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Abstract
Ulcerative colitis (UC) is a common type of chronic, idiopathic inflammatory bowel disease (IBD) that affects the mucosal 
lining of the colon. Long-term UC remission has shed light on the necessity of modified therapeutic strategies. In this study, 
UC was induced in rats by intrarectal administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS). The anticolitis effect of 
methylene blue (MB), a well-known dye and antioxidant and a potent mitochondrial enhancer was tested. MB was injected 
intraperitoneally (i.p.) at a dose of 1 mg/kg, 2 mg/kg or 4 mg/kg, and colosalazine was administered orally (p.o.) at a dose 
of 500 mg/kg 11 days after the administration of TNBS, which was injected on the 8th day. All treatment group results were 
compared to the TNBS group results. Macroscopically, limited body weight loss and decrease in the colon weight per unit 
length ratio were observed in the MB groups. MB improved histological damage and decreased the expression of myeloper-
oxidase (MPO) and accumulation of  CD4+ lymphocytes observed by immunohistochemistry. Downregulation of Bax/Bcl2 
protein expression was detected using Western blotting, and increased mRNA expression of nuclear factor erythroid 2-related 
factor 2 (Nrf2) was measured by qPCR. MB produced biochemical alterations, such as significant decrease in interleukin-6 
(IL-6), interleukin-17 (IL-17) and intercellular adhesion molecule-1 (ICAM-1) levels measured by enzyme-linked immuno-
sorbent assay (ELISA). Significant decrease in malondialdehyde (MDA) and inducible nitric oxide synthase (iNOS) levels 
as well as significant increase in superoxide dismutase (SOD) and mitochondrial cytochrome c oxidase levels were observed 
with MB, and these effects were similar to those produced by colosalazine. Thus, MB altered disease pathogenesis and could 
be a promising and challenging therapeutic target for UC treatment.
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Abbreviations
ANOVA  Analysis of variance
CMC  Carboxymethyl cellulose
DAB  Diaminobenzidine
ELISA  Enzyme-linked immunosorbent assay
iNOS  Inducible nitric oxide synthase
IBD  Inflammatory bowel disease
IL  Interlukin
ICAM-1  Intercellular adhesion molecule-1

MDA  Malondialdehyde
MB  Methylene blue
MPO  Myeloperoxidase
Nrf2  Nuclear factor erythroid 2-related factor 2
PBS  Phosphate-buffered solution
ROS  Reactive oxygen species
SOD  Superoxide dismutase
Th  T helper
TNBS  2,4,6-Trinitrobenzene sulfonic acid
UC  Ulcerative colitis

Introduction

Ulcerative colitis (UC) is a major clinically defined type 
of inflammatory bowel disease (IBD). Recently, the preva-
lence of UC has increased, and UC has started to become 
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a worldwide health problem that draws growing research 
interest (Molodecky et al. 2012; Actis et al. 2014).

The pathogenesis of UC is assumed to be idiopathic and 
involves the interaction of genetic, immune, and environ-
mental factors (Baumgart and Carding 2007).

UC is an immune-mediated chronic intestinal disorder 
characterized by rectal bleeding, mucous stool and diarrhoea 
associated with significant disruption and dysfunction in the 
epithelial barrier as well as mucosal ulceration (Da-Silva 
et al. 2010).

Lymphocytes play a central role in the pathogenesis of 
UC. The regulation of their migration from the vascular 
space into the gut tissue is controlled by intercellular adhe-
sion molecule-1 (ICAM-1), which represents an attractive 
target for the development of new drugs. The ability to 
interrupt mechanisms central to the T-lymphocyte adhesion 
and trafficking into the inflamed colon should help in the 
resolution of existing inflammation and prevent its recur-
rence, which would potentially result in beneficial long-term 
control of UC (Eksteen et al. 2008). Moreover, many types 
of intestinal immune cells, such as activated  CD4+ T-helper 
(Th) cells, have been shown to be responsible for the mainte-
nance of the inflammatory nature of UC (Bouma and Strober 
2003).

The mitochondria-mediated pathway of apoptosis is mod-
ulated by the Bcl-2 family of anti-apoptotic (Bcl-2) and pro-
apoptotic (Bax) proteins (Oltvai et al. 1993). The Bax/Bcl-2 
ratio might be more important than the level of either protein 
alone in determining apoptosis (Stoetzer et al. 1996), since 
an increased Bax/Bcl-2 ratio upregulates caspase-3 expres-
sion, which in turn increases the apoptosis rate (Pawlowski 
and Kraft 2000).

Many animal models of intestinal inflammation are com-
monly used for studying the pathogenesis of human IBD 
(Malik and Mannon 2012).

Colonic inflammation is frequently experimentally 
induced in rodents with 2,4,6-trinitrobenzene sulfonic acid 
(TNBS). The TNBS-induced colitis model was developed to 
help understand the pathogenic and molecular mechanisms 
underlying human IBD (Khanna et al. 2014).

TNBS is a chemical agent that produces a toxic effect 
by eliciting a cell-mediated immune response and inducing 
intestinal inflammation with morphological and histopatho-
logical characteristics similar to those observed in human 
UC (de Almeida et al. 2013).

TNBS induces diffuse colonic inflammation leading to 
increased leukocyte infiltration, oedema, and ulceration (Isik 
et al. 2011). It is well known that the administration of TNBS is 
associated with strong activation of the Th1-mediated immune 
response, which manifests as dense infiltration by local  CD4+ 
T cells and involves an overproduction of cytokines (Elson 
et al. 1995). Therefore, the TNBS-induced colitis model is 
a commonly used model for studying many features of gut 

inflammation, including cytokine secretion patterns, cell adhe-
sion events and immunotherapies.

Interestingly, the induction of colitis in the TNBS-treated 
rat model affects mitochondrial biogenesis. TNBS may 
directly enhance mitochondrial damage. However, the inflam-
matory process is probably the major cause of the reported 
mitochondrial damage. Moreover, TNBS dramatically down-
regulates the expression of cytochrome c in the colon (Tirosh 
et al. 2007).

