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Abstract. Bortezomib, a first‑in‑class proteasome inhibitor, 
is a standard method of treatment in multiple myeloma. In 
the present study, the therapeutic effect of bortezomib was 
evaluated in an ulcerative colitis model induced by dextran 
sulfate sodium (DSS) in mice, and the mechanism of action 
was also investigated. Mice were administered with 3% DSS 
drinking water for 7 consecutive days and then they were 
intraperitoneally treated with bortezomib (0.2, 0.6 or 1 mg/kg) 
for 1, 3 or 7 days. Mice in the control group and the DSS group 
were provided the same volume of PBS, respectively. Body 
weight, stool characteristics and hematochezia were observed. 
Serum levels of tumor necrosis factor‑α (TNF‑α), C‑reactive 
protein (CRP), albumin (ALB) and colonic activity of super-
oxide dismutase (SOD) were evaluated using specific kits. 
The expression of the transcription factor nuclear factor‑κB 
(NF‑κB) p65 gene and the DNA‑binding activity of NF‑κB 
protein were also evaluated. Administration of bortezomib 
attenuates colonic inflammation in mice. After 3 or 7 days of 
treatment, Disease Activity Index (DAI) as well as histological 
scores and NF‑κB p65 protein expression were significantly 
reduced in mice treated with bortezomib at a dose of 0.6 or 
1 mg/kg/day. Furthermore, it was also revealed that bortezomib 
was able to reduce serum levels of CRP and TNF‑α caused by 
DSS and increase the level of ALB in serum and the activity 
of SOD in colonic tissues. These results demonstrated that 
bortezomib exerts a protective effect on DSS‑induced colitis, 
and its underlying mechanisms are associated with the NF‑κB 
gene inhibition that mitigates colon inflammatory responses in 
intestinal epithelial cells.

Introduction

Ulcerative colitis is an inflammatory bowel disease (IBD) of the 
intestinal tract that features a chronic, relapsing and remitting 
inflammatory condition of the intestine (1). Common symp-
toms of ulcerative colitis include abdominal pain, vomiting, 
diarrhea, weight loss and bloody stools (2). Furthermore, this 
disease is also associated with increased risk of colorectal 
cancer (3).

Currently, common agents used to treat ulcerative colitis 
are sulfasalazine (SASP), 5‑aminosalicylic acid (5‑ASA), 
corticosteroids and immunosuppressive agents. However, the 
majority of these drugs frequently led to multiple adverse 
events and exhibit limited benefits in long‑term disease 
control (4). SASP is able to cause unwanted effects on male 
fertility (5) and prolonged or high‑dose corticosteroid therapy 
is associated with hypertension, osteoporosis and immuno-
deficiency (6). Anti‑tumor necrosis factor‑α (TNF‑α) agents, 
including infliximab, are approved for ulcerative colitis treat-
ment and although they show high efficacy, they also cause 
adverse events, including immunogenicity, lymphoma and 
neuropathy (7,8). Although a number of therapeutic options 
exist for ulcerative colitis, novel therapies with high efficacy 
and safety are still required.

Although the pathogenesis and biological molecular 
mechanism of ulcerative colitis remains to be elucidated, 
evidence suggests that various inflammatory mediators, 
particularly pro‑inflammatory cytokines, serve a crucial role 
in the pathogenesis of this disease (9,10). The transcription 
factor nuclear factor‑κB (NF‑κB), which has been demon-
strated to be constitutively active in ulcerative colitis, serves a 
role in controlling the activation of various pro‑inflammatory 
cytokine genes involved in ulcerative colitis (11,12). Therefore, 
inhibition of NF‑κB activation has been suggested to be an 
anti‑inflammatory strategy in this disease.

Bortezomib (formerly PS‑341), a first‑in‑class protea-
some inhibitor, has become a standard treatment for multiple 
myeloma. Bortezomib is involved in the ubiquitin‑proteasome 
pathway of cellular protein homeostasis, inhibiting the action 
of the 26S proteasome (13). The agent is thought to exert its 
antimyeloma effects partly through the stabilization of NF‑κB 
inhibitor (IκB), resulting in the inhibition of NF‑κB  (14). 
However, it remains unclear whether the NF‑κB inhibitory 
activity of bortezomib is effective against ulcerative colitis.
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The present study was designed to evaluate the effect 
of bortezomib on dextran sulfate sodium (DSS)‑induced 
ulcerative colitis in Balb/c mice. Clinical parameters, histo-
logical injury and pro‑inflammatory cytokine expression 
were determined. To elucidate the molecular mechanisms, 
the effect of bortezomib on the NF‑κB signaling pathway was 
examined. Furthermore, the effect of bortezomib dose on its 
anti‑inflammatory properties was examined.

