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Abstract. Poly(ADP‑ribose) polymerase‑1 (PARP‑1) plays a 
critical role in inflammatory pathways. The PARP‑1 inhibitor, 
5‑aminoisoquinolinone (5‑AIQ), has been demonstrated to exert 
significant pharmacological effects. The present study aimed to 
further examine the potential mechanisms of 5‑AIQ in a mouse 
model of dextran sodium sulfate (DSS)‑induced colitis. Colitis 
conditions were assessed by changes in weight, disease activity 
index, colon length, histopathology and pro‑inflammatory 
mediators. The colonic expression of PARP/NF‑κB and STAT3 
pathway components was measured by western blot analysis. 
Flow cytometry was used to analyze the proportion of T helper 
17 cells (Th17) and regulatory T cells (Tregs) in the spleen. 
Western blot analysis and reverse transcription‑quantitative PCR 
were employed to determine the expression of the transcription 
factors retinoic acid‑related orphan receptor and forkhead 
box protein P3. The results demonstrated that 5‑AIQ reduced 
tissue damage and the inflammatory response in mice with 
experimental colitis. Moreover, 5‑AIQ increased the propor‑
tion of Treg cells and decreased the percentage of Th17 cells in 
the spleen. Furthermore, following 5‑AIQ treatment, the main 
components of the PARP/NF‑κB and STAT3 pathways were 
downregulated. Collectively, these results demonstrate that the 
PARP‑1 inhibitor, 5‑AIQ, may suppress intestinal inflammation 
and protect the colonic mucosa by modulating Treg/Th17 
immune balance and inhibiting PARP‑1/NF‑κB and STAT3 
signaling pathways in mice with experimental colitis.

Introduction

Ulcerative colitis (UC) is a non‑specific, chronic, relapsing 
inflammatory disorder of the colonic mucosa, which affects the 
rectum and colon, and its incidence is rising worldwide (1,2). 

The underlying causes of UC are complex and have not 
been fully elucidated. The most accepted view is that UC 
is a complex disease resulting from interactions between 
genes, the gut flora, host immune system and environmental 
factors (3,4). Currently, inappropriate activation of T cells has 
been deemed as a crucial factor that contributes to the patho‑
genesis of UC (5). The imbalance of the immune axis formed 
by T helper 17 (Th17) cells that contribute to the immune 
response and regulatory T cells (Tregs) that mediate immune 
tolerance may play a main role in the pathogenesis of UC (6).

Th17 cells exert a pro‑inflammatory effect on the inflam‑
matory reaction by secreting pro‑inflammatory cytokines, such 
as IL‑17; their excessive activation causes intestinal inflam‑
mation and damages the intestinal mucosa (7). Tregs have 
immunosuppressive functions in autoimmune diseases, regu‑
late self‑tolerance and limit excessive immune reaction (8). An 
increasing number of studies have indicated that the balance of 
Th17 cell and Treg function is essential for host immunity and 
immune tolerance (9,10). During the transformation of initial 
T cells into Th17 cells and Tregs, the JAK/STAT pathway, 
particularly STAT3, plays an important role in promoting this 
transformation (11). Moreover, some cytokines and transcrip‑
tion factors are essential; IL‑6 signaling and TGF‑β1 act 
synergistically to program Th17‑related genes through STAT3, 
thereby inducing Th17 cell development (12). The vital tran‑
scription factor mediating Th17 cell differentiation is retinoic 
acid‑related orphan receptor (RORγt). The biological function 
of Tregs is controlled by the expression of the transcription 
factor forkhead box protein P3 (FOXP3) (5,13). An increase 
in the number of Th17 cells in UC has been reported to lead 
to an increase in serum IL‑17 levels, and the reduction of 
Tregs leads to weakness of anti‑inflammatory function (14). 
Therefore, promoting Tregs and suppressing Th17 cells to 
regulate Th17/Treg cell balance may be an efficient strategy 
for the treatment of UC.