Although there have been significant improvements in 
therapeutic strategies over the last few years, there remains 
an unmet need in UC therapy. Currently, the most frequently 
used drugs for UC are sulfasalazine, sulfasalazine derivatives, 
corticosteroids and immunosuppressants (Bryant et al. 2015). 
However, therapies utilizing these agents are not perfect due to 
drug-induced side effects that may cause major complications 
(Rosenberg and Peppercorn 2010).

Methylene blue (MB) is a well-established drug with a long 
history of use, owing to its wide range of use and its profile of 
minimal side effects.

This relatively old clinically used drug has classically been 
used for the treatment of malaria, methemoglobinemia, and 
carbon monoxide poisoning; MB is also used as a histological 
dye. The role of MB in the mitochondria, however, has elicited 
much renewed interest in recent years. MB is believed to be a 
promising therapeutic agent with relatively few side effects as 
nausea, headache and dizziness, and has been recommended 
for clinical use as an oxygen radical scavenger (Kelner et al. 
1988).

MB can shift electrons in the mitochondrial electron trans-
fer chain directly from NADH to cytochrome c, increasing the 
activity of complex IV and strongly promoting mitochondrial 
activity while mitigating oxidative stress (Wen et al. 2011).

Thus, MB has been established as an antioxidant that 
increases cell metabolism through enhancing mitochondrial 
activity at the cytochrome oxidase complex (Visarius et al. 
1997). Moreover, MB is known to possess neuroprotective 
properties that reduce protein aggregates, augment the anti-
oxidant response, and enhance mitochondrial function and 
survival in various models of neurodegenerative diseases 
(Swerdlow 2009).

The main objectives of this study were to explore the 
hypothesis that inflammation, oxidative stress and apoptosis 
can lead to mitochondrial damage in experimentally induced 
colitis and to elucidate whether MB can prevent these changes 
by directly affecting mitochondrial biogenesis.
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Materials and methods

Drugs and chemicals

Three drugs were used in the present study. TNBS (picryl-
sulfonic acid solution) was purchased from Sigma-Aldrich, 
Germany (Cat. no. P2297) and used to produce 5% (w/v) 
in  H2O solution (0.25 ml; 50% ethanol v/v), and 500 mg/
kg tablets of colosalazine were purchased from Alexandria 
Company For Pharmaceuticals and Chemical Industries 
and suspended in 1% carboxymethyl cellulose (CMC). The 
MB hydrate used in this study was obtained from Sigma-
Aldrich, Germany (Cat. no. M4159) and was dissolved in 
saline.

Experimental animals

Adult male Wistar rats (150–200 g) (n = 45) were obtained 
from the animal colony of the National Research Center 
(NRC; Giza, Egypt) 1 week before the experiment to allow 
them time to adapt to the laboratory environment; the rats 
were housed and provided free access to water and stand-
ard rodent chow. The animals were kept under constant 
environmental conditions with a 12-h light/dark cycle. The 
protocol was approved by the Research Ethical Committee 
of the Faculty of Pharmacy (PT 2424), on the Ethics of 
Animal Experiments of the Cairo University, Cairo, Egypt.

Experimental design

Animals were divided into six groups, each including 6–8 
rats. The untreated groups were intraperitoneally (i.p.) 
injected with 0.9% saline, intrarectally administered 50% 
ethanol or orally (p.o.) administered 1% CMC. A pilot 
study was performed using these groups, and no statisti-
cally significant differences were found among the results 
of the three untreated groups. Consequently, these groups 
were pooled into one group named the control group.

Group 1 received 0.9% saline injected i.p. Group 2 
was subjected to intracolonic administration of TNBS 
(0.25 ml; 50% ethanol v/v) (Morris et al. 1989). Group 
3 received TNBS + sulfasalazine (from the colosalazine 
tablets), and the sulfasalazine was administered p.o. at a 
dose of 500 mg/kg (Mustafa et al. 2006; Abdel Gawad 
et al. 2007; Khairy et al. 2018) in a 0.5 ml/100 g body 
weight suspension of 1% CMC.

Groups 4, 5 and 6 were injected i.p. with TNBS and 
1 mg/kg (Riha et al. 2005), 2 mg/kg (Greenstein et al. 
2001), or 4 mg/kg MB (Gonzalez-Lima and Bruchey 2004; 
Riha et al. 2005), respectively.

All groups except group 1 were injected with TNBS on 
the 8th day. Groups 1, 3, 4, 5 and 6 were administered the 
scheduled drugs from day 1 until day 11, and the animals 
were sacrificed on day 12, as shown in Fig. 1.

Induction of colitis

Rats were fasted for 24 h before the induction of colitis and 
then anaesthetized with diethyl ether before the establish-
ment of colonic inflammation. Colitis was induced with 
TNBS using the method described by Morris et al., where a 
1 ml enema of 5% w/v TNBS (0.25 mL in 50% ethanol) was 
instilled in the colon through a polyethylene rubber cath-
eter (3-mm diameter) that was inserted rectally proximal to 
the anus by 8 cm. To prevent leakage of the solution after 
intracolonic instillation and to ensure acute colitis induction, 
the rats were kept in the Trendlenburg position with their 
head down for 1 min. Rat weights were recorded before the 
experimental procedure and every day until the end of the 
experiment (Yu et al. 2011; Weiss et al. 2015; Hsieh et al. 
2016).

Tissue harvesting

Four days after the induction of colonic inflammation, 
rats were sacrificed by cervical dislocation, the colon was 
dissected, and the distal part was rinsed with saline and 
removed. The ratio of colon weight/length in g/cm (Dinc 
et al. 2015) was determined as an indirect marker of inflam-
mation, and body weight was measured every day before 
and after TNBS treatment (Yu et al. 2011; Weiss et al. 2015; 
Hsieh et al. 2016). The percentage change in body weight 

Fig. 1  Experimental design and distribution of groups. Animals 
were divided into six groups in the experimental design; on day 1, 
pre-injection with TNBS, group 1 which is the control group was 
injected with saline 0.9% i.p and group 3 was injected with colosala-
zine 500 mg/kg p.o. In addition, groups 4, 5 and 6 were treated with 
increasing doses of MB: 1 mg/kg i.p, 2 mg/kg i.p and 4 mg/kg i.p, 
respectively. The induction of colitis was performed by intrarectal 
administration of TNBS (0.25 ml; 50% ethanol v/v) once to groups 
2,3,4,5 and 6 on the 8th day. Injection of groups 3, 4, 5, and 6 with 
either colosalazine or MB was continued to day 11. Rats were sacri-
ficed on day 12 and colons were dissected for further ex vivo testing
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was calculated as previously described (OH et al. 2014) by 
dividing the body weight at day 11 by the body weight at 
day 0 and multiplying by 100. Colon samples were fixed in 
4% buffered paraformaldehyde (PBS, pH 7.4) for histologi-
cal examination (n = 3) and immunohistochemical staining 
within 48 h (n = 3). The remaining colon samples were kept 
at − 80 °C for further assessment of biochemical markers 
and enzyme-linked immunosorbent assay (ELISA), Western 
blotting, and qPCR analyses (n = 3).