Materials and methods

Animals. A total of 160 male Balb/c mice (weight, 20‑25 g; 
age, 8 weeks old) were provided by the Animal Department of 
The Second Affiliated Hospital, Harbin Medical University 
(Harbin, China). The animals were maintained in our animal 
laboratory center under standard conditions (temperature, 
24‑25˚C; humidity, 70‑75%; lighting regimen, 12 h day/night 
cycle). The experimental protocol was approved by the 
Institutional Animal Care and Use Committee of Harbin 
Medical University. Prior to conducting experiments, the 
animals were acclimatized to laboratory conditions for 
7 days.

The Balb/c mice were randomly divided into the following 
5 groups: Normal control group; model group; and high‑dose, 
medium‑dose and low‑dose bortezomib groups (n=32 in each 
group). There was no significant difference in body weight 
among the groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Induction of colitis and treatment. Normal water intake 
was administered to the normal control group. The other 4 
groups were provided with water containing 3% (w/v) DSS 
(molecular weight, 36,000‑50,000  kDa; MP Biomedicals, 
Santa Ana, CA, USA) for 7 days. Subsequently, the animals 
were given the following treatments: normal control [PBS; 
intraperitoneal (i.p.) injection]; model group (PBS; i.p. injec-
tion); high‑dose group (bortezomib dose, 1.0  mg/kg; i.p. 
injection); medium‑dose group (bortezomib dose, 0.6 mg/kg; 
i.p. injection); low‑dose group, (bortezomib dose, 0.2 mg/kg; 
i.p. injection) for 1, 3 or 7 days. Bortezomib was obtained from 
Ben Venue Laboratories, Inc. (Bedford, OH, USA).

The clinical activity of colitis was evaluated by an 
independent observer, who was blind to the treatment, 
using the Disease Activity Index (DAI) as described by 
Murthy et al (15). This index consisted of three scales: Weight 
loss; stool consistency; and the presence of rectal bleeding. 
Weight loss scores were determined as follows: 0, no weight 
loss; 1, 1‑5% weight loss; 2, 6‑10% weight loss; 3, 11‑15% 
weight loss; and 4, >15% weight loss. Stool characteristic 
scores were determined as follows: 0, Normal stools; 2, loose 
stools; and 4, diarrhea (grades 1 and 3 do not exist in this 
scale). Bleeding scores were determined as: 0, No bleeding; 
1, minimal color change to blue; 2, maximal color change to 
blue; 3, blood visibly present in the stool and no clotting on 
the anus and 4, gross bleeding from the anus with clotting 
present. The sum of the 3 category scores adds up to the total 
score.

Histopathological evaluation. The mice were euthanized 
on day 0, 1, 3 and 7 of administration. At the end of the 

experimental period, the colons were removed, cleaned in 
physiological saline to remove fecal residues, and subse-
quently fixed in 4% buffered formaldehyde at 37˚C for 24 h 
and embedded in paraffin. After deparaffinization in xylene 
and rehydration in a series of graded alcohol at 37˚C for 
30 min, slices (5 µm) from the paraffin sections were stained 
with hematoxylin and eosin (H&E) at 37˚C for 10 min and 
observed under a light microscope (Olympus BX51; Olympus 
Corporation, Tokyo, Japan) and graded by a pathologist who 
was blind to the experimental protocol. Histological grading 
criteria are presented in Table I. The rest of the pieces of the 
colon were collected and frozen in liquid nitrogen.