PolyADP‑ribose polymerase‑1 (PARP)‑1 is a ribozyme 
with significant biological activity in eukaryotic cells (15). 
It can catalyze the polyADP ribosylation of DNA‑binding 
proteins involved in surveillance and genomic integrity 
maintenance (16). A number of studies have demonstrated 
that PARP‑1 can regulate the inflammatory response (17,18). 
In particular, PARP‑1 can regulate and enhance NF‑κB tran‑
scriptional activity (18). Therefore, the inhibition of PARPs 
has been extensively studied; in several acute models of kidney 
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injury and organ transplantation, PARP‑1 knockout animals or 
pharmacological inhibitors of PARP‑1 have been shown to lead 
to reduced inflammatory response (19,20). Although PARP‑1 
does not participate in the differentiation of natural T cells 
into Th17 cells, it does affect the development of Tregs (21). It 
has been demonstrated that PARP‑1 negatively regulates Treg 
function through FOXP3 poly(ADP‑ribosyl) (22). 5‑aminoiso‑
quinolinone (5‑AIQ), a water‑soluble PARP‑1 inhibitor, has 
been demonstrated to provide important protection against 
multiple forms of tissue injury induced by reperfusion injury, 
the inflammatory response and neurotoxicity (23). In addition, 
the pharmacological inhibition of PARP‑1 by 5‑AIQ has been 
shown to inhibit NF‑κB activity with the subsequent down‑
regulation of the expression of several gene products  (24). 
Therefore, the present study aimed to examine the regulatory 
effects of 5‑AIQ on Th17/Tregs in experimental colitis and to 
elucidate the potential mechanisms involved.

Materials and methods

Pharmacological compounds and reagents. The water‑soluble 
compound 5‑AIQ, was obtained from Matrix Science, Inc. 
Dextran sulfate sodium (DSS) was purchased from MP 
Biomedicals, LLC (molecular weight, 36‑50  kDa). The 
following antibodies were purchased from BD Biosciences: 
Anti‑CD3 FITC (1:50; cat. no. 561827), anti‑CD4 (1:50; cat. 
no. 566408) and anti‑CD25 (1:50; cat. no. 561065) phycoery‑
thrin, anti‑Foxp3 (1:50; cat. no. 560402) and anti‑IL‑17A (1:50; 
cat. no. 560224) allophycocyanin.

Animals. A total of 30 C57BL/6 mice (males; 6‑8  weeks 
old; weighing 20‑25  g) were obtained from Beijing Vital 
River Laboratory Animal Technology Co., Ltd.. The mice 
were housed under constant environmental conditions (12‑h 
light/dark cycle; 21±2˚C) and were provided with standard 
laboratory food and water ad libitum. All experimental proce‑
dures were approved by the Ethics Committee at the Renmin 
Hospital of Wuhan University.

Experimental design. The mice were randomly divided into 
three groups (n=10) following adaptive feeding for 1 week as 
follows: i) The control group (control); ii) 3% DSS‑induced 
group (DSS) and iii) 3% DSS‑induced + 5‑AIQ group (5‑AIQ). 
Apart from those in the control group, mice were exposed to 
3% DSS for 7 days to develop symptoms of acute experimental 
colitis (25). Aside from the mice in the 5‑AIQ group, an intra‑
peritoneal injection of physiological saline was administered 
to the remaining mice, and 5‑AIQ (1.5 mg/kg) dissolved in 
water was injected intraperitoneally into mice in the 5‑AIQ 
group for 7 days (26). During the experimental period, the 
food and water intake and the disease activity index (DAI), 
including body weight, stool consistency and stool occult 
blood, were evaluated each day for each animal (Table I).

Histopathological assessment. Mice were sacrificed by cervical 
dislocation on the 8th day of colitis induction. Colorectal and 
ileocecal tissue sections (thickness, 4 µm) were obtained from 
the mice and the length of the colon was measured. Part of 
the colon was fixed in 4% paraformaldehyde at 4˚C for 24 h 
and embedded in paraffin, followed by hematoxylin and eosin 

staining for 97 min at room temperature and observed under 
a light microscope, (magnification, x100 and x200). Intestinal 
inflammation was assessed in a blinded manner and the 
histological score was evaluated as described in Table II.

