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Abstract. The present study aimed to investigate the role 
and potential mechanism of action of tofacitinib (Tofa) in 
intestinal ischemia/reperfusion (I/R) injury. The normal 
rat small intestine epithelial cell line, IEC‑6, was used to 
establish an I/R injury model by inducing oxygen‑glucose 
deprivation/reoxygenation (OGD/R). Cells were divided into 
the following five groups: Control, OGD/R, OGD/R with 50, 
100 and 200 nM Tofa. Following Tofa administration, cell 
viability was measured using Cell Counting Kit‑8 assay and 
a lactate dehydrogenase detection kit. The expression levels of 
cell apoptosis‑related proteins, Bcl‑2, cleaved‑caspase‑3 and 
cleaved‑caspase‑9 were detected using western blot analysis. 
Additionally, the levels of oxidative stress‑related markers, 
such as reactive oxygen species (ROS), malondialdehyde 
(MDA) and superoxide dismutase (SOD), and inflammatory 
cytokines, TNF‑α, IL‑6 and IL‑1β were assessed using the 
colorimetric method. Western blot analysis was also used to 
measure the expression levels of the Janus kinase (JAK)/STAT3 
signaling pathway‑related proteins, including phosphorylated 
(p)‑JAK1, p‑JAK3 and p‑STAT3. Subsequently, colivelin, an 
agonist of the JAK/STAT3 pathway, was used to investigate 
whether the effects of Tofa on intestinal I/R injury were 
mediated by this signaling pathway. The results showed that 
Tofa dose‑dependently elevated cell viability compared with 
that in the OGD/R group. By contrast, Tofa attenuated cell 
apoptosis, which was coupled with upregulated Bcl‑2 expres‑
sion, downregulated cleaved‑caspase‑3 and downregulated 
cleaved‑caspase‑9 levels, in OGD/R‑induced IEC‑6 cells. 
Furthermore, the contents of ROS and MDA were significantly 

increased following exposure to OGD/R, which were accom‑
panied by the decreased activity of SOD. These effects were 
reversed following cell treatment with Tofa. Consistently, 
Tofa intervention reduced the secretion levels of TNF‑α, IL‑6 
and IL‑1β in a dose‑dependent manner. Additionally, Tofa 
markedly downregulated the phosphorylation levels of JAK1, 
JAK3 and STAT3 in OGD/R‑induced IEC‑6 cells. However, 
treatment with colivelin markedly reversed the inhibitory 
effects of Tofa on cell viability, cell apoptosis, oxidative stress 
and inflammation. Overall, the findings of the present study 
suggested that Tofa could protect against intestinal I/R injury 
by inhibiting the JAK/STAT3 signaling pathway, which may 
hold promise as a therapeutic agent for intestinal I/R injury.

Introduction

The small intestinal mucosa functions as a protective barrier 
against various environmental stimuli and is considered to 
be the most sensitive and vulnerable site of ischemia/reper‑
fusion (I/R) injury (1). Intestinal I/R injury typically occurs 
after acute mesenteric ischemia, small bowel volvulus, major 
surgical procedures, hemorrhagic shock and sepsis (2,3). The 
development of intestinal I/R is associated with intestinal 
mucosa injury, serious impairment of the local microvas‑
culature, increased vascular and mucosal permeability and 
multiple organ failure, all of which contribute to increasing 
the risk of mortality  (4,5). To date, although significant 
improvements have been achieved in medical and surgical 
techniques, including hyperbaric oxygen treatment, ulinastatin 
and sodium pyruvate intravenous resuscitation combined with 
abdominal resuscitation, intestinal I/R injury remains to be a 
serious clinical challenge (6‑8).   

