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Abstract
Crohn’s disease (CD) and ulcerative colitis (UC) are two chronic relapsing inflammatory bowel diseases (IBD). Although 
there are several treatment options available to improve the symptoms of IBD patients, there is no effective treatment that 
provides a definitive solution. In the present study, we aim to investigate the antioxidative/anti-inflammatory effects of 
oral administration of boric acid and Bacillus clausii in a rat trinitrobenzenesulfonic acid (TNBS)-induced colitis model. 
The effects of boric acid and B. clausii were examined in serum and colon tissues with the help of some biochemical and 
histological analyses. Elevated inflammation and oxidative damage were found in the blood and colon tissue samples in the 
TNBS-induced group according to the complete blood count (CBC), tumor necrosis factor (TNF) alpha, interleukin-35 (IL-
35), malondialdehyde (MDA), glutathione peroxidase (GPx), myeloperoxidase (MPO), nitric oxide (NO), and histological 
findings. Particularly, the highest IL-35 level (70.09 ± 12.62 ng/mL) in the combined treatment group, highest catalase activity 
(5322 ± 668.1 U/mg protein) in the TNBS-induced group, and lower relative expression of inducible nitric oxide synthase 
in the TNBS-induced group than the control group were striking findings. According to our results, it can be concluded that 
boric acid showed more curative effects, even if B. clausii probiotics was partially ameliorative.
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Introduction

Inflammatory bowel disease (IBD) is a group of chronic and 
idiopathic diseases of the small and large intestinal mucosa. 
Although its etiology is not yet known, it is characterized by 
two clinical phenotypes: ulcerative colitis (UC) and Crohn’s 
disease (CD) [1]. Ulcerative colitis is an intestinal disease 
that primarily affects the mucosal layer of the colon and 
rectum, resulting with inflammation and ulcers that continue 
on normal tissues without forming segments [2]. In Crohn’s 

disease, inflammation is typically segmental, asymmetric, 
and transmural. As disease severity increases, complications 
(strictures, fistulas, and abscesses) increase and with nearly 
half of patients requiring surgical intervention [3].

Currently, there are a variety of treatment options to 
improve the symptoms of IBD patients, although there is 
no effective treatment that provides a definitive solution. In 
addition, the development of negative side effects such as 
excessive suppression of the immune system, high risk of 
infection, osteoporosis, osteonecrosis, and myopathy due to 
the mandatory long-term use of steroid medications in IBD 
is a major concern [4].

Despite many comprehensive studies, no clear model 
has been found for the initiation, development, and spread 
of IBD. A disturbance in the balance between beneficial 
and harmful bacteria in the microflora, genetic predis-
position, and environmental factors lead to a dysregula-
tion of immune mechanisms. This situation, which leads 
to intense infiltration of immune cells into the mucosa, 
produces an irreversible immune response [5]. Infiltra-
tion of neutrophils and monocytes is the result of both 
types of IBD. Myeloperoxidase (MPO) is one of the major 
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inflammatory markers secreted by intracellular granules of 
activated neutrophils and to a lesser extent monocytes [6]. 
Nitric oxide is synthesized by various cell types through 
a reaction catalyzed by nitric oxide synthase [7–9]. The 
increase in the levels of nitric oxide (NO) and inducible 
nitric oxide synthase (iNOS) expressions is associated 
with inflammation [10].

Studies have shown that cytokines play an important 
role in IBD. In particular, anti-tumor necrosis factor-alpha 
(TNF-α) antibody therapy, which is now widely used in IBD 
treatment, has shown that TNF-α plays a key role in the 
pathogenesis of UC and CD [11]. The potential therapeutic 
efficacy of interleukin-35 (IL-35), which has emerged as 
an intriguing cytokine in recent years, particularly in auto-
immune diseases, has been investigated in several animal 
models [12]. It is also known that IL-35 reduces and con-
trols active colitis by suppressing the cytokine response on 
T cells [13].

Oxidative stress plays an important role in the pathophys-
iology of IBD, although the specific pathways that cause 
cellular damage are not fully understood [5]. Endogenous 
antioxidant mechanisms such as reduced glutathione (GSH), 
glutathione peroxidase (GPx), catalase, and superoxide dis-
mutase (SOD) are impaired in inflammatory bowel diseases, 
and oxidative stress results with increase in lipid peroxi-
dation [14–17]. On the other hand, high concentrations of 
NO can react with the superoxide radical and converted to 
peroxynitrite radicals, which leads to increase in oxidative 
stress [18].

Boron, the fifth element of the periodic table, reacts with 
oxygen and transforms into inorganic forms such as boric 
acid (BA) and borax. Boric acid cannot be metabolized by 
humans and animals because it requires high energy to break 
the oxygen bond with boron [19]. Although the biochemical 
mechanisms of BA are not fully understood, studies have 
shown that BA has antioxidant, anti-inflammatory, and anti-
apoptotic properties [20–23]. According to Kar et al. (2019), 
BA exhibits antioxidant properties by breaking down protons 
on oxidant molecules or taking free radicals to its structure. 
The fact that there has not been much recent research in 
the field of health has made BA a remarkable molecule for 
researchers.

Probiotics, according to the World Health Organization, 
are living microorganisms, when supplied in sufficient 
quantities provide significant benefits to the host [24]. 
Probiotics are particularly involved in mucosal protection 
and gut barrier integrity and have a reciprocal relationship 
with the host by secreting a range of secondary metabo-
lites. B. clausii as a probiotic is approved in the literature 
as an over-the-counter medical supplement under the name 
Enterogermina® and contains only spores of the species 
B. clausii [25]. In one study, the probiotic B. clausii was 
reported to suppress oxidative stress [26], and in another 

study, it was found that affect genes involved in mecha-
nisms such as apoptosis, inflammation, and the immune 
system [27].

