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Abstract: Heat stress due to high temperatures can cause heat stroke, pyrexia, heat cramps, heart
disease, and respiratory diseases, which seriously affect human health. Vitexin has been shown to
alleviate heat stress; however, its mechanism of action remains unclear. Therefore, in this study, we
used Caco-2 cells to establish a heat stress model and vitamin C as a positive control to investigate
the regulatory effects of vitexin on heat-stress-induced apoptosis and the related mechanisms using
Cell Counting Kit-8, flow cytometry, real-time quantitative polymerase chain reaction, and Western
blot. The results showed that the mRNA expressions of Hsp27, Hsp70, and Hsp90 induced by heat
stress could be effectively inhibited at vitexin concentrations as low as 30 µM. After heat stress
prevention and heat stress amelioration in model cells based on this concentration, intracellular
reactive oxygen species (ROS) levels and the mRNA level and the protein expression of heat shock
proteins (Hsp70 and Hsp90) and apoptotic proteins were reduced. In addition, compared with the
heat stress amelioration group, the expression of BCL2 mRNA and its protein (anti-apoptotic protein
Bcl-2) increased in the heat stress prevention group, while the expression of BAX, CYCS, CASP3,
and PARP1 mRNAs and their proteins (apoptotic proteins Bax, Cytochrome C, cle-Caspase-3, and
cle-PARP1) were decreased. In summary, the heat-stress-preventive effect of vitexin was slightly
better than its heat-stress-ameliorating effect, and its mechanism may be through the inhibition of
intracellular ROS levels and thus the modulation of the expressions of Hsp70 and Hsp90, which in
turn protects against heat-stress-induced apoptosis. This study provides a theoretical basis for the
prevention and amelioration of heat stress using vitexin.
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1. Introduction

Heat stress is the sum of nonspecific response mechanisms that occur in humans or
animals when subjected to high-temperature stimuli that they are unable to regulate [1].
Deterioration of the natural environment is expected to lead to a continuous increase in
heat stress situations [2–4]. Heat stress is a major public health challenge and has seriously
affected human health. In daily life, prolonged exposure of the human body to high
temperatures may lead to heat stroke, pyrexia, heat cramps, and other conditions [5]. In
addition, heat exposure can cause illnesses such as heart, respiratory, and kidney diseases,
which can lead to death if not treated in time [6]. Consequently, many countries have
developed public health measures for heat wave warnings in response to heat stress.
However, these measures are only moderately effective in preventing heat stress [7]. In
general, common treatments include rapid cooling and the consumption of fluids and
medications [8], but the measures to alleviate heat stress are currently limited, and there
is still a lack of effective medications to alleviate heat stress. It is therefore crucial to find
effective natural ingredients for the prevention and alleviation of heat stress.
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Polyphenols have strong antioxidant properties and can be used as supplements
to prevent heat stress [9]. Studies have shown that natural polyphenols, including tea
polyphenols, resveratrol, ferulic acid, and curcumin, can alleviate heat stress by decreas-
ing the activity of antioxidant enzymes in the body or by modulating related signaling
pathways. Curcumin can alleviate heat-stress-induced oxidative damage by activating the
MAPK-Nrf2 signaling pathway through the upregulation of Jnk, Erk, p38, and Nrf2; tea
polyphenols alleviate heat stress injury by increasing the activities of antioxidant enzymes
(GSH-Px, SOD, and T-AOC) and upregulating the expression of heat shock proteins (Hsp27
and Hsp70); ferulic acid can not only inhibit heat-stress-induced intestinal oxidative stress
by decreasing the expression of ROS, MDA, and NO and increasing SOD activity, but also
it protects against heat-stress-induced intestinal epithelial barrier dysfunction by increasing
the protein expression levels of Akt, Nrf2, and HO-1; dietary resveratrol supplementation
can improve the intestinal mucosal morphology and downregulate the mRNA expression
of HSPA1A, HSP90AB1, and NF-κB. It can also increase the expression of epidermal growth
factor in chickens on the 6th, 10th, and 15th day of heat stress, thereby reducing stress-
induced intestinal mucosal damage [10–14]. As a natural polyphenol, vitexin, which is
present in high concentrations in mung beans, hawthorn, and other foods, has a strong
antioxidant activity [15] and has been widely used for the prevention and treatment of
various diseases because of its functional and pharmacological activities [16]. It was shown
that vitexin could alleviate heat-stress-induced apoptosis by upregulating antioxidant
enzyme activities and endoplasmic reticulum-stress-mediated autophagy [17]; however,
whether vitexin can relieve apoptosis induced by heat stress by regulating the ROS level
and the heat shock protein expression has not been investigated. A previous study by
our group found that vitexin could alleviate heat stress to a certain extent in Caco-2 and
Mode-k cells, and it was speculated that the antioxidant property of vitexin plays a key
role in regulating heat stress [18]; however, to the best of our knowledge, the mechanism
related to the modulation of heat stress by vitexin has not been previously explored. In
addition, other relevant studies have confirmed that vitexin intervention alleviates high
temperature-induced inflammation [19], which is mainly aimed at improving the health
and productivity challenges of heat-sensitive dairy cows in the tropics. In this study, we
used an in vitro cellular model to simulate the temperature and time of human heat stroke
to explore the possible mechanisms of vitexin in preventing and ameliorating the possible
effects of heat stress on human intestinal tract.

