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Abstract 

The destruction of intestinal mucosal mechanical barrier homeostasis caused by 

excessive apoptosis of intestinal epithelial cells (IECs) is an important reason for the 

occurrence and development of ulcerative colitis (UC). The increase in mitochon-

drial membrane permeability caused by the opening of the mitochondrial membrane 

permeability transition pore (mPTP) is a key link in the initiation of mitochondrial 

pathway apoptosis. Our previous studies revealed that heat shock transcription factor 

2 (HSF2), which is highly expressed in the intestinal mucosa of UC patients, can 

inhibit the expression of the cytochrome C (Cyto-C)/Caspase-9/Caspase-3 proteins 

in the mitochondrial pathway of apoptosis, but the regulatory mechanism is unknown. 

It has been reported that heat shock proteins regulated by heat shock transcription 

factors are closely related to mPTP opening. Therefore, we hypothesized that HSF2 

affects mitochondrial pathway apoptosis in IECs by regulating mPTP opening. In 

this study, we altered the level of HSF2 in Caco-2 cells by lentivirus transfection to 

explore the changes in the mitochondrial membrane permeability of Caco-2 cells in 

an inflammatory environment. Subsequently, the mPTP agonist atractylorhizin (Atr) 

and inhibitor cyclosporine A (CsA) were used to clarify the regulatory effects of HSF2 

on mPTP and the Cyto-C/Caspase-9/Caspase-3 pathways. Our study confirmed 

for the first time that HSF2 plays a protective role in UC by inhibiting mPTP open-

ing, the increase in mitochondrial membrane permeability and the activation of the 

mitochondrial-mediated apoptosis pathway in IECs.
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Introduction

Ulcerative colitis (UC) is a chronic, nonspecific, inflammatory disease mainly involv-
ing the intestinal tract [1]. Its incidence and prevalence are increasing annually 
worldwide [2], but its pathogenesis is not completely clear. There is a lack of effective 
drugs for treating UC, and the existing treatment methods are often accompanied by 
side effects. The clinical efficacy of UC treatment is often unsatisfactory, and the cost 
is high, which places great economic pressure and psychological burdens on patients 
and their families [3]. This has become an urgent medical and social problem to be 
solved.

Although the mechanism of UC is not completely clear and based on a multifac-
torial pathogenesis, it is currently generally believed to be closely related to damage 
to the intestinal mucosal mechanical barrier [1,4]. The mechanical barrier of the 
intestinal mucosa is a physical protective layer composed of intestinal epithelial cells 
(IECs) and intercellular connections. IECs are the basic structural unit of the intestinal 
mucosa mechanical barrier and are among the cells with the highest renewal rates 
[5]. The intestinal mucosal mechanical barrier is usually in a steady state of alternat-
ing growth and death of IECs, and the occurrence and development of UC is often 
accompanied by the destruction of this steady state [6].

The inflammatory state of the intestine and destruction of intestinal mucosal 
mechanical barrier homeostasis in UC cause a state of stress in the body, resulting 
in the production of many stress proteins to fight the damage. Heat shock proteins 
(HSPs) are among these proteins [7]. Heat shock transcription factors (HSFs) reg-
ulate the transcription of HSPs. Our previous study revealed that the HSF2 protein 
is upregulated in the intestinal mucosa of active UC patients compared with that in 
healthy controls [8,9]. It has been confirmed that HSF2 can inhibit activation of the 
NLRP3 inflammasome, reduce the secretion of IL-1β, and play a protective role in UC 
through anti-inflammatory effects [10]. What’s more, HSF2 can inhibit mitochondrial 
pathway apoptosis and maintain the homeostasis of the intestinal mucosal mechan-
ical barrier [11]. Moreover, our previous study revealed that overexpression of HSF2 
can reduce the number of damaged mitochondria in a Caco-2 cell inflammation 
model [12].

Mitochondria are energy factories and control various types of programmed cell 
death [13], including mitochondrial pathway apoptosis [14]. During this process of 
apoptosis, changes in mitochondrial membrane permeability are key [15]. Mito-
chondrial membrane permeability is mainly determined by the opening and closing 
of the mitochondria permeability transition pore (mPTP). The mPTP is also an ion 
channel that controls material and charge exchanges between the inside and outside 
of mitochondria [16]. When cells are stimulated by endogenous apoptotic signals, 
the proapoptotic molecule cytochrome C (Cyto-C) is released from the inner mito-
chondrial membrane into the cytoplasm via the mPTP, which is an initial important 
step in mitochondrial pathway apoptosis [17]. Cyto-C can form an apoptotic complex 
with Apaf-1 and Caspase-9 in the cytoplasm, which in turn activates Caspase-3 and 
initiates downstream cascades. Moreover, Cyto-C is also a very important electron 
transporter, and its release can cause a change in the electrochemical potential on 
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both sides of the mitochondrial inner membrane, which manifests as a decrease in the mitochondrial membrane potential 
(MMP) in the early stage of apoptosis [18]. Therefore, the state and degree of opening and closing of the mPTP directly 
affect the release of Cyto-C, the change in the MMP and the activation of the mitochondrial pathway of apoptosis. The 
degree of mPTP opening is affected by many factors, including its structure and HSPs [19]. Moreover, HSFs are important 
transcription factors that regulate HSP expression. HSF2 can bind to the chromatin structure of the HSP27 and HSP90 
promoters and regulate their expression [20]. In addition, our previous study revealed that HSF2 plays a protective role 
in UC by inhibiting the mitochondrial pathway to reduce excessive apoptosis of IECs, but the mechanism is not clear [11]. 
Therefore, we hypothesized that HSF2 may inhibit mitochondrial pathway apoptosis in IECs by reducing the degree of 
mPTP opening and promoting the stability of mitochondrial membrane permeability. In this study, experiments at the cellu-
lar level were carried out, which confirmed our theory.

