of nodakenin in suppressing 
the inflammatory burden in TNBS‑induced colitis

The NFƙB-mediated NLRP3 inflammasome pathways have 
major significance in colitis. The study emphasizes these 
pathways, their ability to interact, and various genes asso-
ciated and their overexpression in TNBS-induced colitis. 
In the study, the mRNA expression of NFƙB, iNOS, COX-
2, NLRP3, IL-1β, and IL-18 has been assessed to inves-
tigate the mechanism through which nodakenin mitigates 
TNBS-induced colitis. The MC group illustrated substantial 
(p < 0.0001) upregulation of NFƙB (4.5-fold), iNOS (3.08-
fold), COX-2 (6.46-fold), NLRP3 (6.89-fold), IL-1β (4.62-
fold), and IL-18 (4.91-fold) than NC group (Fig. 5A–F).

The pathophysiology of TNBS-induced colitis is largely 
reliant on NFƙB activation. The sulfasalazine and all the 
doses of nodakenin groups dramatically prevented its over-
expression compared to the MC group. NFƙB enhances the 
transcription of multiple inflammatory enzymes, including 
COX-2 and iNOS, and elevated levels of these enzymes have 

been detected in colitis. Nodakenin (20 mg/kg and 40 mg/
kg) significantly (p < 0.0001) prevented the upregulation of 
NFƙB (1.87-fold and 1.24-fold), iNOS (1.77-fold and 1.20-
fold), and COX-2 (2.61-fold and 1.98-fold) as compared to 
MC group (Fig. 5A–C).

NLRP3 inflammasome activation is related to the acti-
vation of NFƙB several transcriptional factors, including 
NLRP3, IL-1β, and IL-18. All these transcriptional factors 
such as NLRP3 (2.8-fold and 1.78-fold), IL-1β (1.87-fold 
and 1.29-fold), and IL-18 (1.80-fold and 1.17-fold) were 
significantly (p < 0.0001) repressed by nodakenin (20 mg/
kg and 40 mg/kg) as compared to the MC group (Fig. 5D–F).

The sulfasalazine (100 mg/kg) group illustrated sub-
stantial (p < 0.0001) downregulation of NFƙB (1.36-fold), 
iNOS (1.29-fold), COX-2 (2.01-fold), NLRP3 (2.08-fold), 
IL-1β (1.33-fold), and IL-18 (1.64-fold) than MC group 
(Fig. 5A–F). The nodakenin treatment dose of 40 mg/kg 
downregulated all these transcriptional factors compared to 
sulfasalazine (100 mg/kg) depicting its role in combating 
inflammatory bowel disease through the NFƙB-mediated 
NLRP3 inflammasome pathway.

Discussion

UC is a colon inflammatory condition associated with 
ulcer development and recurrent inflammation. The precise 
mechanisms behind UC remain unclear, and there are cur-
rently few efficient treatments available (Segal et al. 2021). 
Treatment for UC aims to bring about and sustain remission 
depending on the severity of the disease and clinical activity. 
Glucocorticoids, preparations of aminosalicylic acid, and 
immunosuppressants are currently the three main classes 
of drugs used in the medical care of ulcerative colitis (Cai 
et al. 2021). Nevertheless, these medications’ considerable 
adverse effects seriously restrict their clinical effectiveness. 
Therefore, to cure UC, it is imperative to design a new phar-
maceutical approach with greater efficacy and fewer adverse 
effects (Danese et al. 2022). Phytoconstituents from natural 
sources are an effective option for the newer drug discovery 
to treat UC with fewer side effects (Li et al. 2005; Saxena 
et al. 2014). Nodakenin is a furanocoumarin and possesses 
various pharmacological activities such as anti-inflamma-
tory and antioxidant activity by downregulating multiple 
pro-inflammatory cytokines and various transcriptional 
factors (Kim et al. 2007). To the best of our understanding, 
this is the first research work to showcase the effectiveness 
of nodakenin in combating acute ulcerative colitis.