A growing body of evidence has shown that the oxidative 
stress response, inflammation and cell apoptosis are involved in 
the progression of intestinal I/R, which can lead to the disrup‑
tion of the intestinal barrier and distant organ injury (9,10). 
Previous studies have proposed that I/R‑induced production of 
reactive oxygen species (ROS) and apoptosis can cause damage 
to DNA and other cellular biomolecules, such as proteins and 
saccharides (11‑13). In addition, activation of inflammation 
induced by ROS, which releases inflammatory cytokines and 
oxygen‑derived free radicals, can aggravate intestinal injury 
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further (14,15). It has been reported that tofacitinib (Tofa), 
an oral small‑molecule Janus kinase  (JAK) inhibitor, is a 
potentially effective inductive therapeutic option for patients 
with moderate‑to‑severe ulcerative colitis (16). Additionally, 
Tofa was found to inhibit T‑cell homing and activation during 
chronic intestinal inflammation in an experimental mouse 
colitis model (17), whereas another study revealed that Tofa 
could rescue human intestinal epithelial cells and colonoids 
from interferon‑γ‑induced barrier dysfunction  (18). Tofa 
has also been shown to suppress the activities of all JAKs, 
particularly JAK1 and JAK3 in mammalian inflammatory 
bowel disease (19,20). JAK1 and JAK3 can activate STATs by 
phosphorylation (21). An increasing number of studies have 
suggested that the JAK/STAT signaling is involved in the 
pathogenesis of tissue and organ I/R injury, including intes‑
tinal I/R injury (22‑24). Therefore, the present study aimed to 
investigate the role of Tofa and its possible regulatory effects 
on the JAK/STAT signaling pathway in intestinal I/R injury.

In the present study, an oxygen‑glucose depriva‑
tion/reoxygenation (OGD/R)‑induced normal rat small 
intestinal epithelial cell model was established to simulate the 
physiological environment of intestinal I/R injury. The effects 
of Tofa on oxidative stress, inflammation and apoptosis caused 
by OGD/R‑induced intestinal I/R injury were investigated 
and the regulatory mechanisms associated with JAK/STAT3 
signaling pathway were explored.

Materials and methods

Cell culture and treatment. The normal rat small intestinal 
epithelial cell line, IEC‑6, was obtained from the American Type 
Culture Collection. Cells were routinely cultured in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% 
FBS (Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO2 incu‑
bator at 37˚C. Tofa was purchased from Selleckchem. Tofa was 
dissolved in 100% dimethyl sulfoxide (DMSO; Sigma‑Aldrich, 
Merck KGaA) to a stock concentration of 10 mM and stored 
at ‑20˚C until use as the vehicle. For 50, 100 and 200 nM Tofa 
concentrations, the stock was diluted using DMEM. After 
reaching 80% confluence, cells were pretreated with 0.5 µM 
colivelin (Shanghai Aladdin Biochemical Technology Co., 
Ltd.) for 6 h at 37˚C and were then incubated in the presence 
of different doses of Tofa (50, 100 or 200 nM) for an additional 
24 h 37˚C. Colivelin, an agonist of the JAK/STAT3 pathway, 
was used to investigate whether the effects of Tofa on intestinal 
I/R injury were mediated by this signaling pathway (25).

Construction of the OGD/R model. Briefly, IEC‑6 cells were 
first grown under normal conditions until they reached 80% 
confluence. Subsequently, the DMEM was replaced with 
D‑Hanks buffer (Sigma‑Aldrich; Merck KGaA) and cells 
were incubated in a modular incubator chamber filled with a 
95% N2 and 5% CO2 gas mixture for 4 h at 37˚C. The medium 
was then changed back to DMEM supplemented with 10% 
FBS and cells were reoxygenated for 4 h. Control cells were 
not deprived of oxygen and glucose and were maintained in 
complete DMEM in a fully oxygenated environment.

Cell viability assay and lactate dehydrogenase (LDH) 
detection. Cell viability was assessed using a Cell Counting 

Kit‑8 (CCK‑8) reagent (Shanghai YiSheng Biotechnology 
Co., Ltd.) according to manufacturer's protocol. Briefly, 3x103 
IEC‑6 cells were plated into 96‑well culture plates. At the indi‑
cated time, 10 µl CCK‑8 solution was added into each well and 
cells were incubated at 37˚C for 2 h. The absorbance values 
in each well were recorded at a wavelength of 450 nm using a 
microplate reader (Bio‑Rad Laboratories, Inc.).

Furthermore, cell death was evaluated by measuring the 
activity of LDH in the supernatant using a LDH assay kit (cat. 
no. A020‑2‑2; Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's instructions.