Serum albumin (ALB), C‑reactive protein (CRP) and TNF‑α 
evaluation. Animals were anesthetized with i.p. ketamine chlo-
ride (90 mg/kg body weight). Blood was collected by cardiac 
puncture and subsequently centrifuged at 3,000 x g for 15 min 
at 4˚C, to measure the concentrations of albumin, CRP and 
TNF‑α. Serum levels of CRP (mg/l) were determined using 
a high‑sensitivity immunoturbidimetric assay (Denka Seiken 
Co., Tokyo, Japan). ALB levels (g/l) were determined with 
the mouse Albumin ELISA kit (Catalogue #CSB‑E13878 m, 
Cusabio, Wuhan, China). The levels of TNF‑α (ng/l) were 
determined using a commercially obtained ELISA kit specific 
for mouse TNF‑α (Wuhan Boster Biological Technology, Ltd., 
Wuhan, China).

Superoxide dismutase (SOD). SOD activity in the colon 
tissue was measured according to the protocol described by 
Fridovich  (16). This protocol uses xanthine and xanthine 
oxidase to generate superoxide radicals, which are able to react 
with p‑iodonitrotetrazolium violet to form a red formazan dye, 
which can be measured spectrophotometrically at 505 nm. The 
assay medium contained 0.01 M phosphate buffer (pH 6.8), 
3‑cyclohexilamino‑1‑propanesulfonicacid (CAPS) buffer 
solution pH 10.2 (50 mM CAPS, 0.94 mM EDTA, saturated 
NaOH), substrate solution (0.05 mM xanthine, 0.025 mM 
iodonitrotetrazolium chloride) and 80 µl xanthine oxidase. 
The results were expressed in SOD U/mg protein in the wet 
tissues.

Immunohistochemical analysis (NF‑κB p65). Immuno‑ 
histochemical (IHC) staining was conducted using the 
streptavidin‑biotin complex (strept‑ABC) method (Wuhan 
Boster Biological Technology, Ltd.). Unstained 4‑mm sections 
were cut from paraffin blocks and incubated at 65˚C for 
30 min. The slides were deparaffinized in xylene followed 
by absolute ethanol and subsequent rehydration in graded 
ethanol. Antigen retrieval was performed by immersing slides 
in boiling citric acid buffer (pH 6.0) for 15 min. The sections 
were then pretreated with 3% hydrogen peroxide for 15 min to 
inactivate endogenous peroxides, followed by incubation with 
10% goat serum (Sigma‑Aldrich; Merck KGaA) at 37˚C for 
30 min to block the non‑specific binding. Slides were incu-
bated overnight at 4˚C with anti‑NF‑κB p65 antibody (3301; 
1:100; Wuhan Boster Biological Technology, Ltd.), subse-
quently washed with PBS before applying the biotinylated 
secondary antibody (SE587; Sigma‑Aldrich; Merck KGaA) at 
37˚C for 10 min. Sections were incubated with the strept‑ABC 
complex reagent for 15 min, and subsequently exposed to 
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3,3'‑diaminobenzidine, counterstained with hematoxylin and 
examined by light microscopy.

The degree of stained sections was scored in duplicate by 
two independent investigators without any histopathological 
information. IHC scores were determined by combining 
the proportion of positively stained cells and intensity 
of staining in five different high power fields (x400) for 
each section. Staining intensity was graded as follows: 
0, no staining; 1, weak staining (light yellow); 2, moderate 
staining (yellowish brown); and 3, strong staining (brown). 
The percentage of positive cells was scored according 
to the following criteria: 0, no positive cells; 1, ≤25% of 
cells stained positive; 2, 26‑50% of cells stained positive; 
3, 51‑75% of cells stained positive; and iv) >75% of cells 
stained positive.

Electrophoretic mobility shift assay (EMSA). The DNA‑ 
binding activity of NF‑κB was assessed in nuclear extracts 
by EMSA. The nuclear extracts were conducted as below: 
DTT and PIC were added by extraction buffer, incubated on 
ice for 15 min, centrifuged at 3,000 x g for 10 min at 4˚C and 
prepared for nuclear extraction. Double‑stranded oligonucle-
otides for NF‑κB (5'‑AGTTGAGGGGACTTTCCCAGGC‑3'; 
Promega Corp., Madison, WI, USA) were labeled on the 
3' end with biotin. EMSA was performed using the Light 
Shift Chemiluminescent EMSA kit (Pierce; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), according to the 
manufacturer's protocol. Binding reactions containing 10 µg 
nuclear protein, 10 mM Tris, 50 mM KCl, 1 mM DTT, 2.5% 
glycerol, 5 mM MgCl2, 0.05% Nonidet P‑40 (Sigma‑Aldrich; 
Merck KGaA) and 2 pM oligonucleotide probe were incu-
bated for 15 min at 37˚C. Specific binding was confirmed 
by using a 100‑fold excess of unlabeled probe as a specific 
competitor. Following incubation, samples were separated by 
electrophoresis on a 6% non‑denaturing polyacrylamide gel. 
Complexes were electroblotted to positively charged nylon 
membranes and UV‑cross‑linked in a Stratagene crosslinker. 
Gel shifts were visualized by exposure to chemilumines-
cence detection using a luminol‑based reagent and X‑ray film 
(Promega Corp.).

