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Abstract

Background: Cardiovascular and cerebrovascular diseases are significant health threats that
have been found to involve ferroptosis in related cells. This study aims to comprehensively
examine the role and mechanism of natural products, derived from traditional Chinese
herbal medicines, in intervening in ferroptosis from the perspective of cardiovascular and
cerebrovascular aspects. Methods: A literature survey was conducted using Scopus,
Pubmed, Reaxys, and Google Scholar databases to review studies on natural products (such
as baicalin, puerarin, and ginsenosides) derived from herbs like scutellaria baicalensis,
pueraria lobata, ginseng, panax quinquefolium, and panax notoginseng. The focus was on
their potential as drugs for the treatment of cardiovascular and cerebrovascular diseases,
particularly their ability to inhibit ferroptosis. Results: The review revealed that various
natural products exhibit disease protection and prevention properties, inhibiting ferroptosis
through diverse pathways and targets in cardiovascular and cerebrovascular diseases. The
involvement of these natural products in key pathways associated with ferroptosis,
including amino acid metabolism, iron metabolism, and lipid peroxidation, was elucidated.
Notably, tanshinone IIA, resveratrol, astragaioside IV, and vitexin were found to regulate
ferroptosis in both cardiovascular and cerebrovascular cells. Additionally, the impact of
these natural products on key targets of ferroptosis, such as SLC7A11, DMTI, TfRI, Nrf2,
HO-1, GPX4, NCOA4, and LOX, was discussed. Conclusion: This study provides a
comprehensive understanding of the role and mechanism of natural products in intervening
in ferroptosis related to cardiovascular and cerebrovascular diseases. The findings pave the
way for potential future treatments targeting ferroptosis in these diseases.

Keywords: ferroptosis; cardiovascular disease; cerebrovascular disease; natural product;
GPX4
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Introduction

The incidence and mortality rates of cardio-cerebrovascular diseases
(CCVDs) have been increasing with improving living standards and
lifestyle changes. This trend have positioned them as becoming the
primary cause of death in the world [1, 2].

There are numerous factors contributing to CCVDs, such as
unreasonable diet, obesity, smoking, alcohol consumption, diabetes,
genetic factors, and aging [3]. Studies have found that increased levels
of intracellular iron ion, enhanced oxidative stress (OS), and
glutamate excitotoxicity can induce and exacerbate CCVDs. The
pathogenesis of CCVDs is complex and the current treatment
approaches merely alleviate symptoms rather than offering a cure.
The heightened incidence, disability, and mortality rates of CCVDs
underscore the dramatic threat they pose to human health and
longevity.

Ferroptosis is a type of cell death that relies on iron and is distinct
from apoptosis, marked by increased intracellular reactive oxygen
species (ROS) [4]. It has been found that ferroptosis plays a crucial
role in the development of CCVDs. Ferroptosis stands out from
common cell death modes like cell necrosis, apoptosis, and autophagy
due to its distinct molecular regulatory mechanisms, coupled witdh
morphological features including membrane rupture, mitochondrial
shrinkage, membrane thickening, and mitochondrial cristae lowering.
The primary mechanism underlying ferroptosis involves the presence
of divalent iron or ester oxygenase, leading to elevated expression of
unsaturated fatty acids in the cell membrane and lipid peroxidation
(LPO), ultimately triggering cellular ferroptosis [4]. At the same time,
iron ions have the capacity to inhibit the production of oxygen free
radicals, exacerbating OS and resulting in cellular damage, ultimately
contributing to thrombosis. In addition, glutathione (GSH)
biosynthesis is increased using GSH as a cofactor, and glutathione
peroxidase 4 (GPX4) emerges as a pivotal antioxidant enzyme, directly
countering hydroperoxides within lipid bilayers and to curb the
buildup of harmful lipid ROS [5]. GPX4 employs GSH as a substrate to
convert membrane phospholipid hydroperoxides into non-toxic lipids
and alcohols. Ferroptosis can disrupt free radical metabolism and
abnormal activity of various enzyme systems in the body, leading to
tissue damage and organ failure. Studies have shown the presence of
ferroptosis in CCVDs [6]. Hence, investigating the cellular
phenomenon of ferroptosis in the advancement of CCVDs hold
dramatic importance.

A group of Prof. Ping Wang has identified and revealed the
mechanism by which crucial enzymes of the distal cholesterol
synthesis pathway regulate ferroptosis sensitivity by modulating the
level of 7-dehydrocholesterol (7-DHC). This finding suggests that
pharmacologically influencing the level of 7-DHC presents a favorable
new strategy for treating cancer and ischemia/reperfusion injury
(I/RD. In this investigation, the group used a genome-wide
CRISPR-Cas9 screen to pinpoint enzymes involved in distal cholesterol
biosynthesis that have critical and diametrically opposed roles in
regulating ferroptosis. Specifically, cells regulate ferroptosis by
modulating the levels of 7-DHC, with MSMO1, CYP51A1, EBP, and
SC5D being potential inhibitors of ferroptosis, while DHCR7 acts as a
facilitator. Mechanistically, 7-DHC controls the monitoring of
ferroptosis by deploying its antiphospholipid autoxidation function
through conjugated dienes, thereby safeguarding plasma and
mitochondrial membranes against phospholipid autoxidation.
Importantly, inhibiting endogenous 7-DHC biosynthesis through
pharmacological targeting of EBP induced ferroptosis and inhibited
tumor growth. Conversely, elevating 7-DHC levels by inhibiting
DHCR?7 effectively facilitated cancer metastasis and attenuated the
progression of renal ischemia/reperfusion injury (RI/RI), thus
underlining the crucial role of the distal cholesterol synthesis pathway
in vivo [7].
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It is noteworthy that researchers have unveiled 7-DHC as an
endogenous inhibitor of ferroptosis. They have demonstrated that
7-DHC accumulation induces a shift in tumors towards an
ferroptosis-resistant state, resulting in the evasion of ferroptosis by
cancer cells and the emergence of a more aggressive phenotype [8].

These two new studies, published in Nature, elucidate that the
cholesterol precursor 7-DHC functions as an antioxidant, shielding
cells from ferroptosis. This discovery paves the way for novel
approaches to enhance therapies for ferroptosis-related diseases such
as cancer and I/RI. For example, medications inhibiting the synthesis
and accumulation of 7-DHC could potentially yield beneficial
outcomes in the management of specific cancer types [7, 8].

Natural products, primarily sourced from animals, plants, minerals ,
and other natural sources, have demonstrated the capacity to provide
cytoprotection by interfering with ferroptosis. Some natural products
such as tanshinone IIA, schisandrin B, and resveratrol exhibit anti-OS
injury effects (Figure 1, Tablel). These compounds effectively
mitigate cardiovascular disease-associated ferroptosis by decreasing
the accumulation of ROS, malondialdehyde, and ferric ions. The ethyl
acetate fraction extracted from Ginkgo biloba flowers exhibited
anti-ferroptosis effects on vascular endothelial cells, with luteolin
identified as the active compound within the extract. In
erastin-induced ferroptosis in human umbilical vein endothelial cells,
luteolin down-regulated ACSL4 and up-regulated GPX4 [9].
Astragaloside IV effectively reversed the decline in cellular activity,
the elevation of iron ions and lipid ROS levels, the enhancement of
cellular senescence, and the reversal of mitochondrial morphological
changes induced by lysophosphatidylcholine treatment. This
mechanism could be attributed to the partial up-regulation of
SLC7A11 and GPX4 expression levels [10]. A newly discovered
flavonoid glycoside, apigenin-7-0-B-D-(-6"-p-coumaroyl)
glucopyranoside, isolated from Clematis tangutica, demonstrated
efficacy in mitigating intestinal ischemia/reperfusion injury
(II/RI)-induced ROS production, Fe** buildup, and mitochondrial
impairment. Moreover, it exhibited the capability to suppress
ferroptosis by targeting HMOX1 and monoamine oxidase B [11]. The
active lipophilic component tanshinone IIA (TSA), extracted from the
root of Salvia miltorrhiza [12], safeguards cells by fII/RImodulating
the intracellular redox state. It has been extensively employed in the
management of cardiovascular diseases (CVD) [13]. He et al.
discovered that TSA shields human coronary artery endothelial cells
(HCAECs) from iron-induced damage by activating the Nrf2 pathway,
thereby mitigating ferroptosis [14]. After SAH, cepharanthine, a
bisbenzylisoquinoline alkaloid, promotes ferroptosis in microglia and
endothelial cells by down-regulating ALOX15 levels [15].
Furthermore, incorporating vitamin E-rich foods like brown rice can
counteract the deficiency of GPX4 by safeguarding cells against LPO
[16].

