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Sesamin attenuates PM2.5-induced cardiovascular
injury by inhibiting ferroptosis in rats
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Objective: This study aimed to elucidate the pharmacological effects of sesamin (Ses) and its mechanism of

action towards PM2.5-induced cardiovascular injuries. Method: Forty Sprague Dawley (SD) rats were randomly

divided into five groups: a saline control group; a PM2.5 exposure group; and low-, middle-, and high-dose Ses

pretreatment groups. The SD rats were pretreated with different concentrations of Ses for 21 days. Afterward,

the rats were exposed to ambient PM2.5 by intratracheal instillation every other day for a total of three times.

The levels of inflammatory markers, including tumor necrosis factor-alpha (TNF-α), interleukin-1beta (IL-1β),
and interleukin-6 (IL-6), and indicators related to oxidative responses, such as total superoxide dismutase

(SOD), reduced glutathione (GSH), glutathione peroxidase (GSH-Px), and malondialdehyde (MDA), were

measured in the blood and heart. The expression of ferroptosis-related proteins in heart tissues was deter-

mined via western blot and immunohistochemistry. Results: Ses pretreatment substantially ameliorated cardio-

vascular injuries in rats as evidenced by the decrease in the pathological score and collagen area. The

decreased levels of SOD, GSH, and GSH-Px in the heart and serum were inhibited by Ses. In addition, Ses not

only notably increased the activity of antioxidant enzymes but also reduced the levels of MDA, CK, LDH,

CK-MB, IL-6, TNF-α, IL-1β, and IL-6. Furthermore, Ses pretreatment upregulated the expression levels of

GPX4, SLC7A11, TFRC, and FPN1 and inhibited the expression levels of FTH1 and FTL. Conclusion: Ses pretreat-

ment could ameliorate PM2.5-induced cardiovascular injuries perhaps by inhibiting ferroptosis. Therefore, Ses

pretreatment may be a novel strategy for the prevention and treatment of PM2.5-induced cardiovascular injury.

1 Introduction

Air pollution is a major environmental risk factor that affects
both ecosystems and human health worldwide. According to the
World Health Organization, 92% of individuals live in places
where air quality levels exceed the recommended limits. Many
epidemiological investigations have identified that both short-
and long-term exposure to ambient particulate matter (PM),
especially to fine particulate matter (PM2.5), is strongly related to
the occurrence and progression of various cardiovascular dis-
eases (CVDs).1 PM2.5 is defined as an atmospheric particle with
an aerodynamic diameter of less than 2.5 µm. Substantial evi-
dence indicates that the main sources of PM2.5 are coal combus-

tion, automobile exhausts, and industrial production2 and that
the surface of PM2.5 contains many kinds of toxic substances,
such as organic carbon, heavy metals, bacteria, and viruses.3–5

Accumulating evidence indicates that PM2.5 is associated with
the adverse effects of respiratory and cardiovascular diseases.6,7

Yang et al.8 reported that PM2.5, PM10, NO2, and O3 exposures
are closely related to increased risks of CVD mortality. Compared
with other pollutants, PM2.5 exposure poses a greater risk of
stroke incidence and ischemic heart disease incidence. PM2.5 is
strongly related to markers of early atherosclerosis.9 Therefore,
novel effective therapeutic strategies for preventing cardio-
vascular injuries due to PM2.5 exposure must be developed.

Although the precise molecular mechanisms of PM2.5-
induced cardiovascular injuries have not been fully elucidated
yet, inflammation and oxidative stress have been proved to be
closely associated with cardiovascular dysfunctions linked to
PM2.5.