The aim of our study is to improve the quality of life of 
people with IBD by developing new treatment strategies. 
In this context, to investigate the antioxidant and/or anti-
inflammatory effects on the 2,4,6-trinitrobenzenesulfonic 
acid (TNBS)-induced IBD rat model, BA and B. clausii 
were administered orally, individually, or in combination. 
In the current study, we present the first data on the effects 
of BA in the IBD rat model.

Material and Methods

Chemicals

The chemicals which were used in the study are as fol-
lows: cadmium granules were from Fluka (Germany). 
Potassium chloride (KCl) was purchased from Merck 
(Germany). Enterogermina (Sanofi, Italy) (for B. clausii 
spores) was purchased from local pharmacy. Ditiotreitol 
(DTT), boric acid, and Tris were from AppliChem (Spain). 
Sulphuric acid and acetic acid were purchased from Rie-
del-de Haën (Germany). Inducible nitric oxide synthase 2 
(NOS2) primer and seconder antibodies were from Santa 
Cruz (USA). Actin primer and seconder antibodies were 
from ABclonal (USA). All other chemicals were purchased 
from Sigma-Aldrich (USA). Standard commercial rat pel-
lets was purchased from DSA Agrifood Products Inc. 
(Kırıkkale, Turkey).

Animals

Forty-five male Sprague Dawley rats, 8 weeks old, weigh-
ing 250–300 g, were housed at a constant temperature of 
22 ± 3 °C and humidity of 50 ± 10%, the day/night cycle was 
adjusted for 12 h/12 h, and were ad libitum access to chow. 
All animal research protocols in this study were approved by 
the Institutional Ethics Committee (HADYEK, Protocol # 
778/2019). The experimental animals were fed with standard 
commercial rat pellets: 23.5% crude protein, 5.97% crude 
cellulose, 2.4% crude fat, 1–2% vitamins, and minerals; 3% 
trace elements, manganese, selenium, iron, zinc, cobalt, and 
iodide (270 kcal 100  g−1). The care and surgical interven-
tions of the rats were carried out at Eskişehir Osmangazi 
University (ESOGU) Medical and Surgical Experimental 
Research and Application Centre (TICAM), biochemical 
analyses were carried out at ESOGU Medical Biochemistry 
Department, and histological examinations were performed 
at ESOGU Histology and Embryology Department.
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Induction of Colitis

Colitis was induced according to the method as previously 
described by Kankuri et al. (1999). Briefly, in this model, 
TNBS was prepared at a dose of 120 mg/kg in 50% etha-
nol and injected to the rats under anesthesia by entering 
8 cm into the rectum using a plastic cannula. The rats were 
held upside down for 30 s to ensure that TNBS reached the 
descending colon. At the end of the 30 s, the excess TNBS 
remaining in the rectum and colon was discarded and the rats 
were placed in the cages.

Experimental Design

The rats were randomly divided into five groups, each 
consisting of 9 animals. Groups are organized as follows: 
control, IBD, IBD + boric acid (IBD + BA), IBD + Bacillus 
clausii (IBD + BC), and IBD + boric acid + Bacillus clausii 
(IBD + BA + BC). On the first day of the study, physiological 
saline (0.9% NaCl solution) was performed by intracolonic 
injection to the control group and the TNBS (120 mg/kg 
dissolved in 50% ethanol) was applied by intracolonic injec-
tion to the IBD, IBD + BA, IBD + BC, and IBD + BA + BC 
groups. From the second day to the fifth day of the study, 
2 mL saline solution was orally administrated to the con-
trol and IBD groups; BA (100 mg/kg) [23, 29–31], Bacil-
lus clausii (1 ×  109 CFU/mL/100 g) [26], and the combina-
tion of the BA and B. clausii were applied by gavage to the 
IBD + BA, IBD + BC, and IBD + BA + BC groups, respec-
tively. Twenty-four hours after the last dose of the treat-
ments, rats were sacrificed and colon tissues were collected.

Analysis of Blood Biochemical Profile and Complete 
Blood Count

To evaluate possible liver and kidney function changes, 
serum enzyme activities (alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), alkaline phosphatase 
(ALP)) and also creatinine and blood urea nitrogen (BUN) 
levels were analyzed by using the Auto Analyzer System 
(Roche Cobas 702 modular, Mannheim, Germany) on the 
same day. ALT, AST, and ALP activities were expressed 
as U/L, and creatinine and BUN levels were as mg/dL. 
Hemoglobin (Hb), RBC, WBC, neutrophil, lymphocyte, 
and monocyte counts were analyzed by Automated Hema-
tology Analyzer (Sysmex NX1000, USA) and expressed g/
dL or ×  103/μL.

Analysis of TNF‑α and IL‑35 Levels of Serum Samples

To investigate the possible effects of treatments on IBD, 
TNF-α (a pro-inflammatory cytokine) and IL-35 (an anti-
inflammatory cytokine) levels were analyzed by using 

commercial ELISA kits (Cat. No. E0764Ra, Bioassay Tech-
nology Laboratory, China, for TNF-α; Cat. No. E2118Ra, 
Bioassay Technology Laboratory, China, for IL-35) and 
expressed as ng/mL.

The Measurement of Colon Tissue MPO Activities

Myeloperoxidase activity, one of the indicators of neutro-
phil infiltration and inflammation, was analyzed in intestinal 
tissue as previously described [32]. The method is based 
on measuring the oxidation of 3,3′,5,5′-tetramethylbenzi-
dine (TMB), a synthetic substrate, by a reaction catalyzed 
by myeloperoxidase. Briefly, the colon tissue samples were 
homogenized in ice-cold 50 mM phosphate buffer (pH 7.4), 
in the ratio of 1 g wet tissue to 9 mL buffer, and homogen-
ates were centrifuged at 5500 × g for 5 min at 4 °C. After the 
supernatants were discarded, pellets were suspended with 
50 mM phosphate buffer (pH 6.0) (contains hexadecyltri-
methylammonium (HETAB)) and re-homogenized immedi-
ately. A mixture was prepared by adding 0.5 mL of 160 mM 
potassium phosphate buffer (pH 5.4), 0.33 mL of distilled 
water, 0.02 mL of homogenate, and 0.1 mL of 16 mM TMB 
and incubated at 37 °C for 2 min. After the incubation, 
0.05 mL of  H2O2 was added to the mixture and the reaction 
was started. Absorbance change was recorded at 655 nm for 
5 min and results were expressed as U/mg protein.