Natural products offer several advantages including multi-target
effects, involvement in multi pathways, and minimal toxicity and side
effects. A literature survey was carried out using Scopus, Pubmed,
Reaxys, and Google Scholar databases. This article provides a brief
overview of the mechanism of ferroptosis and the use of natural
products in treating ferroptosis in cardiovascular and cerebrovascular
cells, potentially paving the way for novel research directions in the
application of natural products for these diseases. Baicalin is a
12/15-lipoxygenase (LOX) inhibitor that significantly inhibits
ferroptosis in cells [17]. Squalene and ophiopogonin D were found to
reduce the expression of TFR1, thereby reducing iron uptake.
Additionally, squalene, ophiopogonin D, and saikosaponin A
decreased the expression of ACSL4 protein, a crucial component in
brain tissue fatty acid metabolism, while currently enhancing
membrane stability. Furthermore, squalene, ophiopogonin D,
saikosaponin A, luteolin, puerarin, and resveratrol up-regulated the
expression level of GPX4. Notably, squalene also elevated GSH levels
and inhibited cellular ferroptosis (Figure 1).
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Figure 1 Overview of the ferroptosis pathway and modulation by selected natural products.

Ferroptosis in cardio-cerebrovascular diseases

The mechanisms of ferroptosis include the amino acid metabolic
pathway, the lipid metabolic pathway and the iron metabolic
pathway. In the amino acid pathway, SLC7A11 is the main subunit
that mediates its activity [18]. Inhibition of GPX4 or GSH synthesis
can trigger ferroptosis [19]. The ability of glutathione to enhance the
body's ability to scavenge oxygen radicals and combat oxygen damage
has made it an antioxidant of interest [20]. In the lipid metabolic
pathway, LPO also leads to the formation of lipid peroxides between
peroxides [21, 22]. After ACSL4 and LPCAT3 act on polyunsaturated
fatty acid, PUFA binds to phosphatidylethanolamine (PE) to form
PUFA-PE, which is susceptible to lipoxygenase, the enzyme
responsible for OS. PE is susceptible to lipoxygenase-mediated
oxygenation of free radicals (LOX), leading to ferroptosis [8]. In the
iron metabolic pathway, iron not only acts as a transport carrier and
participates in energy metabolism, but also plays an antioxidant role
[23]. In the blood, iron is found mainly in the form of trivalent iron
bound to transferrin. It enters the cells through the cell membrane
transferrin receptor 1 and is then reduced to divalent iron by STEAP3.
The divalent iron ion is released from the endosome via divalent metal
transporter 1 and is retained in the cytoplasmic labile iron pool. When
there is an excess of divalent iron ions, the remaining divalent iron

Submit a manuscript: https://www.tmrjournals.com/nta

ions are exported to the extracellular compartment via ferrous transfer
protein (FPN) [23]. The increase in ROS via the Fenton route leads to
an increase in LPO, which induces cellular ferroptosis [24].

Ferroptosis in cardiovascular disease

Cardiovascular diseases typically have a stealthy onset, frequently
manifesting initially with vascular abnormalities and culminating in
heart failure (HF). The primary cause of death attributed to CVD is
myocardial infarction resulting from the rupture of atherosclerotic
plaque [25]. Free radical oxidation of PUFA within lipoproteins or cell
membranes, known as LPO, significantly contributes to the
development of atherosclerosis (AS) [26, 27]. When CVD occur, OS
and LPO occur within myocardial tissues, precipitating myocardial
ischemia (MI) and hypoxia, ultimately culminating in myocardial
ferroptosis. Many antioxidant substances have been identified for their
ability to shield the body from damage by either inhibiting or
scavenging free radicals [28]. Iron, which is highly abundant in
cardiac tissues, assumes a significant role in regulating myocardial
contractility and influences hypoxia, thereby potentially instigating
ferroptosis through a variety of pathways including OS and altered
calcium homeostasis. Mechanisms underlying ferroptosis in CVD
encompass impaired glutamate-cystine transport, iron overload, OS,
and LPO [29]. Ferroptosis implicates various cardiac diseases
including coronary AS, acute myocardial infarction (AMI), IRI, HF,
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and coronary artery disease. Prof. Wang's team pinpointed ferroptosis
as a pivotal mechanism in doxorubicin-induced cardiomyopathy
(CMP) and myocardial ischemia-reperfusion injury (MIRI) [30]. He
concluded that ferroptosis influences myocardial energy metabolism
by regulating OS. Reduced GPX4 plays a pivotal role in ferroptosis and
is linked to CVD. Inactivation, inhibition, and knockdown of the Nrf2
gene can contribute to cellular ferroptosis. On the contrary,
stimulating the Nrf2 signaling pathway and consequent elevation of
GPX4 expression suppress doxorubicin-induced ferroptosis in
cardiomyocytes [31]. A recent study shwocased that DOX treatment
triggered cell death characterized by iron-dependent LPO, while a
low-iron diet dramatically mitigated the damage, implying the
involvement of ferroptosis in CMP pathogenesis [32]. RNA sequencing
unveiled a notable up-regulation of heme oxygenase-1 (Hmox1) in
DOX-treated mouse hearts [33]. Iron accumulation in serum and

cardiac tissues was discovered to be instigated by the swift conversion
of heme to free iron facilitated by the up-regulation of Hmox1, a
procedure that is independent of the conventional FPN-membrane
iron transporter protein iron-regulatory axis [34]. Taken collectively,
these discoveries imply that suppressing ferroptosis might serve as a
potential therapeutic approach for preventing HF in CMP. In addition,
ferroptosis is linked to diabetic myocardial injury. Fer-1, a ferroptosis
inhibitor, attenuated the injury of H9c2 cells in a high-glucose setting
and during H/R [35, 36]. Inhibition of ferroptosis during MI/R injury
significantly reduces the extent of myocardial infarction, thereby
exerting a protective effect on cardiomyocytes and providing potential
therapeutic benefit for CVD. Natural products have demonstrated the
ability to regulate ferroptosis, thus playing a pivotal role in early
prevention and clinical treatment of CVD.
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Figure 2 Mechanisms underlying ferroptosis in CVD and its modulation by natural products.

Ferroptosis in cerebrovascular disease

Cerebrovascular diseases are prevalent conditions characterized by
high rates of morbidity, disability, and death. Ischemic stroke (IS),
intracerebral hemorrhage (ICH), and cerebral ischemia-reperfusion
injury (CIRI) are among the classical presentations of these diseases. IS
is caused by local obstruction in regional blood supply to brain tissue,
resulting in ischemia and hypoxia lesion necrosis in the brain [37].
Neurological dysfunction is the main symptom. Disturbed iron
metabolism is an important pathological process of neuronal injury
after IS, leading to ferroptosis as the pathological consequence.
Inhibiting ferroptosis has been shown to improve the prognosis of IS
[38] by regulating neuronal iron metabolism, reducing iron
deposition, and ultimately protecting neurons and enhancing
neurological recovery. Heat shock proteins B1 (HSPB1) is a stress
protein found in organisms, capable of activating multiple signaling
pathways and exerting a dramatic role in I/R events. Heat shock
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transcription factor 1 (HSF1) serves as the primary regulator of HSP
expression [39]. HSPB1 expression can be up-regulated in the
peripheral region of cerebral ischemia and infarction, and its
overexpression can reduce the infarct area, thereby exerting a
protective effect on neurons. Numerous experiments have
demonstrated elevated levels of iron ions with neuronal cells in
ischemic encephalopathy. Furthermore, cellular iron transport,
regulated by the HSF1/HSPB1 pathway, is closely associated with
ferroptosis. Rao Zhengqing's team discovered that inhibiting
transferrin receptor 1 (TFR1) expression through up-regulation of the
HSF1/HSPB1 pathway decreases neuronal iron uptake, while
increasing the expression of ferritin heavy polypeptide 1 (FTH1)
elevates iron storage in ferritin. It is employed to maintain the
homeostatic equilibrium of iron metabolism and subsequently
suppress neuronal ferroptosis in IS by mitigating the generation of
ROS and subsequent LPO products from excess iron via the Fenton
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reaction [40].