Materials and methods

1.  Cell culture

The Caco-2 cells used in this study were purchased from the Cell Bank of Kunming Institute of Zoology, Chinese Academy 
of Sciences. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone, NY, USA) supplemented 
with 10% fetal bovine serum (HyClone) in 5% CO

2
 at 37 °C. HSF2 interference (HSF2 RNAi lentivirus) and overexpres-

sion (LV-HSF2 lentivirus) lentiviruses were used to reduce and increase the levels of HSF2 gene transcription and protein 
expression, respectively, in Caco-2 cells. The lentiviruses were purchased from Shanghai GeneChem Co., China, and the 
transfection method was the same as that used in our previous study [11].

2.  Construction of the disease model

The Caco-2 cell model of inflammation was induced by treatment with 200 ng/ml LPS for 24 h.

3.  Assessment of mPTP opening

The Caco-2 cells were digested with trypsin-EDTA solution to prepare a cell suspension at a final concentration of 1x106 
cells/ml, and subsequently, 1 ml of the cell suspension was added to the flow cytometry tube. In accordance with the 
instructions of the mPTP assay kit (Abcam, UK), 5 µl of mPTP staining solution and 5 µl of CoCl

2
 solution were added to 

the flow cytometry tube, followed by thorough mixing. Both mPTP staining solution and CoCl
2
 solution were supplied by 

the mPTP assay kit. The cells were incubated at 37 °C in the dark for 15 min. After incubation, the cells were collected 
by centrifugation at 1200 rpm for 6 min at room temperature. One milliliter of detection buffer was added to each sample, 
followed by gentle resuspending. The samples were placed on ice and then immediately (< 1 h) examined and analyzed 
by flow cytometry.

Atractylorhizin (Atr, 20μM, 24h) and cyclosporine A (CsA, 0.5μM, 24h) are agonists and inhibitors of the mPTP, 
respectively.

4.  Assessment of the MMP

JC-1 was a fluorescent probe widely used for detecting changes in MMP. When the MMP was high, JC-1 accumulated in 
the mitochondrial matrix to form polymers, which could produce red fluorescence. When the MMP was low, JC-1 could 
not accumulate in the mitochondrial matrix. At this time, JC-1 was a monomer and could produce green fluorescence. In 
this way, it was convenient to detect the changes in MMP through the transformation of fluorescence color. The maximum 
emission wavelength of JC-1 monomer was 530nm and the maximum emission wavelength of JC-1 polymer was 590nm.

The MMP assay kit (Solarbio, CHN) was used and all steps of this experiment were carried out according to the 
instructions. The Caco-2 cells were digested with a trypsin-EDTA solution to prepare suspensions. The Caco-2 cells were 
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washed once with PBS. JC-1 staining solution was freshly prepared, mixed and then added to Caco-2 cells. The Caco-2 
cells were placed in a cell incubator at 37 °C for 20 min. JC-1 staining buffer (5X) was diluted to 1X with deionized water 
and precooled on ice. At the end of incubation, the supernatant was discarded, and the Caco-2 cells were washed twice 
with 1X JC-1 staining buffer. Two milliliters of culture medium was added to the Caco-2 cells, which were observed and 
photographed under a laser confocal microscope (Red fluorescence = 590nm, and Green fluorescence = 530nm), and the 
electronic images were saved. ImageJ software was used to process the images, and the corresponding values were 
obtained and recorded.

5.  Assessment of the apoptosis rate

The AnnexinV-FITC apoptosis detection kit (Dojindo, CHN) was used and all steps of this experiment were carried out 
according to the instructions. Caco-2 cells were digested with trypsin without EDTA. The cell suspension was transferred 
to a new 1.5 ml centrifuge tube, and the cells were collected by centrifugation at 1000 rpm/min for 3 min. The superna-
tant was discarded, and the cells were resuspended in 0.5 ml of PBS and collected by centrifugation at 1000 rpm/min for 
3 min. The cells were resuspended in 400 µl of banding buffer (1X), and three tubes were prepared for a blank control, 
a FITC-positive control and a PI-positive control. In addition to the blank and PI controls, 5 µl of FITC dye was added 
to each tube and incubated in the dark for 15 min. In addition to the blank control and FITC control, 10 µl of PI dye was 
added to each tube and incubated in the dark for 5 min. The banding buffer, FITC dye and PI dye were all included in the 
assay kit. Cell apoptosis was subsequently assessed by flow cytometry.

6.  Western blotting

The extraction procedure of the Caspase-9 and Caspase-3 proteins and the mitochondrial and cytoplasmic Cyto-C pro-
teins from Caco-2 cells was performed as described in our previous study [11]. Cell mitochondria isolation kit (Beyotime, 
CHN) was used to obtain mitochondrial and cytoplasmic proteins for the detection of Cyto-C. Western blotting was also 
performed as previously described [11].

7.  Statistical analysis

All the experimental results are expressed as the means ± standard errors (SEMs). All the statistical analyses were per-
formed with SPSS 25.0 software. One-way ANOVA was used to compare the measurement data and Tukey’s multiple 
comparisons test was used to make pairwise comparisons of the resulting data. P < 0.05 indicated a significant difference, 
represented by *, and P < 0.01 was represented by **. All the statistical plots were generated with GraphPad Prism 8.0 
software.