Assessment of damage to the colon

To evaluate microscopic damage, autopsy samples were 
taken from the colon of rats from different groups and fixed 
in 10% formalin in PBS for 24 h. Washing was performed in 
tap water, and then serial dilutions of alcohol (methyl, ethyl 
and absolute ethyl) were used for dehydration. Specimens 
were cleared in xylene and embedded in paraffin at 56 °C 
in a hot-air oven for 24 h. Paraffin beeswax-embedded tis-
sue blocks were prepared for sectioning at 4-µm thickness 
by a slide microtome. The obtained tissue sections were 
collected on glass slides, deparaffinized, and stained with 
haematoxylin and eosin (H and E) for examination using an 
electric light microscope (Bradford 1976). Histological dam-
age was semi-quantified based on a scoring system modified 
from previous studies (Kandhare et al. 2013; Zurita-Turk 
et al. 2014): Grade 0, no damage; grade 1, mild damage; 
grade 2, moderate damage; and grade 3, severe damage. The 
parameters assessed included mucosal necrosis, mucosal 
suppuration, inflammatory cell infiltration in the mucosa 
and submucosa, focal mucosal ulceration, mucosal haem-
orrhage, oedema and congestion in the submucosa. Images 
were captured at 16 × magnification.

Immunohistochemistry

Immunohistochemical staining was performed for two 
antigens, myeloperoxidase (MPO) and CD4 (lymphocyte 
marker) as previously described (Sun et al. 2012). Staining 
was localized in inflammatory cells and cells of the intersti-
tial stroma of the lamina propria of the colon when the Vec-
tastain ABC Kit (Vector Laboratories) was used according 
to the manufacturer’s protocol. Colon tissue samples were 
cut into 5-μm-thick sections. Deparaffinized colon sections 
were dehydrated through xylene and a graded alcohol series. 
Then, the sections were treated with 3%  H2O2 for 10 min 
and then 10% normal goat serum for 30 min at room tem-
perature. Further, an overnight incubation at 4 °C with a pri-
mary anti-MPO antibody (1:400) and an anti-CD4 antibody 
(1:400) was performed. A secondary biotinylated antibody 
was diluted at 1:1000. Positive staining was visualized using 
diaminobenzidine (DAB) as a chromogen. Finally, counter-
staining was performed with haematoxylin for 5 s. Images 

were captured using an Olympus microscope with a DP 71 
camera and DP Controller 3.1.1.276 (Olympus). Six fields 
were randomly selected from each section, and positive 
signals within the section were measured, and expressed 
as percent area of expression of MPO and  CD4+ cells in 
the immunostained tissue sections using Leica Microsys-
tems (GmbH, Wetzlar, Germany). Images were captured at 
80 × magnification.

Detection of Bax and Bcl‑2 protein expression 
by Western blot analysis

Western blotting was carried out for the apoptotic promoter 
Bax and inhibitor Bcl-2 using the V3 Western Workflow™ 
Complete System (Bio-Rad®, Hercules, CA, USA).

Briefly, proteins were extracted from tissue homogen-
ates using ice-cold radioimmunoprecipitation assay (RIPA) 
buffer supplemented with phosphatase and protease inhibi-
tors (50 mmol/L sodium vanadate, 0.5 mM phenylmethyl-
sulfonyl fluoride, 2 mg/mL aprotinin, and 0.5 mg/mL leu-
peptin), and then centrifugation at 12,000 rpm for 20 min 
was performed. Tissue samples were thawed, and the protein 
concentration of each sample was determined by a Bradford 
assay as previously described (Bradford 1976), with bovine 
serum albumin used as the standard.

Equal amounts of protein (20–30 µg of total protein) were 
separated by SDS/polyacrylamide gel electrophoresis (10% 
acrylamide gel) using a Bio-Rad Mini-Protein II system. The 
proteins were transferred to polyvinylidene difluoride mem-
branes (Pierce, Rockford, IL, USA) with a Bio-Rad Trans-
Blot system. After transfer, the membranes were washed 
with PBS and blocked for 1 h at room temperature with 5% 
(w/v) skim milk powder in PBS. The manufacturer’s instruc-
tions were followed for the primary antibody reactions. Fol-
lowing blocking, the blots were incubated with antibodies 
specific for bax, bcl2 and beta-actin supplied by Thermo 
Scientific (Rockford, Illinois, USA) overnight at pH 7.6 and 
4 °C with gentle shaking. After washing, peroxidase-labelled 
secondary antibodies were added, and the membranes were 
incubated at 37 °C for 1 h. Band intensity was analysed by 
a ChemiDocTM imaging system with Image LabTM soft-
ware version 5.1 (Bio-Rad Laboratories Inc., Hercules, CA, 
USA). The results are expressed as arbitrary units after nor-
malization to β-actin protein expression, and the relative 
protein expression was calculated as a ratio between Bax 
and  Bcl2.