When an organism is exposed to high temperatures for a long period, its intestinal
function is mainly affected, and an impaired intestinal function leads to damage to other
organs [20]. Therefore, it is of practical significance to study the mechanism of action of
heat stress on the intestinal tract. In recent years, cellular models have been gradually
applied to the study of heat stress, and significant research progress has been made in
this field [21]. Caco-2 cells are a human intestinal epithelial cell model that functionally
and structurally resemble mature small intestinal epithelial cells. These cells are often
used as a heat stress model for intestinal epithelial cells because of their mature and stable
function [22,23]; therefore, Caco-2 cells were chosen in this study to explore the mechanism
of action of vitexin in regulating heat stress.

Apoptosis is the process of programmed cell death [24], which plays an important role
in maintaining the growth and development of organisms [25]. Reactive oxygen species
(ROS) play a key role in cell signaling and homeostasis in vivo, and lead to apoptosis
when they accumulate in excess [26]. Intracellular ROS levels increase dramatically during
heat stress, which may affect protein synthesis or cause protein misfolding and damage
to the cellular structure, resulting in oxidative stress-induced apoptosis [27]. When cells
are stimulated by external stimuli (such as high temperature, hypoxia, and chemical
stimulation), it may lead to apoptosis or even death of organisms. At this time, heat shock
proteins will be transiently over-synthesized. This defense mechanism is called heat shock
response (HRS) [28]. Heat shock protein is a protective protein [29]; however, an excess of
heat shock proteins may inhibit cell proliferation, thus causing some detrimental effects,
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such as the upregulation of DNAJC9 (DnaJ Heat Shock Protein Family (Hsp40) Member
C9) expression in gastric adenocarcinoma cells and squamous carcinoma cells of the lungs
and the inhibition of cell growth [30]. Most heat shock proteins are heat-induced and
are classified according to their molecular weights as small-molecule heat shock proteins
(sHSPs), such as Hsp60, Hsp70, Hsp90, and Hsp110. Among them, Hsp27, Hsp70, and
Hsp90 play key regulatory roles in heat stress by stabilizing protein conformation or aiding
in protein aggregation and dispersion, and thus have been widely studied [31,32].

Based on our previous research, this study established a heat stress model using human
intestinal epithelial cells (Caco-2) and investigated the preventive and alleviating actions of
vitexin during heat stress to clarify the mechanism of action of vitexin in regulating heat
stress, with the aim of alleviating the effects of heat stress.

2. Results and Discussion
2.1. Vitexin Promotes Caco-2 Cell Proliferation

To determine the effect of vitexin on cell proliferation and its toxicity, we examined the
effect of different vitexin concentrations on Caco-2 cells using the CCK-8 assay (Figure 1A).
The results showed that vitexin promoted the proliferation of Caco-2 cells in a concentration-
dependent manner, and vitexin concentrations of ≤100 µM had no toxic effect on the cells.
However, Caco-2 cell survival was negatively correlated with the vitamin C (positive
control) concentration compared to vitexin, suggesting that vitamin C has a lower cellular
toxicity. Other studies have demonstrated the effects of higher Vc concentrations on the
inhibition of cell proliferation [33]. In summary, when the two drugs were administered
individually to cells, vitexin had no toxic side effects and was more conducive to cell
proliferation.
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2.2. Effects of Different Vitexin Concentrations on Relative mRNA Expression of HSPA1A, 
HSP90AB1, and HSPB1 

Heat shock proteins are molecular chaperones that help immature proteins to process 
and fold, but they are not themselves involved in protein expression. Heat shock proteins 
are synthesized in large quantities when the body is exposed to high temperatures and 
protect it during normal physiological activities [34]. To select an effective vitexin concen-
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Figure 1. Effect of vitexin and vitamin C on Caco-2 cell viability and expression of heat shock
proteins upon heat stress. (A) Cell viability detected using CCK-8 after treatment with different
concentrations of vitexin and vitamin C for 24 h. (B) Effects of different vitexin concentrations on the
relative expression levels of HSPA1A, HSP90AB1, and HSPB1 in cells during heat stress. (C) Effects
of different concentrations of vitamin C on the relative expression levels of HSPA1A, HSP90AB1,
and HSPB1 in cells during heat stress. (Different lowercase letters represent significant differences
between different concentrations, p < 0.05.)

2.2. Effects of Different Vitexin Concentrations on Relative mRNA Expression of HSPA1A,
HSP90AB1, and HSPB1

Heat shock proteins are molecular chaperones that help immature proteins to process
and fold, but they are not themselves involved in protein expression. Heat shock proteins
are synthesized in large quantities when the body is exposed to high temperatures and
protect it during normal physiological activities [34]. To select an effective vitexin concen-
tration for heat stress experiments, the relative mRNA expressions of HSPA1A, HSP90AB1,
and HSPB1 in Caco-2 cells after heat stress were detected using RT-qPCR. The mRNA
expression of the three heat shock proteins decreased in a concentration-dependent manner
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following a treatment with vitexin or vitamin C (Figure 1B,C). Vitexin concentrations of
≥30 µM and vitamin C concentrations of ≥10 µM significantly inhibited the expression of
three heat shock proteins.