10,11 PM2.5 causes general inflammation by releasing
inflammatory factors, including interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-a).11 Meanwhile, the role of oxi-
dative stress in cardiovascular injury has also attracted
increased attention. Oxidation imbalance and antioxidation
play an important role in the development of CVDs.12,13
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Antioxidation can attenuate the risk of CVDs.13–15 Ferroptosis,
which is a recently discovered kind of cell death, is triggered
under the typical conditions of iron accumulation and lipid
peroxidation.16 Ferroptosis facilitates the development and
progression of CVDs, and inhibition of ferroptosis improves
human endothelial cell death and cardiac functions in both
in vivo and in vitro models of CVDs.17,18 However, the protec-
tive effects of ferroptosis inhibition on PM2.5-induced cardio-
vascular damage require further study.

Hundreds of millions of people worldwide are exposed to
high concentrations of PM2.5, especially in China and other
developing countries. Therefore, efforts have been exerted to
discover dietary improvement strategies that can prevent the
adverse health effects of PM2.5 exposure. Dietary supplements
can be considered an effective way of preventing cardiovascular
injury.19,20 Several intervention studies have noted that fish oil
and other dietary antioxidant supplements may alleviate
PM2.5-induced oxidative stress and inflammation in
humans.20,21 Sesamin (Ses), a fat-soluble lignin isolated from
sesame seeds and sesame oil, has attracted considerable atten-
tion owing to its wide range of biological and pharmacological
activities, including antioxidant, anti-inflammatory, and antic-
arcinogenic activities.22 However, the effects of Ses on PM2.5-
induced cardiovascular toxicity remain unclear. Moreover, the
underlying mechanism must be elucidated.

In this study, rats were pretreated with Ses and then
exposed to PM2.5. The main goal of this study was to determine
whether Ses can antagonize the cardiovascular toxicity of
PM2.5 by inhibiting ferroptosis.

2 Materials and methods
2.1 PM2.5 collection and preparation

PM2.5 samples were collected using an air sampler from
November 2019 to March 2020 in a nonindustrial district in
Shijiazhuang, China. The collected PM2.5 quartz fiber filters were

cut into small pieces, immerged in three-fold distilled water, and
sonicated three times for 30 min each time with a sonicator. The
PM2.5 suspensions were then dried at a constant temperature for
48 h to recover PM2.5 samples. The collected PM2.5 samples were
then weighed and stored at −80 °C. The water-soluble com-
ponents and metal elements in the PM2.5 samples were analyzed
via ion chromatography (ICS1100, Deoxon, USA) and inductively
coupled plasma mass spectrometry (PerkinElmer, USA).
Polycyclic aromatic hydrocarbons (PAHs) were analyzed via high-
performance liquid chromatography. The concentrations of the
water-soluble components, metal elements, and PAHs in the
PM2.5 samples are shown in Table 1.

2.2 Animals

Forty specific pathogen-free normal Sprague Dawley (SD) rats (7
weeks old and 251–275 g in weight) were supplied by Charles
River Laboratories. The rats were adaptively acclimatized for 1
week. All rats were housed in an environmentally controlled
room (22 ± 2 °C, 50%–70% humidity) with a 12 : 12 h light : dark
cycle and provided with a standard diet and water ad libitum. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Hebei
Medical University and the experiments were approved by the
Animal Ethics Committee of Hebei Medical University.

2.3 Preparation of Ses

Ses was obtained from Aladdin Company (Aladdin, Shanghai,
China) and dissolved in 0.5% carboxymethylcellulose.

2.4 PM2.5 exposure and Ses intervention

The SD rats were randomly allocated into five groups (n = 8). In
the PM2.5 exposure group, the rats were treated with 0.5%
CMC (10 mL per kg b.w.) for 21 days. The SD rats were anesthe-
tized with isoflurane and administered with PM2.5 suspension
by intratracheal instillation (10 mg per kg b.w.) every other day
for a total of three times. In the saline control group, the SD

Table 1 Analysis of the composition of PM2.5 samples

Component Concentration Component Concentration

Soluble anions F− 0.28 NO3
− 210.13

NH4
+ 104.66 SO4

2− 164.87
Cl− 15.17

Metal elements Tl 4.01 Pb 404.58
Cd 11.85 Al 544.93
Cr 16.07 Ni 8.70
Se 50.41 Be 0.63
Sb 26.72 Hg 1.63
Mn 252.45 As 36.20