Statistical analyses. All data are expressed as the 
mean ± standard deviation. Differences among groups were 
tested for statistical significance using analysis of variance 
and the Student‑Newman‑Keuls test. Statistical analysis was 
performed using SPSS software (version 17.0; SSPS, Inc., 
Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effects of treatment with bortezomib on DSS‑induced ulcer‑
ative colitis. The clinical symptoms of body weight loss, 
rectal bleeding and loose stools were observed on day 5 in 
the mice treated with DSS (Fig. 1A). As presented in Fig. 1B, 
DAI was 0 in the normal control group from day 0 to 7 of 
administration, indicating no disease symptoms (diarrhea 
and blood). By contrast, the DAI scores were increased in 
all DSS‑treated groups. There were significantly decreased 
DAI scores in the high‑dose and medium‑dose bortezomib 

groups when compared with the PBS‑treated model group. 
However, no significant improvements were observed for 
1‑day bortezomib treatment at a dose of 0.2 mg/kg. The results 
demonstrated that bortezomib exerted protective effects in 
a time‑ and dose‑dependent manner. High‑dose (1 mg/kg) 
bortezomib treatment exhibited a significantly improved 
therapeutic effect compared with medium‑(0.6 mg/kg) and 
low‑dose group (0.2 mg/kg). Following a 7‑day treatment 
with high‑dose bortezomib, the clinical symptoms of colitis 
improved significantly with an average DAI score of 1.83 
(Fig. 1B) However, four mice died in the high‑dose (1 mg/kg) 
group, one died in 1 day, one in 3 days and two in 7 days of 
administration.

Histological evaluation. To further evaluate disease severity, 
histopathological evaluation of H&E‑stained sections was 
performed. Histological sections of colonic tissue from the 
control group demonstrated a normal structure without histo-
logical changes (Fig. 2A). By contrast, the administration of 
DSS caused injuries that affected the majority of the mucosa, 
with the loss of histological structure, strong epithelial disin-
tegration, inflammatory cell infiltration, edema and crypt 
abscesses (Fig. 2B). Following treatment with medium‑dose 
or high‑dose bortezomib for 3 or 7 days, inflammation and 
crypt damages were significantly reduced and the histological 
scores were also significantly decreased (Fig. 2C‑F), which 
was consistent with clinical findings. In addition, low‑dose 
bortezomib treatment did not induce a significant decrease in 
the histological scores. Therefore, treatment with bortezomib 
(1 and 0.6 mg/kg) was able to reduce DSS‑induced colitis 
clinically and histopathologically.

Effects of treatment with bortezomib on serum ALB, CRP 
and TNF‑α levels. To assess the effect of bortezomib on 
anti‑inflammatory activity, serum levels of ALB, CRP 
and TNF‑α were measured following drug administra-
tion. Compared with the normal control group, the levels 

Table I. Histological grading criteria.

Parameters	 Score	 Histological feature

Ulcer 	 0	 None 
	 1	 Ulcer, <3 mm
	 2	 Ulcer, >3 mm
Inflammation 	 0	 None
	 1	 Slight 
	 2	 Severe
Granuloma	 0	 None
	 1	 Granuloma
Extent 	 0	 None
	 1	 Mucosa
	 2	 Mucosa and submucosa
	 3	 Transmural
Fibrosis	 0	 None
	 1	 Slight 
	 2	 Severe
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of CRP and TNF‑α were significantly increased in the 
model group. However, the increase of these cytokines was 
suppressed by treatment with bortezomib in a time‑ and 
dose‑dependent manner (Fig. 3). Serum ALB levels, which 
were negatively associated with inflammatory activity, were 
significantly decreased with DSS‑induction. Following treat-
ment with bortezomib, ALB levels were markedly increased 
(Fig. 3).