TNBS is a hapten molecule that depicts certain responses 
that are characterized by an increase in macrophage activa-
tion and release of a variety of pro-inflammatory mediators 
that cause the colon to become transmurally inflamed, body 
weight to drop, rectal bleeding, watery diarrhea, and shorter 
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colon length (Oh et al. 2014; Randhawa et al. 2014; Jiminez 
et al. 2015). Similar characteristics were observed in the 
current investigation MC group; nevertheless, pretreatment 
with nodakenin at a higher dose significantly inhibited colon 
length shortening by 24% and DAI elevation by 25% as com-
pared to the MC group.

Researchers stated that UC leads to many changes in the 
colonic architecture which is characterized as a damaged 
mucosal barrier, an increase in neutrophil infiltration in the 
mucosa, damaged goblet cells, accumulation of red blood 
cells, and severe inflammation (Yang et al. 2012; Cury et al. 
2013; Lopes de Oliveira et al. 2019). Similar changes were 
observed in the present study, and the histopathology of 
the colon depicted all such changes, and the treatment with 
nodakenin averted the neutrophil infiltration and decreased 
the damage to colonic mucosa and the goblet cells demon-
strating its colonoprotective effect. The study was supported 
by the shreds of evidence of many naturally derived com-
pounds that mitigated colitis with all such changes (Peng 
et al. 2019); matrine (1, 5, 10 mg/kg) alleviated colonic 
injury and inflammation in TNBS-induced colitis in mice 
(Li et al. 2019).

TNBS leads to an increase in cell permeability caus-
ing neutrophil infiltration and macrophage activation in 
the mucosa of the colon when it is inflamed. Nitric oxide 
acts on smooth muscle and leads to increased permeability 
causing infiltration of pro-inflammatory cells and leading to 
inflammation; it is a classical marker of acute and chronic 
inflammation (Salas et al. 2002). TNBS leads to an increase 
in nitric oxide levels in the colon illustrating inflammation in 
the colon; the present study illustrated acute inflammation by 
raising NO level. Various natural compounds possessed the 
ability to reduce cell permeability and inflammation depict-
ing a decrease in NO levels; quercetin and piperine reduced 
the NO and iNOS levels in the TNBS colitis model (Romero 
et al. 2017; Guo et al. 2020). Similarly, nodakenin depicted 
a decrease in NO levels showcasing its anti-inflammatory 
activity.

An increase in cell permeability marks the entry of sev-
eral pro-inflammatory cells. MPO is an enzyme highly 

expressed in monocytes, macrophages, and neutrophils. It 
is regarded as a unique biomarker of acute inflammation 
because of reports that its elevated activity indicates neutro-
phil infiltration into the tissue (Kim et al. 2012). MPO levels 
in TNBS-induced colitis get elevated illustrating an increase 
in neutrophil infiltration in the colonic mucosa (Wang et al. 
2016). Similarly, the present study depicted the rise in neu-
trophil infiltration by an increase in MPO level by 112% in 
the MC group. Nonetheless, nodakenin prevented the neu-
trophil infiltration illustrated by 25% decreased MPO levels 
and depicted its protective effect on the colon.

The activated neutrophils and macrophages lead to the 
production of reactive oxygen species (ROS) within the 
intestinal mucosa, causing oxidative stress and contributing 
to the pathophysiology of colitis (Elmaksoud et al. 2021). 
Lipid peroxidation is caused by free radicals removing a 
hydrogen atom from polyunsaturated fatty acids in cell mem-
branes. One crucial stage in the process of colonic mucosal 
damage is thought to be lipid peroxidation. MDA is the 
byproduct of lipid peroxidation and is frequently employed 
as a biomarker of the lipid peroxidation process (Ohkawa 
et al. 1979). An antioxidant called SOD is necessary for 
cells to defend themselves against ROS and the byprod-
ucts of free radical chain reactions. In the TNBS-induced 
colitis model, MDA increases and SOD level is decreased 
depicting an increase in ROS generation and oxidative dam-
age (Zhou et al. 2006). Similarly, the study demonstrated 
208% elevated MDA levels and 50% depleted SOD levels 
in TNBS-induced colitis demonstrating oxidative damage. 
Manganese superoxide dismutase (10, 20, and 40 mg/kg) 
prevented the increase in MDA level and decrease in SOD 
level in TNBS-induced colitis (Wang et al. 2016). Similarly, 
nodakenin pretreatment prevented the 32% rise in MDA 
level and 12% decline in SOD levels preventing ROS genera-
tion and protecting from oxidative damage. Lim et al. have 
demonstrated the anti-oxidant effect of nodakenin at 30 mg/
kg dose in LPS-induced liver injury in mice by protecting 
the decrease in the SOD and GSH levels (Lim et al. 2021). 
Rim et al. stated the antioxidant effect of nodakenin on LPS-
induced inflammation in RAW 264.7 cells by decreasing the 
NO levels depicting the fall in ROS generation and having an 
antioxidant effect at the dose of 100 µM (Rim et al. 2012). 
Another study by Liao et al. stated that nodakenin at the 
dose of 20 mg/kg dramatically suppressed the production 
of reactive oxygen species and subsequent NLPR3 inflam-
masome activation in ischemia reperfusion-induced renal 
injury in mice (Liao et al. 2021b). Similarly, the present 
study supported the previous studies and depicted the effect 
of nodakenin on various oxidative stress parameters show-
casing its anti-oxidant activity.