The Measurement of Colon Tissue NO Levels

Nitric oxide levels were analyzed according to the method 
determined by Cortas and Wakid [33]. The method is based 
on the principle of converting nitrate  (NO3

−) to nitrite 
 (NO2

−) with copper-coated cadmium granules and measur-
ing nitrite levels. Tissue samples were homogenized in ice-
cold 50 mM phosphate buffer (pH 7.4), in the ratio of 1 g wet 
tissue to 9 mL buffer, and centrifuged at 4000 × g for 20 min 
at 4 °C. To prepare the mixture, 0.25 mL of supernatant, 
1.25 mL of 55 mM sodium hydroxide (NaOH), and 1 mL 
of 75 mM zinc sulfate  (ZnSO4) were added into the tubes. 
Ten minutes following the incubation, mixtures were cen-
trifuged at 3500 × g for 10 min and the second supernatant 
was used for the next step. One milliliter of glycine–NaOH 
buffer, 1 mL of the second supernatant, 2 mL of distilled 
water, and cadmium granules were added into the mixtures. 
After 90 min of incubation, 2 mL of the third supernatant, 
0.5 mL of distilled water, 1 mL of sulphanilamide, and 
1 mL N-naphthyl ethylene diamine were added into the tubes 
and kept under the room temperature for 60-min incubation. 
Following the incubation, samples were spectrophotometri-
cally measured at 545 nm and expressed as µmol/mg protein 
by using a standard curve generated with  NaNO2.
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The Measurement of Colon Tissue MDA Levels

As one of the important last products of lipid peroxidation, 
malondialdehyde (MDA) levels were determined as previ-
ously described [34]. The method is based on the color reac-
tion of MDA with incubation of thiobarbituric acid (TBA) 
at pH 3.5 and 95 °C. Tissue samples were homogenized 
in ice-cold 1.15% KCl solution, in ratio 1 g wet tissue and 
9 mL KCl, and homogenates were centrifuged at 1500 × g for 
15 min at 4 °C. A mixture was prepared by adding 0.2 mL 
of supernatant, 0.1 mL of 8.1% sodium dodecyl sulfate 
(SDS), 0.75 mL of 20% acetic acid, 0.75 mL of 0.8% of 
TBA, and 0.2 mL of distilled water to adjust the volume 
2 mL. The mixture was incubated in the boiling water for 
1 h and centrifuged at 1000 × g for 10 min. The absorbance 
of the mixture (purple colored product) was spectrophoto-
metrically analyzed at 532 nm and results were expressed as 
nmol/mg protein by using the standard curve generated with 
1,1,3,3-tetraethoxypropane.

The Measurement of Colon Tissue Catalase Activities

The measurement of catalase activity is based on the prin-
ciple of following the rate of catalysis of hydrogen peroxide 
by catalase to water and oxygen [35]. Tissue samples were 
homogenized with ice-cold 50 mM phosphate buffer (pH 
7.0) and centrifuged at 700 × g for 10 min at 4 °C. To pre-
pare the mixture, ethanol (0.17 M for the final concentra-
tion) was added to the supernatant and incubated in cold 
water for 30 min. Following 30 min, 10% Triton X-100 was 
added (1% for final concentration) into the supernatants. 
The supernatants were diluted in the ratio of 1/100 and used 
in the measurement. In order to analyze catalase activities, 
0.3 mL of  H2O2 was added to 0.6 mL of diluted supernatants 
and decreasing of absorbance was recorded at 240 nm. The 
activities of catalase were expressed as a U/mg protein.

The Measurement of Colon Tissue GPx Activities

A commercial kit (Cayman Chemical, Cat. No. 703102) 
was used for the measurement of GPx activity. The princi-
ple of the measurement is depended on the consumption of 
NADPH during the interconversion of reduced glutathione 
and oxidized glutathione by the enzymes GPx and glu-
tathione reductase (GR). The decreased levels of NADPH 
are directly proportional to the GPx activity. The GPx activi-
ties were expressed as U/mg protein.

Western Blot Analysis of Colon Tissue Samples

Colon tissue specimens were homogenized in the Eppen-
dorf tubes for each group and protein levels were adjusted 
to 50  µg/µL. Proteins were separated by SDS-PAGE, 

transferred to the membranes, and blocked with bovine 
serum albumin (BSA) contained blocking solution. The 
membranes were then incubated in iBind™ Flex for 2.5 h 
with anti-iNOS and anti-actin antibodies. Luminol-Enhancer 
solution and peroxide solution were used for the monitoring 
of the protein bands on both membranes and the bands were 
photographed by an imaging system. Western blot analysis 
was repeated for three times. ImageJ program was used to 
convert the intensities of the formed bands into numerical 
data. Results are given as the relative expression of iNOS 
proteins.

The Measurement of Colon Tissue Protein Levels

The total protein level in tissue homogenates was determined 
according to the Biuret method reported by [36]. The princi-
ple of this method is based on the formation of a blue-violet 
complex of copper salts with compounds containing two or 
more peptide bonds under alkaline conditions. The absorb-
ance of the formed colored complex was measured spectro-
photometrically at a wavelength of 545 nm. Bovine serum 
albumin was used to generate the standard curve.