Results

1.  HSF2 inhibited the increase in mitochondrial membrane permeability in Caco-2 cells under inflammatory 
conditions

The experimental groups corresponding to the results in this part are as follows: a control group of normal cells (NC), 
an LPS-treated group of normal cells (NC + LPS), an LPS-treated group of HSF2 RNAi lentivirus-transfected cells (shR-
HSF2 + LPS), an LPS-treated group of HSF2 RNAi lentiviral vector-transfected cells (shR-V + LPS), an LPS-treated 
group of LV-HSF2 lentivirus-transfected cells (OE-HSF2 + LPS) and an LPS-treated group of LV-HSF2 lentiviral vector-
transfected cells (OE-V + LPS).

First, flow cytometry was used to determine the degree of mPTP opening in LPS-treated Caco-2 cells expressing dif-
ferent levels of HSF2. Cells with an open mPTP were defined as positive cells, and the proportion of the green area within 
the RN1 box represented the proportion of positive cells detected. The rates of positive cells in the LPS-treated groups 
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(the NC + LPS group, the shR-HSF2 + LPS group, the shR-V + LPS group, the OE-HSF2 + LPS group and the OE-V + LPS 
group) were greater than that of the non-LPS-treated group (the NC group). In the LPS-treated groups, the rate of positive 
cells was the highest in the shR-HSF2 + LPS group and the lowest in the OE-HSF2 + LPS group. There was no significant 
difference among the other three groups (the NC + LPS group, the shR-V + LPS group and the OE-V + LPS group). These 
results suggested that HSF2 overexpression could inhibit mPTP opening and that interference with HSF2 could increase 
mPTP opening in Caco-2 cells (Fig 1 and S1 Table).

Subsequently, laser confocal microscopy was used to observe the changes in the MMP in LPS-treated Caco-2 cells 
expressing different levels of HSF2. Red fluorescence indicated that the MMP was increased and that there was no obvi-
ous abnormality, while green fluorescence represented a decrease in the MMP. The ratios of red to green fluorescence 
in the LPS-treated groups were lower than that in the non-LPS-treated groups. In the LPS-treated groups, the ratio of red 
to green fluorescence was the highest in the OE-HSF2 + LPS group and the lowest in the shR-HSF2 + LPS group. There 
was no significant difference among the other three groups. These results suggested that overexpression of HSF2 could 
reduce the decrease in the MMP in Caco-2 cells and, conversely, that interference with HSF2 could increase the decrease 
in the MMP (Fig 2 and S2 Table).

The above experiments showed that HSF2 could inhibit mPTP opening, reduce the decrease in the MMP and maintain 
the stability of mitochondrial membrane permeability in Caco-2 cells.

2.  HSF2 restored the stability of mitochondrial membrane permeability in Caco-2 cells after treatment with the 
mPTP agonist Atr

The experimental groups corresponding to the results in this part are as follows: the NC group, the NC + LPS group, the 
shR-HSF2 + LPS group and the OE-HSF2 + LPS group were as described above. In addition, an LPS-induced inflam-
mation group of normal cells treated by Atr (NC + Atr + LPS), an LPS-induced inflammation group of normal cells treated 
by CsA (NC + CsA + LPS), an LPS-induced inflammation group of LV-HSF2 lentivirus-transfected cells treated by Atr 
(OE-HSF2 + Atr + LPS) and an LPS-induced inflammation group of HSF2 RNAi lentivirus-transfected cells treated by CsA 
(shR-HSF2 + CsA + LPS).

In these experiments, the mPTP agonist Atr and inhibitor CsA were used to treat Caco-2 cells to clarify the regulatory 
effect of HSF2 on the mPTP. The degree of mPTP opening in the Caco-2 cells in each experimental group was assessed 
by flow cytometry. The results revealed that there was no significant difference in the percentage of mPTP-open cells 
between the NC + CsA + LPS group and the OE-HSF2 + LPS group, and the percentage in both groups was lower than 
that in the NC + LPS group. There was also no significant difference in the percentage of positive cells between the 
NC + Atr + LPS group and the shR-HSF2 + LPS group, and the percentage of positive cells in both groups was greater than 
that in the NC + LPS group. Moreover, the percentage of positive cells in the OE-HSF2 + Atr + LPS group was lower 
than that in the NC + Atr + LPS group, and the percentage of positive cells in the shR-HSF2 + CsA + LPS group was greater 
than that in the NC + CsA + LPS group (Fig 3 and S3 Table).

Next, changes in the MMP of Caco-2 cells in each experimental group were observed with laser confocal 
microscopy. The results revealed that there was no significant difference in the ratios of red to green fluores-
cence between the NC + CsA + LPS group and the OE-HSF2 + LPS group, and the ratios in both groups were 
greater than that in the NC + LPS group. The overexpression of HSF2 and CsA both could reduce the decrease 
in the MMP in Caco-2 cells under inflammatory condition. The ratios were also not significantly different between 
the NC + Atr + LPS group and the shR-HSF2 + LPS group, and the ratios in both groups were lower than that in the 
NC + LPS group. The interference with HSF2 and Atr both could increase the decrease in the MMP in Caco-2 cells 
under inflammatory condition. The ratio in the OE-HSF2 + Atr + LPS group was greater than that in the NC + Atr + LPS 
group, whereas the ratio in the shR-HSF2 + CsA + LPS group was lower than that in the NC + CsA + LPS group (Fig 4 
and S4 Table).
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Fig 1.  HSF2 inhibited mPTP opening in Caco-2 cells, which were detected by flow cytometry. A-F: The detection results of mPTP opening in each 
experimental group. G: Statistical bar chart, P value of less than 0.01 was identified as**. Six replicates for each group and the experiment repeated 
three times in the study. All the data in this study was presented as mean ± SEM.

https://doi.org/10.1371/journal.pone.0325275.g001

https://doi.org/10.1371/journal.pone.0325275.g001
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The above experiments indicated that the overexpression of HSF2 and CsA had similar effects on the inhibition of 
mPTP opening and the decrease in MMP. In contrast, the effect of HSF2 interference was similar to that of Atr. In addition, 
the overexpression of HSF2 reversed the effects of the opening of the mPTP and the decrease in the MMP induced by Atr 
and restored the stability of mitochondrial membrane permeability.