Quantitative real‑time PCR

Since the activation of gene transcription by nuclear fac-
tor erythroid 2-related factor 2 (Nrf2)-ARE signalling is 
involved in attenuating inflammation-associated patho-
genesis, the anticolitis effect of MB was investigated by 
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assessing the quantitative mRNA expression of Nrf2. Colon 
tissue samples from all the studied groups were lysed, and 
total RNA was isolated with RNeasy purification reagent 
(Qiagen, Valencia, CA). The purity of the total RNA was 
measured with a spectrophotometer, and the wavelength 
absorption ratio (260/280 nm) was between 1.8 and 2.0 for 
all preparations. Reverse transcription of the total RNA into 
cDNA was carried out with a reverse transcription reaction 
(Superscript II, Gibco Life Technologies, Grand Island, NY, 
USA). Real-time PCR amplification and analysis were car-
ried out using an Applied Biosystem instrument with soft-
ware version 3.1 (StepOneTM, USA). SYBR Green Master 
Mix (Applied Biosystems) was used for the reaction. The 
data were analysed with the comparative cycle threshold 
(CT) method (Luo et al. 2011). The mRNA expression of 
β-actin was used as an internal control in all samples. The 
primer sequences used are shown in Table 1.

ELISA and spectrophotometric assays

The supernatants of colon tissue samples from different 
rat groups were tested for inflammatory markers such as 
ICAM-1 as well as interleukin-6 (IL-6) and interleukin-17 
(IL-17), which represented T-cell-derived cytokines that 
are products of the activated immune response. Parameters 
were assayed using ELISA kits (Mybiosource, Cat. no. 
MBS355378;  Quantikine®, ELISA Cat. no. R6000B; and 
Cusabio, Cat. no. CSB-E07451r). Procedures were carried 
out according to the manufacturer’s instructions. Protein 
concentrations were measured by the Bradford method. All 
results are expressed as pg/mg of protein.

To determine the levels of biomarkers of oxidative stress, 
malondialdehyde (MDA) and superoxide dismutase (SOD) 
expression was assayed in colon samples. The MDA levels 
were assessed to evaluate products of lipid peroxidation. The 

expression of MDA, which is referred to as a thiobarbitu-
ric acid-reactive substance, was measured with thiobarbi-
turic acid at 532 nm with a spectrophotometer according 
to a previously described method (Buege and Aust 1978). 
SOD activity was measured by monitoring the reduction 
of nitroblue tetrazolium by superoxide anions produced by 
xanthine and xanthine oxidase (Sun et al. 1988). The protein 
concentration of each sample was determined by a Bradford 
assay. The results are plotted as U/mg of protein.

MB has been shown to be an inducer of cytochrome c 
oxidase (mitochondrial complex IV) expression and activi-
ties that boost oxygen consumption and cell respiration. 
The activity of this enzyme was assayed using a simple kit 
that was fast and high-throughput adaptable. This assay kit 
can be used with purified mitochondria or tissue extracts 
containing mitochondria. The activity of the enzyme was 
determined colourimetrically using an assay kit from Biovi-
sion (Cat. no. K287-100). The results are plotted as U/mg 
of protein. To investigate the roles of enzymes involved in 
the immune response and apoptosis, inducible nitric oxide 
synthase (iNOS) activity was measured using a fluoromet-
ric assay kit (Biovision, Cat. no. K206-100). The protein 
concentration of each sample was determined by a Bradford 
assay in both experiments. The results are plotted as U/mg 
of protein.

Statistical analysis

Data from every experiment were analysed using one-way 
analysis of variance (ANOVA) followed by Tukey’s multiple 
comparison test. Quantitative values were expressed as the 
mean ± standard error of the mean (SEM). Non-parametric 
Kruskal–Wallis ANOVA followed by Dunn’s post hoc test 
was also used and data were expressed as median ± range. 
Statistical significance was set at p < 0.05. All statistical pro-
cedures were run using instant automated software (Graph-
Pad Prism version 5.01, GraphPad Inc., California, USA).

Results

Effects of TNBS, colosalazine and MB on body 
weight and the colon weight/length ratio

Compared to the normal group, the TNBS-treated group 
exhibited a significant increase in body weight loss to 40%. 
Compared with the rats treated with TNBS only, the rats 
administered colosalazine p.o. showed significant decrease 
in body weight loss to threefold. MB 1 mg/kg, 2 mg/kg or 
4 mg/kg i.p. showed twofold, threefold and twofold decrease 
in body weight loss, respectively, versus TNBS group 
(Fig. 2a).

Table 1  Primers’ sequence of studied genes

Gene Sequence

Nrf2 Forward primer: 
5′-ATC CAG ACA 
GAC ACC AGT 
GGATC-3′

Reverse primer: 
5′-GGC AGT GAA 
GAC TGA ACT 
TTCA-3′

Beta-actin Forward primer: 
5′-GAC GGC CAG 
GTC ATC ACT 
AT-3′

Reverse primer: 
5′-CTT CTG CAT 
CCT GTC AGC 
AA-3′
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The colon weight per unit length ratio of the rats injected 
with TNBS was twofold higher than that of the control 
group rats, as colitis is associated with inflammation and an 
increase in colon weight. Moreover, group 3, 4, 5 and 6 rats 
showed significantly a decrease in colon weight/length ratios 
to 50%, 44%, 40% and 70%, respectively (Fig. 2b).

MB improved histological signs of TNBS‑induced 
colitis in rats

The colon tissue of rats treated with TNBS showed focal 
ulceration in the mucosa associated with necrosis, haem-
orrhage and suppuration, while the underlying submucosa 
showed massive inflammatory cell infiltration and oedema 
(Fig. 3b), while that of the control group rats showed no 
histological alterations (Fig. 3a). Inflammatory cell infiltra-
tion also occurred in the muscularis mucosae (Fig. 3b). The 
administration of sulfasalazine after TNBS treatment did not 
alleviate colitis to a large extent, as the mucosa still appeared 
to show focal ulceration with inflammatory cell infiltration 
in the lamina propria and underlying submucosa (Fig. 3c).

Induction with 1 mg/kg MB produced a normal mucosal 
layer and lamina propria, while the underlying submucosa 
showed oedema with massive inflammatory cell infiltration 
(Fig. 3d). Moreover, the middle dose of 2 mg/kg MB pro-
duced an improvement shown as an intact mucosa; however, 
the submucosa showed oedema, inflammatory cell infiltra-
tion and blood vessel congestion (Fig. 3e). The high dose of 
4 mg/kg MB resulted in focal inflammatory cell aggregation 
in the lamina propria of the mucosa, while the underlying 
submucosa and muscularis mucosae were intact (Fig. 3f).