SOD in colon tissue increases after bortezomib treatment. 
To assess the effect of bortezomib on antioxidative functions, 
SOD activity in colon tissue was evaluated. Colonic injury 
induced by DSS administration was accompanied by markedly 
decreased SOD activity as compared with normal controls. 
Treatment with bortezomib significantly increased the SOD 
activity and restored the levels towards normal control values. 

In addition, the increase in SOD level was markedly increased 
with high‑dose bortezomib when compared with low‑dose and 
medium‑dose treatment with bortezomib (Fig. 3).

Effects of treatment with bortezomib on NF‑κB expression 
in DSS‑induced ulcerative colitis. NF‑κB is an essential 
transcription factor that serves a central role in the activation 
of various inflammatory mediators. According to the results 
obtained, nuclear protein extracts of colon tissues demon-
strated that the nuclear translocation levels of p65 protein 
were significantly increased in mice treated with DSS as 
compared with normal control (Fig.  4). However, treat-
ment with bortezomib decreased the DSS‑induced nuclear 
translocation level of p65 in colonic mucosa (Fig.  4). In 
addition, the administration of DSS enhanced NF‑κB DNA 
binding activity in colonic tissue, which was suppressed by 

Figure 1. Effect of bortezomib on DSS‑induced ulcerative colitis in mice. (A) Severe clinical symptoms, including rectal bleeding, were observed on day 5 in 
mice treated with DSS. (B) DAI was evaluated as the average score of body weight changes, rectal bleeding and stool consistency. Each value represents the 
mean ± standard deviation of the mean. *P<0.05 vs. model group. DSS, dextran sulfate sodium; DAI, disease activity index.

Figure 2. Examination and scoring of histological sections of colonic sections following H&E staining. (A) mice in normal control group; (B) mice in model 
group; (C) mice treated with 1 day bortezomib at dose of 1.0 mg/kg; (D) mice treated with 3 days bortezomib at dose of 1.0 mg/kg; (E) mice treated with 7 days 
bortezomib at dose of 1.0 mg/kg; (F) histological analysis using a colitis score. Each value is presented as the mean ± standard deviation of the mean. *P<0.05 
vs. the model group. H&E, hematoxylin and eosin.
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bortezomib administration in time‑ and dose‑dependent 
manner (Fig. 5).

Discussion

The present study focused on studying the effects of bortezomib 
on DSS‑induced ulcerative colitis in mice. It was demonstrated 
that administration of bortezomib effectively attenuates 
colonic inflammation in mice. After 3‑ or 7‑days of treatment, 
the DAI score, histological score and NF‑κB expression were 
significantly reduced in mice treated with DSS at a dose of 0.6 
or 1 mg/kg/day. Furthermore, it was revealed that bortezomib 

was able to reduce serum levels of CRP and TNF‑α caused 
by DSS, increase serum levels of ALB, and colonic activity 
of SOD.

Various chemicals are used to induce ulcerative colitis in 
animal models, including 2,4,6‑trinitrobenzenesulfonic acid, 
DSS, oxazolone, acetic acid and nonsteroidal anti‑inflamma-
tory drugs (17‑21). The DSS‑induced ulcerative colitis model is 
employed as a model of experimental colitis as it causes acute 
inflammatory reactions and ulceration in the colon, similar 
to that observed in patients. It is characterized by bloody 
diarrhea, body weight loss, inflammatory cell infiltration and 
surface epithelial cell loss (22,23). In the present study, DSS 

Figure 4. IHC staining of NF‑κB p65 in colon sections. (A) NF‑κB p65 expression in normal colon; (B) NF‑κB p65 expression in the colon of mice in the 
model group; NF‑κB p65 expression in the colon of mice treated with bortezomib for 3 days at a dose of (C) 0.2, (D) 0.6 or (E) 1 mg/kg; (F) the degree of 
stained sections was scored. Each value is presented as the mean ± standard deviation of the mean. *P<0.05 vs. the model group. IHC, immunohistochemical; 
NF‑κB, nuclear factor‑κB.

