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Alpha-lipoic acid attenuates trinitrobenzene sulfonic
acid-induced ulcerative colitis in mice
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Abstract: Ulcerative colitis (UC), characterized by inflammation, oxidative stress, and increased intestinal epithelial
cell apoptosis, is an immunologically mediated chronic intestinal disorder. The present study was aimed at investi-
gating the protective effects of alpha-lipoic acid (ALA) against trinitrobenzene sulfonic acid (TNBS)-induced UC and
the underlying mechanism. ALA of 80 mg/kg bw/day was administered by gastric gavage to mice for 7 days after
TNBS-induced UC. Our data indicated that ALA effectively facilitated recovery of pathologic changes in the colon, as
evidenced by a significant increase of body weight, decrease of colon mass index and histopathological score. Fur-
thermore, ALA significantly inhibited TNBS-induced apoptosis, which partly due to up-regulation of Bcl-2 expression,
reduction of Bax expression and caspase-3, caspase-9 activity. ALA reduced malondialdehyde (MDA), nitric oxide
(NO), and inducible nitric oxide synthase (iNOS) levels, and restored superoxide dismutase (SOD) activity and gluta-
thione (GSH) content in colon tissues from TNBS-challenged mice. Additionally, phosphorylation of extracellular sig-
nal regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 kinase (p38) in colon tissues were significantly
inhibited by ALA treatment. In summary, we demonstrate that ALA has protective properties against TNBS-induced
UC through anti-apoptosis, anti-oxidant actions, and mitogen-activated protein kinase (MAPK) signaling pathway.
Our present findings suggest a therapeutic potential of ALA in UC.
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Current studies demonstrate that ALA had ther-
apeutic potential in a variety of disease, such
as hepatic fibrosis, diabetes mellitus, and can-
cers [7-9]. In addition, ALA attenuates liver cells
damages induced by excess intake of polyun-

Introduction

Ulcerative colitis (UC) is a chronic intestinal
inflammatory disorder which starts from the
rectum, extends proximally in a continuous

fashion, and has a variable clinical course,
including abdominal pain, diarrhea, purulent
stools and unpredictable relapses [1]. The
impact of UC on quality of life is staggering,
which includes increased susceptibility to infec-
tion, side effects of therapeutic drugs, and a
higher risk of developing bowel cancer [2-4].
Many UC patients still have not better curative
effect under current drug treatment [5]. Since
UC seriously threatens human health, it is
urgent to find an appropriate agent to amelio-
rate the severity of the disease.

Alpha-lipoic acid (ALA) is a naturally occurring
sulfhydryl compound and it is a potent anti-
inflammatory and anti-oxidant agent [6].

saturated fatty acids [10]. Current researches
have illustrated that the effects of ALA are
associated with mediation of inducible nitric
oxide synthase (iNOS) and mitogen-activated
protein kinase (MAPK) signaling pathway [11,
12]. A recent study has shown the modulatory
effect of ALA against inflammation, oxidative
stress, DNA damage and fibrosis, suggesting a
therapeutic role of ALA in UC [13]. We therefore
hypothesized that ALA exerted protective
effects in UC via anti-apoptosis, anti-oxidant
actions and further explored the underlying reg-
ulatory mechanism.

In this study, to address this hypothesis, ALA
was considered to elucidate its possible benefi-
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Table 1. Oligonucleotide primer sets for quantita-

tive real-time PCR

Gene symbol Sequence (5’-3) :Zd(z;t)
iNOS-F GCAGGGAATCTTGGAGCGAGTTG 139
iNOS-R GTAGGTGAGGGCTTGGCTGAGTG

Bcl-2-F CTCTGGTTGGGATTCCTACGG 233
Bcl-2-R CGGCATGATCTTCTGTCAAGTTTA

Bax-F CCAGGATGCGTCCACCAAGAA 199
Bax-R AGCAAAGTAGAAGAGGGCAACCAC

B-actin-F CTGTGCCCATCTACGAGGGCTAT 155

B-actin-R TTTGATGTCACGCACGATTTCC

cial effect against TNBS-induced UC in mice.
Furthermore, expression levels of related mol-
ecules were detected to investigate the possi-
ble mechanism underlying these protective
effects.