2.3. Vitexin Inhibits Heat-Stress-Induced ROS Production

ROS are natural by-products of normal oxygen metabolism, which can play an impor-
tant role in cellular signal transduction and the regulation of physiological functions in vivo;
however, it has been proven that lower ROS concentrations are beneficial to organisms [35].
Excessive ROS can alter cellular redox homeostasis and trigger oxidative stress, thereby
inducing apoptosis [36], which can lead to cancer, diabetes, and cardiovascular diseases
in severe cases [37,38]. Flow cytometry was used to investigate the cellular ROS levels in
the CG, HS, HSP-vit, and HSA-vit group. As shown in Figure 2B, compared to the CG
group, the cellular ROS content in the HS group was significantly increased (by 24.36%).
Compared with the HS group, the cellular ROS content in the HSP-vit, HSA-vit, HSP-vc,
and HSA-vc groups decreased by 17.66%, 13.42%, 12.39%, and 7.33%, respectively. The
intracellular ROS content in the HSP-vit and HSA-vit groups decreased by 5.26% and 6.63%,
respectively, compared to that in the HSP-vc and HSA-vc groups, respectively, suggesting
that vitexin inhibited ROS production more effectively than vitamin C. In addition, the
cellular ROS content was reduced by 3.7% in the HSP-vit group compared to that in the
HSA-vit group.
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Figure 2. Vitexin in preventing and ameliorating intracellular ROS expression levels during heat
stress. (A) Detection of intracellular ROS expression using flow cytometry in the prevention and
amelioration of heat stress by vitexin. (B) Quantification of ROS levels derived from flow cytometry.
(C) Vitexin’s molecular formula. (D) Vitamin C’s molecular formula. (Different lowercase letters
represent significant differences between different groups, p < 0.05; GC was the control group, HS
was the heat stress group, HSP-vit was vitexin for heat stress prevention group, HSA-vit was vitexin
for heat stress amelioration group, HSP-vc was the vitamin c for heat stress prevention group, and
HSA-vc was the vitamin c for heat stress amelioration group.)
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There is a close relationship between heat stress and ROS levels. ROS expression in
cells increases under heat stress, which affects the balance of the antioxidant system, causes
oxidative stress, and leads to cell apoptosis [39]. Natural polyphenols have antioxidant
properties, and studies have shown that polyphenol-rich diets can prevent ROS-mediated
diseases by inhibiting ROS and attenuating cellular damage, necrosis, and apoptosis [40,41].
When the body is exposed to high temperatures for a long period of time, the level of plasma
intestinal fatty acid binding protein (intestinal damage marker) increases, indicating that
heat stress damages the intestinal lining, and microorganisms can enter the bloodstream
from the intestinal tract, which, if left untreated, can lead to systemic inflammatory reac-
tions [42]. In addition, heat stress was found to alter intestinal permeability by decreasing
the expression of tight junction proteins (Occludin and ZO-1) through in vitro experiments,
leading to the disruption of the structure and function of the intestinal epithelium [43].
Studies have shown that polyphenols have good antioxidant and anti-inflammatory prop-
erties that protect the integrity of the intestinal barrier, and they can also mitigate the effects
of heat stress on the body by regulating intestinal flora and pro-inflammatory cytokine
expression [44]. Grape seed polyphenols can regulate human intestinal flora and promote
the growth of beneficial bacteria, thus improving host health [45]. Berry polyphenols and
metabolites can be used as dietary supplements to help the body alleviate heat stress, and
it promotes the growth of Bifidobacterium, Lactobacillus, and Akkermansia, and also relieves
intestinal inflammation through the modulation of inflammatory factors, and in addition,
berry polyphenols have been found to have a cancer-preventive effect on colon cancer [46].
As a natural polyphenol, vitexin can relieve oxidative stress by inhibiting intracellular
ROS [47]. In the present study, we treated heat-stressed cells with vitexin and found that it
could significantly reduce heat-stress-induced ROS production and that the inhibition of
ROS levels was higher in the HSP-vit group than in the HSA-vit group. This may have been
attributed to the fact that, in the HSP-vit group, heat-stress-induced ROS was inhibited at
the first instance, whereas in the HSA-vit group, ROS was inhibited only when the ROS
accumulation was higher. Thus, the effect of ROS inhibition differed between the HSP-vit
and HSA-vit groups. ROS generally refer to free and non-free radicals of oxygen origin,
including hydrogen peroxide (H2O2), singlet-linear oxygen (1O2), and superoxide anions
(O2
−) [48,49]. Studies have shown that hydroxyl groups can react with free radicals and

inhibit oxidative reactions. In the antioxidant process, they can undergo a redox reaction
with single-linear oxygen, converting it to molecular oxygen and eliminating its activity,
thus protecting cellular homeostasis [50]. Under the action of hydroxyl, hydrogen peroxide
is broken down into water and oxygen, thereby relieving oxidative stress and protecting
cells [51]. In addition, the study confirmed a positive correlation between the number of
hydroxyl groups and antioxidant activity [52]. As shown in Figure 2C,D, the structural
differences between vitexin and vitamin C are large, and the molecular formula of vitexin
has more hydroxyl groups than vitamin C. This may explain why vitexin was more effective
in inhibiting ROS. In summary, vitexin inhibited heat-stress-induced ROS production to
a certain extent, and the HSP-vit group showed a higher inhibition of ROS production than
that of the HSA-vit group.