ICH denotes the rupture of intracerebral blood vessels due to
non-traumatic, self-inflicted causes, ding to the leakage of blood into
the brain. Following a cerebral hemorrhage, the brain’s
microenvironment undergoes alterations, marked by a notable
accumulation of free iron ions. These ions trigger OS within cells,
resulting in the generation of abundant ROS [41]. These ROS can then
interact with matrix metalloproteinases, worsening impairment of the
blood-brain barrier (BBB). When the barrier is broken, blood
infiltrates the brain, accumulating and exerting pressure on the
surrounding brain tissue. Consequently, a high concentration of free
radicals is observed within the brain tissue.

Hemoglobin, the predominant protein in blood, is liberated from
ruptured erythrocytes following ICH. Once released, it activates and is
phagocytosed by microglia, migrating to macrophages in the
perihematomal region. Within this area, hemoglobin undergoes
metabolism into ferrous/trivalent iron, culminating in the generation
of harmful ROS and LPO. These cascading events are intricately linked
with the occurrence of hemorrhage. In summary, the alterations in the
brain microenvironment following ICH initially manifest as BBB
disruption. Subsequently, the accumulation of iron ions ensues,
concurrently leading to substantial ROS generation, thereby initiating
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OS. This OS can cause neuronal ferroptosis, followed by the onset of
severe inflammatory reactions [42].

CI/RI stands as the primary cause of brain tissue destruction. Upon
the restoration of blood supply, an onslaught of excessive free radicals
besieges the affected area, with oxygen free radicals and LPO
assuming pivotal roles in precipitating brain tissue damage [43].
During cerebral ischemia and reperfusion (CIR), a decline in
glutathione production triggered by NADPH oxidation precipitates a
reduction in endogenous antioxidant activity. This scenario sets the
stage for an interplay between OS damage and ferroptosis, further
exacerbating IS outcomes. Consequently, the pursuit of drugs capable
of mitigating or preventing brain damage becomes imperative.
Rosiglitazone has demonstrated its ability to improve the short-term
prognosis of stroke and alleviate neurological deficits in middle
cerebral artery ischemia-reperfusion rat models by specifically
inhibiting the activity of ACSL4 [44]. Alim et al [45] discovered that
enhancing the activity of GPX4, which counters ferroptosis, effectively
improved neurological function in middle cerebral artery
ischemia-reperfusion rat models. The aforementioned discoveries
bolster the hypothesis linking ferroptosis to brain I/R injury,
underscoring ferroptosis as a promising therapeutic target for CI/RI
treatment [46].
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Figure 3 Mechanism of ferroptosis in brain tube diseases and modulation by natural products.

Natural products regulate cardio-cerebrovascular ferroptosis

In recent years, the role of ferroptosis as a new mode of cell death in
CCVDs has gradually gained attention. Natural products have become
important research targets for regulating ferroptosis due to their
abundant biological activities and low side effects. They show great
potential in regulating CCVDs. In the cardiovascular system,
ferroptosis is closely related to pathological processes such as
atherosclerosis and myocardial ischaemia-reperfusion injury. By
regulating the expression and activity of proteins related to iron
metabolism, natural products can effectively inhibit the occurrence of
ferroptosis, thereby protecting cardiomyocytes and improving cardiac
function. In the cerebrovascular system, ferroptosis is also involved in
the pathological processes of ischaemic stroke, cerebral haemorrhage
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and other diseases. Natural products are able to reduce brain tissue
damage and promote the recovery of neurological function through
mechanisms such as antioxidant, anti-inflammatory and regulation of
iron metabolism. Therefore, an in-depth study of the regulation of
cardiovascular ferroptosis by natural products not only helps to reveal
the mechanism of ferroptosis in cardiovascular diseases, but also
provides new ideas for the development of new therapeutic strategies
for CCVDs. Future studies should further explore the molecular
mechanisms of natural products, as well as their potential and safety
in clinical applications, to provide a scientific basis for the prevention
and treatment of CCVDs. We will list the regulatory mechanisms by
which different natural plant products intervene in the ferroptosis
phenomenon in cardiac and brain cells, respectively.
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Natural products intervene in ferroptosis of cardiovascular cells
Apigenin (1) (Figure 4A) is a flavonoid primarily discovered in plants
like Thymelaeaceae, Verbenaceae, and Selaginellaceae. It is
extensively distributed in temperate zone vegetables and fruits,
particularly in celery. It exhibits remarkable antioxidant and
anti-inflammatory properties [47]. It possesses the traits of various
mechanisms and targets, enabling the activation of the
AMPK-Nrf2-HO-1 signaling pathway [48]. Also, it regulates the
antioxidant enzyme activity, decreases OS, diminishes the buildup of
oxygen free radicals, inhibits the ferroptosis, and ameliorates the
acute H/R injury in H9c2 cardiac myocyte-like cells [49].

Thymoquinone (TQ) (2) (Figure 4A) is a monomeric compound
derived from the active ingredient found in the herb known as "
Nigella sativa " in South Asia and Africa. It is extensively utilized and
extracted in the Arabian and Mediterranean regions. In the realm of
natural product chemistry, TQ has demonstrated notable
anti-inflammatory properties [50], along with antioxidant and
immunomodulatory effects [51]. Both in vivo and in vitro
investigations have illustrated TQ’s protective role in cardiovascular
disease by scavenging oxygen free radicals, reducing OS, and
mitigating inflammation [52]. Moreover, TQ has the capability to
alleviate doxorubicin-induced cardiotoxicity by decreasing the levels
of HSP70 and HSP90, which are highly expressed during exposure to
doxorubicin stress, and glucose-regulated protein 78 (GRP78), which
regulates endoplasmic reticulum stress [53].

Resveratrol (3) (Figure 4A) is a non-flavonoidal polyphenolic
organic compound primarily found in Veratrum grandiflorum,
Polygonum cuspidatum, and grapes. It exhibits anti-inflammatory,
antioxidant, and cardiovascular protection effects [54]. Resveratrol
serves as a potent molecular scavenger of hydroxyl radicals,
superoxide, and metal-induced groups, thereby attenuating
ROS-induced cell membrane LPO and DNA damage [55]. Resveratrol
activates the SIRT1/p53 pathway, thereby reducing the consumption
of SLC7A11, which in turn suppresses ferroptosis, consequently
slowing down the progression of HF and fibrosis, and improving
cardiac function [56]. Additionally, it has the capacity to shield H9c2
cells from the effects of RSL3-induced ferroptosis. The regulation of
the MAPK signaling pathway to alleviate ferroptosis can also prevent
doxorubicin-induced cardiotoxicity [57]. In the oxygen-glucose
deprivation/reoxygenation model, resveratrol inhibited ferroptosis by
reducing the expression of TfR1 and increasing the expression of FTH1
and GPX4. In addition, it can inhibit ferroptosis and prevent
myocardial I/R injury by regulating ubiquitin-specific peptidase 19
(USP19)-Beclinl autophagy [58].

Baicalin (4) (Figure 4A) is a flavonoid compound that effectively
prevents MI/RI by inhibiting the CaSR/ERK1/2 signaling pathway
[59]. Additionally, it regulates iron homeostasis, which is associated
with the inhibition of Fenton reaction [60]. Its mechanism involves
reducing ROS and complex Fe’", thereby protecting cardiomyocytes
from Fe’" deposition and exerting a protective effect on GPX4.
Additionally, Baicalin effectively reduces inflammation and OS, thus
playing a role in anti-LPO. The study found that Baicalin has a
significant beneficial effect on pathological changes such as
ST-segment elevation and myocardial infarction caused by MI/R in
rats. By inhibiting ACSL4, it achieves the reversal of NCOA4,
consequently reversing ferritin autophagy and inhibiting
cardiomyocyte ferroptosis [61].