PAHs Naphthalene <0.18 Benzo[a] pyrene 71.02
Acenaphthene <0.18 Benzo[a] anthracene 77.22
Phenanthrene 50.67 Benzo[k] fluoranthene 66.18
Fluoranthene 76.54 Benzo[b] fluoranthene 88.02
Pyrene 73.63 Dibenzo[a, h]anthracene 60.35
Acenaphthylene <0.18 Benzo [g, h, i]perylene 70.34
Fluorene 72.45 Indene[1,2,3-c,d]pyrene 71.97
Anthracene 47.06

The unit of soluble anions is µg mg−1 and the unit of metal elements and PAHs is ng mg−1.
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rats were treated with 0.5% CMC (10 mL per kg b.w.) for 21
days. The SD rats were anesthetized with isoflurane and intra-
tracheally instilled with 0.9% saline (1 mL per kg b.w.) every
other day for a total of three times. In the Ses pretreatment
groups, the SD rats were gavaged with low (L-Ses, 40 mg per kg
b.w), medium (M-Ses, 80 mg per kg b.w.), and high (H-Ses,
160 mg per kg b.w.) doses of Ses. The SD rats were anesthe-
tized with isoflurane and administered with PM2.5 suspension
by intratracheal instillation (10 mg per kg b.w.) every other day
for a total of three times.

2.5 Determination of inflammatory cytokines

Twenty-four hours after the final intratracheal instillation, the
SD rats were briefly anesthetized with pentobarbital sodium
(50 mg kg−1, i.p.) and blood samples were collected from the
abdominal aorta. Heart tissues from the sacrificed rats were then
obtained. Levels of IL-6, TNF-a, and interleukin 1β (IL-1β) in
serum and heart tissues were measured via enzyme-linked
immunosorbent assay (Shanghai Enzyme-linked Biotechnology
Co., Ltd) in strict accordance with the manufacturer’s instructions.

2.6 Measurement of oxidative stress

The heart of each animal was homogenized (10%, w/v) in ice-
cold 0.9% normal saline by using a high-speed homogenizer.
The homogenate was then centrifuged at 3000 rpm for 10 min
at 4 °C and the supernatant was collected. The content of mal-
ondialdehyde (MDA) and the activities of superoxide dismu-
tase (SOD), glutathione (GSH), and glutathione peroxidase
(GSH-Px) were measured using assay kits (Nanjing Jiancheng
Bioengineering Institute, China).

2.7 Measurement of tissue iron

Iron concentration in the heart was measured using an iron
determination kit (Nanjing Jiancheng Bioengineering
Institute, China) by following the manufacturer’s instructions.

2.8 Histological examination

The heart samples were routinely fixed and embedded in
paraffin. The wax blocks were sectioned and stained with
hematoxylin–eosin and sirius red staining according to the
manufacturer’s protocol. The severity of cardiac inflammation
was evaluated using a 0 to 4 grading system according to a pre-
vious study.23 For immunohistochemistry, the sections were
incubated overnight with primary antibodies against the ferri-
tin light chain (#A11241, 1 : 100, ABclonal, China) at 4 °C.
Subsequently, the slides were incubated with corresponding
secondary antibodies at room temperature for 50 min.
Semiquantitative analyses of the area were performed using
the Image-Pro plus 6.0. Data are expressed as the ratio of the
integrated optical density (IOD = area × density) of the heart-
positive area to the total IOD of corresponding heart tissues.

2.9 Heart functional parameters

Heart functions were investigated by measuring the serum and
heart levels of lactate dehydrogenase (LDH), creatine kinase
(CK), and creatine kinase isoenzyme MB (CK-MB). The assay

kits of LDH and CK were purchased from Nanjing Jiancheng
Bioengineering Institute (China), whereas the assay kits of
CK-MB were purchased from Shanghai Enzyme-linked
Biotechnology Co., Ltd (China).