2.4. Vitexin Reduces Heat Shock Protein Expression and Apoptosis Induced by Heat Stress

Apoptosis is the process of programmed cell death. When cells are stimulated by
the external environment, they transfer stimulus signals through complex and variable
mechanisms to induce apoptosis [53,54]. Therefore, to explore the mechanism of action of
vitexin against heat stress injury, flow cytometry was used to detect the effect of vitexin
on the rate of apoptosis induced by heat stress (Figure 3B). The apoptosis rate increased
significantly (by 21.94%) in the HS group compared to that in the CG group. The apoptosis
rate decreased by 11.58% and 9.84% in the HSP-vit and HSA-vit groups, respectively,
compared with that in the HS group. The apoptosis rate was reduced by 3.32% and
2.94% in the HSP-vit and HSA-vit groups, respectively, compared to that in the HSP-vc
and HSA-vc groups, respectively, suggesting that vitexin protected against heat-stress-
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induced apoptosis in a slightly better manner than vitamin C. The apoptosis rate in the
HSP-vit group was reduced by 1.74% compared to that in the HSA-vit group. Evidently,
the prevention or amelioration of heat-stressed cells with vitexin effectively reduced heat-
stress-induced apoptosis; however, the mechanism of action is unclear and will be further
explored in future studies.
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The mRNA and protein expression levels of heat shock proteins and key apoptosis fac-
tors in the GC, HS, HSP-vit, and HSA-vit groups were detected using RT-qPCR and Western
blot. As shown in Figure 4, the results showed that heat stress significantly increased the
mRNA expression levels of HSPA1A and HSP90AB1 and the protein expression levels of
Hsp70 and Hsp90, whereas the addition of vitexin for heat stress prevention or amelioration
reduced the heat-stress-induced elevation in the expression levels of Hsp70 and Hsp90.
Heat shock transcription factor 1 (Hsf1) is a master regulator of the heat shock response
(HSR), and during heat stress, it drives HSP gene transcription [55]. Varasteh et al. [56]
found that the expression of Hsf1 and HSPA1A genes was significantly elevated in Caco-2
cells after heat stress, following the same trend as the results of this study.

We also examined the mRNA and protein expression levels of apoptosis-related fac-
tors and found that the mRNA and protein expression levels of the anti-apoptotic protein
Bcl-2 were reduced in the HS group compared to those in the GC group. Conversely, the
expression levels of BAX, CYCS, CASP3, and PARP1 mRNA and their proteins (apoptosis
proteins Bax, Cytochrome C, cle-Caspase-3, cle-PARP1) were significantly increased, in-
dicating that heat stress affected the expression level of apoptotic proteins by regulating
the mRNA expression level of apoptotic proteins to induce apoptosis. Apoptosis mainly
involves the intrinsic mitochondrial and extrinsic death receptor pathways, with the mito-
chondrial pathway being the main transduction pathway [56]. The results of the present
study confirmed that heat-stress-induced apoptosis is associated with the caspase-mediated
mitochondrial pathway, in which the mRNA expression of CASP3 and PARP1 occurs at
the gene level, whereas cle-Caspase-3 and cle-PARP1 are expressed at the protein level.
Normally, Caspase-3 protein exists in cells as inactive pro-Caspase-3, which is cleaved into
cleaved-Caspase-3 active fragments when cells are stimulated by upstream apoptotic sig-
nals, whereas the downstream apoptotic signal PARP1 can be cleaved by cleaved-Caspase-3
into cleaved-PARP1 [57,58], which induces apoptosis. Thus, downstream apoptosis is
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mainly determined at the protein level by the expression levels of cleaved-Caspase-3
and cleaved-PARP1.
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Figure 4. Vitexin reduces heat shock protein expression and heat-stress-induced apoptosis.
(A) Expression levels of intracellular heat shock proteins and apoptotic proteins were detected using
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(Different lowercase letters represent significant differences between different groups, p < 0.05.)

Caspase-3 is one of the most important regulators downstream of the caspase cascade,
and its activation is largely dependent on the release of cytochrome c [26]. Cytochrome c
is an important component of the mitochondrial transport chain [59], and the apoptotic
protein Bax of the Bcl-2 family assists small-molecular proteins, such as cytochrome c, to
cross the mitochondrial membrane into the cytoplasm to trigger apoptosis, whereas the
anti-apoptotic protein Bcl-2 prevents the release of cytochrome c from mitochondria [60].
However, the expression of BCL2 mRNA and its protein (Bcl-2) in the HSP-vit and HSA-vit
groups was increased compared with that in the HS group upon addition of vitexin, while
the mRNA expression of BAX, CYCS, CASP3, and PARP1 and the protein expression of Bax,
cytochrome c, cle-Caspase-3, and cle-PARP1 were decreased. These results indicated that
vitexin could inhibit the release of cytochrome c from mitochondria by decreasing intracel-
lular Bax expression and increasing Bcl-2 expression, thus decreasing Caspase-3 expression
so that PARP1 was not cleaved, effectively alleviating heat-stress-induced apoptosis.