Cyanidin-3-O-gluco-side (C3G) (5) (Figure 4A) is a flavonoid
compound widely found in black rice, black beans, and purple sweet
potatoes. C3G demonstrates anti-oxidative, anti-atherosclerotic, and
blood lipid-regulatin g effects by stimulating the Nrf2/HO-1 signaling
pathway [62]. In the MIR rat model, it was observed that C3G can
diminish the area of MI, ameliorate pathological alterations, suppress
ST-segment elevation, mitigate OS, and attenuate the expression of
ferroptosis-associated proteins. Investigations have indicated that C3G
can suppress the expression of USP19, Beclinl, NCOA4, and the ratio
of LC3II/LC3I, down-regulate the expression of TfR1, up-regulate the
expression of FTH1 and GPX4, thereby inhibiting ferroptosis, and
mitigating MI/RI both internally and externally [63].
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Naringenin (6) (Figure 4A) originates predominantly from
grapefruit, tomato, grape, and citrus fruits, constituting a natural
flavonoid compound. It exhibits antibacterial and anti-inflammatory
properties, scavenges free radicals, and possesses anti-oxidative and
anti-atherosclerotic effects [64]. Naringenin shields against MI/RI by
regulating miR-24-3p to suppress the expression of cell death-induced
p53 target 1 [65]. The ferroptosis inducer erastin can counteract the
defensive effect of naringenin on I/R-induced H9¢2 cardiomyocytes.
Naringenin can inhibit ferroptosis by modulating the Nrf2/System
XC-/GPX4 axis, ameliorating myocardial histopathological damage
caused by I/R in rats, reducing inflammation, and safeguarding
myocardium [66].

Gossypol acetic acid (GAA) (7) (Figure 4A) derived from cottonseed,
mitigates OS injury by reducing MI, LPO, and ferroptosis markers like
PTGS2 and ACSL4 mRNA in rats. It also modulates N1f2 and GPX4
protein levels. GAA protects H9c2 cells from ferroptosis induced by
erastin, RSL3, and Fe-SP by lowing MDA and chelated iron, decreasing
ROS production, and downregulating PTGS2 mRNA. Overall, GAA
plays a protective role in MI/RI by inhibiting ferroptosis [67].

Astragaloside IV (8, ASIV) (Figure 4A) derived from Astragalus,
exerts pharmacological effects including anti-vascular plaque
formation, metabolism regulation, and ischemic protection. It is
beneficial for cardiovascular diseases such as chronic heart failure
(CHF) [68]. ASIV improves cardiac function and inhibits cardiac
hypertrophy by activating the Nrf/HO-1 signaling pathway and
up-regulating Nrf2 [69]. Additionally, ASIV protects against
adriamycin-induced myocardial fibrosis by stimulating the Nrf2
signaling pathway, increasing GPX4 expression, reducing OS, and
inhibiting adriamycin-induced cardiac ferroptosis [70]. ASIV also
reduces myocardial dysfunction, inhibits lipid deposition, and
improves systolic function in rats with diabetic cardiomyopathy by
down-regulating CD36-mediated ferroptosis [71].

Tanshinone IIA (9) (Figure 4B) is a fat-soluble phenanthraquinone
compound with various effects including anti-bacterial,
anti-inflammatory properties, and efficacy in treating angina pectoris
[72]. It inhibits the accumulation of ROS and H,0, by stimulating the
Nrf2 pathway, thereby preventing myocardial damage caused by OS
[73]. Tanshinone IIA shields endothelial tissue from harm, notably
curbing the overabundance of ROS induced by ferroptosis triggers. It
safeguards HCAEC from ferroptosis by stimulating the Nrf2 pathway
[74]. It also demonstrates great reduction in GPX4 protein levels and
GSH expression, as well as the GSH/GSSG ratio. It inhibits LDH
activity, curbs ROS levels, mitigates mitochondrial damage, and
lowers H/R-induced GSSG. Additionally, it suppresses ferroptosis and
apoptosis through VDACI, thereby preventing MI/RI [75] (Figure 2,
3, Table 1).

Vitexin (10) (Figure 4B) a flavonoid glycoside extracted from
medicinal plants like hawthorn leaves and mung bean skins, has
garnered attention for its potential health benefits. Studies have
shown that vitexin effectively decreases the levels of MDA in
myocardial cells and boosts the activity of antioxidant enzymes [76].
It also diminishes ST-segment elevation on electrocardiograms,
reduces the range of myocardial infarction, lowers the activity of LDH
and CK in serum, and enhances the activity of SOD. Vitexin
significantly attenuated the increase of NF-xB and TNF-a induced by
I/R during MI/R. By regulating inflammatory cytokines and MAPK
pathway, alleviates cardiac injury during MI/R in rats [77].

Puerarin (11) (Figure 4B) identified for its antioxidant,
anti-inflammatory, and cardiovascular repair properties [78], protects
against sepsis-induced myocardial dysfunction, with AMPK-mediated
ferroptosis signaling being pivotal to its cardioprotective effects [79].
It diminishes ROS while boosting GSH and ATP levels in H9¢c2 cells. In
I/R mice, it not only reduces infarct size but also lowers MDA and
4-HNE levels, decreases PTGS2 mRNA, and elevates GPX4 protein
expression. These findings underscore puerarin’s potential in
mitigating MI/RI by curbing ferroptosis and inflammation, suggesting
its promise for treating AMI [80] (Figure 2, 3, Table 1).

Schisandrin B (12) (Figure 4B) is a natural compound isolated from
Schisandra Chinensis Fructus, known for its ability to enhance the
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cellular antioxidant defenses, improve cardiac function, reduce
myocardial fibrosis, enhance myocardial cell membrane fluidity, and
improve myocardial contractility and diastolic function [81]. Its
mechanism involves regulating the Nrf2-mediated antioxidant
pathway, reducing ROS and MDA levels, and increasing SOD and
GSH-PX to reduce OS in heart tissue and inhibit ferroptosis in
cardiomyocytes. In addition, schisandrin B shows promise as a
therapeutic agent for DCM. In diabetic rats, it reduces myocardial
injury, exhibits anti-fibrotic and antioxidant effects on myocardial
tissue, and inhibits cardiomyocyte ferroptosis by activating the
Nrf2/HO-1/GPX4 pathway [82].

Ophiopogonin D (OPD) (13) (Figure 4B) derived from the dried
tuberous roots of Ophiopogonin, family Liliaceae, exhibits potent
myocardial protection. It can reverse MI/RI in rats through the
activation of the CYP2J3-EETs system [83]. In addition, OPD can
significantly reduce intracellular Fe®*, ROS, GSH-PX content, and
enhance GSH activity, inhibit ferroptosis-related proteins TFR1,
COX2, NOX1, inhibit the expression of ACSL4 and SLC7All, and
activate the expression of GPX4 and FTH1 proteins, effectively
mitigating cardiomyocyte ferroptosis [84] (Figure 2, 3, Table 1).

Saikosaponin A (14) (Figure 4. B) a triterpenoid saponin derived
from the dried root of Chaihu, demonstrates notable antioxidant
properties. It markedly enhances the activity of SOD and GSH (Figure
1, Table 1), thereby reducing MDA levels and inhibiting OS.
Additionally, it can up-regulate GPX4 expression while decreasing the
expression of ACSL4 mRNA, effectively mitigating I/RI in
cardiomyocytes and inhibiting cardiomyocytes ferroptosis [84].

Sulforaphane (15) (Figure 4B) is found abundantly in cruciferous
plants such as broccoli, Chinese kale and northern turnip, renowned
for its antioxidant properties. Studies have shown that the protective
effect of sulforaphane on ferroptosis is AMPK-dependent. It effectively
inhibits ferroptosis in cardiac cells of rats with DCM by activating the
AMPK/Nrf2 pathway, thereby increasing ferritin and SLC7A11 levels
[85].

Rutin (16) (Figure 4B) is a natural polyphenolic flavonoid glycoside
derived from rutin leaves, tobacco leaves and orange peel. As a
flavonol glycoconjugate, it consists of two types of glycoconjugates:
glucose and rhamnose. Its primary active ingredient is [-sitosterol,
which exhibits beneficial effects on CCVDs [86]. It is a potent
antioxidant that can effectively scavenge free radicals and inhibit the
peroxidation of unsaturated fatty acids on biofilm surface [87].
Furthermore, rutin treatment reverses the hypoxia/reoxygenation
(H/R)-induced decrease in the activities of SOD, GSH-Px, and CAT,
while reducing MDA content. It shows promise as a therapeutic agent
for myocardia hypoxia/reoxygenation injury [88].