Flow cytometry. The spleen of the mice was aseptically 
isolated, filtered with a nylon mesh, and centrifuged for 
10 min at 4˚C at 1,500 x g to obtain a single‑cell suspen‑
sion. Cells from the single‑cell suspension were seeded into 
96‑well plates (1‑3x106 lymphocytes/well) and stimulated for 
7 h using Leukocyte Activation Cocktail (BD Biosciences) in 
an incubator. The cells were then collected, stained, fixed and 
permeabilized strictly according to the instructions provided 
with the kit. Flow cytometry antibodies, including anti‑CD3 
FITC, anti‑CD4 and anti‑CD25 phycoerythrin, were then 
added to each tube in turn, followed by mixing and incubation 
for 35 min at room temperature. The cells were centrifuged 
at 1,500  x  g for 3  min at 4˚C and the supernatants were 
discarded. Fixation/Permeabilization working solution (1 ml; 
eBioscience; Thermo Fisher Scientific, Inc.) was added to 
each sample before incubation for 30 min in the dark at room 
temperature. Subsequently, permeabilization buffer (2 ml; 
eBioscience; Thermo Fisher Scientific, Inc.) was added to each 
sample before centrifuging again at 400 x g for 5 min at 4˚C. 
Intracellular cytokine antibodies anti‑Foxp3 and anti‑IL‑17A 
allophycocyanin were added. The solutions were well mixed 
and incubated for 30 min in the dark at room temperature. 
The proportions of Treg and Th17 cells were analyzed by flow 
cytometer (BD Biosciences) and FlowJo 7.0 (FlowJo LLC) 
software was used to analyze data.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) for mRNA expression analysis. First, total 
RNA was isolated from colon samples using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). After isolation of 
RNA, total RNA was reverse transcribed into cDNA using a 
First Strand cDNA Synthesis kit (Thermo Fisher Scientific, 
Inc.) with the following temperature protocol: 25˚C for 
5 min, 42˚C for 60 min, 70˚C for 5 min and 4˚C for 10 min. 
Following RT, the target gene was amplified, and RT‑qPCR 
was performed on the ABI  7500  Real‑time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using 
SYBR‑Green PCR Master Mix (Thermo Fisher Scientific, 
Inc.) under the following thermocycling conditions: Initial 
denaturation at 95˚C for 10 min, followed by 40 cycles of 95˚C 
for 30 sec and annealing/extension at 60˚C for 30 sec. β‑actin 
served as the endogenous control. Expressions were analyzed 
using the 2‑ΔΔCq method (27). The sequences of the primers 
used are listed in Table III.

Table I. Disease activity index score.

Score	 Weight loss	 Stool consistency	 Bloody stool

0	 None	 Normal	 None
1	 1‑5%	 Paste stools	 Occult blood
2	 6‑10%	 Loose stools	 Bleeding
3	 >10%	 Diarrhea	 Gross bleeding
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Western blot analysis. Protein for western blot analysis was 
extracted from colonic tissue using RIPA Pierce™ buffer 
(Thermo Fisher Scientific, Inc.) supplemented with protease 
inhibitor at a final 1X concentration (Halt™ Phosphatase 
Inhibitor Cocktail; Thermo Fisher Scientific, Inc.). Protein 
concentrations were measured using a BCA protein assay kit 
(Thermo Fisher Scientific, Inc.). A total of 20 µg protein/lane 
were separated by 10% SDS‑PAGE and electrophoresis was 
performed for 1.5  h prior to protein transfer onto PVDF 
membranes (EMD Millipore). Subsequently, membranes 
were blocked with TBS‑0.1%‑Tween‑20 (TBS‑T) containing 
5% skim milk for 2 h at room temperature. The membranes 
were then incubated with the following primary antibodies at 
4˚C overnight: Anti‑NF‑κB p65 (cat. no. 10745‑1‑AP; 1:2,000), 
anti‑STAT3 (cat. no. 10253‑2‑AP; 1:1,000), anti‑PARP (cat. 
no. 66520‑1‑IG; 1:1,000), anti‑Foxp3 (cat. no. 22173‑1‑AP; 
1:1,000; all, ProteinTech Group, Inc.), anti‑phosphorylated 