Materials and methods
Animals

Male BALB/c mice (22-25 g) were purchased
from the Animal Center of China Medical
University. The animals were maintained in an
environmentally controlled at constant temper-
ature of 23 + 2°C with a relative humidity of 50
+ 5% and a 12 h light-dark cycle. Standard lab-
oratory chow and water were provided ad libi-
tum. All the animal experiment protocols in the
present study were approved by the Animal
Care Committee of China Medical University.

Induction of TNBS-induced UC and ALA admin-
istration

Mice were randomized into four groups, the
control group, the ALA group, the UC group, and
the UC + ALA group, each consisting of 10 ani-
mals. In the UC group, UC was induced with
trinitrobenzene sulfonic acid (TNBS) enema
according to a published method [14, 15].
Briefly, BALB/c mice were anaesthetized by
ether after a 24 h fast. A catheter was inserted
into the anus of the mice, and the tip was
advanced approximately 4 cm. 3 mg of TNBS
(Sigma-Aldrich, St Louis, MO, USA) dissolved in
0.12 ml of 50% ethanol was slowly instilled into
colon through the catheter. Following the instil-
lation of the TNBS solution, the mice were
maintained in a head-down position for 2-3
min. In the control group and the ALA group,
mice received 50% ethanol alone using the
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same technique. 24 h after the instillation of
TNBS, the ALA group and the UC + ALA group
were given ALA (80 mg/kg bw/day; Sigma-
Aldrich) by gastric gavage. The control group
and the UC group were given the same volume
of 2% DMSO without ALA. All treatment regi-
mens were continued for 7 days. On the 7t
day, mice were sacrificed and weighed up,
and colonic segments were excised. The colon
mass index was calculated from the ration of
colon to body mass, and the colon tissues
were collected.

Histopathology

After excision, the colonic tissues were fixed in
4% paraformaldehyde, dehydrated through the
graded ethanol, embedded in paraffin, and cut
into 5 um sections. Sections were hydrated,
stained with hematoxylin and eosin (H & E) and
examined microscopically to evaluate tissue
damages. The mucosal damage was scored
according to Ho H. Luk, et al [16] as follows: O,
normal histological appearance; 1, damage lim-
ited to surface epithelium; 2, cell disruption
and focal ulceration limited to mucosa; 3,
transmural inflammation and focal ulceration;
4, extensive inflammation and transmural
ulceration bordered by areas of normal muco-
sa; 5, extensive inflammation and transmural
ulceration involving entire section from epithe-
lium to serosa.

Localization of apoptotic cells

Rehydrated sections were stained for apoptotic
cells using the terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP-biotin nick end
labeling (TUNEL, Roche, Basel, Switzerland)
method in accordance with the manufacturer’s
protocol. The sections were examined under
light microscopy to evaluate tissue apoptosis.

Measurement of caspase-3, caspase-9, nitric
oxide (NO), glutathione (GSH), malondialde-
hyde (MDA) and superoxide dismutase (SOD)
in colon tissues

Activities of caspase-3 and caspase-9 were
measured by caspase-3 and caspase-9 activity
kits (Beyotime, Haimen, China). Concentration
of NO was detected using NO concentration
detection kit (Beyotime). Concentrations of
GSH and MDA were measured by GSH and MDA
concentration detection kit (Jiancheng Bio-
engineering Institute, Nanjing, China) and activ-
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control

Figure 1. Histological sections of colonic mucosa from colitic mice 7 days after TNBS-induced UC. Mice were given
ether 2% DMSO as a control (A), or 80 mg/kg bw/day of ALA (B), or 3 mg of TNBS (C), or 3 mg of TNBS and 80 mg/
kg bw/day of ALA (D). Colonic mucosa were stained with H&E and observed under the microscope.

ity of SOD was detected using SOD activity
detection kit (Jiancheng Bioengineering Insti-
tute). Briefly, frozen colon tissues were thawed
and homogenized in cold PBS. The supernatant
was collected by centrifuge for the measure-
ment of caspase-3, caspase-9, NO, SOD, GSH,
MDA.