3.  The protective effect of HSF2 on inhibiting the mitochondrial pathway of apoptosis in Caco-2 cells after 
treatment with the mPTP agonist Atr

The experimental groups corresponding to the results in this part are as follows: the NC group, the NC + LPS group, 
the shR-HSF2 + LPS group, the OE-HSF2 + LPS group, the NC + Atr + LPS group, the NC + CsA + LPS group, the 
OE-HSF2 + Atr + LPS group and the shR-HSF2 + CsA + LPS group.

Fig 2.  HSF2 reduced the decrease in the MMP in Caco-2 cells, which were observed by laser confocal microscopy. A: The detection results of MMP 
in each experimental group. Red fluorescence indicated that there was no obvious abnormality in the MMP, while green fluorescence represented a decrease 
in the MMP. B: Statistical bar chart of the ratio of red to green fluorescence, P value of less than 0.05 was identified as* and P value of less than 0.01 was 
identified as**. Six replicates for each group and the experiment repeated three times in the study. All the data in this study was presented as mean ± SEM.

https://doi.org/10.1371/journal.pone.0325275.g002

https://doi.org/10.1371/journal.pone.0325275.g002
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In the final series of experiments, Atr and CsA were used to clarify the regulatory effects of HSF2 on the mitochondrial 
pathway of apoptosis. The apoptosis rate in the Caco-2 cells of each experimental group was assessed by flow cytometry. 
The results revealed that there was no significant difference in the apoptosis rate between the NC + CsA + LPS group and 

Fig 3.  HSF2 had a similar effect as mPTP inhibitor CsA and could reverse the effect of mPTP opening induced by mPTP agonist Atr. A-H: The 
detection results of mPTP opening in each experimental group. I: Statistical bar chart, P value of less than 0.01 was identified as**. Six replicates for 
each group and the experiment repeated three times in the study. All the data in this study was presented as mean ± SEM.

https://doi.org/10.1371/journal.pone.0325275.g003

https://doi.org/10.1371/journal.pone.0325275.g003
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the OE-HSF2 + LPS group, and the rates of both groups were lower than that in the NC + LPS group. The apoptosis rate in 
both the NC + Atr + LPS group and the shR-HSF2 + LPS group were greater than that in the NC + LPS group. Furthermore, 
the apoptosis rate in the OE-HSF2 + Atr + LPS group was lower than that in the NC + Atr + LPS group, and the apoptosis 
rate in the shR-HSF2 + CsA + LPS group was greater than that in the NC + CsA + LPS group (Fig 5 and S5 Table).

Through the above experiment, we found that both HSF2 and CsA could reduce the apoptosis rate of Caco-2 cells 
under inflammatory conditions. Meanwhile, through the second part of the experiments, we found that HSF2 and CsA 
had a similar effect in inhibiting mPTP opening. To further clarify the protective mechanism of HSF2, the western blot-
ting experiments were continued to explore the effect of HSF2 on the mitochondrial pathway apoptosis level of Caco-2 
cells after acting on mPTP. The OE-HSF2 + LPS group and the NC + CsA + LPS group were observed to clarify the effect 
of mPTP inhibition on the mitochondrial pathway apoptosis level of Caco-2 cells. The NC + Atr + LPS group and the 
OE-HSF2 + Atr + LPS group were compared, aiming to confirm the effect of HSF2 in inhibiting mPTP opening and reducing 
mitochondrial pathway apoptosis levels in Caco-2 cells through rescue experiments.

Fig 4.  HSF2 reversed the decrease in the MMP induced by Atr. A: The detection results of MMP in each experimental group. B: Statistical bar chart 
of the ratio of red to green fluorescence, P value of less than 0.01 was identified as**. Six replicates for each group and the experiment repeated three 
times in the study. All the data in this study was presented as mean ± SEM.

https://doi.org/10.1371/journal.pone.0325275.g004

https://doi.org/10.1371/journal.pone.0325275.g004
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The expression levels of the mitochondrial apoptosis pathway-related proteins Cyto-C, Caspase-9 and Caspase-3 
in Caco-2 cells from each experimental group were subsequently determined by western blotting. First, mitochondrial 
and cytoplasmic proteins were isolated for Cyto-C detection. The results revealed that the expression levels of the 

Fig 5.  HSF2 decreased the apoptosis rate of Caco-2 cells treated by Atr. A-H: The detection results of cell apoptosis rate in each experimental 
group. I: Statistical bar chart of apoptosis rate, P value of less than 0.05 was identified as* and P value of less than 0.01 was identified as**. Six repli-
cates for each group and the experiment repeated three times in the study. All the data in this study was presented as mean ± SEM.

https://doi.org/10.1371/journal.pone.0325275.g005

https://doi.org/10.1371/journal.pone.0325275.g005
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mitochondrial Cyto-C protein were the highest in the NC group and the CsA treatment groups (the NC + CsA + LPS 
group and the shR-HSF2 + CsA + LPS group), and there was no statistically significant difference between the 
groups. The expression level of the mitochondrial Cyto-C protein was the lowest in the Atr treatment groups (the 
NC + Atr + LPS group and the OE-HSF2 + Atr + LPS group), and there was no significant difference between the groups, 
although the level was slightly greater in the OE-HSF2 + Atr + LPS group than in the NC + Atr + LPS group. The overall 
expression of the cytoplasmic Cyto-C protein showed the opposite trend. Notably, the expression levels of cytoplas-
mic Cyto-C protein were not significantly different between the OE-HSF2 + LPS group and the NC + CsA + LPS group. 
Moreover, although there was no significant difference between the levels in the OE-HSF2 + Atr + LPS group and the 
NC + Atr + LPS group, the level was slightly lower in the OE-HSF2 + Atr + LPS group than in the NC + Atr + LPS group 
(Fig 6).