2.10 Western blot

Fresh heart tissues were sufficiently lysed with RIPA buffer con-
taining protease inhibitors. The proteins were separated by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. In
brief, the resolved proteins were electrophoretically transferred
onto polyvinylidene difluoride membranes. The blots were
blocked with 5% defatted milk at room temperature for 2 h.
Subsequently, the membranes were washed with Tris-buffered
saline tween (TBST) and incubated overnight with primary anti-
bodies at 4° C. The following antibodies were used: anti-rabbit
FTH1 (#A19544, 1 : 1000, ABclonal, China), anti-rabbit FTL
(#A11241, 1 : 1000, ABclonal, China), anti-rabbit TFRC (#A5865,
1 : 1000, ABclonal, China), anti-rabbit FPN1 (#A14884, 1 : 1000,
ABclonal, China), anti-rabbit SLC7A11 (#A2413, 1 : 1000,
ABclonal, China), anti-rabbit GPX4 (#A13309, 1 : 1000, ABclonal,
China), and anti-rabbit GAPDH (#AC027, 1 : 10 000, ABclonal,
China) and incubated overnight at 4 °C. The membranes were
then washed four times by using TBST every 5 min and probed
with an HRP-conjugated secondary antibody (#AB0101,
1 : 20 000, Abways, USA) at room temperature for 1 h. Afterward,
TBST was added for washing twice and Tris-buffered saline (TBS)
for washing once. Finally, the membranes were washed again
and detected using an enhanced chemiluminescence solution.
GAPDH served as the internal loading control for normalization.

2.11 Statistical analyses

Statistical analysis was performed using the SPSS 21.0 software
and the GraphPad Prism software. Data are reported as means
± SEM. Comparison of the means among groups was per-
formed using one-way ANOVA. Differences with a p-value of
<0.05 were considered significant.

3 Results
3.1 Effect of Ses on heart histology

As shown in Fig. 1A–E, the heart tissues of the rats in the
control group had a normal ultrastructure, whereas those of
the rats in the PM2.5 exposure group had obvious cellular
inflammatory infiltrates. Compared with those in the PM2.5

exposure group, edema, hemorrhage, and dense inflammatory
cell infiltrations were substantially reduced in the Ses-treated
groups. The inflammation score was evaluated histopathologi-
cally in the heart tissues. As shown in Fig. 1F, the inflam-
mation score was considerably higher in the PM2.5 exposure
group than that in the saline control group and the score was
lower in the Ses pretreatment groups than that in the PM2.5

exposure group. Myocardial fibrosis was also assessed to
further explore the effects of Ses on PM2.5-induced cardio-
vascular injury (Fig. 1F–K). The results showed that PM2.5

exposure led to irreversible cardiac interstitial fibrosis.
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Interstitial fibrosis remarkably decreased in the Ses-treated
groups compared with that in the PM2.5 exposure group.

3.2 Effects of Ses on the levels of LDH, CK, and CK-MB in
heart tissues and serum

Exposure to PM2.5 notably elevated but Ses pretreatment mark-
edly reduced the levels of LDH and CK in heart tissues and
serum (Fig. 2).

3.3 Effects of Ses on the levels of TNF-α, IL-1β, and IL-6 in
heart tissues and serum

The levels of TNF-α, IL-1β, and IL-6 in the heart tissues and
the serum of the SD rats were measured to explore whether Ses
affects the inflammatory response. The levels of TNF-α, IL-1β,
and IL-6 substantially increased in the PM2.5 exposure group
compared with that in the saline control group (Fig. 3).
However, this upregulation was alleviated by Ses. Thus, Ses