Immunohistochemistry

Sections of colon were dewaxed in xylene,
hydrated with decreasing concentrations of
ethanol, followed by antigen retrieval in citrate
buffer under microwave treatment for 10 min.
Endogenous peroxidase was quenched by 3%
H,O,, and unspecific sites were blocked by nor-
mal goat serum. Then, the sections were incu-
bated overnight at 4°C with primary antibody
against iNOS (Bioss, Beijing, China) at a dilution
of 1:50 in PBS, followed by incubation with sec-
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ondary antibody and streptavidin-HRP conju-
gate. Thereafter, the sections were incubated
with a 3, 3’-diaminobenzidine (DAB), stained
with hematoxylin and observed in an inverted
digital image light microscopy.

Quantitative real-time PCR (qPCR)

Total RNA was isolated using RNA simple Total
RNA Kit (Tiangen, Beijing, China) according to
the manufacturer’s instructions, and reversed
transcribed to synthesize complementary DNA
(cDNA) using a Super M-MLV reverse transcrip-
tase (BioTeke, Beijing, China). gPCR was per-
formed by SYBR-GREEN (Solarbio, Beijing,
China) in a PCR system (Exicycler 96, Bioneer,
Daejeon, Korea). The primer sequence informa-
tion was shown in Table 1 and the relative
MRNA levels were quantified via 222" and nor-
malized to B-actin.

Int J Clin Exp Med 2015;8(1):358-367
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Table 2. Effects of ALA on body weight, colon mass index and

histopathological score

body weight change and colon
mass index. Histological analy-

Groups Body weight (g) Colon mass index Histopathological Score

sis showed that colon of TNBS-

Control 22.8+1.48 9.02+£0.52
ALA 23.0+1.76 8.86 £ 0.27
uc 19.3+1.34" 1215+ 1.31"

UC+ALA 21.2+1.14* 10.23 +0.94"#

0.2+0.42
0.1+0.32
4.1+0.88"
2.2+0.63"#

treated mice had thickening of
the colon wall, high level of
inflammatory cell infiltration in
the mucosa, and loss of goblet

Data are presented as the means + SD. “P < 0.05 vs. control group, “*P < 0.01
vs. control group; *P < 0.05 vs. UC group; #P < 0.01 vs. UC group.

Western blot

Protein samples were isolated from frozen
colon tissue specimens using RIPA buffer
(Beyotime) containing 1% PMSF. Protein con-
centrations were determined by a commercial
BCA protein assay kit (Beyotime). Equal quanti-
ty of each sample was fractionated on sodium
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Millipore,
Bedford, MA, USA). The membranes were
blocked with 5% fat-free milk or 5% bovine
serum albumin and then incubated with anti-
body against bcl-2, bax (1: 500, Boster, Wuhan,
China), iNOS (1: 200, Bioss), extracellular signal
regulated kinase (ERK), phosphorylated ERK
(p-ERK) (1: 1000, Beyotime), c-Jun N-terminal
kinase (JNK), phosphorylated JNK (p-JNK) (1:
1000, wanleibio, Shenyang, China), p38 kinase
(p38, 1: 200) and phosphorylated p38 (p-p38,
1: 100) (Santa Cruze, CA, USA) at 4°C over-
night, followed by incubating with horseradish
peroxidase-conjugated secondary antibodies
(1: 5000, Beyotime) at 37°C for 45 min. The
protein blots on the membranes were visual-
ized with an enhanced chemiluminescence
(ECL) detection kit (Millipore) and the density
values of the protein bands were calculated as
a ratio to B-actin.

Statistical analysis

Data were presented as mean * standard devi-
ation (SD). Multiple comparisons were analyzed
by one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post test, and P < 0.05
was considered to be significant.