The protein expression levels of Caspase-9 and Caspase-3 were also detected by western blotting in these experi-
ments. The results revealed that there was no statistically significant difference in either the Caspase-9 or the Caspase-3 
protein levels between the OE-HSF2 + LPS group and the NC + CsA + LPS group. However, there was a statistically 
significant difference in both the Caspase-9 and Caspase-3 protein levels between the OE-HSF2 + Atr + LPS group 
and the NC + Atr + LPS group. The protein expression levels of both Caspase-9 and Caspase-3 were lower in the 
OE-HSF2 + Atr + LPS group than in the NC + Atr + LPS group (Fig 7).

These findings confirmed that HSF2 could inhibit mitochondrial pathway of apoptosis in Caco-2 cells by affecting the 
mPTP.

Fig 6.  Expression levels of Cyto-C protein in mitochondria and cytoplasm of each experimental group. A and B: The visualized protein bands of 
Cyto-C, COX IV and GAPDH were obtained by western blotting. C and D: Statistical bar chart of the relative protein levels, P value of less than 0.01 was 
identified as** and P value of more than 0.05 was identified as ns. Six replicates for each group and the experiment repeated three times in the study. All 
the data in this study was presented as mean ± SEM.

https://doi.org/10.1371/journal.pone.0325275.g006

https://doi.org/10.1371/journal.pone.0325275.g006
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Discussion

UC is a chronic inflammatory disease of the intestine with an unknown etiology. Our research has focused on the role and 
mechanism of HSF2 in the occurrence and development of UC for many years. HSF2 was found to be highly expressed 
[8], promoting mitophagy, and reducing mitochondria damage in UC [12]. The phenomenon of apoptosis in IECs was 
observed under electron microscope (S1 Fig). In addition, HSF2 inhibits IECs mitochondrial pathway apoptosis in UC, but 
the mechanism is not clear [11]. This study focused on the relationship between mitochondrial membrane permeability 
and the mitochondrial pathway of apoptosis in IECs and explored the protective mechanism of HSF2 in UC.

First, we examined the changes in mitochondrial membrane permeability, including the degree of mPTP opening and 
the change in the MMP, due to the expression of different levels of HSF2 in a Caco-2 cell model of inflammation induced 
by LPS. The flow cytometry results revealed that the level of HSF2 in Caco-2 cells was inversely proportional to the 
degree of mPTP opening. The overexpression of HSF2 inhibited mPTP opening, and interference with HSF2 promoted 

Fig 7.  Expression levels of Caspase-9 and Caspase-3 proteins in each experimental group. A: The visualized protein bands of Caspase-9, 
Caspase-3 and β-actin were obtained by western blotting. B and C: Statistical bar chart of the relative protein levels, P value of less than 0.05 was iden-
tified as* and P value of more than 0.05 was identified as ns. Six replicates for each group and the experiment repeated three times in the study. All the 
data in this study was presented as mean ± SEM.

https://doi.org/10.1371/journal.pone.0325275.g007

https://doi.org/10.1371/journal.pone.0325275.g007
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mPTP opening. The laser confocal microscopy results revealed that the level of HSF2 was proportional to the ratio of red 
to green fluorescence. The MMP in the inflammatory HSF2 interference group (the shR-HSF2 + LPS group) was lower 
than that in the inflammatory control group (the NC + LPS group), whereas the MMP in the inflammatory HSF2 overex-
pression group (the OE-HSF2 + LPS group) was greater than that in the inflammatory control group (the NC + LPS group). 
The above results indicated that the level of HSF2 in Caco-2 cells was inversely proportional to mitochondrial membrane 
permeability. Interference with HSF2 increased the degree of mPTP opening, leading to a decrease in the MMP, whereas 
overexpression of HSF2 led to the opposite effect. Liang J et al. reported that a decrease in HSF1 in mouse kidney cells 
promoted mPTP opening [21]. Moreover, another study revealed that the degree of mPTP opening in the heart tissue of 
HSF1 knockout mice was increased [22]. HSF2 is highly homologous to HSF1 [23]. In this study, we also revealed that 
interfering with the level of HSF2 in Caco-2 cells promoted mPTP opening, which indicated a role similar to that of HSF1.

Second, the mPTP agonist Atr and inhibitor CsA were used to treat Caco-2 cells, and the two aforementioned exper-
iments were conducted again to further verify the effect of HSF2 on the mPTP. The flow cytometry results revealed that 
interference with HSF2 promoted mPTP opening and that the effect was similar to that of Atr. The overexpression of 
HSF2 inhibited mPTP opening, and the effect was similar to that of CsA. Moreover, the degree of mPTP opening in the 
shR-HSF2 + CsA + LPS group was greater than that in the NC + CsA + LPS group, and that in the OE-HSF2 + Atr + LPS 
group was lower than that in the NC + Atr + LPS group. These results confirmed that the level of HSF2 in Caco-2 cells was 
inversely proportional to the degree of mPTP opening. In addition, HSF2 had a restorative effect on the opening of the 
mPTP induced by Atr. The statistical analysis of the experimental results from the laser confocal microscopy also led to 
similar conclusions. The HSF2 levels in Caco-2 cells were directly proportional to the MMP. Moreover, HSF2 reversed the 
decrease in the MMP induced by Atr.