Histological Analysis

For histological analysis, the intestinal tissue samples were 
kept in 10% buffered formaldehyde solution in the dark until 
the analysis day. Specimens were exposed to ascending 
graded ethyl alcohol for dehydration. Following the dehydra-
tion, tissue samples were kept in xylol and then embedded 
in paraffin. The paraffin blocks were cut to 5 µm in thickness 
and stained by the hematoxylin–eosin technique in order to 
evaluate the histopathological changes. Tissue slices were 
examined under the light microscope (Olympus BH-2) and 
the photographs were taken by Olympus DP-70 digital cam-
era. The severity of the damages of the colon tissue speci-
mens were expressed as 0 (no damage), 1 (mild damage), 2 
(moderate damage), and 3 (high damage) by scoring.

Statistical Analysis

GraphPad Prism 7 was used in the statistical analysis of the 
study. One-way ANOVA and Kruskal–Wallis tests were 
performed according to the results of the Shapiro–Wilk 
normality test. In the one-way ANOVA test, the differences 
between the groups were determined according to the Tukey 
test, while in the Kruskal–Wallis test, differences between 
the groups were determined according to the Dunn’s test. 
Results were given as mean (± standard deviation). p < 0.05 
was considered to be significant, p < 0.01 was highly signifi-
cant, and p < 0.001 was a very high significant difference.
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Results

Serum AST, ALT, and ALP Activities

Serum AST activities were found to be lower in the 
IBD + BA, IBD + BC, and IBD + BA + BC groups com-
pared to the control group (p < 0.05, p < 0.01, and p < 0.01, 
respectively). Also, in the IBD + BA + BC group, AST 
activities were significantly lower than in the IBD group 
(p < 0.05) (Table 1). According to the statistical analy-
ses, ALT levels decreased significantly in the IBD + BA, 
IBD + BC, and IBD + BA + BC groups (p < 0.05, p < 0.01, 
and p < 0.05, respectively) (Table 1). The ALP activity 
values of the IBD group were found to be higher and sig-
nificantly different from the control group (p < 0.01). On 
the other hand, a decrease was detected in the ALP activity 
of the IBD + BC and IBD + BA + BC groups (p < 0.05).

Serum Creatinine and BUN Levels

According to statistical analyses, the mean values of cre-
atinine levels were found to be higher in the IBD + BC 
(0.42 ± 0.07 mg/dL) and IBD + BA + BC (0.39 ± 0.07 mg/
dL) groups compared to the control (0.29 ± 0.03 mg/dL) 
group, p < 0.001 (Table 1). Similarly, BUN levels were 
higher in the IBD + BC (31 ± 8 mg/dL) and IBD + BA + BC 

(33 ± 10 mg/dL) groups than the control (22 ± 3 mg/dL) 
group, p < 0.01 (Table1).

Complete Blood Count Results

According to the statistical analysis, Hb levels of the IBD 
(15 ± 0.6 g/dL), IBD + BA (14 ± 1 g/dL), and IBD + BA + BC 
(15 ± 0.6 g/dL) groups were found to be lower compared to 
the control group (17 ± 1.2 g/dL), p < 0.01 (Table 2). Statisti-
cal findings showed that RBC levels of the IBD + BC group 
(10 ± 0.5 ×  103/µL) were significantly higher than the IBD, 
IBD + BA, and IBD + BA + BC groups, p < 0.05 (Table 2). 
Although WBC levels were significantly increased in the 
IBD group (9 ± 3 ×  103/µL, p < 0.01), the highest WBC 
levels were found in the IBD + BC group (10 ± 1.7 ×  103/
µL, p < 0.001) (Table 2). The neutrophil levels of the IBD 
(2.25 ± 0.8 ×  103/µL) and IBD + BC (2.55 ± 1.8 ×  103/µL) 
groups were found to be approximately threefold higher 
than the control group (0.79 ± 0.1 ×  103/µL). Even though 
the neutrophil levels of the IBD + BA and IBD + BA + BC 
groups were found to be roughly twofold higher than the 
control group, no significant differences were detected 
between the groups (Table 2). In accordance with the statis-
tical analyses, the lymphocyte levels of the IBD + BC group 
were found to be significantly higher than the control group 
(p < 0.05) (Table 2). On the other hand, lymphocyte levels 
of the combined treatment group were detected to be signifi-
cantly lower compared to the IBD + BC group (p < 0.001) 

Table 1  Statistical data for 
AST, ALT, and ALP activities 
and creatinine and BUN levels 
of the study groups

a, a*, a** Significant difference vs control (p < 0.05; *p < 0.01; **p < 0.001). bSignificant difference vs IBD 
(p < 0.05). c, c**Significant difference vs IBD + BA (p < 0.05; **p < 0.001). n, sample size; AST, aspartate 
aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; BUN, blood urine nitrogen

Group n AST
(U/L)

ALT
(U/L)

ALP
(U/L)

Creatinine (mg/dL) BUN
(mg/dL)

Control 9 137 ± 39 45 ± 5 90 ± 8 0.29 ± 0.03 20 ± 1.6
IBD 9 105 ± 44 34 ± 13 127 ±  33a* 0.34 ± 0.03 22 ± 3
IBD + BA 9 77 ±  25a 32 ±  9a 102 ± 19 0.35 ± 0.03 22 ± 3
IBD + BC 9 70 ±  5a* 30 ±  6a* 98 ±  12b 0.42 ± 0.07 a**, b, c 31 ± 8 a*, b, c

IBD + BA + BC 9 68 ±  18a*, b 31 ±  9a 96 ±  20b 0.39 ± 0.07 a** 33 ± 10 a**, b, c**

Table 2  Statistical results for Hb, RBC, WBC, neutrophil, lymphocyte, monocyte levels, and N/L ratio of the study groups

a, a*, a** Significant difference vs control (p < 0.05; *p < 0.01; **p < 0.001). b*Significant difference vs IBD (*p < 0.01). c**Significant difference vs 
IBD + BA (**p < 0.001). d, d*, d**Significant difference vs IBD + BC (p < 0.05; *p < 0.01; **p < 0.001). n, sample size; Hb, hemoglobin; RBC, red 
blood cells; WBC, white blood cells; N/L, neutrophil/lymphocyte