Results

ALA ameliorates TNBS-induced ulcerative
colitis

The therapeutic efficacy of ALA on experimen-
tal UC was assessed by histological analysis,
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cells. Nevertheless, treatment
with ALA inhibited these patho-
logical symptoms and histo-
pathological score and showed
progressive restoration, improvement of nor-
mal intestinal architecture (Figure 1; Table 2).
Furthermore, TNBS also induced severe weight
loss, which was partially improved by the ALA
treatment. Otherwise, the colon mass index
was significantly increased in mice after TNBS
administration, while ALA treatment attenuated
TNBS-induced elevation of colon mass index
(colon mass indexes were 12.15 and 10.23 of
UC group and UC + ALA group, respectively). No
remarkable differences of body weight and
colon mass index were observed between con-
trol mice and mice treated with ALA alone
(Table 2). The above results indicate a protec-
tive role of ALA in TNBS-induced UC.

ALA inhibits TNBS-induced cell apoptosis in
colon

To assess the effect of ALA on TNBS-induced
apoptosis, TUNEL staining was performed. As
shown in Figure 2A, few apoptotic cells were
observed in the control group and the ALA
group, whereas colon tissues demonstrated a
remarkable appearance of dark brown apop-
totic cells after treatment with TNBS. In con-
trast, administration of ALA reduced apoptotic
responses. To further reveal the molecular
mechanism of protective effects of ALA on
TNBS-induced apoptosis, bax and bcl-2 levels,
caspase-3 and caspase-9 activities in the colon
homogenate were analyzed. As results shown,
TNBS induced bax expression increase and
bcl-2 expression decrease in the colon of mice
(Figure 2B-D). ALA treatment significantly
decreased bax level and increased bcl-2 level.
In addition, we also found the activities of cas-
pase-3 and caspase-9, which play critical roles
in the modulation of apoptosis, obviously rose
in the UC group compared with the control
group, and the treatment of ALA lowered the
activities dramatically. These present findings
reveal that ALA attenuates TNBS-induced
colonic apoptosis.

Int J Clin Exp Med 2015;8(1):358-367
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Figure 2. Effects of ALA on TNBS-induced apoptosis in colon. TUNEL staining of colon from mice sacrificed 7 days
after TNBS-induced UC (A). Bax and Bcl-2 representative blots are shown and the protein size is expressed in kDa
(B). Protein levels were calculated as a ratio to B-actin, and data were subjected to densitometric quantification (C).
Quantitative real-time PCR was used for analysis of bax and bcl-2 mRNA expression (D). Caspase-3 and Caspase-9
activities in colon tissues were detected by Activity Assay Kit (E). Data are presented as the means + SD. *P < 0.05
vs. control group, P < 0.01 vs. control group; *P < 0.05 vs. UC group; **P < 0.01 vs. UC group.

ALA protects against TNBS-induced oxidative
stress in colon

Regarding to the important roles of oxidative
stress in colon inflammatory responses [17,
18], we examined the effect of ALA on SOD
activity and NO, GSH, MDA, iNOS levels in the
colon. As shown in Figure 3, colonic NO and
MDA levels were obviously increased in mice
administered with TNBS; however, ALA treat-
ment significantly attenuated TNBS-induced
increase in NO and MDA levels (Figure 3A, 3B).
Otherwise, the SOD activities and GSH levels
were markedly reduced after TNBS instillation,
but these decreases were dramatically restored
by ALA treatment (Figure 3C, 3D). Meanwhile,
iNOS expression levels were measured at 7
days after TNBS-induced UC. Immunohisto-
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chemistry and western blot results showed that
TNBS-induced protein expression elevation of
iNOS was significantly inhibited by ALA treat-
ment (Figure 4A-C). Real-time PCR data were
accordant with results from the prior protein
analysis (Figure 4D). These results suggest
that ALA treatment reduces colonic oxidative
stress induced by TNBS.