(p)‑STAT3 (cat. no. AF3293; 1:500; Affinity Biosciences, 
Inc.), anti‑phosphorylated (p)‑NF‑κB p65 (cat. no.  3033; 
1:1,000; Cell Signaling Technology, Inc.), anti‑RORγt (cat. 
no. bs‑23110; 1:1,000), anti‑IκB‑α (cat. no. bs‑1287; 1:1,000; 
all from BIOSS), anti‑GAPDH (cat. no. AB‑P‑R001; 1:1,000; 
Hangzhou Goodhere Biotech Co., Ltd.). After washing five 
times with TBS‑T for 5 min each, membranes were further 
immunoblotted with an horseradish peroxidase‑conjugated 
AffiniPure goat anti‑rabbit IgG (cat. no. BA1054; 1:50,000; 
Boster Biological Technology) secondary antibodies for 
2 h at 37˚C. Membranes were then washed in TBS‑T and 
signals were detected using BandScan v5.0 software (Glyko 
Biomedical Ltd.).

Statistical analysis. Data are presented as the mean ± SD and 
analyzed using SPSS 20.0 software (IBM Corp.). One‑way 
ANOVA followed by the Tukey‑Kramer test was used for 
comparisons between groups. P<0.05 were considered to 
indicate a statistically significant difference.

Results

Protective effects of 5‑AIQ against DSS‑induced colitis. The 
DAI score of mice with DSS‑induced UC was significantly 
higher compared with the control group. Mice with DSS‑induced 
UC that receiving 5‑AIQ treatment exhibited significantly lower 
body weight loss and DAI scores compared with untreated mice 
with DSS‑induced UC (Fig. 1A‑C). Moreover, the colon length 
is a useful index to reflect the severity of inflammation. The 
colon length of the mice in the DSS group was significantly 
lower compared with controls and this reduction was alleviated 
by the administration of 5‑AIQ (Fig. 1D).

5‑AIQ attenuates histological damage in mice with 
DSS‑induced colitis. Colonic mucosal epithelial cells in the 
control group exhibited an intact structure, normal and neatly 
arranged lamina propria glands and normal crypts. By contrast, 
the mucosa of the mice in the DSS group exhibited evident 
acute inflammatory reaction, which was characterized by the 
infiltration of neutrophils and lymphocytes edema, erosion and 
ulcers. However, the damage to the colonic mucosa was alle‑
viated following 5‑AIQ treatment (Fig. 1F). Treatment with 
5‑AIQ significantly lowered the histological score compared 
with the DSS group (Fig. 1E).

5‑AIQ ameliorates the inflammatory response in mice 
DSS‑induced colitis. To evaluate the protective effects of 

Table II. Histological score.

	 Percent of tissue	 Extent of tissue	 Degree of
Score	 damage	 damage	 inflammation	 Extent of crypt damage

0	 None	 None	 None	 None
1	 ≤25%	 Mucosa 	 Slight	 Basal 1/3
2	 ≤50%	 Mucosa and submucosa	 Moderate	 Basal 2/3
3	 ≤75%	 Beyond the submucosa	 Severe	 Only the surface epithelium was intact
4	 100%	 ‑	 ‑	 The entire crypt and epithelium were lost

Table III. PCR primers.