Groups n Hb
(g/dL)

RBC
(*103/µL)

WBC
(*103/µL)

Neutrophil
(*103/µL)

Lymphocyte
(*103/µL)

Monocyte
(*103/µL)

N/L ratio

Control 9 17 ± 1.2 9 ± 0.5 6 ± 0.7 0.79 ± 0.1 5 ± 0.7 0.03 ± 0.01 0.18 ± 0.05
IBD 9 15 ± 0.6a** 9 ± 0.4 9 ±  3a* 2.25 ± 0.8a 5 ± 0.7 1.31 ± 1.27a* 0.47 ± 0.2a

IBD + BA 9 14 ±  1a** 8 ± 0.8 8 ± 0.6a 1.75 ± 0.6 5 ± 0.9 0.7 ± 0.38 0.34 ± 0.11
IBD + BC 9 17 ± 0.7b*, c** 10 ± 0.5b*, c** 10 ± 1.7a** 2.55 ± 1.8a* 6 ± 0.6a 1.69 ± 0.6a** 0.43 ± 0.31
IBD + BA + BC 9 15 ± 0.6a*, d 9 ± 0.3d 7 ± 1.5d* 1.41 ± 0.9 4 ± 1.1d** 1 ± 0.79a* 0.34 ± 0.19
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(Table 2). The monocyte levels were found to be signifi-
cantly higher in the IBD (1.31 ± 1.27 ×  103/µL), IBD + BC 
(1.69 ± 0.6 ×  103/µL), and IBD + BA + BC (1 ± 0.79 ×  103/
µL) groups than the control group (0.03 ± 0.01 ×  103/µL), 
while there were no significant differences found between 
the control and BA-treated groups (Table 2). TNBS adminis-
tration significantly increased the N/L ratio compared to the 
control group (0.47 ± 0.2 vs 0.18 ± 0.05, p < 0.05) (Table 2).

Serum TNF‑α and IL‑35 Levels

According to the statistical analysis, the mean value of 
serum TNF-α levels of the IBD group was 45.29 ± 4.57 ng/
mL and it was significantly higher than the control group 
(35.50 ± 2.70 ng/mL, p < 0.001). Administration of BA 
and B. clausii probiotics led to a reduction in TNF-α lev-
els of the IBD + BA (35.51 ± 4.20  ng/mL), IBD + BC 
(36.38 ± 4.12 ng/mL), and IBD + BA + BC (39.9 ± 2.06 ng/
mL) groups compared to the IBD group, p < 0.05 (Fig. 1a). 
TNBS administration significantly decreased the serum 
IL-35 levels in the IBD group (39.27 ± 13.78  ng/mL, 
p < 0.01) compared to the control group (59.80 ± 8.36 ng/
mL). The highest IL-35 levels were detected in the combined 
treated group (70.09 ± 12.62 ng/mL) and the levels were 
significantly higher than the IBD (39.27 ± 13.78 ng/mL), 
IBD + BA (52.99 ± 9.59 ng/mL, p < 0.05), and IBD + BC 
(51.11 ± 12.82 ng/mL, p < 0.05) groups, p < 0.05 (Fig. 1b).

MDA Levels, Catalase, and GPx Activities of Colon 
Tissues

Highest MDA levels were observed in the IBD group yet the 
difference was not significant compared to the control group. 
Conversely, the MDA levels were found significantly lower 
in the IBD + BA (13.37 ± 5.20 nmol/mg protein), IBD + BC 
(14.02 ± 2.89  nmol/mg protein), and IBD + BA + BC 
(13.68 ± 4.07 nmol/mg protein) groups than in the IBD 
(21.51 ± 7.65 nmol/mg protein) group, p < 0.05 (Fig. 2a). 
According to the statistical analysis, in spite of the catalase 
activities were found to be higher in all groups compared 
to the control group (1774 ± 733 U/mg protein), the sig-
nificant differences were detected in the IBD (5322 ± 668 
U/mg protein, p < 0.001), IBD + BA (4911 ± 1392 U/mg 
protein, p < 0.001), and IBD + BA + BC (3958 ± 1387 U/
mg protein, p < 0.01) groups. Probiotic administration sig-
nificantly decreased the catalase activities in the BC group 
(p < 0.001) (Fig. 2b). GPx activities of the colon tissues 
were observed to be approximately twofold lower in the IBD 
(6.1 ± 0.94 U/mg protein, p < 0.05), IBD + BC (5.18 ± 1.21 
U/mg protein, p < 0.001), and IBD + BA + BC (6.19 ± 2.56 
U/mg protein, p < 0.05) groups than the control group. Also, 
the decreased GPx activities were detected in the IBD + BA 

group compared to the control group but the decrease was 
not significant (Fig. 2c).