ALA functions through MAPK signaling path-
way in colon

Mitogen-activated protein kinase (MAPK) in-
volves in numerous physiological and patho-
logical signaling and responds to cellular prolif-
eration and apoptosis regulation. Western blot
analysis was performed to detect the phos-
phorylation levels of the 3 proteins of MAPK

Int J Clin Exp Med 2015;8(1):358-367
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Figure 3. Effects of ALA on lipid peroxide and antioxidant parameters in colon tissues. Mice were treated with ALA
(80 mg/kg bw/day) or vehicle for 7 days after TNBS-induced UC. NO (A), MDA (B), GSH (C) contents and SOD activity
(D) in colon tissues were determined. Data are presented as the means + SD. P < 0.01 vs. control group; #P <
0.01 vs. UC group.
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Figure 4. Effects of ALA on the expression of iINOS in colon tissues. Mice were treated with ALA (80 mg/kg bw/day)
or vehicle for 7 days after TNBS-induced UC. Protein levels of iNOS in colon were detected by immunohistochemical
analysis (A) and western blot (B). Protein levels were normalized with B-actin, and data were subjected to densito-
metric quantification (C). Quantitative real-time PCR was used for analysis of INOS mRNA expression (D). Data are
presented as the means + SD. "P < 0.05 vs. control group, P < 0.01 vs. control group; *#P < 0.01 vs. UC group.
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including extracellular signal regulated kinase kinase (p38) in this study. As indicated in Figure
(ERK), c-Jun N-terminal kinase (JNK) and p38 5, TNBS obviously enhanced protein phosphor-
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Figure 5. Effects of ALA on MAPK signaling in colon tissues. Mice were treated with ALA (80 mg/kg bw/day) or
vehicle for 7 days after TNBS-induced UC. Protein levels of ERK, phosphorylated ERK, JNK, phosphorylated JNK,
p38 and phosphorylated p38 in colon tissues were examined by western blot analysis (A). Representative blots are
shown, and B-actin is used as a loading control. Quantitative analysis of protein expression was performed by densi-
tometry (B). Data are presented as the means + SD. ""P < 0.01 vs. control group; #P < 0.05 vs. UC group.

ylation of JNK, ERK and p38. After ALA treated, was detected via histological analysis and
these phosphorylation levels were evidently colon mass index detection. In the present
decreased. Our data indicate that TNBS- study, we found that ALA treatment attenuated
induced activation of MAPK signaling pathway TNBS-induced colon injury, as confirmed by his-
in colon is partially inhibited by ALA treatment. tological evaluation. The beneficial actions of
ALA observed in our study are consistent with a
Discussion previous research showing that ALA improves
gut mucosal lesions induced by TNBS in rats
Induction of colitis by TNBS in mice is used [19]. Furthermore, ALA treatment significantly
widely as an experimental model of UC which restored mice body weight and reduced colon
can mimic human UC and can be extensively mass index. These results indicated a protec-
used to explore novel pharmacological app- tive role of ALA in TNBS-induced UC, and the
roaches for preventing UC. In the current study, possible mechanisms needed to be further
we investigated the role of ALA in TNBS-induced elucidated.
UC in vivo. Our results showed that ALA inhibit-
ed TNBS-induced colon inflammation and dam- Apoptosis or programmed death, defined as an
ages. Furthermore, ALA also remarkably inhib- active death process of cell controlled by gene,
ited apoptosis, oxidative stress, and MAPK is thought to be a key contributor to UC [20, 21].
activation in the colons from TNBS-induced The aim of this research was to investigate the
mice, indicating a possible mechanism respon- anti-apoptosis mechanism of ALA in TNBS-
sible for the protective role of ALA against induced UC. Our findings suggested that TNBS
TNBS-induced UC. significantly induced epithelial apoptosis in
colon, and ALA attenuated the TNBS-induced
ALA is a multifunctional antioxidant and has apoptosis, as evidenced by TUNEL staining.
been shown to possess potent bioactivity both The above result is accordance with previous
in vivo and in vitro. It has been reported that studies from Li and Ji et al who showed that
ALA exhibits anti-inflammatory effects in carra- ALA inhibits apoptosis [22, 23]. In addition,
geenan-induced acute inflammations and cot- selected proteins involved in apoptotic signal-
ton pellet-induced chronic inflammations [6]. ing pathway such as bax, bcl-2 and caspase
The effect of ALA on TNBS-induced colon injury activity were investigated. Bcl-2 family proteins
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play an important role in the modulation of
apoptosis. Bcl-2, the founder member of the
family, specifically blocks the morphologic fea-
tures of apoptosis, including the DNA cleavage,
plasma membrane blebbing, and negative reg-
ulates cell death [24]. Bax is a pro-apoptotic
factor which can accelerate programmed cell
death by antagonizing the apoptosis repressor
bcl-2. Under stress conditions, bax undergoes
a conformation change that causes transloca-
tion to the mitochondrion membrane and leads
to the release of cytochrome C that triggers
apoptosis [25]. Caspases are proteins that are
highly conserved including initiator caspases,
such as caspase 2, 8, 9, 10, and effector cas-
pases, such as caspase 3, 6, 7. The initiator
caspases binds to specific oligomeric adaptin,
activates effector caspases through proteolytic
cleavage, and then the active effector caspas-
es degrade a host of intracellular proteins to
carry out the cell death program [26]. The cur-
rent study demonstrated that TNBS increased
the expression of bax and the activities of cas-
pase-3 and caspase-9, whereas TNBS de-
creased the expression of bcl-2. ALA treatment
significantly reduced Bax level and caspases
activities and restored Bcl-2 level. Our results
are in agreement with the previous studies
showed that ALA could suppress apoptosis by
modulating bax, bcl-2 levels and caspases
activities [27-29]. These findings suggest that
ALA is able to suppress TNBS-induced apopto-
sis via regulating bcl-2 family protein, thereby
alleviating colon injury.