Name	 Primer sequences

β‑actin	 F:	 5'‑CACGATGGAGGGGCCGGACTCATC‑3'
	 R:	5'‑TAAAGACCTCTATGCCAACACAGT‑3'
IL‑1β	 F:	 5'‑TCAGGCAGGCAGTATCACTC‑3'
	 R:	5'‑AGCTCATATGGGTCCGACAG‑3'
TNF‑α	 F:	 5'‑ACCCTCACACTCACAAACCA‑3'
	 R:	5'‑GGCAGAGAGGAGGTTGACTT‑3'
IL‑17	 F:	 5'‑GAAGGCCCTCAGACTACCTC‑3'
	 R:	5'‑CAGCATCTTCTCGACCCTGA‑3'
IL‑10	 F:	 5'‑GCTGGACAACATACTGCTAACCG‑3'
	 R:	5'‑CACAGGGGAGAAATCGATGACAG‑3'
RORγt	 F:	 5'‑CCTGGGCTCCTCGCCTGACC‑3'
	 R:	5'‑TCTCTCTGCCCTCAGCCTTGCC‑3'
Foxp3	 F:	 5'‑GAGAAGCTGAGTGCCATGCA‑3'
	 R:	5'‑GCCACAGATGAAGCCTTGGT‑3'
IL‑6	 F:	 5'‑GTTGCCTTCTTGGGACTGAT‑3'
	 R:	5'‑ATTAAGCCTCCGACTTGTGA‑3'
TGF‑β1	 F:	 5'‑GCTGAGCGCTTTTCTGATCCT‑3'
	 R:	5'‑GAGTGTGCTGCAGGTAGACA‑3'

RORγt, retinoic acid‑related orphan receptor; Foxp3, forkhead box 
protein P3.
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5‑AIQ, RT‑qPCR analysis of pro‑inflammatory cytokines, 
such as IL‑1 and TNF‑α, was performed. Mice exposed 
to DSS exhibited significantly higher levels of TNF‑α and 
IL‑1β compared with controls. By contrast, 5‑AIQ treatment 
significantly attenuated the expression of these cytokines 
(Fig. 2A and B). The levels of NF‑κB p65, phosphorylated 
(p)‑NF‑κB p65 and IκB‑α was further investigated, as NF‑κB 
p65 regulates the production of pro‑inflammatory cytokines. 
Western blot analysis demonstrated that 5‑AIQ inhibited 
p‑NF‑κB p65 expression and suppressed the degradation of 
IκB‑α. Treatment with 5‑AIQ inhibited p‑NF‑κB p65/NF‑κB 
p65 ratios compared with the DSS group (Fig. 2C).

5‑AIQ inhibits Th17 cell production in mice with DSS‑induced 
colitis. The percentage of Th17 cells in the spleen was signifi‑
cantly elevated in mice exposed to DSS compared with normal 
control mice. Notably, 5‑AIQ significantly decreased the 
proportion of Th17 cells (Fig. 3A and B). Moreover, IL‑17A 
expression was decreased in mice with DSS‑induced UC 
treated with 5‑AIQ (Fig. 3C). Subsequently, RORγt expres‑
sion was examined at both the mRNA and protein levels. It 
was found that 5‑AIQ significantly reduced the expression of 
RORγt compared with the DSS group (Fig. 3D and E).

5‑AIQ promotes Treg development in mice with DSS‑induced 
colitis. The percentage of activated Tregs in the spleen was 
significantly increased following 5‑AIQ treatment compared 
with mice with DSS‑induced colitis (Fig. 3F and G). Additionally, 
IL‑10 levels were increased in mice with DSS‑induced colitis 
treated with 5‑AIQ (Fig. 3H). Furthermore, compared with the 
normal mice, Foxp3 expression was also elevated in mice with 
DSS‑induced colitis. As shown by the results of RT‑qPCR 
and western blot analysis, 5‑AIQ significantly upregulated the 
levels of Foxp3 (Fig. 3I and J).