Luteolin (17) (Figure 4B) is a natural polyphenolic compound
widely found in various plants, known for its anti-inflammatory and
antioxidant effects. It exhibits multiple protective effects on the heart
[89]. It has been shown to decrease ROS and MDA production, reduce
protein levels of ferroptosis markers, and restore GPX4 levels in
cardiomyocytes reduced by ferroptosis inducer, ultimately reducing
I/R-induced MI. Furthermore, it lowers ACSL4 and PTGS2 mRNA
levels, thereby inhibiting ferroptosis induced by I/R in rat
cardiomyocytes [90] (Figure 2, Table 1).

Salvianolic acid B (18) (Figure 4B) is known for its antioxidant and
anti-atherosclerotic properties. During MI/R, high levels of free
radicals are generated, leading to increased LPO of cell membranes. It
has the ability to scavenge oxygen free radicals and inhibit LPO [91].
Moreover, it prevents ferroptosis during MI/RI by reducing the
ubiquitin-proteasome degradation of GPX4 and inhibiting the
ROS-JNK/MAPK pathway [92]. Additionally, Salvianolic acid B exerts
protective effects against ferroptosis in rats with MI by up-regulating
Nrf2 signaling pathway [93].

Quercetin (19) (Figure 4B) is a flavonol compound with diverse
biological activities, commonly found in various parts of plants in
glycoside form, as well as in certain vegetables like onions and
asparagus. It is known to have effects such as cough suppression,
asthma relief, and phlegm clearance, with adjunctive therapeutic
benefits for cardiovascular diseases [94]. Research indicates that
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quercetin and its metabolites can inhibit ROS aggregation, eliminate
lipid peroxides, and enhance GSH levels through antioxidant
mechanisms, thus demonstrating a significant anti-ferroptosis effect
[95]. Additionally, it has been shown to alleviate sepsis-induced CMP
by stimulating the SIRT1/p53/SLC7A11 signaling pathway, thereby
improving ferroptosis in rat cardiomyocytes [96].

Fraxetin (20) (Figure 4B) is the active ingredient of Cortex Fraxini,
which is primarily sourced from the bark and leaves of Fraxinus
chinensis. It is a coumarin compound with anti-tumor,
anti-inflammatory, and neuroprotective effects [97], and has a good
clinical effect on acute bacillary dysentery in children. Fraxetin
exhibits potent antioxidant capabilities by markedly enhancing the
activities of SOD, GSH, peroxidase, and liver glutathione reductase
[98]. Fraxetin exhibits the ability to shield nerve cells from
0OS-induced damage by stimulating the production of endogenous GSH
production. Xu et al. found that it could mitigate MI-induced
ferroptosis through AKT/Nrf2/HO-1 signaling pathway, which could
be employed as a possible treatment for MI. [99]

Britanin (21) (Figure 4B) is a sesquiterpene lactone found in the
Spinospermum genus, known for its anti-inflammatory properties and
its ability to modulate OS. It has been demonstrated to target the
Keapl protein, thereby inducing the Nrf2 signaling pathway.
Furthermore, it exhibits great potential in ameliorating in vivo injuries
resulting from MCAO-R [100]. Research has demonstrated that
Britanin protects primary cortical neurons from damage induced by
OGD-R in an Nrf2-dependent manner. This suggests that Britanin
holds promise as a neuroprotective treatment. Additionally, Lu et al.
discovered that Britanin could up-regulate GPX4 by activating the
AMPK/GSK3p/Nrf2 signaling pathway. This action prevented ferrous
salt deposition-mediated MI/RI, indicating Britanin’s potential as an
innovative treatment for MI/RI [101].

Geniposide (22) (Figure 4B) is a cyclic iridoid glucoside, which is
easily soluble in water and is the primary active constituent of
Gardenia jasminoides. It has a significant effect on cardiovascular and
central nervous system diseases. In the nervous system, it can improve
sleep quality and cognitive performance, and shows a safeguarding
effect on CIRI [102]. In CVD, it has features like protecting myocardial
cells, anti-thrombosis, reducing serum lipid levels, and anti-AS. Cai et
al. discovered that it could enhance myocardial antioxidant capacity,
scavenge oxygen free radicals, and inhibite ferroptosis, thereby
protecting them. Shen et al. highlighted that geniposide could activate
the Grsfl/GPX4 pathway, prevent myocardial injury, and has the
effects of anti-oxidation and anti-ferroptosis [103].

Epimedium thrives in shady slopes or under valley forests, and
boasts CVD prevention properties [104]. Its most prevalent chemical
constituent, Icariin (23) (Figure 4B) is an 8-prenyl flavonoid glycoside
compound renowned for its ability to enhance cardiovascular and
cerebrovascular blood circulation while promoting hematopoiesis.
Icariin demonstrates a notable antihypertensive effect and exhibits
efficacy in shielding rats against MI. Wu et al. [105] have revealed its
capability to activate the SIRT1/FoxO1 signaling pathway, thereby
shielding myocardial cells from the detrimental effects of I/R-induced
OS. Additionally, Liu et al. [106] have reported its capacity to
stimulate the Nrf2/HO-1 signaling pathway, consequently mitigating
H/R-induced myocardial cell ferroptosis.

Echinochrome A (24) (Figure 4B) is a natural naphthoquinone
pigment found in sea wurchins, renowned for its antioxidant,
anti-cancer, anti-viral, anti-diabetic, and cardioprotective properties.
Animal studies have demonstrated its efficacy in treating cerebral
ischemic injury and MI/RI [107]. Reports suggest that it shields
myocardial cells from cardiotoxic drugs by impeding the MAPK
signaling pathway and mitigating mitochondrial dysfunction.
Moreover, it exhibits the capability to restrain the elevation of serum
malondialdehyde post-MI and counteracts acute myocardial
ferroptosis [108].

Araloside total saponins and Araloside A (25) (Figure 4C) originate
from a plant species within the Araliaceae family. It is pungent in
flavor, slightly bitter, and flat in nature. Investigations have revealed
that Araloside total saponins has potential in reducing MI/RI by
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mitigating calcium overload, OS, and inflammatory responses. It also
offers safeguarding impact against MI/RI in rats. It possesses the
ability to decrease leakage of myocardial enzymes, prevent apoptosis
of myocardial cells, enhance the condition of damaged myocardial
tissue and mitochondrial structure, suppress SDH activity, and reduce
ROS production. Araloside A, identified as a pentacyclic triterpenoid
saponin [109], demonstrates the potential to bolster cellular viability
and augment antioxidant enzyme activity. Additionally, it proficiently
impedes LDH release, the accrual of MDA and LPO products, as well as
H,0, generation, thereby curtailing intracellular ROS production
[109]. It is applicable in the treatment of CVD triggered by OS. Liang
et al. discovered that both Araloside total saponins and Araloside A
are capable of mitigating ferroptosis induced by H/R in AC 16
cardiomyocytes. This effect is believed to be associated with the
inhibition of p53, SAT1, and GLS2 protein expression, while
concurrently up-regulating the expression of SLC7A11 protein [110].
Ginsenosides  (26) (Figure  4C) exhibit  antioxidative,
anti-inflammatory, and vasodilatory properties, serving as
antioxidants [111]. Moreover, ginsenosides exert a protective
influence on the cardiovascular system by decreasing cardiac
contractility and automatic rhythm, enhancing the release of NO from
L-arginine, and obstructing Ca*>* channels in the vascular endothelium
[112]. In addition, ginsenosides also exhibit anti-ischemic effects and
stimulate angiogenesis. SLC7A11 can enhance glutamine production
and promote GPX4-mediated lipid peroxide detoxification by
introducing cystine, thereby inhibiting ferroptosis. In vivo,

Thymoquinone (2)

Cyanidin-3-O-glucoside, C3G (5) Naringenin (6)

0 o OH
RS >
HO O

Gossypol acetic acid,GAA (7)

ferrostatin-1, an inhibitor of ferroptosis, can also prevent I/RI from
compromising cardiac function. Studies have demonstrated that
miR-144-3p/SLC7A11 axis suppresses ferroptosis in cardiomyocytes,
providing a mechanism for protecting myocardial injury [113]. In
summary, ginsenosides significantly attenuate cardiac injury induced
by ferroptosis and decreased glutathione levels during MI/RI through
miR-144-3p/SLC7A11.