Third, experiments were performed to explore the regulatory effect of HSF2-mediated inhibition of mPTP opening on 
the mitochondrial pathway of apoptosis in IECs. In the first experiment, flow cytometry was used to assess the apop-
tosis rate of the Caco-2 cells in each experimental group. The results revealed that the apoptosis rate of cells in the 
OE-HSF2 + Atr + LPS group was significantly lower than that in the NC + Atr + LPS group. In the second experiment, western 
blotting was used to determine the expression levels of the mitochondrial apoptotic pathway proteins Cyto-C, Caspase-9 
and Caspase-3 in the Caco-2 cells of each experimental group. According to the distribution characteristics of Cyto-C in 
cells, the expression levels of Cyto-C in the mitochondria and cytoplasm were separately assessed. Although there was 
no statistically significant difference in the expression level of mitochondrial Cyto-C between the NC + Atr + LPS group and 
the OE-HSF2 + Atr + LPS group, the level of the latter was slightly greater than that of the former. The opposite result was 
observed for the expression level of Cyto-C in the cytoplasm. In addition, there was no significant difference in the expres-
sion levels of Caspase-9 and Caspase-3 between the OE-HSF2 + LPS group and the NC + CsA + LPS group, and the level 
in the OE-HSF2 + Atr + LPS group was significantly lower than that in the NC + Atr + LPS group. These results indicated that 
the inhibitory effect of HSF2 on mPTP opening could reduce Caco-2 cell apoptosis through the mitochondrial pathway.

Our study reveals the following breakthrough findings. First, we confirmed for the first time that HSF2 inhibits mPTP 
opening, maintains the MMP, counteracts the increase in mitochondrial membrane permeability, and plays a role similar 
to that of the mPTP inhibitor CsA. Notably, CsA is an effective drug commonly used in the clinical treatment of UC [24], 
which indirectly indicates that inhibiting mPTP opening may be beneficial for the remission of UC. Therefore, HSF2, which 
has a similar inhibitory effect on the mPTP as CsA does, is also expected to become a potential therapeutic molecule for 
UC, providing new ideas for the clinical treatment of UC. Second, for the first time, we revealed that the inhibitory effect of 
HSF2 on mPTP opening can effectively reduce the mitochondrial pathway of apoptosis in IECs.

However, there are several shortcomings in this study. The structure and state of the mPTP are also important for its 
opening. The mPTP is composed of three main components: adenine nucleotide translocase (ANT), which is located in 
the inner membrane of mitochondria; voltage-dependent anion selective channel (VDAC), which is located in the outer 
membrane of mitochondria; and cyclophilin D (Cyp D), which is located in the matrix [25]. Previous studies reported that 
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HSPs regulate mPTP opening by interacting with mPTP components. HSP70 in mitochondria, namely, mt-HSP70, can 
directly interact with VDAC to regulate mPTP opening and mitochondrial pathway apoptosis [26]. In addition, the HSP90 
family members can affect mPTP opening by interacting with Cyp D proteins [27], such as HSP75. Therefore, in future 
work, it will be necessary to explore the role and specific mechanism of HSF2 involving these three components of the 
mPTP, with a focus on changes in expression, conformational changes and protein modifications of the three compo-
nents due to HSF2 activity. At the same time, it should be clarified whether the inhibitory effect of HSF2 on the mPTP is 
achieved by HSF2 first acting on HSPs.

Conclusions

In conclusion, this study revealed for the first time that HSF2 reduces mitochondrial pathway apoptosis in IECs by inhibit-
ing mPTP opening, maintaining the MMP, and opposing the increase in mitochondrial membrane permeability.

Supporting information

S1 Table.  Raw data, statistical analysis and description of Fig 1. 
(XLSX)

S2 Table.  Raw data, statistical analysis and description of Fig 2. 
(XLSX)

S3 Table.  Raw data, statistical analysis and description of Fig 3. 
(XLSX)

S4 Table.  Raw data, statistical analysis and description of Fig 4. 
(XLSX)

S5 Table.  Raw data, statistical analysis and description of Fig 5. 
(XLSX)

S1 Fig.  Electron microscope images of apoptosis. 
(PDF)

S2 Fig.  Raw images of western blot. 
(PDF)

Author contributions

Conceptualization: Wen Wang.

Methodology: Wen Wang, Juan Luo.

Supervision: Yinglei Miao.

Writing – original draft: Wen Wang, Yunling Wen.

Writing – review & editing: Fengrui Zhang, Junkun Niu.