Figure 3. Effects of bortezomib on inflammation‑associated substances following colitis induction. (A) ALB (g/l) in serum; (B) CRP (mg/l) in serum; 
(C) TNF‑α (ng/l) in serum; and (D) SOD (U/mg) activity in the colon. Each value is presented as the mean ± standard deviation of the mean. *P<0.05 vs. the 
model group. ALB, albumin; CRP, C‑reactive protein; TNF‑α, tumor necrosis factor‑α; SOD, superoxide dismutase.
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administration induced severe injury to the colon, represented 
by the elevated DAI score and histological damage score; 
however, it was markedly suppressed by bortezomib at a dose 
of 0.6 or 1 mg/kg/day. These results indicated that bortezomib 
is able to suppress DSS‑induced ulcerative colitis clinically 
and histopathologically.

Although the exact etiology of ulcerative colitis remains to 
be elucidated, data from many studies in humans and animal 
models suggest that it is associated with the dysfunctional 
immunoregulation of the gastrointestinal tract. Among immu-
noregulatory factors, the abnormal presence of inflammatory 
cells is responsible for disrupting epithelial integrity, causing 
colon injury and leading to increased levels of pro‑inflamma-
tory cytokines, including TNF‑α and CRP (24,25). TNF‑α, 
which is a pleiotropic cytokine, serves an integral role in 
inflammatory conditions, including ulcerative colitis, by 
triggering leukocyte activation and tissue accumulation (25). 
CRP is one of the most important molecules in the host innate 
immune system, involved in protection against auto immunity 
and it is an acute phase protein stimulated by infection, inflam-
matory diseases, tissue infarction and neoplasia (26). In the 
present study, it was observed that the levels of TNF‑α and 
CRP were elevated in mice serum with DSS‑induced colitis. 
The administration of bortezomib significantly reduced the 
levels of serum of TNF‑α and CRP. These results indicated that 
bortezomib ameliorates DSS‑induced colitis by suppressing 
pro‑inflammatory mediators, including TNF‑α and CRP.

Oxidative stress also serves an important role in the patho-
genesis of ulcerative colitis (25). SOD is an important element 
of cellular defense against oxidative damage (26). It catalyzes 
the dismutation of superoxide free radical to hydrogen peroxide 
and molecular oxygen (27). The results of the present study 

demonstrated that the colonic level of SOD activity decreased 
in DSS‑induced colitis, whereas bortezomib significantly 
improved SOD activity after 3 or 7 days of treatment, there-
fore suggesting the anti‑oxidative ability of bortezomib. These 
results suggested that bortezomib suppressed DSS‑induced 
colitis through the enhancement of antioxidative functions in 
the colon.

It has been demonstrated that NF‑κB serves an essential role 
in the activation of various inflammatory cytokines. Evidence 
indicated that NF‑κB is a key regulator in ulcerative colitis as 
the expression and activation of NF‑κB is markedly enhanced 
in the inflamed gut among patients with ulcerative colitis (28). 
In addition, the amount of activated NF‑κB correlated 
significantly with the severity of intestinal inflammation (29). 
The results of the present study revealed that treatment with 
bortezomib decreased the DSS‑induced nuclear translocation 
level of p65 and inhibited NF‑κB DNA binding activity. The 
results suggested that administration of bortezomib effectively 
suppresses mucosal inflammation in the colon through the 
inhibition of NF‑κB signal transduction pathways.

In the present study, it was revealed that bortezomib exerted 
a protective effect in a time‑ and dose‑dependent manner. 
High‑dose (1 mg/kg) bortezomib treatment had a significantly 
better therapeutic effect than medium‑ and low‑dose treat-
ment. However, four deaths were observed in the high‑dose 
group, which implied the toxicity of high‑dose bortezomib. 
Further studies are required in order to investigate which dose 
of bortezomib is more effective and safe in the treatment of 
ulcerative colitis.

In conclusion, the results of the present study demonstrated 
that treatment with bortezomib were able to significantly atten-
uate DSS‑induced ulcerative colitis in mice. The mechanism 
underlying the protective effects involves NF‑κB inhibition, 
which decreases the expressions of TNF‑α and CRP. It is 
proposed that bortezomib may be a novel therapeutic drug in 
the treatment of ulcerative colitis.
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