Fig. 1 Effect of sesamin on heart histology. Hematoxylin and eosin (H&E) staining of heart sections: (A) the saline control group (scale bar = 20 μm),
(B) the PM2.5 exposure group (scale bar = 20 μm), (C) the PM-Ses/L group (scale bar = 20 μm), (D) the PM-Ses/M group (scale bar = 20 μm), (E) the
PM-Ses/H group (scale bar = 20 μm), (F) the myocarditis score of heart and sirius red staining of heart sections: (G) the saline control group (scale
bar = 20 μm), (H) the PM2.5 exposure group (scale bar = 20 μm), (I) the PM-Ses/L group (scale bar = 20 μm), (J) the PM-Ses/M group (scale bar =
20 μm), (K) the PM-Ses/H group (scale bar = 20 μm), (L) the quantitative analyses of sirius red staining of heart sections. The values are presented as
the mean ± SEM (n = 8); *p < 0.05 difference from the saline control group; **p < 0.001 difference from the saline control group; #p < 0.05 differ-
ence from the PM2.5 exposure group; and ##p < 0.001 difference from the PM2.5 exposure group.
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pretreatment largely blocked the PM2.5-induced inflammatory
response.

3.4 Effects of Ses on the levels of SOD, MDA, GSH, and
GSH-PX in heart tissues and serum

The activities of SOD, MDA, GSH, and GSH-PX in the heart
tissues and serum of the SD rats were measured to investigate
whether Ses affects the degree of oxidative stress (Fig. 4).
Compared with those in the saline control group, the activities
of SOD, GSH, and GSH-Px in the heart tissues and serum of
the SD rats in the PM2.5 exposure group remarkably decreased.
The contents of SOD, GSH, and GSH-Px increased in the Ses
pretreatment groups compared with those in the PM2.5

exposure group. In addition, PM2.5 instillation substantially
increased but Ses pretreatment inhibited the level of MDA in
the heart tissues and serum of the SD rats.

3.5 Effects of Ses on iron accumulation

Iron plays a vital role in the pathogenesis of cardiovascular dis-
orders and the initiation of ferroptosis. Therefore, the effects
of PM2.5 exposure on the level of iron in the heart tissues of
the SD rats were measured. The concentration of iron in the
heart tissues of the SD rats in the PM2.5 exposure group
remarkably increased compared with that in the saline control
group (Fig. 5A). However, Ses pretreatment led to a decrease in
iron concentration in heart tissues of the SD rats. The

expression of the ferroportin (FPN1) protein, the only known
cellular iron exporter, was considerably decreased by PM2.5

exposure. In contrast, Ses pretreatment notably inhibited the
downregulation of FPN1 protein expression. The expression of
transferrin receptor 1 (TfR1), a transporter protein thought to
be important for cellular iron uptake, was downregulated by
PM2.5 exposure but Ses pretreatment restored its expression.
The expression levels of ferritin heavy chain (FTH1) and ferri-
tin light chain (FTL), which are iron-storage proteins,
increased in the PM2.5 exposure group. Ses pretreatment
remarkably decreased the expression levels of FTH1 and FTL.

3.6 Effects of Ses on ferroptosis

The expression levels of the ferroptosis-related proteins GPX4
and SLC7A11 were analyzed to understand the potential
mechanisms by which Ses attenuates PM2.5-induced cardio-
vascular injuries. The expression levels of SLC7A11 and GPX4
in the PM2.5 exposure group were substantially lower than
those in the saline control group, and Ses pretreatment
restored their expression (Fig. 6).