Detection of intracellular ROS. The production of intracel‑
lular ROS in IEC‑6 cells was detected utilizing a ROS assay 
kit (cat. no. S0033; Beyotime Institute of Biotechnology) with 
cell‑permeable 2',7'‑dichlorodihydrofluorescein diacetate 
(DCFH‑DA), according to the manufacturer's protocol. Briefly, 
following OGD/R induction, cells were stained with DCFH‑DA 
(10 µmol/l) and DAPI (1 µg/l) for 15 min in the dark at 37˚C. The 
fluorescence intensity of ROS was measured under a confocal 
microscope (magnification, x200; Olympus Corporation) using 
the excitation and emission wavelengths of 488 and 530 nm, 
respectively. ROS activity was quantified using ImageJ software 
(version 1.45; National Institutes of Health).

Measurement of oxidative stress‑related factors. Following 
cell treatment, the content of malondialdehyde (MDA; cat. 
no.  A003‑4‑1) and the activity of superoxide dismutase 
(SOD; cat. no. A001‑3‑2) in the culture media were detected 
using commercially available kits according to the protocols 
provided by the supplier (Nanjing Jiancheng Bioengineering 
Institute).

Determination of the secretion levels of inflammatory factors. 
After the end of the reoxygenation stage, the culture super‑
natants were collected. The concentration of inflammatory 
cytokines TNF‑α (cat. no. F16960), IL‑6 (cat. no. F15870) 
and IL‑1β (cat. no. F15810), was determined using ELISA 
according to the manufacturer's protocol (Shanghai Xitang 
Biotechnology Co., Ltd.). Briefly, the treated cells were 
harvested by centrifugation at 4˚C, 12,000 x g for 10 min. The 
supernatant was then collected and plated into ELISA micro‑
plates to measure the absorbance of each well at a wavelength 
of 450 nm using an automatic microplate reader (Syngene).

Western blot analysis. Following treatment, IEC‑6 cells were 
harvested and the cellular lysates were extracted with RIPA 
lysis buffer (Beyotime Institute of Biotechnology). The protein 
concentration in each group was measured using a BCA 
Protein Assay Kit (Beyotime Institute of Biotechnology). The 
proteins (40  µg/lane) were separated by 10% SDS‑PAGE 
and were then transferred onto nitrocellulose membranes 
(Merck KGaA). Following incubation with 5% non‑fat milk 
for 1 h at room temperature, the membranes were probed with 
the following primary antibodies overnight at 4˚C: Anti‑Bcl‑2 
(1:1,000; cat. no.  sc‑7382; Santa Cruz Biotechnology, Inc.), 
anti‑cleaved caspase‑3 (1:1,000; cat. no. 9664T; Cell Signaling 
Technology, Inc.), anti‑caspase‑3 (1:1,000; cat. no. 9662S; Cell 
Signaling Technology, Inc.), anti‑cleaved caspase‑9 (1:1,000; 
cat. no. 20750S; Cell Signaling Technology, Inc.), anti‑caspase‑9 
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(1:1,000; cat. no.  9508T; Cell Signaling Technology, Inc.), 
anti‑phosphorylated (p)‑STAT3 (1:1,000; cat. no. 9145S; Cell 
Signaling Technology, Inc.), anti‑STAT3 (1:1,000; cat. no. 4904T; 
Cell Signaling Technology, Inc.), anti‑GAPDH (1:1,000; cat. 
no. 5174T; Cell Signaling Technology, Inc.), anti‑p‑JAK1 (1:1,000; 
cat. no. ab138005; Abcam), anti‑JAK1 (1:1,000; cat. no. ab47435; 
Abcam), anti‑p‑JAK3 (1:1,000; cat. no.  ab278789; Abcam) 
and anti‑JAK3 (1:1,000; cat. no. ab45141; Abcam). Following 
primary incubation, the membranes were incubated with the 
corresponding secondary antibody conjugated with horseradish 
peroxidase (1:3,000; cat. no. 7074S; Cell Signaling Technology, 
Inc.) for 1 h at room temperature. The protein bands were visual‑
ized with using enhanced chemiluminescence substrate (Pierce; 
Thermo Fisher. Scientific, Inc.) in a chemiluminescence imaging 
equipment (Ultra‑Lum, Inc.). Band intensity was semi‑quantified 
via the ImageJ software (version 1.45; National Institutes of 
Health). GAPDH served as an internal control for normalization.