Excessive oxidative stress is potentially danger-
ous as it may alter inflammatory response, pro-
tein modifications and apoptosis. Therefore,
oxidative stress has been implicated in numer-
ous human diseases, including inflammatory
bowel diseases [30, 31]. Noteworthy, it is indi-
cated that the colonic enterocytes are charac-
terized not only by higher concentration of SOD
and GPx, but also by higher ROS contents [32].
GSH and SOD are important components in
protecting against the adverse reaction of ROS,
whereas, MDA is a lipid peroxidative product
used as an indicator of cellular oxidation status
[33, 34]. Moreover, it has been suggested that
acute colitis may be aggravated by either too
much or too little NO, which indicated that NO,
especially that produced by the inducible form
of iINOS, performed a critical role in the patho-
physiology of colitis [35]. In this study, we found
that ALA treatment significantly inhibited TNBS-
induced up-regulation of MDA, NO and iNOS,
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whereas restored TNBS-induced depletion of
GSH level and SOD activity. The previous stud-
ies showing ALA inhibits oxidative stress in
mice are corresponded to our present observa-
tions [36, 37]. These results illustrated that
ALA suppressed TNBS-induced oxidative stress
in mice.

Previous studies have documented that MAPK
signaling was involved in pathogenesis of
inflammatory bowel diseases [38]. ERK, JNK,
and p38 are considered to be main kinases in
MAPK. The results from western blot analysis
showed a hyperphosphorylation of ERK, JNK,
and p38 after TNBS instillation, whereas, ALA
could reduce the phosphorylation levels.
Several lines of evidence showed that ALA
could decline the activation of MAPK [39, 40],
which were accordance with our above results.
The findings indicate that ALA is able to sup-
press TNBS-induced MAPK activation, and the
inhibition of MAPKs may partly contribute to the
protective effects.

In conclusion, the present study showed that
ALA effectively suppressed TNBS-induced UC,
possible through reducing apoptosis and oxida-
tive stress. The inhibition of MAPK activation by
ALA may account for its protective effects
against TNBS-induced colon injury. These find-
ings presented here also imply that ALA have
therapeutic potential in the prevention of UC
and represent a promising therapeutic strate-

gy.
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