In addition, the mRNA and protein expression of Bcl-2 were increased in the HSP-vit
group compared to those in the HSA-vit group, and the mRNA expression of BAX, CYCS,
CASP3, and PARP1 and the protein expression of Bax, cytochrome c, cle-Caspase-3, and
cle-PARP were reduced. This indicates that heat-stress-induced apoptosis was inhibited in
the HSP-vit group in a slightly better manner than that in the HSA-vit group, which may
have been due to the difference in the time point of the action on the heat-stressed cells in
the HSP-vit and HSA-vit groups, where the cells were protected immediately when heat
stress occurred and its action on the cells lasted for a longer time period. Therefore, the
apoptosis rate of cells in the HSP-vit group was lower. In conclusion, vitexin protected
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against heat-stress-induced apoptosis via the mitochondrial pathway, and apoptosis was
inhibited more effectively in the HSP-vit group than that in the HSA-vit group.

2.5. Vitexin Inhibited Apoptosis by Regulating Heat Shock Protein Expression

Heat shock proteins are critical for cell survival and play important roles in apopto-
sis [61]. Therefore, to further investigate whether vitexin inhibited the rate of apoptosis by
modulating heat shock proteins when preventing or ameliorating heat stress, an experiment
was conducted to detect the mRNA and protein expression of key factors of apoptosis by
adding an Hsp70 inhibitor (VER-155008) and an Hsp90 inhibitor (Tanespimycin). As shown
in Figure 5, compared to the HS group, the mRNA expression levels and protein expression
levels of HSPA1A, BCL2, Hsp70, and Bcl-2 were significantly reduced in the VER-155008
group, whereas the mRNA expression of BAX, CYCS, CASP3, and PARP1, and the protein
expression levels of Bax, cytochrome c, cle-Caspase-3, and cle-PARP1 were significantly
increased. Compared to the HSP-vit and HSA-vit groups, the HSP-vit + VER-155008 and
HSA-vit + VER-155008 groups showed decreased mRNA and protein expression levels of
HSPA1A, BCL2, Hsp70, and Bcl-2; increased mRNA expression levels of BAX, CYCS, CASP3,
and PARP1; and increased protein expression levels of Bax, cytochrome c, cle-Caspase-3,
and cle-PARP1.
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Figure 5. Vitexin reduces intracellular Hsp70 and apoptotic protein expression levels for the pre-
vention and amelioration of heat stress. (A) Expression levels of Hsp70 and apoptotic proteins in
the prevention and amelioration of heat stress by the addition of VER-155008 inhibitor to vitexin
were detected using RT-qPCR. (B) Quantification of Western blot results of Hsp70 and apoptotic
proteins in the prevention and amelioration of heat stress by the addition of VER-155008 inhibitor to
vitexin with Image-Pro Plus V6.0 software. (C) Western blot was used to detect bands of Hsp70 and
apoptotic proteins in the prevention and amelioration of heat stress by vitexin with the addition of
VER-155008 inhibitor. (Different lowercase letters represent significant differences between different
groups, p < 0.05.)

As shown in Figure 6, the trend of intracellular apoptotic factor expression after the
addition of Tanespimycin was consistent with that observed after the addition of VER-
155008. Compared to the HS group, the mRNA and protein expression levels of HSPA1A,
BCL2, Hsp90, and Bcl-2 were significantly decreased in the Tanespimycin group, and the
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mRNA expression levels of BAX, CYCS, CASP3, and PARP1 and the protein expression
levels of Bax, cytochrome c, cle-caspase-3, and cle-PARP1 were significantly increased.
Compared to the HSP-vit and HSA-vit groups, the mRNA and protein expression levels
of HSPA1A, BCL2, Hsp90, and Bcl-2 were decreased in the HSP-vit + Tanespimycin and
HSA-vit + Tanespimycin groups, and the mRNA expression levels of BAX, CYCS, CASP3,
and PARP1 and the protein expression levels of Bax, cytochrome c, cle-Caspase-3, and
cle-PARP1 were increased. However, according to statistical analyses, the elevated mRNA
expression level of CASP3 was not significant, indicating that its gene expression was only
slightly changed at the mRNA level.
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Figure 6. Vitexin reduces intracellular Hsp90 and apoptotic protein expression levels in the pre-
vention and amelioration of heat stress. (A) Expression levels of Hsp90 and apoptotic proteins in
the prevention and amelioration of heat stress by the addition of Tanespimycin inhibitor to vitexin
were detected using RT-qPCR. (B) Quantification of Western blot results of Hsp90 and apoptotic
proteins in the prevention and amelioration of heat stress by the addition of Tanespimycin inhibitor to
vitexin with Image-Pro Plus V6.0 software. (C) Western blot was used to detect bands of Hsp90 and
apoptotic proteins in the prevention and amelioration of heat stress by vitexin with the addition of
Tanespimycin inhibitor. (Different lowercase letters represent significant differences between different
groups, p < 0.05.)