MPO and NO Levels and Relative Expression of iNOS 
of Colon Tissues

The mean values of MPO activities of the IBD 
(0.026 ± 0.016 U/mg protein, p < 0.001) and BC 
(0.024 ± 0.016 U/mg protein, p < 0.001) groups were found 
to be significantly higher compared to the control group. 
On the other hand, the BA and combined treatments led 

Fig. 1  Pro-inflammatory and anti-inflammatory cytokine levels in 
serum. a Serum TNF-α levels of the rats; b serum IL-35 levels of the 
rats. a*, a**Significant difference vs control (*p < 0.01; **p < 0.001); 
b, b**significant difference vs IBD (p < 0.05; **p < 0.001); csignifi-
cant difference vs IBD + BA (p < 0.05); dsignificant difference vs 
IBD + BC (p < 0.05). TNF-α, tumor necrosis factor-alpha; IL-35, 
interleukin-35; IBD, inflammatory bowel disease; IBD + BA, inflam-
matory bowel disease + boric acid; IBD + BC, inflammatory bowel 
disease + Bacillus clausii; IBD + BA + BC, inflammatory bowel dis-
ease + boric acid + Bacillus clausii 
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to a decrease in MPO activities against TNBS-induced 
colitis, but there was no significantly differences detected 
between the groups (Fig. 3a). Administration of TNBS led 
to increase in NO levels of the IBD (9.13 ± 3.84 µmol/mg 
protein, p < 0.001) and IBD + BA (6.99 ± 0.75 µmol/mg 
protein, p < 0.01) groups compared to the control group 
(5.05 ± 0.77 µmol/mg protein). The colon tissue NO lev-
els were found to be significantly lower in the IBD + BC 
group than in the IBD group (5.86 ± 0.57 µmol/mg protein, 
p < 0.05) (Fig. 3b). Statistical analyses of relative iNOS 
protein expressions of colon tissues showed that there 
were no significant differences between the groups. Inter-
estingly, relative iNOS expression in all the groups was 
detected lower compared to the control group (Fig. 3c).

Histological Evaluation

According to the histological examinations of the colon 
tissue sections, the control group exhibited to be normal 
histological architecture with the lamina epithelialis, lam-
ina propria, lamina mucosa, and lamina muscularis layers, 
in addition to rich goblet and epithelial cells (Fig. 4a). 
On the contrary, severe inflammation, epithelial damage, 
edema, vascular dilatation, and congestion were observed 
from the colon tissues of the IBD group (Fig. 4b; Table 3). 
Colonic architecture deformation, inflammation, loss of 
goblet and epithelial cells, vascular dilatation, and conges-
tion were decreased by BA administration compared to the 
IBD group (Fig. 4c; Table 3). Less colonic tissue renewal 

Fig. 2  Oxidative stress and antioxidant system related param-
eters in colon tissue samples of rats. a MDA levels in colon tissue; 
b catalase activities in colon tissues; c GPx activities in colon tis-
sues. a, a*, a**Significant difference vs control (p < 0.05; *p < 0.01; 
**p < 0.001); b, b*significant difference vs IBD (p < 0.05; *p < 0.01). 

MDA, malondialdehyde; GPx, glutathione peroxidase; IBD, inflam-
matory bowel disease; IBD + BA, inflammatory bowel disease + boric 
acid; IBD + BC, inflammatory bowel disease + Bacillus clausii; 
IBD + BA + BC, inflammatory bowel disease + boric acid + Bacillus 
clausii 
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was observed in the B. clausii-treated group compared to 
the IBD + BA group. Also, intense inflammation, edema, 
cellular loss, and dilatation were noted of the colon tissue 
sections of the BC group (Fig. 4d; Table 3). Histopatho-
logical examinations of the combined treatment group 
showed similarity with the IBD + BC group by immense 
infiltration, epithelial damage, edema, and cellular loss 
(Fig. 4e; Table 3).

Discussion

Inflammatory bowel diseases are chronic and idiopathic 
diseases of the distal and mucosa of the intestine and are 
characterized by two clinical phenotypes, ulcerative coli-
tis and Crohn’s disease [1]. Depending on the long-term 
usage of drugs in the treatment of IBD, the occurrence 

Fig. 3  Inflammatory process associated parameters in colon tissue 
samples of the rats. a MPO activities in colon tissues; b NO levels 
in colon tissues; c relative protein expression of iNOS in colon tis-
sues. a*, a**Significant difference vs control (*p < 0.01; **p < 0.001); 
bsignificant difference vs IBD (p < 0.05). MPO, myeloperoxidase; 

NO, nitric oxide; iNOS, inducible nitric oxide synthase; IBD, inflam-
matory bowel disease; IBD + BA, inflammatory bowel disease + boric 
acid; IBD + BC, inflammatory bowel disease + Bacillus clausii; 
IBD + BA + BC, inflammatory bowel disease + boric acid + Bacillus 
clausii 
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of some side effects such as suppression of the immune 
system and high risk of infection are significant problems 
[4]. Additional treatments may be required to eliminate 
the side effects of the drugs. In this respect, it is critical to 
determine an ideal agent with minimal side effects for the 
treatment of IBD.

In the present study, TNBS was administered to generate 
a colitis model. Blood and tissue samples were taken from 
rats at the last day of the animal experiments. Biochemi-
cal analyses and histological examinations were carried 
out to evaluate the possible protective effects of treatments. 
Serum ALT, AST, and ALP activities and BUN and cre-
atinine levels were analyzed as liver and kidney function 
tests. It is shown that TNBS administration led to abnormali-
ties in liver function tests [37, 38]. Decreased expression 
of intestinal ALP (IAP) was found even in non-inflamed 
tissues of the IBD patients compared to the control group. 
Moreover, administration of exogenous IAP leads to reduc-
tion on inflammatory effects of IBD in IAP knock-out mice 
[39]. According to our findings, in contrary, TNBS did not 
affect the liver function tests apart from the ALP activities. 
We consider that a mechanism underlying the increased ALP 
levels might be associated with the intestinal damage that 
occurred following by TNBS administration. According 
to Malo et al. [40], intestinal ALP is released through the 
damaged tissue into the blood stream and the activities are 
increased in serum. One outcome that can be clearly under-
stood according to our result is liver function tests did not 
affect from the BA and B. clausii treatments. One outcome 
from our findings is that the BA and B. clausii treatments did 
not lead to abnormalities in liver function tests. According to 
the results we obtained, neither TNBS nor BA administra-
tion did affect the kidney function tests. Remarkably, BUN 
and creatinine levels showed a tendency to increase in orally 
B. clausii applicated groups. This result may be related to 
the fact that TNBS impaired intestinal barrier integrity; thus, 
B. clausii spores or the vegetative forms may infiltrate the 
bloodstream, reach the kidney tissues, and lead to deflec-
tion in kidney function tests. According to a previously pub-
lished study, oral administration of Bacillus subtilis spores 
was shown that spores could spread to the other organs in 
different hours [41].