References
	1.	 Le Berre C, Honap S, Peyrin-Biroulet L. Ulcerative colitis. Lancet. 2023;402(10401):571–84. https://doi.org/10.1016/S0140-6736(23)00966-2 PMID: 

37573077

	2.	 Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al. Worldwide incidence and prevalence of inflammatory bowel disease in the 
21st century: a systematic review of population-based studies. Lancet. 2017;390(10114):2769–78. https://doi.org/10.1016/S0140-6736(17)32448-0 
PMID: 29050646

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325275.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325275.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325275.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325275.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325275.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325275.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325275.s007
https://doi.org/10.1016/S0140-6736(23)00966-2
http://www.ncbi.nlm.nih.gov/pubmed/37573077
https://doi.org/10.1016/S0140-6736(17)32448-0
http://www.ncbi.nlm.nih.gov/pubmed/29050646


PLOS One | https://doi.org/10.1371/journal.pone.0325275  May 29, 2025 15 / 15

	 3.	 GBD 2017 Inflammatory Bowel Disease Collaborators. The global, regional, and national burden of inflammatory bowel disease in 195 countries 
and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol Hepatol. 2020;5(1):17–30. 
https://doi.org/10.1016/S2468-1253(19)30333-4 PMID: 31648971

	 4.	 van der Post S, Jabbar KS, Birchenough G, Arike L, Akhtar N, Sjovall H, et al. Structural weakening of the colonic mucus barrier is an early event 
in ulcerative colitis pathogenesis. Gut. 2019;68(12):2142–51. https://doi.org/10.1136/gutjnl-2018-317571 PMID: 30914450

	 5.	 Duckworth CA. Identifying key regulators of the intestinal stem cell niche. Biochem Soc Trans. 2021;49(5):2163–76. https://doi.org/10.1042/
BST20210223 PMID: 34665221

	 6.	 Patankar JV, Becker C. Cell death in the gut epithelium and implications for chronic inflammation. Nat Rev Gastroenterol Hepatol. 2020;17(9):543–
56. https://doi.org/10.1038/s41575-020-0326-4 PMID: 32651553

	 7.	 Khandia R, Munjal AK, Iqbal HMN, Dhama K. Heat shock proteins: therapeutic perspectives in inflammatory disorders. Recent Pat Inflamm Allergy 
Drug Discov. 2017;10(2):94–104. https://doi.org/10.2174/1872213X10666161213163301 PMID: 27978789

	 8.	 Miao Y-L, Xiao Y-L, Du Y, Duan L-P. Gene expression profiles in peripheral blood mononuclear cells of ulcerative colitis patients. World J Gastroen-
terol. 2013;19(21):3339–46. https://doi.org/10.3748/wjg.v19.i21.3339 PMID: 23745037

	 9.	 Miao J, Niu J, Wang K, Xiao Y, Du Y, Zhou L, et al. Heat shock factor 2 levels are associated with the severity of ulcerative colitis. PLoS One. 
2014;9(2):e88822. https://doi.org/10.1371/journal.pone.0088822 PMID: 24533153

	10.	 Zhang F, Zhao W, Zhou J, Wang W, Luo J, Feng Y, et al. Heat shock transcription factor 2 reduces the secretion of IL-1β by inhibiting NLRP3 
inflammasome activation in ulcerative colitis. Gene. 2021;768:145299. https://doi.org/10.1016/j.gene.2020.145299 PMID: 33181254

	11.	 Wang W, Zhang F, Li X, Luo J, Sun Y, Wu J, et al. Heat shock transcription factor 2 inhibits intestinal epithelial cell apoptosis through the mitochon-
drial pathway in ulcerative colitis. Biochem Biophys Res Commun. 2020;527(1):173–9. https://doi.org/10.1016/j.bbrc.2020.04.103 PMID: 32446363

	12.	 Liang H, Zhang F, Wang W, Zhao W, Zhou J, Feng Y, et al. Heat shock transcription factor 2 promotes mitophagy of intestinal epithelial cells 
through PARL/PINK1/Parkin pathway in ulcerative colitis. Front Pharmacol. 2022;13:893426. https://doi.org/10.3389/fphar.2022.893426 PMID: 
35860016

	13.	 van der Bliek AM, Sedensky MM, Morgan PG. Cell biology of the mitochondrion. Genetics. 2017;207(3):843–71. https://doi.org/10.1534/genet-
ics.117.300262 PMID: 29097398

	14.	 Glover HL, Schreiner A, Dewson G, Tait SWG. Mitochondria and cell death. Nat Cell Biol. 2024;26(9):1434–46. https://doi.org/10.1038/s41556-024-
01429-4 PMID: 38902422

	15.	 Bhola PD, Mattheyses AL, Simon SM. Spatial and temporal dynamics of mitochondrial membrane permeability waves during apoptosis. Biophys J. 
2009;97(8):2222–31. https://doi.org/10.1016/j.bpj.2009.07.056 PMID: 19843454

	16.	 Briston T, Selwood DL, Szabadkai G, Duchen MR. Mitochondrial permeability transition: a molecular lesion with multiple drug targets. Trends Phar-
macol Sci. 2019;40(1):50–70. https://doi.org/10.1016/j.tips.2018.11.004 PMID: 30527591

	17.	 Crompton M. The mitochondrial permeability transition pore and its role in cell death. Biochem J. 1999;341(Pt 2):233–49. https://doi.org/10.1042/
bj3410233 PMID: 10393078

	18.	 Bock FJ, Tait SWG. Mitochondria as multifaceted regulators of cell death. Nat Rev Mol Cell Biol. 2020;21(2):85–100. https://doi.org/10.1038/
s41580-019-0173-8 PMID: 31636403

	19.	 Ghosh JC, Siegelin MD, Dohi T, Altieri DC. Heat shock protein 60 regulation of the mitochondrial permeability transition pore in tumor cells. Cancer 
Res. 2010;70(22):8988–93. https://doi.org/10.1158/0008-5472.CAN-10-2225 PMID: 20978188

	20.	 Wilkerson DC, Skaggs HS, Sarge KD. HSF2 binds to the Hsp90, Hsp27, and c-Fos promoters constitutively and modulates their expression. Cell 
Stress Chaperones. 2007;12(3):283–90. https://doi.org/10.1379/csc-250.1 PMID: 17915561