Heat shock proteins are highly conserved proteins that are rapidly synthesized upon
external stimulation to maintain cellular homeostasis [62]. In addition, heat shock proteins
assist immature protein processing and folding and play a role in regulating apoptosis [63].
However, when effective interventions reduce the effects of external stimuli, heat shock pro-
tein expression decreases [64]. The expression levels of Hsp70 and Hsp90 increase rapidly
when heat stress occurs, and the heat stress intervention using polyphenols can reduce the
expression levels of Hsp70 and Hsp90 [14,65]. However, the role and mechanism of action
of Hsp70 and Hsp90 as key regulators of apoptosis in the prevention and amelioration of
heat stress by vitexin remain unclear. Therefore, this study was conducted to explore this
relationship by adding Hsp70 and Hsp90 inhibitors. The results showed that, compared
to the HS group, the expression level of the anti-apoptotic protein Bcl-2 decreased after
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the addition of VER-155008 and Tanespimycin inhibitors, whereas the expression levels of
apoptotic proteins, Bax, cytochrome c, Caspase-3, and PARP1, increased. These results indi-
cate that the low expression of Hsp70 and Hsp90 can further promote apoptosis, whereas
the high expression of Hsp70 and Hsp90 can effectively protect against heat-stress-induced
apoptosis. However, Hsp70 and Hsp90 expression levels in the HSP-vit and HSA-vit
groups were lower than those in the HS group, and apoptosis was reduced. This may
have been attributed to the fact that the intervention with vitexin reduced the effects of
heat stress on the cells and resulted in the Hsp70 and Hsp90 expression levels being in
a more favorable range for protection against heat-stress-induced apoptosis. When vitexin
and the inhibitors, VER-155008 or Tanespimycin, acted together on heat-stressed cells, the
expression levels of intracellular Bax, cytochrome c, Caspase-3, and PARP1 were lower than
those following the addition of the inhibitor VER-155008 or Tanespimycin alone; however,
the expression level of Bcl-2 was higher than that when the inhibitor was used alone,
which demonstrated that vitexin alleviated heat-stress-induced apoptosis by regulating the
expression levels of Hsp70 and Hsp90. In addition, our study demonstrated that vitexin
affects the protein expression levels of HSPA1A and HSP90AB1 by downregulating their
mRNA transcript levels in cells, thereby alleviating heat stress. In summary, vitexin can
alleviate heat-stress-induced apoptosis by regulating the expression of heat shock proteins
(Hsp70 and Hsp90) to prevent or ameliorate heat stress.

2.6. Vitexin Regulates Heat Shock Protein Expression by Reducing ROS Levels thereby
Alleviating Apoptosis

ROS not only regulate apoptosis but also alter the expression of heat shock proteins [66].
Although vitexin can alleviate heat-stress-induced apoptosis and reduce the expression of
intracellular ROS and heat shock proteins, we speculated that it may regulate the expression
levels of heat shock proteins and apoptotic proteins by altering ROS levels. Therefore,
the mechanism of action was further investigated by adding a ROS inhibitor (NAC). As
shown in Figure 7, the mRNA and protein expression levels of HSPA1A, HSP90AB1, Hsp70,
and Hsp90, respectively, were significantly lower in the NAC group than those in the HS
group. The mRNA and protein expression levels of HSPA1A, HSP90AB1, Hsp70, and Hsp90
were reduced in the HSP-vit + NAC and HSA-vit + NAC groups compared to those in
the HSP-vit and HSA-vit groups, respectively, suggesting that the downregulation of ROS
could reduce intracellular Hsp70 and Hsp90 expression levels. ROS can not only directly
alter the structure and activity of heat shock proteins but also indirectly regulate heat shock
protein expression through redox signaling pathways [67]. The present study showed
that vitexin not only reduced heat-stress-induced ROS production but also inhibited the
expression of Hsp70 and Hsp90. Therefore, vitexin may regulate the expression of Hsp70
and Hsp90 by reducing ROS levels.

NAC also altered the expression of apoptotic proteins. As shown in Figure 6, compared
to the HS group, the expression levels of BCL2 mRNA and its protein (Bcl-2) were increased
in the NAC group, and the mRNA expression levels of BAX, CYCS, CASP3, and PARP1
and the protein expression levels of Bax, cytochrome c, cle-Caspase-3, and cle-PARP1 were
decreased. Compared with the HSP-vit and HSA-vit groups, the expression levels of BCL2
mRNA and its protein (Bcl-2) were significantly higher in the HSP-vit + NAC and HSA-vit
+ NAC groups, whereas the mRNA expression levels of CYCS, CASP3, and PARP1 and the
protein expression levels of cytochrome c, cle-Caspase-3, and cle-PARP1 were significantly
lower, and the mRNA expression levels of BAX and the protein expression level of Bax
were slightly changed. These results demonstrated that reducing ROS levels may alleviate
heat-stress-induced apoptosis. ROS are important factors in the regulation of apoptosis.
A high ROS expression can regulate apoptosis through the mitochondrial pathway, and
the addition of NAC can effectively inhibit apoptosis [68]. Therefore, based on the above
results, we speculate that vitexin is effective in the prevention and amelioration of heat
stress by decreasing intracellular ROS levels, thereby inhibiting the expression of heat shock
proteins (Hsp70 and Hsp90) and consequently alleviating cell apoptosis.
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Figure 7. Vitexin reduces intracellular Hsp70, Hsp90, and apoptotic protein expression levels in the
prevention and amelioration of heat stress. (A) Expression levels of Hsp70, Hsp90, and apoptotic
proteins in the prevention and amelioration of heat stress by the addition of NAC inhibitor to vitexin
were detected using RT-qPCR. (B) Quantification of Western blot results of Hsp70, Hsp90, and
apoptotic proteins in the prevention and amelioration of heat stress by the addition of NAC inhibitor
to vitexin with Image-Pro Plus V6.0 software. (C) Western blot was used to detect bands of Hsp70,
Hsp90, and apoptotic proteins in the prevention and amelioration of heat stress by vitexin with the
addition of NAC inhibitor. (Different lowercase letters represent significant differences between
different groups, p < 0.05.)