Effects of 5‑AIQ on STAT3 and PARP/NF‑κB pathway acti‑
vation in the colon. The ratios of p‑STAT3/STAT3 were 
significantly upregulated in mice with DSS‑induced colitis. 
Following 5‑AIQ treatment, these ratios were signifi‑
cantly reduced compared with the DSS group (Fig. 4A). 
Furthermore, 5‑AIQ significantly prevented the activation 
of PARP‑1 (Fig.  4A). Thus, these results indicated that 
5‑AIQ can downregulate the STAT3 and PARP/NF‑κB 
pathway in mice with colitis. Moreover, following 5‑AIQ 
treatment, the expression of IL‑6 was significantly reduced 
compared with mice with DSS‑induced colitis (Fig. 4B). 
Additionally, the expression of TGF‑β1 was significantly 

Figure 1. Effects of 5‑AIQ on DSS‑induced colitis in mice. (A) Body weight, (B) body weight loss, (C) disease activity index score, (D) colon length, (E) histo‑
logical scores and (F) hematoxylin and eosin staining images (magnification, x200). The results are presented as the mean ± SD (n=10). *P<0.05 vs. control; 
#P<0.05 vs. DSS group. 5‑AIQ, 5‑aminoisoquinolinone; DSS, dextran sodium sulfate.
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upregulated in the mice with DSS‑induced colitis treated 
with 5‑AIQ (Fig. 4C).

Discussion

PARP is a type of ribozyme closely associated with DNA 
damage repair and gene transcription (28). PARP‑1, the most 
abundant isoform, plays a key role in inflammatory pathways, 
promoting inflammatory responses through the stimulation 
of pro‑inflammatory signal transduction pathways (15). Thus, 
the association between PARP‑1 and inflammatory responses 
has been extensively investigated. Several studies have demon‑
strated that PARP‑1 physically interacts with NF‑κB, one of 
the main pro‑inflammatory transcription factors, leading to the 
activation of inflammatory signaling (29). Recently, research 
conducted on mice revealed PARP‑1 inhibitors exerted protec‑
tive effects against several inflammatory disorders (26,30,31). 
In addition, the number of Tregs increased in multiple organs 
of PARP‑1‑deficient mice (21). Larmonier et al (32) demon‑
strated that the transcriptional reprogramming of the intestines 

of PARP‑1 knockout mice exerted protective effects against 
experimental colitis. Moreover, the protective effects of 5‑AIQ 
on various types of inflammation (20,33‑35) have attracted 
wide attention (23).

5‑AIQ has been reported to exert a protective effect against 
carrageenan‑induced lung inflammation and rheumatoid 
arthritis  (26,35). In a previous study, during severe acute 
pancreatitis‑associated lung injury, 5‑AIQ was shown to 
inhibit the activity of PARP‑1, reduce NF‑κB signaling levels 
and decrease the levels of downstream inflammatory factors, 
such as IL‑1β and IL‑6 to attenuate injury (36). Since 5‑AIQ 
exerts a number of important pharmacological effects and 
has therapeutic benefits, its effects in experimental colitis in 
mice warrant further investigation. In the present study, the 
occult blood test in mice with colitis began to yield positive 
results at 2 to 3 days, and blood in the stool began to appear 
on the 3rd to 4th day, which gradually became more severe. 
In addition, evident anal ulceration in mice with DSS‑induced 
colitis was observed. However, 5‑AIQ reversed these effects, 
and the DAI score was significantly lower following treatment 

Figure 2. Expression of IL‑1β, TNF‑α, IκB‑α, NF‑κB p65 and phospho‑NF‑κB p65 in colonic tissues. The mRNA levels of (A) IL‑1β and (B) TNF‑α were 
measured by reverse transcription‑quantitative PCR. (C) The expression levels of IκB‑α, NF‑κB p65 and phospho‑NF‑κB p65 were measured by western 
blot analysis. GAPDH was used as an internal control for grayscale analyses. The results are presented as the mean ± SD (n=10). *P<0.05 vs. control; 
#P<0.05 vs. DSS group. 5‑AIQ, 5‑aminoisoquinolinone; DSS, dextran sodium sulfate; phospho, phosphorylated.
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with 5‑AIQ. Simultaneously, 5‑AIQ intervention reduced 
weight loss, maintained the colon length and attenuated 
histological damage to the colon tissue. Thus, several lines of 
observations support the pharmacological action of 5‑AIQ in 
experimental colitis.