The precise mechanism of nodakenin responsible for the 
anti-inflammatory activity and colonoprotective activity in 
mitigating IBD is unclear. Recent studies have concentrated 

Fig. 4   The protective effect of nodakenin on the colonic damage 
due to TNBS-induced colitis was observed in histology stained with 
H&E and examined at × 4, × 10, and × 40. Black arrow: Tips of villi 
and goblet cells. Green arrow: Immune cell (neutrophils) infiltration. 
A NC (normal control): Shows intact colonic architecture, the crypts, 
villi, and goblet cells were of normal appearance, and the immune 
cell infiltration was not seen. B MC (model control, only TNBS): 
Loss of crypt, damaged goblet cells, loss of mucosal layer, and a mas-
sive accumulation of immune cells inside the crypts, and in the layers 
of the colon depicted transmural inflammation. C STD (sulfasalazine, 
100  mg/kg). D–F NO1, NO2, NO3 nodakenin (nodakenin 10, 20, 
40 mg/kg), respectively. Treatment groups protected the shortening of 
villi and infiltration of immune cells and showed much better colonic 
architecture and goblet cells in a dose-dependent manner
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on identifying the transcription factors and signaling mecha-
nisms that bind to gene promoter regions, control the pro-
duction of pro-inflammatory cytokines, and mediate gene 
transcription in ulcerative colitis. The immune system and 
inflammatory processes are regulated by NFƙB, a crucial 
transcription factor of lymphocytes and macrophages, as 

evidenced by recent studies (Li et al. 2005; Tsang et al. 
2015). Various pro-inflammatory cytokines, such as IL-1β, 
IL-6, TNF-α, iNOS, COX-2, and IL-18, are expressed in 
greater quantities once NFƙB is activated. TNF-α is one of 
these pro-inflammatory cytokines that is crucial to TNBS-
induced colitis and is probably the primary regulator of the 

Fig. 5   Nodakenin downregu-
lated various pro-inflammatory 
cytokines and enzymes causing 
inflammation. The gene expres-
sion studies were performed in 
colon homogenate by real-time 
quantitative RT-PCR. A–F 
Relative mRNA expression of 
NFƙB, iNOS, COX-2, NLRP3, 
IL-1β, and IL-18, respec-
tively. Values are expressed as 
the mean ± SEM (n = 6). NC 
(normal control), MC (model 
control, only TNBS), STD (sul-
fasalazine, 100 mg/kg), NO1, 
NO2, NO3 (nodakenin 10, 20, 
40 mg/kg), respectively
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inflammatory cascade in ulcerative colitis (Zhou et al. 2006; 
Natarajan et al. 2018). The current investigation verifies a 
noteworthy rise in colon tissue TNF-α, IL-6, and NFƙB lev-
els TNBS model group. Lim et al. reported the protective 
effect of nodakenin (10 and 30 mg/kg) against LPS-induced 
liver damage by downregulating the expression of NFƙB and 
pro-inflammatory mediators such as TNF-α, IL-6, IL-1β, 
iNOS, and COX-2 (Lim et al. 2021). Another study by Rim 
et al. reported that nodakenin (10 and 20 mg/kg) suppressed 
the LPS-induced inflammatory response in RAW 264.7 
murine macrophage cells and in mice and also protected 
mice from endotoxin shock by targeting NFƙB pathway and 
downregulating various pro-inflammatory mediators such as 
TNF-α, IL-6, IL-1β, iNOS, and COX-2 (Rim et al. 2012). 
Similarly, in the present investigation, following nodakenin 