Steviol (27) (Figure 4B) derived from '"stevia", is an ent-kaurene
diterpenoid possessing a wide range of biological processes [114],
including antiviral, anti-diabetic, anti-cancer, and anti-inflammatory
properties. In the zebrafish model of doxorubicin (DOX)-induced CMP,
steviol has demonstrated dramatic myocardial protective activity.
Among the new derivatives, compounds 16 d and 16 e have displayed
the most potent activity. Both have shown effectiveness in preserving
the normal cardiac morphology of zebrafish and preventing
DOX-induced cardiac dysfunction [114]. They have demonstrated
inhibition of excessive accumulation of ROS, restoration of the loss of
MMP in H9c2 cells, and reduction in PTGS2 mRNA levels in zebrafish.
Overall, compounds 16 d and 16 e demonstrated inhibition of
DOX-induced ferroptosis by suppressing glutathione depletion,
regulating iron metabolism, and LPO, thereby reducing the excessive
accumulation of ROS and restoring mitochondrial membrane potential
[114]. Hence, owing to their distinctive structure and notable
cardioprotective activity coupled with ferroptosis inhibition, the new
steviol derivatives 16 d and 16 e warrant further investigation for the
development of potential cardioprotective drug candidates.

Resveratrol (3)

Astragaloside IV, ASIV (8)

Figure 4A Structure of Natural products interfere with ferroptosis of cardiovascular cells
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Figure 4B Structure of Natural products interfere with ferroptosis of cardiovascular cells
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Araloside A (25) Ginsenoside (26)

Figure 4C Structure of Natural products interfere with ferroptosis of cardiovascular cells

Table 1 Natural products interfere with ferroptosis of cardiovascular cells

Inducti
Ingredient Name Diseases Mechanisms of ferroptosis n 1.1c.1fm/ Source Ref.
Inhibition
[11]
L. Regulating antioxidant enzyme activities; o [47]
Apigenin H/R Reducing OS levels. Inhibition Celery [48]
[49]
AS Scavenging oxygen free radicals; Reducing [50]
. OS and mitigating inflammation; s . [51]
Th HTN Inhib Nigell
ymogquinone Reducing proteins HSP70, HSP90 and nhibition tgeta [52]
GRP78. [53]
[54]
I/R Vi difl 55
Resveratrol HéM Activating the SIRT1/p53 pathway; Inhibition ofrazrr:ll.ugtf acrllls1 ic(i):tllirrlr’l {56}
Reducing the consumption of SLC7A11, polys P ’
grapes [57]
[58]
A . . [17]
Inhibiting Fenton reaction; Reducing ROS .
Lo 24 s Root of the scutellaria [59]
Baicalin I/R and complexes Fe™"; Inhibition baicalensis [60]
Inhibiting ACSL4 and reverses NCOA4. [61]
Black rice, black b
Cyanidin-3-O-gluco- Inhibiting ST-segment elevation, OS and o ack rice, black beans, [62]
. I/R . . . Inhibition purple
side, C3G ferroptosis-related protein expression. [63]
sweet potato
Scavenging free radicals, antioxidant and Grapefruit, tomato, grape [641
Naringenin I/R 81ng R Inhibition P ? ] grap [65]
anti-AS. and citrus fruits [66]
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Table 1 Natural products interfere with ferroptosis of cardiovascular cells (continued)

. . . . Inducti
Ingredient Name Diseases Mechanisms of ferroptosis n 1.1c. fm/ Source Ref.
Inhibition
Gossypol acetic Decreasing LPO, ferroptosis markers
}.]p I/R PTGS2, ACSL4 and Nrf2 protein; Inhibition Cotton seeds [67]
acid, GAA . .
Elevating levels of GPX4 protein.
Up-regulating Nrf2/HO-1 signaling [10]
Astragaloside IV, pathway; Enhanc.ing GPX& expression; o [68]
ASIV CHF Down-regulating cardiovascular Inhibition Astragalus [69]
disease-related inflammatory cytokine [70]
TNF-a expression. [71]
- . . [12]
Activating Nrf2/HO-1 signaling pathway [13]
and BPI3K/Akt cell survival signaling [14]
TanshinonellA AMI . pathway; Inhibition Salvia miltiorrhiza [72]
Regulating the expression of SOD and (73]
GPXs; Increasing GSH level; Reducing ROS
and MDA production [74]
P : [75]
Reducing MDA content, activities of SOD
Vitexin AMI and NADPH; Inhibition ~ 1awthorn leaves, mung - [76]
- . . bean skins [77]
Inhibiting LPO in cardiomyocytes.
Increasing FTH1 expression; Inhibiting [78]
Puerarin CHF NOX4 and ROS; Inhibition Pueraria lobata [79]
Inducing GPX4 production. [80]
ActivatingNrf2/HO-1/GPX4 pathway; [81]
Schisandrin B DCM Decreasing ROS and MDA; Inhibition Schisandra chinensis [82]
Elevating SOD and GSH-Px.
Reducing intracellular Fe’*, ROS and
. . GSH-Px content;Enhancing GSH activity; Dried tuberous roots of
Oph D I/R 83
P IO%?SDID ’ HéM Inhibiting ACSL4 andSLC7A11 expression; Inhibition ophiopogonin { s 4}
Activating GPX4 and FTH1 protein
expression.
Enhancing activities of SOD and GSH;
Saikosaponin A I/R Up-regulating GPX4; Inhibition Dried Chai Hu Root [84]
Reducing MDA and ACSL4.
Activating antioxidant signaling pathway Cruciferous plants such as
Sulforaphane DCM regulated by Nrf2; Enhancing ferritin and Inhibition broccoli, Chinese kale and [85]

SLC7A11.

northern turnip
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Table 1 Natural products interfere with ferroptosis of cardiovascular cells (continued)

. . . . Inducti
Ingredient Name Diseases Mechanisms of ferroptosis n 1.1c. fm/ Source Ref.
Inhibition
Inhibiting peroxidation of Ruta leaves, tobacco leave, [86]
Rutin AS p(.)lyunsaturated fatty a.c1ds; . Inhibition jujube peels, apricot peels, 187]
DCM Lowering cholesterol and triglyceride orange peels, tomatoes and (s8]
levels and LDL-cholesterol ratio. buckwheat flowers
In drugs such as
Activating antioxidant signaling pathway honeysuckle,
regulated by Nrf2; chr}ésir.lthenéum, n§peta [9]
Luteolin HCM Reducing ROS and intracellular Fe** Inhibition Thalilnb; {ng?eg:tcz;gﬁesesnlfch [89]
content; as thyme, Brussels sprouts [90]
Increasing GPX4 expression. cauliflower, beets, broccoli,
carrots
Reducing LDH and CPK spillover in the (1]
AS tosol; Roots and rhi f
Salvianolic acid B ,CY 0507 Inhibition oots .an r .1zom.e s 0 [92]
I/R Decreasing MDA content; salvia miltiorrhiza [93]
Enhancing SOD activity.
Inhibiting ROS aggregation; . [94]
hall
Quercetin HTN Scavenging of lipid peroxides; Inhibition Onions, shallots, asparagus, [95]
. i cabbage
Increasing activity of GSH. [96]
The bark of Fraxi 9
. Increasing activities of SOD, GSH and e € bark o Fraxinus [97]
Fraxetin AMI croxidase: Inhibiting LPO Inhibition brngeana DC., the leaves of [98]
P ’ 8 . F.floribunda Wall, etc. [99]
Up-regulating GPX4 by activating the
Britanin I/R AMPK/GSK3p /N.rf2 signaling pathways; Inhibition British inula flower [100]
Preventing ferrous salt [101]
deposition-mediated MI/RI.
Activating Grsf1/GPX4 axis to prevent [102]
Geniposide I/R myocardial injury; Inhibition Gardenia [103]
Anti-oxidation and anti-iron.
Epimedium sagittatum,
Activating SIRT1/FoxO1 signaling Epimedium pubescens, [104]
Icariin H/R pathway and Nrf2/HO-1 signaling Inhibition Epimedium wushanense, [105]
pathway. Epimedium koreanum and  [106]
other dry stems and leaves
Inhibiting the increase of serum
malondialdehyde after myocardial
. infarction; s Shells and needles of sea [107]
Echinoch: I/R Inhibit
chinochrome / Reducing the activation of MAPK nhibition urchins [108]

signaling pathway and mitochondrial

dysfunction.
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Table 1 Natural products interfere with ferroptosis of cardiovascular cells (continued)

. . . . Inducti
Ingredient Name Diseases Mechanisms of ferroptosis . 1.1c. fm/ Source Ref.
Inhibition
Inhibiting the expression of p53, SAT1 and [109]
R GLS2 protein; I .