3. Materials and Methods
3.1. Materials and Chemicals

Vitexin (Yuanye, Shanghai, China) and vitamin C (Solarbio, Beijing, China) were
dissolved in 100% dimethylsulfoxide to prepare a 20 mM stock solution that was stored at
−80 ◦C.

3.2. Cell Culture and Compound Treatment

Human intestinal epithelial cells (Caco-2) were purchased from KeyGEN (KeyGEN
BioTECH Corp., Ltd., Nanjing, China). Caco-2 cells were cultured in DMEM medium
containing 20% fetal bovine serum and 100 U/mL penicillin/streptomycin (Gibco, Thermo
Scientific Inc., Waltham, MA, USA) and incubated at 37 ◦C with 5% CO2 saturated humidity.
When the cell density reached 70–80%, the cells were digested with 0.25% trypsin (Gibco,
Thermo Scientific Inc., Waltham, MA, USA) and passaged.

Referring to the method of Feng et al. [18], cells were treated at 43 ◦C for 6 h as
a heat-stress-modeling condition. The groups were as follows: cells cultured at 37 ◦C
(control group (CG)); cells treated at 43 ◦C for 6 h followed by recovery at 37 ◦C for
12 h (heat stress group (HS)); cells pretreated with vitexin (30 µM) for 2 h, followed by
treatment with 43 ◦C for 6 h and recovered at 37 ◦C for 12 h (vitexin for heat stress
prevention group (HSP-vit)); cells treated at 43 ◦C for 6 h and recovered at 37 ◦C for 12 h
after vitexin (30 µM) addition (vitexin for heat stress amelioration group (HSA-vit)); cells
pretreated with vitamin C (10 µM) for 2 h, followed by treatment with 43 ◦C for 6 h and
recovered at 37 ◦C for 12 h (vitamin C for heat stress prevention group (HSP-vc)); and cells
treated at 43 ◦C for 6 h and recovery at 37 ◦C for 12 h after vitamin C (10 µM) addition
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(vitamin C for heat stress amelioration group (HSA-vc)). The inhibitor groups were treated
with VER-155008 (Hsp70 inhibitor, MedChemexpress, Shanghai, China), Tanespimycin
(Hsp90 inhibitor, MedChemexpress, Shanghai, China), and N-acetyl-L-cysteine (NAC, ROS
inhibitor, MedChemexpress, Shanghai, China) for 2 h, and then treated as the HS, HSP-vit,
and HSA-vit groups, respectively.

3.3. Cell Viability Assay

Cells were seeded into 96-well plates at a density of 1× 104 cells/well and cultured for
36 h. Vitexin at concentration of 1, 3, 10, 30, or 100 µM was added to the cells for 24 h. Cell
Counting Kit-8 (CCK-8) reagent (Biosharp, Hefei, China) was added (10 µL) and incubated
for 2 h. Absorbance was measured at 450 nm using an enzyme labeler (SPECTROstar Nano,
Berlin, Germany).

3.4. Real-Time Quantitative Polymerase Chain Reaction

Cells were seeded into 6-well plates at a density of 1 × 105 cells/well and cultured
for 36 h. After the addition of vitexin in concentrations of 1, 3, 10, 30, or 100 µM to the
cells for 2 h, the cells were treated at 43 ◦C for 6 h and recovered at 37 ◦C for 12 h. After
36 h of cell culture, cells in the inhibitor groups, CG, HS, HSP-vit, and HSA-vit, were
treated according to the steps of cell treatment in Section 3.2. Total RNA was extracted from
the cells using TRIzol reagent (TransGen, Beijing, China). cDNA was reverse-transcribed
from RNA using a PrimeScript RT kit (Takara, Maebashi, Japan). cDNA was subjected
to real-time quantitative polymerase chain reaction (RT-qPCR) using a TB Green Premix
Ex Taq kit (Takara, Japan) and qTOWER instrument (Analytik Jena AG, Jena, Germany).
mRNA expression levels were calculated using the 2−∆∆Ct method. Primer sequences are
listed in Table 1.

Table 1. Primer sequence list.

Gene Sequences 5′–3′(Forward/Reverse) Annealing Temperature (◦C) Product Size (bp)