NF‑κB is a key regulatory point in downstream inflamma‑
tory cytokines activated by PARP‑1 (29). It is generally known 

that the abnormal activation of intestinal inflammatory cyto‑
kines is an important mechanism of the pathogenesis of UC, 
and the imbalance in the secretion of these cytokines lies in 
the abnormal activation of NF‑κB, which regulates their gene 
transcription (37). In addition, NF‑κB is highly expressed in the 
intestinal mucosa in UC and is significant for disease evalua‑
tion and judgement of treatment effects (38). Therefore, NF‑κB 

Figure 3. Detection of the frequency of Th17 and Treg cells in the spleen. (A) Flow cytometry and (B) mean averages of the frequency of Th17 cells in the 
spleen. (C) RT‑qPCR analysis of IL‑17 A expression. (D) Western blot and (E) RT‑qPCR analysis of RORγt expression. (F) Flow cytometry and (G) mean 
averages of the frequency of Treg cells in the spleen. (H) RT‑qPCR analysis of IL‑10 expression. (I) Western blot and (J) RT‑qPCR analysis of Foxp3 expres‑
sion. GAPDH was used as an internal control for grayscale analyses. The results are presented as the mean ± SD (n=10). *P<0.05 vs. control; #P<0.05 vs. DSS 
group. 5‑AIQ, 5‑aminoisoquinolinone; DSS, dextran sodium sulfate; RT‑qPCR. reverse transcription‑quantitative PCR; Foxp3, forkhead box protein P3; 
PE, phycoerythrin; Treg, regulatory T cells; Th17, T helper 17 cells.
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activation is one of the key factors involved in the development 
of UC. To elucidate the molecular mechanisms of 5‑AIQ in 
improving the inflammatory pathology of UC, the present 
study evaluated the effects of 5‑AIQ on the expression of key 
molecules (IκB‑α and NF‑κB p65) in the NF‑κB signaling 
pathway. IκB/NF‑κB is one of the most classic signaling path‑
ways, with IκB being an inhibitory protein. Activated NF‑κB 
can translocate to the nucleus, where it can activate or inhibit 
the transcription of various target genes, such as IL‑1β, IL‑6 
and TNF‑α (39). Subsequently, the inflammatory process can 
be amplified and sustained, thereby damaging the intestinal 
mucosa, ultimately leading to the occurrence of UC (39,40). 
Therefore, the levels of IL‑1β, TNF‑α, IκB‑α, NF‑κB p65, and 
p‑NF‑κB p65 are worthy of observation. Following interven‑
tion with 5‑AIQ, the present study observed an increase in 
the expression of IκB‑α in the colon, while the levels of the 
other aforementioned parameters were all decreased. Based 
on these findings, not only does 5‑AIQ treatment reduce the 
recruitment of pro‑inflammatory factors to the colon and the 
production of pro‑inflammatory mediators, but it also results 
in a reduction in overall inflammation and colonic injury.

An abnormal intestinal mucosal immune system is a key 
factor in the pathogenesis of UC (41). Moreover, the activation 
of effector T cells is the starting point for intestinal mucosal 
immunity and subsequent inflammation  (42,43). Following 
inflammation, naïve T cells differentiate into various subsets, 
such as Th17 and Treg cells (44). A study suggested that the 
imbalance of these cells is essential for the pathogenesis of 
UC (45). The transcription factor Foxp3 expressed by Tregs acts 
decisively in maintaining Treg cell maturation and controlling 
inflammatory processes (46). Furthermore, the transcription 
factor RORγt controls the development and function of Th17 
cells (46,47). Th17 cells in patients with UC are mainly concen‑
trated in the lamina propria of the colon and secrete IL‑17, which 
mediates the local infiltration of inflammatory cells, resulting in 
intestinal mucosal tissue damage (7). A study indicated that zinc 
deficiency activates the IL‑23/Th17 axis, aggravating experi‑
mental colitis in mice (48). In addition, in a model of colitis, 
the transplantation of defined microbial flora has been shown 
to restore the balance of Th17/Tregs (49). Moreover, studies 
have confirmed that both Compound Sophorae Decoction 
and Rhubarb Peony Decoction exert protective effects against 