(10, 20, and 40  mg/kg) treatment, there was a notice-
able decrease in the production of these pro-inflammatory 
cytokines in colon tissues, which could be linked with the 
anti-inflammatory effect of nodakenin.

Inducing the transcriptional expression of NLRP3, NFƙB 
is a crucial mediator of the priming signal of NLRP3 inflam-
masome activation in UC. Activated NFƙB transcriptionally 
induces the expression of the pro‑IL‑1β and pro-IL-18, but 
its maturation to IL‑1β and IL-18, respectively, and further 
its secretion would require activation of NLRP3 inflam-
masome (Zhen and Zhang 2019; Mustafa 2022; Kim et al. 
2022). The present investigation demonstrated the upregu-
lation of mRNA expression of NLRP3, IL-1β, and IL-18. 
Nevertheless, nodakenin (20 and 40 mg/kg) downregulated 
the mRNA expression of all the transcriptional factors and 

Fig. 6   Proposed mechanism of nodakenin in mitigating TNBS-
induced colitis in mice through downregulating NFƙB-mediated 
NLRP3 inflammasome pathway. TLR4, Toll-like receptor 4; TNF-α, 
tumor necrosis factor-α; TRADD, TNFR1-associated death domain 
protein; RIP, receptor-interacting protein; TRAF2, the tumor necrosis 
factor (TNF) receptor-associated factor; TNBS, 2,4,6-trinitrobenzene 

sulfonic acid; NFƙB, nuclear factor kappa B; ROS, reactive oxygen 
species; NLRP3, NOD-like receptor protein-3; IL-6, interleukin-6; 
IL-1β, interleukin 1β; IL-18, interleukin IL-18; iNOS, inducible nitric 
oxide; COX-2, cyclooxygenase-2; MPO, myeloperoxidase; MDA, 
malondialdehyde; NO, nitric oxide; SOD, superoxide dismutase. The 
image was created using BioRender.com
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pro-inflammatory mediators. A study by Liao et al. demon-
strated the effect of nodakenin (20 mg/kg) alleviated renal 
ischemia-reperfusion injury by suppressing reactive oxygen 
species–induced NLRP3 inflammasome activation (Liao 
et al. 2021a).

In the present study, we illustrated the colonoprotective 
effect of nodakenin in combating TNBS-induced colitis 
in mice by suppressing various pro-inflammatory media-
tors such as TNF-α, IL-6, IL-1β, IL-18, iNOS, COX-2, and 
various transcriptional factors such as NFƙB and NLRP3. 
Nodakenin also demonstrated its anti-inflammatory activity 
and anti-oxidant activity by protecting the colonic damage 
caused by to generation of ROS by preventing the rise in 
MPO, MDA, and NO levels while increasing SOD levels. 
It is expected that the development of lead compounds tar-
geting the NLRP3 inflammasome can be developed for the 
treatment of IBD (Xue et al. 2023). To sum up, the study 
demonstrated strong evidence of nodakenin alleviating 
TNBS-induced colitis through NFƙB mediated NLRP3 
inflammasome pathway.

Conclusion

Taking together, the study has provided evidence that nod-
akenin has the potential effect against TNBS-induced colitis 
in mice probably by modulating NFƙB-associated NLRP3 
pathway as it halted the overexpression of MPO, MDA, NO, 
iNOS, COX-2, NFƙB, and NLRP3 and downregulated the 
expression of various pro-inflammatory mediators such as 
TNF-α, IL-6, IL-1β, and IL-18 (Fig. 6). Our present research 
work provides the basis for the development of a novel thera-
peutic agent in combating a complex inflammatory disease 
such as ulcerative colitis.
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