Statistical analysis. All experiments were repeated three times 
and the measurement data are expressed as the mean ± SD. 
Data management and analysis were performed using the 
GraphPad Prism software (version 6.0; GraphPad Software, 
Inc.). Comparisons between two groups were conducted by 
an unpaired Student's t‑test. One‑way analysis of variance 
followed by Tukey's post hoc test was applied to compare 
differences among multiple groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Tofa treatment enhances the viability and attenuates 
apoptosis of OGD/R‑induced IEC‑6 cells. Firstly, IEC‑6 cell 
viability was evaluated using a CCK‑8 kit after treatment with 
Tofa (50, 100 and 200 nM) for 24, 48 and 72 h. As shown 
in Fig. 1A, none of the doses of Tofa exerted significant effects 

Figure 1. Tofa enhances viability and attenuates apoptosis in OGD/R‑induced IEC‑6 cells. (A) CCK‑8 assay was used to detect IEC‑6 cell viability after 
treatment with different doses of Tofa for 12, 24, 48 and 72 h. **P<0.01 and ***P<0.001 vs. Control. (B) Cell viability was assessed by CCK‑8 assay after 
treatment with different doses of Tofa for 24 h in OGD/R‑induced IEC‑6 cells. (C) LDH activity in the culture supernatant was measured using an LDH 
assay kit. (D) Western blot analysis was applied to detect the expression levels of apoptosis‑related proteins. ***P<0.001 vs. Control. #P<0.05; ##P<0.01 and 
###P<0.001 vs. OGD/R. Tofa, tofacitinib; OGD/R, oxygen‑glucose deprivation/reoxygenation; LDH, lactate dehydrogenase; CCK‑8, Cell Counting Kit‑8.

https://www.spandidos-publications.com/10.3892/etm.2021.10542


YANG  and  XIE:  EFFECTS OF TOFACITINIB ON INTESTINAL ISCHEMIA/REPERFUSION INJURY4

on cell viability after Tofa treatment for 12 and 24 h. However, 
100 and 200 nM Tofa intervention for 48 h, in addition to 50, 100 
and 200 nM Tofa treatment for 72 h, significantly decreased cell 
viability compared with that in the Control group. Therefore, 
treatment of IEC‑6 cells with 50, 100 and 200 nM for 24 h 
was chosen to be the regimen used for subsequent analyzes. 
Following Tofa preconditioning in IEC‑6 cells exposed to 
OGD/R, cell viability was assessed using CCK‑8 assay. As 
shown in Fig. 1B, OGD/R challenge significantly attenuated 
cell viability compared with that in the untreated control 
group. By contrast, Tofa treatment dose‑dependently elevated 
IEC‑6 cell viability compared with that in the OGD/R group. 
Additionally, compared with that in the OGD/R‑induced group, 
cell treatment with 100 and 200 nM Tofa markedly reduced the 
activity of LDH in the culture supernatant (Fig. 1C). According 
to Fig. 1D, the expression levels of Bcl‑2 were significantly 
downregulated, whilst those of cleaved‑caspase‑3/9 were 
significantly upregulated, in the OGD/R group compared with 
those in the control group. However, these effects aforemen‑
tioned were markedly reversed following Tofa pretreatment 

in a dose‑dependent manner (Fig. 1D). These findings suggest 
that Tofa treatment can enhance cell viability whilst inhibiting 
apoptosis in OGD/R‑induced IEC‑6 cells.