The severity of the histopathological alterations in the 
colons from the rats in the different experimental groups 

was semiquantitatively assessed by a 0–3 scoring system, 
with 3 indicating the most severe grade of colitis. Values 
were expressed as median and range as shown in Table 2.

MB alleviated the expression of MPO and infiltration 
of  CD4+ lymphocytes after TNBS‑induced colitis

Immunohistochemical staining images of colon tissue sam-
ples from the rats challenged with TNBS showed higher 
expression of MPO (Fig. 4b) and CD4 (Fig. 5b) than those 
of the colon tissue samples from the control group rats 
(Figs. 4a, 5a, observed as brown discoloration representing 
neutrophil infiltration and immune activation via an influx of 
 CD4+ cells). These are two lines of evidence that indicate the 
roles of  CD4+ T cells and MPO in the pathogenesis of gas-
trointestinal tissue damage in UC. TNBS-treated rats showed 
20-fold increase in area  % of MPO compared to control rats 
(Fig. 4g) and eightfold increase in the same parameter for 
 CD4+ (Fig. 5g). On the opposite side, colosalazine group 
showed a great decrease in area  % of MPO and  CD4+ cells 
to 70% and 40%, respectively, compared to TNBS group. 
MB 1 mg/kg, 2 mg/kg and 4 mg/kg significantly decreased 
the area % for MPO to 66%, 70%, and 60%, respectively. 
Similarly, a decrease to 37%, 19% and 35%, respectively, 
was noted for  CD4+ cells.

Different doses of MB downregulated the protein 
expression of apoptotic markers induced by TNBS

Compared to the control group rats, the rats administered 
TNBS showed a significant increase in the Bax/Bcl-2 ratio 
about 20-fold, thus indicating the predominance of the apop-
totic signalling pathway. Colosalazine ameliorated the effect 

Fig. 2  Effect of TNBS, 
colosalazine and MB on body 
weight, colon weight and 
length. a Percentage change 
in body weight between day 0 
and day 11 induced by injec-
tion of TNBS, colosalazine 
and MB 1 mg/kg, 2 mg/kg 
and 4 mg/kg in rats (n = 6–8). 
b Effect of different doses of 
MB as well as colosalazine on 
colon weight/length (n = 6–8). 
Animals given TNBS were 
compared to control group. MB 
and colosalazine groups were 
compared to TNBS. Data are 
presented as mean ± S.E.M. 
*P < 0.05, **P < 0.01 vs. con-
trol group. #P < 0.05, ##P < 0.01, 
###P < 0.001 vs. TNBS-induced 
colitis group
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Fig. 3  Photomicrograph of H&E-stained rats’ colon tissues. a Con-
trol group showed no histological alteration (16 ×). b Colons of 
rats injected with TNBS showed severe colonic damage observed 
as focal ulceration in the mucosa associated with necrosis, haemor-
rhage and suppuration, while the underlying submucosa showed 
massive inflammatory cells infiltration and oedema (16 ×). c Group 
injected with sulfasalazine and TNBS also showed focal mucosal 
ulceration with inflammatory cells infiltration in the lamina propria 
of the mucosa as well as in the underlying submucosa (16 ×). d The 
mucosal layer with the lamina propria was intact in rats injected with 
TNBS and 1  mg/kg  MB, while the underlying submucosa showed 

oedema with massive inflammatory cells infiltration (16 ×). e TNBS 
and 2 mg/kg MB-injected rats revealed moderate improvement shown 
as intact mucosa, however, the submucosa showed oedema, inflam-
matory cells infiltration and congestion in the blood vessels (16 ×). 
f Focal inflammatory cells aggregation in the lamina propria of the 
mucosa as well as oedema were observed in rats treated with TNBS 
and 4  mg/kg  MB, while the underlying submucosa and muscularis 
were intact (16 ×) (n = 3). mu mucosal layer, mg focal aggregation 
of inflammatory cells, m inflammatory cells infiltration, o oedema, 
h haemorrhage, u ulceration, n necrosis, s suppuration, v congested 
blood vessel

Table 2  Semiquantitative scoring of the severity of histopathological alterations in colon

Data are expressed as median ± range, n = 3 and analysed by Kruskal–Wallis ANOVA followed by Dunn’s post hoc test which was used for com-
paring histological results between different selected groups. *P < 0.05 vs. control group, #P < 0.05 vs. TNBS group

Group 1 
(Control)

Group 2 (TNBS) Group 3 (TNBS+ 
colosalazine 500 mg/
kg)

Group 4 
(TNBS + MB 
1 mg/kg)

Group 5 
(TNBS + MB 
2 mg/kg)

Group 6 
(TNBS + MB 
4 mg/kg)

Focal mucosal ulceration 0 3 ± 1* 2 ± 1 1 ± 1 1 ± 1 0 ± 1
Mucosal necrosis 0 ± 1 3 ± 1* 1 ± 2 0.5 ± 2 0.5 ± 1 0 ± 1#

Mucosal suppuration 0 1 ± 0* 0# 0# 0# 0#

Mucosal haemorrhage 0 2 ± 1* 1 ± 1 0 ± 1 0.5 ± 1 0 ± 1
Inflammatory cells infiltration or 

aggregation in mucosa
0 3 ± 1* 2 ± 1 0 ± 1# 0 ± 1# 1 ± 1

Inflammatory cells in submucosa 0 3 ± 0* 2 ± 1 2 ± 1 1 ± 1 0#

Submucosal oedema 0 3 ± 0* 1 ± 1 2 ± 1 1 ± 2 1 ± 3
Submucosal congestion 0 3 ± 1* 1 ± 1 0 ± 2 1 ± 1 0 ± 1
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of TNBS to 15%. Furthermore, compared to TNBS treat-
ment alone, the i.p. injection of 1 mg/kg and 4 mg/kg MB 
reduced the Bax/Bcl-2 ratio to 19%. A similar result was 
observed, a decrease to 12% after the injection of 2 mg/
kg MB (Fig. 6).

Different doses of MB induced the mRNA expression 
of Nrf2 after the induction of colitis

Figure 7 showed that TNBS suppressed the Nrf2 relative 
mRNA expression levels in rat colon tissue samples to 20% 
compared to control treatment. This effect was increased 
threefold by administering either colosalazine p.o., MB i.p. 
at a dose of 1 mg/kg, 2 mg/kg or 4 mg/kg.