	21.	 Yan L-J, Rajasekaran NS, Sathyanarayanan S, Benjamin IJ. Mouse HSF1 disruption perturbs redox state and increases mitochondrial oxidative 
stress in kidney. Antioxid Redox Signal. 2005;7(3–4):465–71. https://doi.org/10.1089/ars.2005.7.465 PMID: 15706094

	22.	 Yan L-J, Christians ES, Liu L, Xiao X, Sohal RS, Benjamin IJ. Mouse heat shock transcription factor 1 deficiency alters cardiac redox homeostasis 
and increases mitochondrial oxidative damage. EMBO J. 2002;21(19):5164–72. https://doi.org/10.1093/emboj/cdf528 PMID: 12356732

	23.	 Westerheide SD, Raynes R, Powell C, Xue B, Uversky VN. HSF transcription factor family, heat shock response, and protein intrinsic disorder. 
Curr Protein Pept Sci. 2012;13(1):86–103. https://doi.org/10.2174/138920312799277956 PMID: 22044151

	24.	 Li J, Wei MM, Fei GJ, Feng YL, Yang H, Li Y, et al. The efficacy of cyclosporine A as salvage therapy for severe active ulcerative colitis refractory to 
glucocorticoid. Zhonghua Nei Ke Za Zhi. 2017;56(4):279–83. https://doi.org/10.3760/cma.j.issn.0578-1426.2017.04.008 PMID: 28355721

	25.	 Cui Y, Pan M, Ma J, Song X, Cao W, Zhang P. Recent progress in the use of mitochondrial membrane permeability transition pore in mitochondrial 
dysfunction-related disease therapies. Mol Cell Biochem. 2021;476(1):493–506. https://doi.org/10.1007/s11010-020-03926-0 PMID: 33000352

	26.	 Gram M, Vigelsø A, Yokota T, Hansen CN, Helge JW, Hey-Mogensen M, et al. Two weeks of one-leg immobilization decreases skeletal mus-
cle respiratory capacity equally in young and elderly men. Exp Gerontol. 2014;58:269–78. https://doi.org/10.1016/j.exger.2014.08.013 PMID: 
25193555

	27.	 Kang BH, Plescia J, Dohi T, Rosa J, Doxsey SJ, Altieri DC. Regulation of tumor cell mitochondrial homeostasis by an organelle-specific Hsp90 
chaperone network. Cell. 2007;131(2):257–70. https://doi.org/10.1016/j.cell.2007.08.028 PMID: 17956728

https://doi.org/10.1016/S2468-1253(19)30333-4
http://www.ncbi.nlm.nih.gov/pubmed/31648971
https://doi.org/10.1136/gutjnl-2018-317571
http://www.ncbi.nlm.nih.gov/pubmed/30914450
https://doi.org/10.1042/BST20210223
https://doi.org/10.1042/BST20210223
http://www.ncbi.nlm.nih.gov/pubmed/34665221
https://doi.org/10.1038/s41575-020-0326-4
http://www.ncbi.nlm.nih.gov/pubmed/32651553
https://doi.org/10.2174/1872213X10666161213163301
http://www.ncbi.nlm.nih.gov/pubmed/27978789
https://doi.org/10.3748/wjg.v19.i21.3339
http://www.ncbi.nlm.nih.gov/pubmed/23745037
https://doi.org/10.1371/journal.pone.0088822
http://www.ncbi.nlm.nih.gov/pubmed/24533153
https://doi.org/10.1016/j.gene.2020.145299
http://www.ncbi.nlm.nih.gov/pubmed/33181254
https://doi.org/10.1016/j.bbrc.2020.04.103
http://www.ncbi.nlm.nih.gov/pubmed/32446363
https://doi.org/10.3389/fphar.2022.893426
http://www.ncbi.nlm.nih.gov/pubmed/35860016
https://doi.org/10.1534/genetics.117.300262
https://doi.org/10.1534/genetics.117.300262
http://www.ncbi.nlm.nih.gov/pubmed/29097398
https://doi.org/10.1038/s41556-024-01429-4
https://doi.org/10.1038/s41556-024-01429-4
http://www.ncbi.nlm.nih.gov/pubmed/38902422
https://doi.org/10.1016/j.bpj.2009.07.056
http://www.ncbi.nlm.nih.gov/pubmed/19843454
https://doi.org/10.1016/j.tips.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30527591
https://doi.org/10.1042/bj3410233
https://doi.org/10.1042/bj3410233
http://www.ncbi.nlm.nih.gov/pubmed/10393078
https://doi.org/10.1038/s41580-019-0173-8
https://doi.org/10.1038/s41580-019-0173-8
http://www.ncbi.nlm.nih.gov/pubmed/31636403
https://doi.org/10.1158/0008-5472.CAN-10-2225
http://www.ncbi.nlm.nih.gov/pubmed/20978188
https://doi.org/10.1379/csc-250.1
http://www.ncbi.nlm.nih.gov/pubmed/17915561
https://doi.org/10.1089/ars.2005.7.465
http://www.ncbi.nlm.nih.gov/pubmed/15706094
https://doi.org/10.1093/emboj/cdf528
http://www.ncbi.nlm.nih.gov/pubmed/12356732
https://doi.org/10.2174/138920312799277956
http://www.ncbi.nlm.nih.gov/pubmed/22044151
https://doi.org/10.3760/cma.j.issn.0578-1426.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28355721
https://doi.org/10.1007/s11010-020-03926-0
http://www.ncbi.nlm.nih.gov/pubmed/33000352
https://doi.org/10.1016/j.exger.2014.08.013
http://www.ncbi.nlm.nih.gov/pubmed/25193555
https://doi.org/10.1016/j.cell.2007.08.028
http://www.ncbi.nlm.nih.gov/pubmed/17956728