Figure 4. Expression of STAT3, phospho‑STAT3, PARP‑1, IL‑6 and TGF‑β1 in colonic tissues. (A) The protein levels of STAT3, phospho‑STAT3 and PARP‑1 
were measured by western blot analysis. GAPDH was used as an internal control for grayscale analyses. (B and C) The mRNA levels of IL‑6 and TGF‑β1 
were measured by RT‑qPCR. The results are presented as the means ± SD (n=10). *P<0.05 vs. control; #P<0.05 vs. DSS group.5‑AIQ, 5‑aminoisoquinolinone; 
DSS, dextran sodium sulfate.
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DSS‑induced colitis in mice, and the mechanisms are related 
to the regulation of the Th17/Treg balance (50,51). Therefore, 
maintaining the Treg/Th17 balance may provide a treatment 
strategy for DSS‑induced UC. In the present study, the results 
revealed that intervention with 5‑AIQ reduced the production of 
Th17 cells and upregulated the proportion of Tregs. In addition, 
the imbalance between the two was restored. Furthermore, the 
results revealed that 5‑AIQ inhibited the expression of RORγt, 
which led to a significant reduction in IL‑17 secretion. Compared 
with mice with DSS‑induced colitis, 5‑AIQ upregulated the 
expression of IL‑10 by increasing Foxp3 production.

The critical role of IL‑6/STAT3 and NF‑κB signaling has 
been well‑established in recent years and is considered as a 
primary target in the treatment of colonic inflammation (52). 
The IL‑6/STAT3 pathway exerts potent anti‑apoptotic effects on 
T cells in colonic inflammation (53). It has been demonstrated 
that the cytokine TGF‑β1 exerts anti‑inflammatory effects, and 
a high concentration of this cytokine can result in Treg cell 
differentiation (54). However, when naïve T cells are exposed to 
a high concentration of IL‑6 and a low concentration of TGF‑β1, 
the specific transcription factor RORγt of Th17 cells is activated 
via the STAT3 pathway, and naïve T cells then differentiate into 
Th17 cells (55). A recent study indicated that the maintenance 
of Th17 cells requires a continuous IL‑6 signal, which is signifi‑
cant for the treatment of Th17‑mediated diseases (12). It was 
also demonstrated that STAT3 and NF‑κB cooperatively regu‑
late the expression of several gene products (56). In addition, 
the PARP‑1/NF‑κB interaction contributes to the development 
of inflammation (29). It is worth noting that the lack of PARP‑1 
inhibits the activation of NF‑κB and leads to the suppression of 
innate immunity (57). In the T cell immune response, PARP‑1 
controls the immunosuppressive function of Tregs by destabi‑
lizing Foxp3 (58). In the present study, it was found that the levels 
of PARP‑1 and phosphorylated STAT3 decreased following 
intervention with 5‑AIQ. Therefore, the present study further 
quantified indicators, such as IL‑6 and TGF‑β1. Of particular 
interest is that the concentration of IL‑6 decreased in mice with 
DSS‑induced colitis treated with 5‑AIQ. 5‑AIQ upregulated the 
expression of TGF‑β1 by inhibiting PARP‑1 and NF‑κB produc‑
tion, compared with the DSS group.

In conclusion, the present study indicated that 5‑AIQ 
exerts a pharmacologically protective effect against acute 
experimental colitis in mice, and the mechanisms are related 
to regulating the balance between Th17 and Tregs, as well as 
inhibition of PARP‑1/NF‑κB and STAT3 signaling. Therefore, 
5‑AIQ, an inhibitor of PARP‑1, may prove to be a novel thera‑
peutic agent for UC.
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