Effect of treatment with MB on different 
inflammatory parameters

A fourfold increase in the IL-6 level was observed in the 
TNBS-treated rats compared to the control group rats. 

In addition, 4 mg/kg MB or treatment with colosalazine 
significantly augmented the increase in the IL-6 level to 
50% in rats pretreated with TNBS. A similar decrease was 
observed to 60% with 1 mg/kg and to 40% with 2 mg/kg 
dose (Fig. 8a).

A similar effect on the IL-17 level was noted in group 
2 compared to that in group 1 with a threefold increase. 
Colosalazine (500 mg/kg) or MB at a dose of 1 mg/kg 
significantly decreased the cytokine level to 60 and 50%, 
respectively, while 2 mg/kg or 4 mg/kg caused a signifi-
cant decrease to 43% (Fig. 8b).

ICAM-1 levels were also assessed as a measure of leu-
kocyte adhesion and migration into the inflamed colon 
tissue. Compared to control treatment, TNBS showed more 
than twofold significant enhancing effect on the ICAM-1 
level. Treatment with increasing doses of MB showed a 
powerful negative effect on the ICAM-1 level such that 
1 mg/kg, 4 mg/kg and colosalazine decreased the param-
eter to 50% compared to that of TNBS alone. A similar 
decrease to 42% was noticed with 2 mg/kg (Fig. 8).

Fig. 4  Representative photographs of MPO immunohistochemis-
try (80 ×). a Control group showed no reaction. b TNBS-injected 
rat group significantly showed MPO-positive cells (black arrow) 
greatly distrusted in the colon tissue. c–f Rats treated with TNBS 
and colosalazine, MB 1 mg/kg, 2  mg/kg and 4 mg/kg, respectively, 

all significantly attenuated the MPO-associated immunoreaction than 
TNBS group (n = 3). g Quantitative image analysis for immunohisto-
chemical staining expressed as area  % of MPO across six different 
fields for each rat section. Values were expressed as mean ± SEM. 
***P < 0.001 vs. control group, #P < 0.05, ##P < 0.01 vs. TNBS group
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Alterations in oxidative stress biomarkers 
after the injection of MB

The levels of MDA and SOD are shown in Fig.  9. In 
comparison to the levels of MDA and SOD in the control 
group, a fourfold increase in the MDA level was shown 
and a decrease in the SOD level to 35% was exhibited in 
group 2. In comparison to the TNBS group, the colosala-
zine group revealed a significant decrease in the MDA 
level to 50%. Likewise, MB at a dose of 1 mg/kg, 2 mg/kg 
or 4 mg/kg attenuated the level of MDA to 44%, 37% and 
43%, respectively. In contrast, colosalazine and increas-
ing doses of MB previously mentioned increased the SOD 
activity to twofold.

Compared to control rats, TNBS-induced colitis group 
resulted in a significant decrease in cytochrome c oxi-
dase expression to 34%. As proven in the literature, MB 
administered i.p. at a dose of 1 mg/kg, 2 mg/kg or 4 mg/kg 
induced mitochondrial cytochrome c oxidase expression and 
increased its activity about twofold with respect to TNBS 
(Fig. 10).

On the other hand, as shown in Fig. 11, group 2 showed 
fivefold higher iNOS expression than group 1. Increasing 
doses of MB (1 mg kg, 2 mg/kg and 4 mg/kg) as well as 
colosalazine suppressed the increase in iNOS expression 
induced by TNBS to 32%, 46%, 31% and 37%, respectively.

Discussion

Recently, it was demonstrated that IBD cannot be cured 
without medication and IBD therapy is mainly directed at 
increasing remission periods and improving patient qual-
ity of life (Guandalini 2014; Dave et al. 2014). Thus, novel 
pharmacological agents with different mechanism(s) of 
action are urgently needed for IBD treatment to replace 
existing traditional agents, such as colosalazine, that carry 
many harmful side effects. This will lead to more effective 
therapies, as well as increased safety, for the treatment of 
IBD patients (Pagnini et al. 2019).

Consequently, the present study was based on this 
principle of evaluating the therapeutic potential of an old 

Fig. 5  Immunohistochemical detection of CD4 + cells in rats’ colon 
tissues (80 ×). a Control group showed no reaction. b Rats injected 
with TNBS showed CD4 +-expressed cells (brown discoloration 
shown by black arrow). c–f Colosalazine, MB 1 mg/kg, 2 mg/kg and 
4 mg/kg treated groups, respectively, showed observable decrease in 

the immunoreaction (n = 3). g Quantitative image analysis for immu-
nohistochemical staining expressed as area  % of CD4 + cells across 
six different fields for each rat section. Values were expressed as 
mean ± SEM. **P < 0.01 vs. control group, #P < 0.05, ##P < 0.01 vs. 
TNBS-induced colitis group
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known compound, MB, and comparing this compound with 
colosalazine in protecting against TNBS-induced UC.

Cellular oxidative stress and genetic susceptibility 
have been strongly implicated in the multifactorial aetiol-
ogy of UC, and recent studies have proven that UC exerts 
both mitochondrial and nuclear genetic control (Rosa et al. 
2016). Furthermore, UC has been proven to increase the risk 
of colorectal cancer, and mitochondrial dysfunction might 
contribute to early ulcerative colitis-mediated tumourigen-
esis (Baker et al. 2019).

In the present study, compared to control treatment, 
the induction of UC by TNBS in rats produced significant 
increase in body weight, the colon weight/length ratio and 
mucosal ulceration associated with necrosis, haemorrhage, 
massive inflammatory cell infiltration and oedema. A recent 
study showed similar results for TNBS in rat colon tissues 
(Cai et al. 2019). Compared to TNBS treatment alone, the 
administration of colosalazine or MB at all doses resulted 
in significant decrease in the aforementioned parameters.