4 Discussion

This study demonstrated that Ses pretreatment exerted ben-
eficial effects on PM2.5-induced cardiovascular injuries by inhi-

Fig. 2 Effect of sesamin on the levels of LDH, CK and CK-MB in serum and heart. (A) Lactate dehydrogenase (LDH) activity in serum, (B) creatine
kinase (CK) activity in serum, (C) creatine kinase isoenzyme MB (CK-MB) activity in serum, (D) LDH activity in the heart, (E) CK activity in the heart, and
(F) CK-MB activity in the heart. The values are presented as the mean ± SEM (n = 8); *p < 0.05 difference from the saline control group; **p < 0.001
difference from the saline control group; #p < 0.05 difference from the PM2.5 exposure group; ##p < 0.001 difference from the PM2.5 exposure group.
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biting ferroptosis. These findings not only enable us to under-
stand a new mechanism involved in PM2.5-induced cardio-
vascular injuries but also provide a new approach for the pre-

vention and treatment of PM2.5-induced injuries. PM2.5, as an
environmental pollutant in China, has been demonstrated to
increase the hospitalization and mortality rate of people with

Fig. 4 Effect of sesamin on the levels of SOD, MDA, GSH and GSH-PX in serum and heart. The levels of SOD, MDA, GSH and GSH-Px in serum (A–D) and
heart tissue (E–H) were measured. The values are presented as the mean ± SEM (n = 8); *p < 0.05 difference from the saline control group; **p < 0.001
difference from the saline control group; #p < 0.05 difference from the PM2.5 exposure group; and ##p < 0.001 difference from the PM2.5 exposure group.

Fig. 3 Effect of sesamin on the levels of TNF-α, IL-1β and IL-6 in serum and heart. The levels of interleukin 6 (IL-6), interleukin 1β (IL-1β) and TNF-α
in serum (A–C) and heart tissue (D–F) were measured by enzyme-linked immunosorbent assay. The values are presented as the mean ± SEM (n = 8);
*p < 0.05 difference from the saline control group; **p < 0.001 difference from the saline control group; #p < 0.05 difference from the PM2.5

exposure group; and ##p < 0.001 difference from the PM2.5 exposure group.
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CVDs.24,25 However, few studies have investigated the mole-
cular mechanisms involved in cardiovascular injuries as
induced by PM2.5 inhalation. Ferroptosis plays a vital role in

the occurrence and development of CVDs, such as in
doxorubicin- and ischemia/reperfusion (I/R)-induced cardio-
myopathy.18,26 The present study focused on the role of

Fig. 5 Effect of sesamin on iron accumulation in heart tissues of rats. (A) Iron levels in the heart tissues were measured. (B–F) Western blotting
results for iron metabolism-related proteins, including ferritin light chain (FTL), ferritin heavy chain (FTH), ferroportin (FPN1), and transferrin receptor
1 (TfR1). (G–K) Representative immunohistochemistry (IHC) images of FTL in the heart sections (scale bar = 20 mm). (L) Quantitative analyses of IHC
of the heart sections. The values are presented as the mean ± SEM (n = 8); *p < 0.05 difference from the saline control group; **p < 0.001 difference
from the saline control group; #p < 0.05 difference from the PM2.5 exposure group; and ##p < 0.001 difference from the PM2.5 exposure group.
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ferroptosis in PM2.5-induced cardiovascular injury. Our results
indicated that PM2.5 exposure increased the iron load and sub-
stantially reduced the expression levels of ferroptosis-related
proteins. However, Ses pretreatment attenuated these PM2.5-
induced changes, suggesting that Ses may have an inhibitory
effect on ferroptosis induced by PM2.5 exposure.

PM2.5 exposure may damage the pericardium, myocardium,
and vasculature of the heart. Li et al.27 found that PM2.5

exposure induces pathological changes and ultrastructural
damage in the heart, such as mitochondrial swelling and
cristae disorder. In the present study, the histological examin-
ation of cardiac tissues revealed obvious inflammation and
injury in the PM2.5 exposure group. In comparison, less
inflammation and injury were observed in the Ses pretreat-
ment groups. This protective effect of Ses towards cardio-
vascular injury was verified by the decrease in myocardial
inflammation and fibrosis. The activities of cardiac marker
enzymes, including LDH, CK, and CK-MB, which are well-
known diagnostic indicators of myocardial cellular injury, are
related to myocardial infarction, coronary atherosclerosis, and
heart failure.28–30 In the current study, the activity of CK in the
heart and serum and the activity of LDH in the heart were
remarkably higher in the saline control group than those in
the PM2.5 exposure group. However, no notable differences in
the serum levels of CK-MB were observed among the five

groups. Owing to the tolerance of normal heart tissue, a small
degree of myocardial damage may not be obvious.31,32 This
fact may explain why only some abnormalities of myocardial
damage indicators were detected herein.