Aral A I y Inhib Aral 1 11

raloside /R Up-regulating the expression of SLC7A11 nhibition raliaceae plants { 1 1(1)}
protein.
Inhibiting iron apoptosis induced by MI/R Ginseng, Panax [112]
Ginsenoside I/R bgy miR- 1p4£ 3 p/SLC7AT1. Y Inhibition quinquefol.ium, Panax [113]
notoginseng

Steviol CMP Inhibiting excessive accumulation of ROS. Inhibition Stevia rebaudiana [114]

A/R: hypoxia/reoxygenation; I/R: ischemia/reperfusion; AMI: acute myocardial infarction; CHF: chronic heart failure; AS: atherosclerosis;DCM:
diabetic cardiomyopathy; HCM: hypertrophic cardiomyopathy; HTN: hypertension; CMP: cardiomyopathy

Natural products intervene in ferroptosis of cerebrovascular cells
Baicalin (28) (Figure 5) is a natural flavonoid compound that
modulates ferroptosis-related proteins expression by reducing iron
content, inhibiting LPO, and increasing endogenous antioxidant
activity. This multifaceted approach inhibits ferroptosis and
contributes to the improved prognosis of conditions such as cerebral
hemorrhage, cerebral ischemia, and subarachnoid hemorrhage [115].
Baicalin can protect hypoxia-induced neuronal necrosis and inhibit
ferroptosis, which is partly related to the regulation of PINK1-Parkin
in the process of mitophagy.

It can also enhance SOD activity and reduce LPO by diminishing the
levels of pro-inflammatory factors such as IL-1, IL-4, IL-6, and TNF-a.
In addition, it demonstrates significant anti-acute lymphoblastic
leukemia effect. It is a 12/15-lipoxygenase inhibitor that can
significantly inhibit the ferroptosis of acute lymphoblastic leukemia
cells induced by the ferroptosis inducer RSL3 [116].

Ligustrazine (29) (Figure 5) is derived from the rhizome of
Ligusticum chuanxiong, belonging to the Umbelliferae family. Its
primary pharmacological effects include anti-platelet aggregation,
dilation of small arteries, enhancement of microcirculation, and
promotion of blood circulation while alleviating blood stasis. It can be
utilized in treating ischemic cerebrovascular diseases like cerebral
insufficiency and cerebral infarction [117]. Mechanistically, it
operates by eliminating oxygen free radicals, inhibiting LPO, exerting
anti-inflammatory effects, and maintaining the dynamic balance of
Fe’*, thereby inhibiting cell ferroptosis [118].

B-caryophyllene (BCP) (30) (Figure 5) is a natural bicyclic
sesquiterpenoid commonly found in essential oils of various plants,
including lemon, garden grapefruit, nutmeg, pepper, raspberry,
blackcurrant, cinnamon leaf oil, clove leaf oil, etc. It exhibits a broad
spectrum of pharmacological effects like detoxification,
anti-inflammatory, and antioxidant properties. Notably, it has been
observed to exert neuroprotective effects by regulating ferroptosis.
The molecular mechanism underlying its protective effects against IS
involves the activation of the Nrf2/HO-1 pathway, leading to the
nuclear translocation of Nrf2 and regulation of ferroptosis to alleviate
CI/RI [119, 120].

Chrysin (31) (Figure 5) is a natural flavonoid compound
predominantly found in plants such as Scutellaria baicalensis. It
possesses a range of pharmacological effects including
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anti-inflammatory, anti-oxidation, and neuroprotective properties.
This compound is utilized to prevent CCVDs. Investigations have
indicated that it could modulate OS, up-regulate neurotrophic factors,
and exert a neuroprotective effect in CI/RI. By up-regulating SLC7A11
and GPX4, chrysin suppresses ACSL4, TFR1, and PTGS2 expression,
leading to reduced levels of iron and oxidation markers in the brain.
Consequently, it inhibits ferroptosis in IS neurons and provides
resistance against CIR [121].

Panax notoginseng saponins (PNS) (32) (Figure 5) are the active
constituents derived from Panax notoginseng, renowned for their
efficacy in enhancing blood -circulation, resolving blood stasis,
reducing swelling, and alleviating pain. PNS have demonstrated the
ability to stimulate angiogenesis and combat CI/RI by virtue of their
anti-inflammatory and antioxidant properties [122, 123]. Ferroptosis
exerts a potent pro-inflammatory effect, triggering the release of
molecules associated with injury, activating the innate immunity, and
exacerbating inflammatory responses [124]. PNS have demonstrated a
notable capability to diminish pro-inflammatory factors in cortical
tissue and curb inflammatory responses. Moreover, PNS effectively
lowers the levels of MDA and Fe®* in brain tissue, while concurrently
elevating GSH and GPX4 levels. This mechanism contributes to the
anti-CI/RI effects of PNS by inhibiting ferroptosis [125].

Squalene (33) (Figure 5) is a naturally occurring compound
extracted from shark liver and classified as an open-chain triterpenoid.
It exerts neuroprotective effects by inhibiting neuronal apoptosis and
enhancing the activity of neurotrophic factors. It holds significant
therapeutic potential in treating neurological disorders such as
Parkinson's disease, Alzheimer's disease, and dementia. It exhibits a
protective effect on brain tissue during CI/RI Its mechanism involves
multiple facets: diminishing cellular iron accumulation, enhancing
cellular antioxidant capacity, lowering levels of ROS and LPO, thereby
mitigating the occurrence of cellular ferroptosis. Squalene
demonstrates the ability to decrease the expression of TFR1 in brain
tissue, consequently reducing the cellular iron influx. Moreover, it
enhances the expression of FPN1, thereby promoting the efflux of iron,
consequently diminishing the iron content within the labile iron pool
in the cell. Additionally, it inhibits glutamate release in the oxygen
free radical-induced synaptosomes of the brain, thereby ameliorating
the extracellular microenvironment characterized by high glutamate
concentrations post-brain injury. This inhibition weakens glutamate's
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stimulation for aspartic acid production, consequently reducing the
expression of aspartic acid protein and further attenuating cellular
ferroptosis. Consequently, the cellular uptake of iron is diminished
[126]. Squalene has been shown to reduce the expression of ACSL4
protein in brain tissue, a pivotal molecule in fatty acid metabolism,
consequently decreasing the phospholipid content in membranes
susceptible to oxidative damage. This action ultimately enhances
membrane stability [127]. In animal experiments, it exhibited robust
antioxidant capacity by elevating the expression levels of SLC7A11,
GPX4 , and GSH , while lowering MDA and LPO contents, inhibiting
cellular ferroptosis, and improving neuronal injury [126] (Figure 1-3,
Table 2).

Dauricine (34) (Figure 5), an isoquinoline alkaloid derived from the
rhizome of Sophora japonica, possesses notable pharmacological
properties including anti-inflammatory and anti-tumor effects. Its
mechanism of action involves inhibiting the accumulation of lipid
peroxides by up-regulating the co-expression of GPX4 and GSR.
Additionally, it reduces iron content and MDA content associated with
ferroptosis while inhibiting ferroptosis in nerve cells [128]. These
actions contribute to alleviating neurological damage induced by
cerebral hemorrhage, restoring the integrity of the BBB, and
mitigating neuronal death to a certain extent [128].

Dendrobium nobile polysaccharide (DNP) (Table 2), derived from
from the traditional Chinese herbal medicine Dendrobium nobile,
possesses various medicinal properties including anti-OS, anti-LPO,
anti-inflammatory, anti-apoptotic, and anti-tumor effects [76]. Spinal
cord injury (SCI) represents a severe condition within the central
nervous system, wherein ferroptosis stands as the primary mode of cell
death, consequently leading to microenvironmental imbalance [129] .
Following SCI, ruptured local capillaries lead to the influx of blood
into the spinal cord parenchyma, consequently resulting in the
excessive accumulation of iron ions [130]. This event triggers the
activation of stress responses, leading to a significant increase in ROS
and glutamate excitotoxicity, all of which are potential mechanisms
for inducing ferroptosis. DNP intervenes in SCI-induced ferroptosis by
regulating the xCT-GPX4 signaling pathway, thereby protecting the
nerves in SCI rats and facilitating the repair of SCI [131].