Similar results have been observed in previous clinical 
studies (Silk and Payne-James 1989). The aetiologies of 

weight loss and malnutrition are multifactorial; they include 
postprandial maldigestion due to active disease, protein 
loss through the bowel or metabolic stress associated with 
inflammation (Gassull 2003). Diarrhoea was observed with 
blood in the stool, which was in agreement with previous 
reports (Goh and O’Morain 2003). In addition to decreased 
weight loss and diarrhoea, improvements in both micro-
scopic and macroscopic pathologies were observed in the 
MB-treated groups.

On the immunological level, compared to normal rats, 
TNBS-treated rats showed significant increase in the MPO 
and CD4 levels by immunohistochemistry; on the other 
hand, significant improvements in these expression patterns 
were observed in the colon samples from rats treated with 
colosalazine or one of the three doses of MB.

TNBS-induced colitis is a commonly used animal model 
with an enhanced Th1/Th17 response (Witaicenis et al. 
2012). As its process is similar to that of the cluster of 
differentiation-related immune response (Cui et al. 2014), 
the TNBS-induced murine model has been widely used for 
screening IBD treatments and exploring the therapeutic 

Fig. 6  Protein expression level 
of Bax and Bcl-2 in colon 
tissues assessed by Western 
blot. a Western blot analysis 
for the presence of Bax and 
Bcl-2 in colon tissues of rats. 
b Relative expression level 
of Bax/Bcl-2 quantitatively 
determined. TNBS increased 
the expression of Bax/Bcl-2 
ratio representing enhanced 
apoptotic signalling, while the 
administration of colosalazine 
and increasing doses of MB 
significantly ameliorated this 
effect (n = 3). Results were nor-
malized to β-actin as an internal 
control. Data are presented as 
mean ± S.E.M. ***P < 0.001 vs. 
control group. ###P < 0.001 vs. 
TNBS-induced colitis group
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effects of potential agents. Many types of intestinal immune 
cells, such as activated  CD4+ Th cells, are responsible for 
the maintenance of inflammation in UC (Bouma and Strober 
2003).

The significant and dramatic increase in the inflamma-
tory response in colons treated with TNBS manifested as 
the overproduction of IL-6, IL-17 and ICAM-1, a potential 
marker of leukocyte adhesion and migration. Colosalazine 
and MB significantly attenuated the expression of these pro-
inflammatory cytokines and ICAM-1, producing a powerful 
anti-inflammatory effect.

Episodes of relapsed UC are commonly associated with 
an overproduction of proinflammatory cytokines, which 
further impair intestinal permeability and cause severe 
colonic infiltration (Hering and Schulzke 2009). Moreo-
ver, cytokines, particularly IL-6 and IL-17, are involved in 
the initiation of the inflammatory response in colitis. IL-17 
expression in the mucosa is increased in IBD patients and 
is likely associated with the altered immune and inflamma-
tory responses in the intestinal mucosa (Fujino et al. 2003).

It was reported previously that the mucosa of patients 
with UC shows increased expression of these mediators, 
which are believed to play crucial roles in the patho-
genesis of UC. Thus, the regulation of these cytokines 

is recommended as a major strategy to treat IBD (Yadav 
et al. 2016).

The induction of colitis in rats by TNBS is followed by 
the upregulation of the expression of endothelial VCAM-1 
and constitutive ICAM-1, which are considered major 
determinants of leukocyte recruitment to the inflamed 
intestine (Sans et al. 1999).

TNBS produced a significant increase in iNOS produc-
tion that was greatly attenuated by the administration of 
colosalazine or MB.

A large body of evidence shows that iNOS expression 
is upregulated in various types of mucosal inflammation 
(Kolios et al. 2004). Furthermore, multiple detection strat-
egies have demonstrated that iNOS expression, enzymatic 
activity, and nitric oxide (NO) production are increased 
in IBD tissue samples from humans (Cross and Wilson 
2003). There is also evidence that the level of NOS-
derived NO correlates well with disease activity in UC. 
Therefore, NO inhibitors can be applied as therapeutic 
agents for the management of inflammatory diseases.

A previous study revealed increased expression of iNOS 
in IBD tissue samples (Cross and Wilson 2003). MB was 
reported to inhibit NOS, decrease oxidative damage and 
improve mitochondrial function and cellular respiration, 
which are effects that increase its therapeutic potential to 
treat many inflammatory disorders (Rojas et al. 2012).

The mRNA expression level of Nrf2 was significantly 
attenuated by the colonic instillation of TNBS but signifi-
cantly restored by the administration of MB (1, 2 or 4 mg/
kg) or colosalazine.

Compared to the oxidative stress induction effects of 
TNBS, the significant antioxidative effects of colosalazine 
and MB were revealed in the present study as significant 
reductions in the MDA level and increases in the SOD 
level. Similarly, a significant induction of mitochondrial 
cytochrome c oxidase expression was achieved by colosala-
zine and the doses of MB, and this induction rescued the 
significant reduction in the mitochondrial cytochrome c 
oxidase level seen after TNBS administration.

Oxidative stress is emerging as a potential driving force 
in the induction and progression of UC (Jena et al. 2012). 
There is extensive evidence that reactive oxygen species 
(ROS) play a key role in the pathogenesis of colitis (Pav-
lick et al. 2002; Keshavarzian et al. 2003). Excess levels of 
ROS may damage nuclear and mitochondrial DNA, RNA, 
lipids and proteins by nitration, oxidation and halogena-
tion reactions, leading to an increased mutational load, 
impaired regulation of cellular growth and even cell death. 
Oxidative stress is a major contributing factor in the tissue 
injury and fibrosis that characterize IBD. The increased 
levels of superoxide and NO during UC increase peroxyni-
trite formation, which mediates the oxidation of lipids and 

Fig. 7  Relative mRNA expression level of Nrf2 in rats’ colon tissues 
by qPCR. A significant attenuation of Nrf2 was observed in TNBS-
treated rats. Administration of TNBS and either colosalazine or 1 mg/
kg, 2  mg/kg, 4  mg/kg  MB has a protective effect by increasing the 
relative mRNA expression of Nrf2 representing upregulation of vari-
ous antioxidant pathways. Results were represented as mean ± S.E.M 
(n = 3). ***P < 0.001 vs. control group. #P < 0.05, ##P < 0.01 vs. 
TNBS-induced colitis group
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Fig. 8  Colosalazine and different doses of MB altered series of 
inflammatory mediators. a IL-6 level was increased in colon samples 
of TNBS-treated rats. b A similar effect was observed in the assay 
of IL-17. c TNBS showed a significant increasing effect on ICAM-1 

levels. These effects were reduced in groups injected with colosala-
zine and MB (n = 3). Results were represented as mean ± S.E.M. 
***P < 0.001 vs. control group. #P < 0.05, ##P < 0.01, ###P < 0.01 vs. 
TNBS group