Ses, a bioactive component extracted from sesame seeds
and sesame oil,33 exhibits multiple biological functions,
including immunomodulatory, antioxidant, and anti-inflam-
matory functions. Many studies have confirmed that Ses
plays a vital role in various CVDs, such as hypertension, pro-
gression of atherosclerosis, thrombosis, and hypercholestero-
lemia.34 Kong35 demonstrated that Ses treatment for 8 weeks
reduces systolic blood pressure and improves vasodilatation
in renovascular hypertensive rats. Atherosclerosis is a chronic
vascular inflammatory disease that is a risk factor for the
development of CVDs. Sesame oil can reduce atherosclerotic
lesions, triglycerides, and plasma cholesterol in mice.36 The
rupture of atherosclerotic plaques is a common cause of
arterial thrombosis.37 Noguchi38 reported that Ses adminis-
tration for 5 weeks increases the number of laser pulses
required to induce a thrombus. Although Ses has numerous
potential health impacts, researchers are still unconvinced
whether Ses is beneficial to PM2.5-induced cardiovascular
injury. The results of the present study showed that Ses pre-
treatment substantially reduced both inflammation and oxi-
dative stress following PM2.5 exposure, consistent with heart

Fig. 6 Effect of sesamin on ferroptosis of heart tissue. (A–D) Western blotting results for ferroptosis-related proteins, including GSH peroxidase 4
(GPX4) and solute carrier family 7 member 11 (SLC7A11). Values are presented as the mean ± SEM (n = 8); *p < 0.05 difference from the saline
control group; **p < 0.001 difference from the saline control group; #p < 0.05 difference from the PM2.5 exposure group; and ##p < 0.001 difference
from the PM2.5 exposure group.
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histological injury and the amelioration of cardiovascular
dysfunction.

Proinflammatory cytokines, such as TNF-α, IL-6, and IL-1β,
play a vital role in cardiovascular damage caused by PM2.5 and
they can initiate inflammatory cascade, reinforce macrophage
migration, and aggravate cardiovascular injury.11,23 Our results
showed that after PM2.5 stimulation, the infiltration of inflam-
matory cells in heart tissues substantially increased and the
levels of IL-6, TNF-a, and IL-1β in heart tissues and serum
markedly increased. These effects were ameliorated by Ses.
PM2.5 exposure can also lead to a measurable oxidative stress
response in the heart and serum.31 PM2.5 exposure can stimu-
late the extensive release of reactive oxygen species (ROS) and
reactive nitrogen species (RNS). Excessive ROS and RNS gene-
ration can impair the activity of antioxidant enzymes, such as
SOD, GSH, and GSH-Px.39 As a marker of lipid peroxidation
products, MDA can reflect the extent of lipid peroxidation and
the degree of cellular damage attacked by free radicals.40 In
the current study, we found that the activities of SOD, GSH,
and GSH-Px in the heart tissues and serum of the SD rats
exposed to PM2.5 remarkably decreased. In addition, PM2.5

exposure led to a notable increase in MDA content in the heart
tissues and serum of the SD rats. However, Ses attenuated
these PM2.5-induced changes.