Tofa treatment alleviates oxidative stress and inflammation 
in OGD/R‑treated IEC‑6 cells. To investigate the effects of 
Tofa on oxidative stress in OGD/R‑treated IEC‑6 cells, the 
production of intracellular ROS was measured. The results 
demonstrated that exposure to OGD/R significantly increased 
the intracellular production of ROS compared with that in the 
control group, whereas Tofa intervention dose‑dependently and 
significantly decreased ROS levels in OGD/R‑treated IEC‑6 
cells (Fig. 2A and B). Consistently, the content of MDA was also 
significantly enhanced after OGD/R challenge, accompanied 
by significantly reduced SOD activity, compared with those in 
the control group (Fig. 2C and D). However, these effects were 
dose‑dependently reversed following treatment with Tofa. 
Furthermore, Tofa dose‑dependently reversed the significant 
inflammatory responses in IEC‑6 cells induced by OGD/R, 
as indicated by the significantly decreased concentrations of 

Figure 2. Tofa treatment attenuates oxidative stress and inflammation in IEC‑6 cells that were exposed to OGD/R. (A) Intracellular ROS production was 
measured using 2',7'‑dichlorodihydrofluorescein diacetate as a fluorescence probe, (B) which was quantified. Magnification, x200. (C) MDA content and 
(D) SOD activity were assessed in the cell culture supernatant by corresponding MDA and SOD assay kits. Secretion levels of inflammatory factors, namely 
(E) TNF‑α, (F) IL‑6 and (G) IL‑1β, were measured using ELISA. ***P<0.001 vs. Control; #P<0.05, ##P<0.01 and ###P<0.001 vs. OGD/R. Tofa, tofacitinib; 
OGD/R, oxygen‑glucose deprivation/reoxygenation; ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase.
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TNF‑α, IL‑6 and IL‑1β (Fig. 2E‑G). These findings suggest 
that Tofa exert inhibitory effects on OGD/R‑induced oxidative 
stress and inflammation in IEC‑6 cells.

Tofa preconditioning inhibits JAK/STAT3 signaling in 
OGD/R‑stimulated IEC‑6 cells. To investigate the potential 
mechanism of Tofa in OGD/R‑induced IEC‑6 cells, the 
expression levels of the JAK/STAT3 signaling pathway‑related 
proteins were detected by the means of western blot analysis. 
OGD/R challenge significantly upregulated the levels of 
phosphorylated (p)‑JAK1, p‑JAK3 and p‑STAT3 compared 
with those in the control group (Fig. 3). By contrast, Tofa treat‑
ment dose‑dependently and significantly downregulated the 
phosphorylation of JAK1, JAK3 and STAT3 compared with 
those in the OGD/R group (Fig. 3). These findings suggest 
that Tofa can inhibit the JAK/STAT3 signaling pathway in 
OGD/R‑induced IEC‑6 cells.

Activation of JAK/STAT3 signaling rescues the inhibitory 
effects of Tofa on OGD/R‑induced IEC‑6 cell injury. To 

verify the importance of the JAK/STAT3 pathway for the 
protective effects of Tofa on OGD/R‑induced IEC‑6 cell 
injury, cells were treated with colivelin, an agonist of the 
JAK/STAT3 pathway (25). As shown in Fig. 4A, colivelin 
significantly abrogated the therapeutic effects of Tofa on 
cell viability after exposure to OGD/R. Additionally, signifi‑
cantly enhanced LDH activity was observed in the OGD/R 
+ Tofa + colivelin group compared with that in the OGD/R 
+ Tofa + vehicle group (Fig. 4B). Colivelin also significantly 
reversed the effects of Tofa on the expression of Bcl‑2, cleaved 
caspase‑3 and cleaved caspase‑9 in OGD/R‑induced IEC‑6 
cells (Fig. 4C).

Subsequently, the contents of ROS and MDA were 
significantly enhanced after colivelin treatment, which was 
also accompanied by the significantly decreased activity 
of the antioxidant enzyme SOD, compared with those in 
the OGD/R + Tofa + vehicle group (Fig. 5A‑D). In addition, 
colivelin partially but significantly counteracted the inhibitory 
effects of Tofa on the secretion levels of TNF‑α, IL‑6 and 
IL‑1β (Fig. 5E‑G).

Figure 3. Tofa preconditioning inhibits JAK/STAT3 signaling in OGD/R‑induced IEC‑6 cells. The expression levels of JAK/STAT3 signaling pathway‑related 
proteins were determined by western blot analysis. ***P<0.001 vs. Control; ##P<0.01 and ###P<0.001 vs. OGD/R. Tofa, tofacitinib; JAK, Janus kinase; 
OGD/R, oxygen‑glucose deprivation/reoxygenation; p‑, phosphorylated.
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Consistent with the aforementioned observations, colivelin 
significantly upregulated the protein phosphorylation of JAK1, 
JAK3 and STAT3 (Fig. 6). Overall, these data suggest that the 
activation of JAK/STAT3 signaling could negate the effects of 
Tofa on OGD/R‑induced IEC‑6 cell injury.