HSPA1A TTGAAGAGCAACAGCAGCAG
GCTGATTCTCGATTGGCAGG 60 248

HSP90AB1 GAAACTGCGCTCCTGTCTTC
GAAACTGCGCTCCTGTCTTC 60 239

HSPB1 GATGGCGTGGTGGAGATCA
GGTGACTGGGATGGTGATCT 60 150

BAX AAGAAGCTGAGCGAGTGTCT
GTTCTGATCAGTTCCGGCAC 60 181

BCL2 GGATAACGGAGGCTGGGATG
TGACTTCACTTGTGGCCCAG 60 156

CYCS ACAGAAACCAGGCAGCCTTT
CAGGGACTGTGCTCTGGAAG 60 123

CASP3 GGCGGTTGTAGAAGAGTTTCG
ACACAGCCACAGGTATGAGC 60 53

PRAP1 AGCGTGTTTCTAGGTCGTGG
CATCAAACATGGGCGACTGC 60 194

ACTB CCCTGGAGAAGAGCTACGAG
CGTACAGGTCTTTGCGGATG 60 240

3.5. Measurement of ROS Levels

Cells were seeded into 6-well plates at a density of 1 × 105 cells/well and cultured
for 36 h. Cells in the CG, HS, HSP-vit, HSA-vit, HSP-vc, and HSA-vc groups were treated
according to the steps for treating cells in Section 3.2. ROS detection was performed using
the fluorescent probe DCFH-DA (Beyotime, Shanghai, China). After washing the cells
with phosphate-buffered saline (PBS, Biosharp, Guangzhou, China), they were digested
with 0.25% trypsin and collected. Then, they were incubated with a DCFH-DA probe
in the dark for 30 min at 37 ◦C. Cells were inverted and mixed every 3–5 min to ensure
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complete contact between the probe and cells. After washing the cells with a serum-free
cell culture medium, intracellular ROS levels were detected using flow cytometry (Sysmex,
Norderstedt, Germany).

3.6. Cell Apoptosis Analysis

Cells were seeded into 6-well plates at a density of 1 × 105 cells/well and cultured
for 36 h. Cells in the CG, HS, HSP-vit, HSA-vit, HSP-vc, and HSA-vc groups were treated
according to the steps for treating cells in Section 3.2. Apoptosis was detected using
an Annexin V-FITC/PI apoptosis detection kit (Beyotime, Shanghai, China). After washing
the cells with PBS, they were digested with 0.25% trypsin and collected, resuspended with
195 µL Annexin V-FITC conjugate, 4 µL Annexin V-FITC, and 8 µL of propidium iodide
staining solution. Cells were gently mixed and incubated at room temperature for 20 min.
Apoptosis was detected using flow cytometry.

3.7. Western Blot Analysis

After 36 h of cell culture, the cells in inhibitor groups, CG, HS, HSP-vit, and HSA-vit,
were treated according to the steps of cell treatment in Section 3.2. After washing with PBS,
cells were digested with 0.25% trypsin and collected. Cells were lysed in lysis buffer for
30 min. Proteins were separated with electrophoresis on 10–12% sodium dodecyl sulfate-
polyacrylamide gel and then transferred to polyvinylidene difluoride membranes, which
were blocked in 5% skim milk for 2 h at room temperature. The membranes were washed
and incubated with primary antibody (Table 2) for 12 h at 4 ◦C, and then incubated with
murine antibody (Jackson ImmunoResearch Inc., West Grove, PA, USA) for 1 h at room
temperature. Proteins were detected using an enhanced chemiluminescence kit (Thermo
Fisher Scientific, Waltham, MA, USA) and an Amersham Imager 600 (GE, Fairfield, CT,
USA), and analyzed using Image-Pro Plus software.

Table 2. Primary antibody information.

Name of Primary Antibody Species of Origin Producer Article Number Dilution Rate

HSP90 Rabbit Mitaka, Wuhan, China 13171-1-AP 1:5000
HSP70 Rabbit Affinity, Changzhou, China AF5466 1:1000

Bax Rabbit CAT, Danvers, MA, USA 2772 1:1000
Bcl-2 Rabbit Mitaka, Wuhan, China 26593-1-AP 1:2000

cytochrome c Rabbit Mitaka, Wuhan, China 10993-1-AP 1:3000
pro-PARP1 Rabbit Huaan biology, Hangzhou, China ET1608-56 1:2000
cle-PARP1 Rabbit Affinity, Changzhou, China AF7023 1:1000

pro-caspase3 Rabbit Abcam, Shanghai, China ab32150 1:1000
cle-caspase3 Rabbit Affinity, Changzhou, China AF7022 1:1000

β-actin Rabbit Abclonal, Wuhan, China AC026 1:50,000

3.8. Data Analysis

The results of the experiments are expressed as the mean ± standard deviation (n ≥ 3).
Figures were created using Origin 8.5 (Northampton). Statistical analyses were performed
with the one-way analysis of variance and Duncan’s test (p < 0.05) using SPSS 25 software.

4. Conclusions

In this study, we investigated the effects of vitexin on the prevention and amelioration
of heat stress and its related mechanisms using in vitro cellular models. It was found
that the intervention with vitexin (30 µM) can effectively alleviate heat-stress-induced
apoptosis by reducing the intracellular ROS content, thereby inhibiting the expression of
intracellular heat shock proteins (Hsp70 and Hsp90) and protecting against the expression
of apoptotic proteins (Figure 8). The ROS content and apoptosis expression in the heat
stress prevention group were 7.66% and 10.67%, respectively, while the expression in the
heat stress amelioration group was slightly higher than that in the prevention group, i.e.,
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13.96% and 12.41%, respectively. Additionally, the expression of apoptotic proteins was
lower in the vitexin-preventing heat stress group than in the vitexin-ameliorating heat
stress group. In conclusion, vitexin effectively prevented and alleviated heat-stress-induced
apoptosis, and its preventive effect on heat stress was more effective than its ameliorative
effect. Vitexin has potential applications in preventing and alleviating heat stress, and this
study provides a theoretical basis for the regulation of heat stress by vitexin. In future
studies, we will investigate the mechanism by which vitexin regulates heat-stress-related
signaling pathways to further elucidate the mechanism of action of vitexin in alleviating
heat stress.
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