In 2012, ferroptosis was first identified as an iron-depen-
dent form of programmed cell death and it can be initiated by
the production of ROS and iron overload.16 In fact, iron depo-
sition and lipid peroxidation, the major features of ferroptosis,
are strongly associated with inflammatory response and oxi-
dative stress.41,42 Glutathione acts as an important antioxidant
and a free radical scavenger in vivo and it can be categorized as
either reduced (GSH) or oxidized (GSSG). GPx4 converts GSH
into GSSG and GSH/GSSG constitutes an antioxidant system
that provides reducing equivalents to eliminate oxidative
species.41,43 Cellular iron overload can lead to mitochondrial
dysfunction and increased ROS production that even exceeds
the scavenging capacity of antioxidant systems (e.g., GSH and
GPX4), thereby forming lipid peroxides, enhancing oxidative
stress, and promoting the release of pro-inflammatory
mediators.41,42 A recent review highlighted that ferroptosis
may be the initiating factor for inflammation or at least has
proinflammatory effects.42 These findings suggest that ferrop-
tosis may play a major role in the occurrence and development
of CVDs. Therefore, to further explore the mechanisms by
which Ses attenuates cardiovascular injury due to PM2.5

exposure, we detected the expression of ferroptosis-related pro-
teins. Iron is an indispensable trace element for various meta-
bolic processes and biological functions in the human body.
Iron homeostasis is mediated at the systemic, organelle, and
cellular levels by iron acquisition, storage, utilization, and
export and is tightly regulated by multiple proteins.44,45

Broadly speaking, iron is coupled with transferrin following
dietary intake and then transferrin-bound iron is imported
into various organelles by binding to its receptor TFR1 on the
cell membrane, which is internalized by endocytosis.46,47

Excess cellular iron is stored and detoxified in ferritin, which

is a spherical shell protein composed of FTH1 (heavy chain)
and FTL (light chain). Cellular iron can be exported into body
fluids through FPN1, which is currently the only known cellu-
lar iron exporter.48 A previous study reported that PM2.5

exposure can obviously cause iron intake and storage dis-
orders.17 Consistent with this report, we also found that Ses
pretreatment decreased iron accumulation in the heart tissues
of the SD rats exposed to PM2.5. GPX4, a lipid repair enzyme, is
a key player in ferroptosis. GPX4 can reduce toxic phospholipid
hydroperoxides and oxidized lipoproteins generated in biologi-
cal membranes.49 SLC7A11 is a cystine/glutamate xCT trans-
porter used in GSH synthesis50 and it is a key protein involved
in regulating “iron overload-ferroptosis”.51 Wang et al.17 found
that PM2.5 exposure substantially reduces the expression of
SLC7A11 and GPX4. Our results were consistent with previous
reports that state PM2.5 exposure can remarkably decrease the
expressions of SLC7A11 and GPX4. However, Ses pretreatment
increases the expressions of SLC7A11 and GPX4. These results
suggested that Ses effectively inhibits PM2.5-induced cardio-
vascular damage via its anti-ferroptosis activity.

In this study, we preliminarily elucidated the mechanisms
by which Ses attenuates PM2.5-induced cardiovascular injuries
in rats. The results indicated that this effect is attributed, at
least in part, to the inhibition of the ferroptosis pathway.
However, this study has several limitations. First, the SD rats
were treated with Ses supplementation by gavage, which did
not completely represent the food consumption by humans.
Second, this study only focused on the ferroptosis pathway.
Other signaling pathways, such as autophagy, apoptosis, and
necrosis, should be explored in future studies. Finally, whether
the anti-ferroptosis activity of Ses is related to its structure
remains unknown. Thus, further investigation is warranted to
clarify the potential mechanism and the structure–activity
relationship of Ses.

5 Conclusions

The present study provided the first in vivo evidence that Ses
pretreatment potentially represents a novel and pragmatic
therapeutic strategy to protect the cardiovascular system from
damage via its anti-ferroptosis activity. In addition, this study
offered a new perspective on the therapeutic potential of Ses
for the intervention of PM2.5-induced cardiovascular injury.
Clinical trials are required to prove its safety and effectiveness
against PM2.5-induced cardiovascular injury.
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