Discussion

Intestinal I/R injury caused by the clamping of the superior 
mesenteric artery is a common life‑threatening complication 
that can be observed in multiple clinical conditions, such as 

Figure 4. Activation of JAK/STAT3 signaling reverses the inhibitory effects of Tofa on OGD/R‑induced IEC‑6 cell apoptosis. (A) Cell viability was assessed 
using Cell Counting Kit‑8 assay in OGD/R‑induced IEC‑6 cell apoptosis in the presence or absence of Tofa (200 nM) and colivelin (0.5 µM). (B) LDH 
activity in the culture supernatant was determined using an LDH assay kit. (C) Western blot analysis was performed to determine the expression levels 
of apoptosis‑related proteins. ***P<0.001 vs. Control; ###P<0.001 vs. OGD/R; ΔΔP<0.01 and ΔΔΔP<0.001 vs. OGD/R + Tofa + vehicle. JAK, Janus kinase; 
Tofa, tofacitinib; OGD/R, oxygen‑glucose deprivation/reoxygenation; LDH, lactate dehydrogenase.
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small intestinal volvulus, acute mesenteric ischemia, shock and 
trauma (26). The present study provided useful findings using 
an OGD/R IEC‑6 cell model to simulate the physiological 
environment during intestinal I/R injury. The results demon‑
strated that Tofa preconditioning exerted protective effects on 
apoptosis, oxidative stress and inflammation in IEC‑6 cells in 
a dose‑dependent manner during OGD/R. Mechanically, the 
aforementioned beneficial effects of Tofa were partially abro‑
gated by the agonist of the JAK/STAT3 pathway.

A growing body of evidence suggests that intestinal I/R 
injury is characterized by disruption of the mucosal barrier, 
which may result in systemic inf lammatory response 
syndrome and multiple organ failure (27‑29). Apoptosis is 
a major mechanism of mucosal epithelial cell death during 
intestinal I/R‑induced destruction of the intestinal epithelial 

barrier  (30). Consistent with the results of the present 
study, a previous study demonstrated that OGD/R chal‑
lenge markedly enhanced the apoptosis of IEC‑6 cells (31). 
Additionally, intestinal I/R injury is caused by oxidative 
damage due to the imbalance in oxidation and antioxida‑
tion in ischemic tissues and cells, such that ROS cannot 
be removed efficiently after blood supply is restored (32). 
MDA represents one of the end products of lipid peroxi‑
dation and is an oxidative stress marker, whereas SOD is 
a crucial antioxidant enzyme that is part of the defense 
system against oxidative stress and can protect intestinal 
epithelial cells against ROS‑induced cell death  (33,34). 
Tofa has been reported to inhibit the production of ROS 
triggered by oxidized low‑density lipoprotein in cultured 
primary human aortic endothelial cells (35). In the present 

Figure 5. Activation of the JAK/STAT3 signaling reverses the inhibitory effects of Tofa on oxidative stress and inflammation in OGD/R‑induced IEC‑6 cells. 
(A) The levels of ROS were measured using 2',7'‑dichlorodihydrofluorescein diacetate as a fluorescence probe, (B) which were quantified in OGD/R‑induced 
IEC‑6 cell apoptosis in the presence or absence of Tofa (200 nM) and colivelin (0.5 µM). Magnification, x200. The activity of (C) SOD and (D) the content of 
MDA in the cell culture supernatant were measured using corresponding MDA and SOD assay kits. ELISA was used to measure the concentration of (E) TNF‑α, 
(F) IL‑6 and (G) IL‑1β. ***P<0.001 vs. Control; ###P<0.001 vs. OGD/R; ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001 vs. OGD/R + Tofa + vehicle. JAK, Janus kinase; 
Tofa, tofacitinib; OGD/R, oxygen‑glucose deprivation/reoxygenation; ROS, reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde.
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study, Tofa alleviated oxidative stress in OGD/R‑induced 
intestinal epithelial cells, as indicated by the reduced levels 
of ROS and MDA and enhanced activity of SOD, which 
were in accordance with previous studies (15,36). Emerging 
evidence has suggested that the predominant cause of intes‑
tinal I/R damage is the excessive release of inflammatory 
factors (14,37). In addition, it has been reported that during 
intestinal I/R, the levels of proinflammatory cytokines, 
including TNF‑α, IL‑6 and IL‑1β, are notably enhanced, 
which contribute to the induction of the systemic inflamma‑
tory response and even damage of distant organs (38). Tofa 
is a well‑known small‑molecule JAK inhibitor that has been 
approved for the treatment of rheumatoid arthritis  (39). 
Furthermore, Tofa is recommended for the treatment of 
adult ulcerative colitis, which is a type of inflammatory 