Elevated levels of WBCs, monocytes, lymphocytes, and 
neutrophils are associated with the inflammatory response 
in IBD [42–44]. In addition, the N/L ratio has been 
reported as a significant indicator of the total inflamma-
tory status of the body that peaking particularly in active 
periods of colitis [45]. In our study, the increased levels of 
WBC, neutrophil and monocyte count, and the N/L ratio 
in the IBD group are consistent with the previous studies. 
Boric acid and ampicillin combination leads to a decrease 
in the WBC levels [46], while probiotic supplementation 
causes to increase in the WBC, lymphocyte, and neutrophil 

levels [47]. According to our findings, the WBC, neutro-
phil, monocyte levels, and the N/L ratio tended to decrease 
in the BA-treated group. On the other hand, these biomark-
ers were detected to be significantly elevated in the B. 
clausii-treated groups. These findings are in a harmony 
with histological examinations and scorings. We consider 
that BA meliorated the disrupted intestinal morphology 
and thus suppressed the inflammatory response. In con-
trast, B. clausii may have been infiltrated to the submucosa 
in the impaired barrier integrity and acted as an unfamiliar 
substance to the host, and thus increased the inflammatory 
response.

IBD is a significant disease that leads to an imbalance 
between the anti-inflammatory and pro-inflammatory 
cytokines in serum. TNF-α, as a pro-inflammatory cytokine, 
has been reported that increase in almost all types of IBD 
models [48, 49]. On the other hand, it was demonstrated 
that IL-35, an inhibitory cytokine, plays a significant role in 
the immunosuppressive activities of regulatory T cells (Treg 
cells). Treg cells, a subpopulation of  CD4+ cells, are involved 
in prevention of chronic inflammatory diseases such as IBD 
[50]. It was shown that TNBS or DSS administration leads 
to depletion in IL-35 levels [51, 52]. It is understood from 
our findings that the TNBS associated colon tissue damage 
led to the immune response by causing an increase in serum 
TNF-α levels and a decrease in IL-35 levels. Cao et al. [53] 
showed that BA administration caused a decrease in TNF-a 
levels and expression. This result on the decrease in TNF-α 
level by BA administration is also similar to the results of 
our previous studies on different animal models [23, 30]. In 
the present study, serum TNF-α level was found significantly 
decreased by following BA administration. We considered 
that BA showed an anti-inflammatory effect on Thp-1 cells 
by suppressing the release and expression of TNF-α. Addi-
tionally, it has known that monocytes infiltrate into tissue in 
inflammatory conditions and transform into macrophages 
which releases TNF-α. Thus, according to our CBC find-
ings, decreased monocyte count may have caused fewer 
macrophages transformation and resulted in slight TNF-α 
release in the BA administered group. Depending on the 
pathophysiology of the disease, probiotics keep the immune 
system under control by modulating cellular and humoral 
immune responses [54]. TNF-α levels were observed lower 
following the B. clausii administration in postmenopausal 
osteoporotic rats [55]. In our study, B. clausii administration 
led to a significant decrease in TNF-α levels compared to 
the IBD group. Following an extensive literature review, no 
study was found in which BA and B. clausii was applied, and 
IL-35 levels were analyzed. Thus, in our study, increased 
IL-35 levels of the treatment groups are striking findings. 
We consider that the administration of BA and B. clausii 
did not heal only the mucosal tissue but also improved the 
anti-inflammatory effects of Treg cells.
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In our study, MPO activity, NO level, and relative expres-
sion of iNOS were investigated in relation to the inflamma-
tory status of colon tissue. According to our analyses, which 
were performed on colon tissue, we found that MPO activity 
and NO level were significantly increased following intrarec-
tal TNBS administration. Remarkably, however, iNOS 
expression was lower in the IBD group. In vivo, in vitro, 
and clinical studies have reported that NO is generated due 
to increased iNOS levels during the active phase of IBD [56, 
57]. This discordance, particularly between the expression of 
iNOS and NO levels, was an unexpected result. According 
to our findings, BA and combined treatments led to decrease 
in MPO levels. This finding related to MPO level was in 
consistent with our histological analyses. We consider that 
BA reduces the number of neutrophils and monocytes and 
obstructs their migration into the intestinal tissue by low-
ering TNF-α levels. On the other hand, iNOS expression 
tended to increase while no significant differences were 
detected in terms of NO levels in BA administered group. 
In an in vitro study, it was proved that all strains of Bacil-
lus clausii increase nitrite production in active peritoneal 
cells. Researchers, who attributed that nitrite production to 
iNOS induction, suggested that increased IFN-γ levels are 
responsible for the stimulation of iNOS [58]. On the other 
hand, no data was found in the literature associated with the 
measurement of MPO activity following B. clausii adminis-
tration. In our study, a slight decrease in MPO activities and 
NO levels was obtained in the BC group, while there was 
an increase in iNOS expression. According to these results, 
inconsistent between the iNOS expression and NO levels 
might be explained with iNOS enzyme activity. So, BA and 
B. clausii treatments might have affected the iNOS expres-
sion but not iNOS activity.

TNBS-induced colitis studies and clinical researches were 
associated with high MDA levels [59–62]. In the present 
study, we demonstrated that MDA levels tended to increase 
in TNBS administered group. Research studies showed that 
BA administration leads to a decrease in oxidative stress. 