Fig. 9  The effect of MB and 
colosalazine on oxidative stress 
biomarkers. Rats treated with 
TNBS revealed a significant 
increase in MDA level (a) and 
oppositely a significant decrease 
in SOD activity (b) assayed 
in colon samples compared to 
control group. On the other 
hand, colosalazine and MB 
1 mg/kg, 2 mg/kg and 4 mg/
kg injected groups reversed 
the effect of TNBS on both 
parameters (n = 3). Results were 
represented as mean ± S.E.M. 
***P < 0.001 vs. control group. 
#P < 0.05, ##P < 0.01, ###P < 0.01 
vs. TNBS group
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subsequent excessive generation of lipid peroxides (Prabhu 
and Guruvayoorappan 2014).

MB can attenuate superoxide production by functioning 
as an alternative mitochondrial electron transfer carrier 
and a regenerable antioxidant in mitochondria (Yang et al. 
2017). Moreover, one of the remarkable effects of MB is 
its ability to modulate the redox status. MB reduces elec-
tron leakage into the mitochondrial matrix from the elec-
tron transfer complexes and inhibits superoxide generation 
(Salaris et al. 1991) MB inhibits iNOS (Mayer et al. 1993), 
which is the enzyme that increases ROS production (Patel 
et al. 2007). Mitochondria produce most of the intracellu-
lar ROS, and thus, it is understandable that the antioxida-
tive activities of MB occur largely in mitochondria.

Furthermore, MB at low concentrations serves as an 
additional source of electrons for the electron transport 
chain that is part of mitochondrial respiration, leading to 
increased cytochrome oxidase activity and oxygen con-
sumption (Rodriguez et al. 2014). Similarly, MB was pre-
viously reported to increase mitochondrial oxygen con-
sumption and restore memory retention in metabolically 

impaired rats by increasing brain cytochrome c oxidase 
activity (Callaway et al. 2004).

Nrf2 controls multiple antioxidant systems in the colonic 
epithelium (Hayes and Dinkova-Kostova 2014). The sophis-
ticated defence systems in the colonic mucosa are involved 
in maintaining redox homeostasis and protecting cells 
against ROS and electrophilic agents. Thus, Nrf2 activation 
would be an alternative strategy to exert therapeutic effects 
on colitis, and the activation of Nrf2 has been proven to be 
beneficial in the treatment of colitis.

The enhancement of the SOD and Nrf2–ARE signalling 
pathway has been shown to protect the colon from a broad 
spectrum of toxic insults (Aleksunes and Manautou 2007; 
Copple et al. 2008). The protective effects of Nrf2 are medi-
ated through the regulation of proinflammatory cytokines 
and the induction of phase II detoxifying enzymes (Khor 
et al. 2006). It was recently reported that MB can improve 
behavioural impairments and brain pathology by increas-
ing the expression of Nrf2–ARE-induced genes, indicating 
that MB has beneficial effects beyond its direct antioxida-
tive effects (Stack et al. 2014). These results were obtained 
with MB (4 mg/kg) and are consistent with the hormetic 
dose response characteristic of the drug. Thus, MB, through 
increasing the expression of antioxidant defence molecules 

Fig. 10  MB restored the activity of cytochrome c oxidase after TNBS 
injection in rats. TNBS decreased the activity of cytochrome c oxi-
dase compared to the control group. MB, as inducer of complex IV 
(cytochrome c oxidase) injected in different doses, 1 mg/kg, 2 mg/kg 
and 4 mg/kg reversed the decrease in cytochrome c oxidase activity 
by TNBS (n = 3). Data are plotted as mean ± S.E.M. ***P < 0.001 vs. 
control group. #P < 0.05, ##P < 0.01 vs. TNBS group

Fig. 11  MB and colosalazine decreased the activity of iNOS. TNBS 
increased the activity of iNOS relative to the control group. Doses 
of MB decreased iNOS activity as a marker of oxidative stress-
associated colitis which was induced by TNBS. A similar effect was 
observed in colosalazine-treated group (n = 3). Data are represented 
as mean ± S.E.M. ***P < 0.001 vs. control group. ###P < 0.01 vs. 
TNBS group
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and thereby decreasing inflammation, will increase the 
expression of Nrf2–ARE-dependent genes and may be effec-
tive in the treatment of IBD.

The observed upregulation of the protein expression of 
the pro-apoptotic marker in the Bax/Bcl-2 ratio was signifi-
cantly downregulated by colosalazine and the three doses 
of MB.

The Bcl-2 family is known to be involved in the regula-
tion of cell apoptosis in the mitochondria-mediated apopto-
sis pathway. Bcl-2 is localized on the mitochondrial mem-
brane, and its activation inhibits apoptosis by stabilizing that 
membrane (Haeberlein 2004). Bax is a pro-apoptotic protein 
in the Bcl-2 family, and it can inhibit the anti-apoptotic func-
tion of Bcl-2 (Tan et al. 2005). Previous studies revealed that 
the protein level of Bax is elevated and that the expression 
of Bcl-2 is decreased in UC. These alterations were signifi-
cantly reversed by MB administration, indicating that MB 
exerts anti-apoptotic effects. The overproduction of ROS in 
neuronal cells can result in the collapse of cellular compo-
nents, such as lipids, proteins, and DNA, which can ulti-
mately lead to cell death by apoptosis and necrosis (Kannan 
and Jain 2000), proving that the anti-apoptotic properties of 
MB may be partially due to its antioxidative effect.

Conclusion

It can be concluded from the present study that mitochon-
drial dysfunction plays an important role in the pathogenesis 
of TNBS-induced UC. MB restores mitochondrial efficacy 
and exerts antioxidative, anti-inflammatory and anti-apop-
totic actions, rendering it a novel therapeutic agent for the 
management of UC without harmful side effects.
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