bowel disease (40). Tofa can suppress T‑cell homing and 
activation during chronic intestinal inflammation (17) and 
rescue human intestinal epithelial cells and colonoids from 
cytokine‑induced barrier dysfunction  (18). The present 
study revealed that Tofa could dose‑dependently alleviate 
OGD/R‑induced IEC‑6 cell damage, suggesting the poten‑
tial use of Tofa for treating intestinal I/R injury.

The present study also investigated the role of the 
JAK/STAT3 signaling in the protective effects of Tofa on 
OGD/R‑induced IEC‑6 cell injury. To the best of our knowl‑
edge, Tofa is a well‑known small‑molecule JAK inhibitor, 
which inhibits all JAKs, particularly JAK1 and JAK3 (19,20). 
JAK1 and JAK3 activate STATs by phosphorylation (21). It 
has been previously reported that JAK/STAT signaling is 
involved in several important cellular processes, including cell 

Figure 6. Colivelin treatment activates the JAK/STAT3 signaling pathway in OGD/R‑induced IEC‑6 cells. Western blotting was used to determine the expression 
levels of the JAK/STAT3 signaling pathway‑related proteins in OGD/R‑induced IEC‑6 cell apoptosis in the presence or absence of Tofa (200 nM) and colivelin 
(0.5 µM). ***P<0.001 vs. Control; ###P<0.001 vs. OGD/R; ΔP<0.05 and ΔΔΔP<0.001 vs. OGD/R + Tofa + vehicle. JAK, Janus kinase; OGD/R, oxygen‑glucose 
deprivation/reoxygenation; Tofa, tofacitinib; p‑, phosphorylated.
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proliferation, migration, apoptosis and inflammation (41‑43). 
A number of studies have suggested that JAK/STAT signaling 
is involved in the pathogenesis of tissue and organ I/R injury, 
including intestinal I/R injury  (22‑24). By inactivating 
JAK/STAT3 signaling, dexmedetomidine was shown to 
inhibit the apoptosis of astrocytes induced by OGD/R (44). 
Fish oils have also been found to provide protection against 
cecal ligation and puncture‑induced septic acute kidney injury 
by regulating inflammation, oxidative stress and apoptosis by 
suppressing JAK/STAT3 signaling (45). The present study 
suggests that Tofa can dose‑dependently downregulate the 
phosphorylation and therefore activation of JAK1, JAK2 and 
STAT3 in IEC‑6 cells under OGD/R conditions. Importantly, 
colivelin, which is a JAK activator, partially counteracted the 
beneficial effects of Tofa on OGD/R‑induced IEC‑6 cell injury.

To conclude, to the best of our knowledge, the present study 
was the first to demonstrate that Tofa exerted anti‑apoptotic, 
antioxidant and anti‑inflammatory effects during intestinal 
I/R injury in vitro by inactivating the JAK/STAT3 signaling 
pathway. This suggests that Tofa may be a promising candi‑
date for the treatment and prevention of intestinal I/R injury 
in the clinic. However, the lack of in vivo experiments using an 
intestinal I/R injury animal model is a limitation of the present 
study. Therefore, further intestinal I/R animal experiments to 
explore the potential effects of Tofa on I/R‑induced intestinal 
damage should be performed in future studies to support the 
present conclusions.
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