Cengiz [63] attributed the decrease in MDA levels to the free 
radical scavenging properties of BA, while Ince et al. (2011) 
attributed to the antioxidant system enhancer features of BA. 
In our previous experimental animal and in vitro studies, we 
showed that BA has a significant effect on the reduction of 
MDA levels [22, 23, 29, 31, 65]. In the present study, lower 
MDA levels of the colon tissues in the IBD + BA group may 
have been associated with the free radical scavenging fea-
tures of BA. In addition, we found that B. clausii lowering 
the MDA levels in colon tissues. We attribute this to the 
exopolysaccharide productivity of B. clausii probiotics as it 
is indicated by Catinean et al. [66]. Likewise, the reduction 
in MDA levels also took place in the combined treatment 
group. However, statistically, BA administration appears to 
be more effective than B. clausii and combined treatment.

Catalase and GPx are crucial enzymes of the endog-
enous antioxidant system [67, 68]. Genetic studies show 
that the deficiency of the GPx enzyme is directly related to 
the pathogenesis of the IBD [69, 70]. We consider that the 
reason for the decline in GPx activities in the IBD group 
is taking part in the scavenging of the increased hydrogen 
peroxide and hydroperoxides in colitis. Catalase activi-
ties were observed as decreased in TNBS-induced colitis 
model studies [71, 72]. However, in our study, the catalase 
activity of the IBD group was found significantly higher 
than the control group. Colares et al. [73] demonstrated 
that catalase activity increased through a mechanism that 
is activated to compensate for changes in colitis. We previ-
ously reported the catalase activities were recovered by BA 
administration [22, 23, 29, 31]. Patel et al. [26] showed that 
B. clausii administration led to a decrease in MDA levels, 
also recovery in catalase, SOD activities, and GSH levels. In 
accordance with our findings, GPx activities of the BA and 
combined treatment groups showed a tendency to increase in 
contrast to the B. clausii treatment group. Although, on the 
other hand, catalase activities slightly decreased in all treat-
ment groups, it is understood that B. clausii administration 
has more recovery effect on catalase activity. To summa-
rize, the probiotic application was more effective on catalase 
activity, whereas BA was on GPx activity.

Intrarectal TNBS (dissolved in 50% ethanol) administra-
tion mimics ulcerative colitis through leading the ulcerations 
and inducing the immune response in colon tissues. In the 
present study, according to the histologic examination and 
scoring findings, the intensive immigration of the immune 
response-related cells was observed in the colon tissue 
specimens of the TNBS-induced group. These histological 
analyses also strongly supported our complete blood count, 
increased TNF-α, IL-35 and NO levels, and MPO activities. 
In our study, loss of goblet cells and massive damage in 
mucosa and lamina propria were other significant histologic 
findings of the TNBS administration. One of the results of 
this colonic damage was alteration in oxidant/antioxidant 

Fig. 4  Histological examination in colon tissue sections of the rats 
(HE, scale bar: 200 µm, 100 µm, 50.0 µm). a Control group had nor-
mal histological appearance with rich goblet cells (), lamina epithe-
lia (le), lamina propria (lp), and lamina muscularis mucosa (lmm); b 
IBD group had intense damage in mucosa (►), loss of goblet cells, 
intense damage in lamina propria, edema (), congestion (c), intense 
edema in submucosa ( ), intensive inflammation (inf), dilatation 
(d); c IBD + BA group had improved goblet cells, partial damage (O), 
partial edema in tunica submucosa ( ), and decreased inflamma-
tion (inf); d IBD + BC group had intensive damage (►), cellular loss, 
edema (), intense damage in lamina propria, edema in submucosa 
( ), inflammation (inf), and dilatation (d); e IBD + BA + BC group 
had intensive damage in epithelia (►) and cellular loss, intensive 
damage and edema in lamina propria (), edema in submucosa (
), inflammation (inf), and dilatation (d). TM, tunica mucosa; TSM, 
tunica submucosa; TMS, tunica muscularis; TA, tunica adventitia

◂
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system towards the oxidant side. Indeed, these changes in 
oxidant/antioxidant system were proved by decreased GPx 
activities and increased MDA levels and catalase activities 
in colon tissue homogenates. According to our histological 
examinations and scorings, BA led to an increase in mucosal 
healing, lowering the goblet and epithelial cell losses and 
inflammation. These effects of BA on the colon histology 
could be implicated with decreased oxidative stress and 
suppressed of immune response in the IBD + BA group. In 
addition, similarly to the IBD + BA group, oxidative stress 
and immune response were found to be suppressed in the 
IBD + BA + BC group. However, no significant changes 
were detected in the histological and biochemical findings 
of the group in which B. clausii was administered alone. 
Particularly the high histological scores of the IBD + BC 
group, colon tissue specimens suggested that boric acid had 
more curative effect than B. clausii.

Conclusion

This study is the first to investigate the effects of BA and 
combination of BA and B. clausii in the animal colitis 
model. Our findings showed that TNBS-induced colitis 
caused to significant changes in oxidant/antioxidant sys-
tem, immune response, and structure of colon tissue. It 
has been observed that BA both alone and together with 
B. clausii alleviates the effects of IBD. On the other hand, 
most ameliorative effect in catalase activity among the treat-
ment groups was B. claussi-treated group. However, the 
increases in WBC, monocytes, lymphocyte, and neutrophil 
levels were striking findings following to B. clausii treat-
ment. One of the inferences to be obtained from this study, 
in which we investigated the acute inflammation process of 
ulcerative colitis, is that BA and combined treatments are 
more prominent than probiotic treatment alone in reducing 
both inflammatory processes and oxidative damage. How-
ever, it is clear that the probiotic administrated group also 
have a curative effect. The findings of the present study were 
supported by both biochemical and histological analyses. 
For further studies, it may be recommended to design pre- 
and post-treatment studies using BA and B. calusii. On the 

other hand, to elucidate both the effects of BA and B. calusii 
probiotic on IBD and the molecular mechanisms of IBD 
directly, co-culture studies can be carried out that can mimic 
the inflammatory response.
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