Tanshinone ITIA (9) (Figure 4B) is extensively utilized in the
management of CCVDs [132]. It exerts pharmacological effects
including combating free radical damage, reducing inflammation,
inhibiting apoptosis, and mitigating the neurotoxic effects of
excitatory amino acids. It operates as a neuroprotective agent by
regulating iron homeostasis, thereby decreasing intracellular ROS,
LPO, and active iron content. Studies have indicated that following
CIR, there's a decrease in the activity of superoxide dismutase and

XX

Ligustrazine (29)

Baicalin (28)

HO! -

Panax notoginseng Saponins, PNS (32)

Squalene (33)

glutathione oxidase in ischemic brain tissue, accompanied by an
increase in malondialdehyde and adenosine triphosphate levels, as
well as elevated intracellular ROS. It demonstrates the ability to
mitigate neuronal damage by activating the Nrf2 signaling pathway.
This activation leads to a reduction in the formation of oxidation
products, elevation of SOD and GSH-Px, consequently suppressing
neuronal ferroptosis [133] (Figure 2, 3, Table 2).

Carvacrol (35) (Figure 5), a monoterpene phenolic compound found
naturally in essential oils of labiate plants like oregano, thyme, and
winter mint, serves as a common ingredient in spices and food
additives. Renowned for its antioxidant, anti-inflammatory, and
anti-cancer properties, research suggests its ability to elevate the
expression of GPX4, alleviate ferroptosis, and mitigate damage to
hippocampal neurons in CIR [134], thereby exhibiting
neuroprotective effects.

Resveratrol (3) (Figure 4A) exhibits the potential to enhance motor
function post-spinal cord injury and offers neuroprotective benefits. In
ferroptosis  investigations, it has shown inhibition of
ferroptosis-related proteins and ions, alongside improvements in
mitochondrial morphology. By activating the Nrf2/GPX4 signaling
pathway, it effectively suppresses lipid peroxide production and iron
accumulation, thereby impeding neuronal ferroptosis and facilitating
the recovery of motor function [135]. Resveratrol-mediated
up-regulation of SIRT1 increases the expression of Nrf2 and GPX4,
further mitigating ferroptosis, minimizing brain injury, and enhancing
cognitive capabilities [136].

Astragaloside IV (8) (Figure 4A) exhibits definite therapeutic
potential in treating central nervous system diseases. Through its
action in conjunction with the ferroptosis inhibitor Ferrostatin-1
(Fer-1), it enhances antioxidant capacity following subarachnoid
hemorrhage (SAH) while inhibiting the accumulation of lipid
peroxides. ASIV activates the Nrf2/HO-1 signaling pathway, thereby
attenuating SAH-induced ferroptosis [137]. Furthermore, by
up-regulating Atf3, it promotes the transcription of Fto, leading to
reduced m6A levels of ACSL4. This mechanism contributes to the
amelioration of neuronal injury in IS by inhibiting ferroptosis [138].
Furthermore, it also mitigates CIRI by inhibiting ferroptosis mediated
by the P62/Keapl/Nrf2 pathway [139].

Vitexin (10) (Figure 4B) serves as an efficacious remedy for
cerebrovascular diseases. It notably diminishes the transfer ratio of
Nrf2 from the nucleus to the cytoplasm, thereby reducing oxidative
damage and ferroptosis through the Keapl/Nrf2/HO-1 signal
pathway. Consequently, it improving the condition of CI/RI [140].

(o]
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Figure 5 Structure of Natural products interfere with ferroptosis of cerebrovascular cells
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Table 2 Natural products interfere with ferroptosis of cerebrovascular cells

Ingredient

Induction/

Name Diseases Mechanism of ferroptosis Inhibition Source Ref.
Reducing iron content; Inhibiting LPO;
Baicalin ICH Increasing endogenous antioxidant Inhibition Root of scutellaria baicalensis [115]
activity.
Eliminating oxygen free radicals; . . .
f L 11
Ligustrazine IS Inhibiting LPO and anti-inflammation; Inhibition Rhizome o .lgustlcum [116]
. . - chuanxiong [117]
Keeping the dynamic balance of Fe*".
Li d fruit
B-caryophyllene Activating Nrf2/HO-1 pathway; nutrflr:(m’ eg arere rlrzfsr all)):r;ul I’Jlac
yophy ’ 1S Promoting nuclear translocation of Inhibition & P PI? » rasp ¥, . [119]
BCP kcurrant, cinnamon leaf oil,
Nrf2. .
clove leaf oil
. Up-regulating SLC7A11 and GPX4; . . . . [120]
h I Inhib P 1 11 baical
Chrysin /R Inhibiting ACSL4, TFR1 and PTGS2. nhibition ropolis, Scutellaria baicalensis [121]
122
Panax Decreasing MDA and Fe®* in brain { 12 3}
notoginseng I/R tissue; Increasing the contents of GSH Inhibition Panax notoginseng [124]
S ins, PNS d GPX4.
aponins. an [125]
Increasing SLC7A11, GPX4 and GSH; s . . [126]
Squal I/R Inhibit; Big Shark L
quatene / Decreasing ACSL4 and MDA. nhubition 1§ shark Liver [127]
- Increasing co-expression of GPX4 and s Rhizomes of the Northern Yam
Dau, D ICH Inhib 12
au, Lauricine ¢ GSR; Decreasing MDA content. nhibition bean root [128]
Dendrobium [130]
bil Regulati CT-GPX4 signali
robre . SCI eguwating x signaiing Inhibition Dendrobium nobile [131]
polysaccharide, pathway. [132]
DNP
Activating Nrf2 signaling pathway;
ICH ing the fi i f oxidati Dri hi f
Tanshinone IIA C Reducing the or@atlon of oxidation Inhibition ried roqts ar.ld.r 1Z<?mes o [133]
I/R products; Increasing the content of salvia miltiorrhiza
antioxidant enzymes.
Carvacrol I/R Increasing the expression of GPX4 Inhibition Oregano, thyme, winter mint an [134]
& P ’ d other essential oils of Labiatae
Resveratrol scr Activating SIRT1/Nrf2/GPX4 signaling Inhibition Veratrum grafldiﬂorum, [135]
pathway. polygonum cuspidatum, grapes [137]
Astragaloside IV, ICH Enhancing antioxidant capacity s [138]
Inhibit; Astragal
ASIV /R following SAH. nhubition stragalus [139]
Vitexin I/R Diminishing the transfer ratio of Nrf2. Inhibition Hawthorn leaves, mung bean [140]

skins

ICH: intraintraintracerebral hemorrhage; IS: ischemic stroke; I/R: ischemia/reperfusion; SCI: spinal cord injury.

Conclusion

CCVDs manifest with symptoms that affect various parts of the body,
posing challenges in treating due to accompanying complications. In
severe cases, they can cause death, posing a serious threat to human
life and health. The pathogenesis of CCVDs is complex, and current
medical interventions often fall short of providing complete cures.
Research has elucidated the pivotal role of ferroptosis in the onset and
progression of CCVDs, contributing markedly to their development.
OS and disturbances in iron metabolism emerge as primary factors
instigating and exacerbating CCVDs, mediating pathophysiological
alterations through various mechanisms. In cardiovascular diseases,
ferroptosis accelerates ventricular remodeling, affects both myocardial
systolic and diastolic function, and leads to MI. However, the use of
ferroptosis inhibitors and iron chelators notably alleviate both acute
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and chronic injuries resulting from I/R. In cerebrovascular diseases,
disruptions in cerebral iron metabolism are linked to acute neuronal
injury in IS, potentially serving as the primary mechanism for
inducing ferroptosis. This process can be triggered and exacerbated
following a stroke event. Nonetheless, ferroptosis inhibitors
demonstrate the capacity to mitigate stroke-induced damage.
Following ICH, blood vessels rupture results in blood leakage into the
brain. Accumulation of hemoglobin and its metabolites within the
blood initiates the production of ROS. Moreover, the iron content
within hemoglobin contributes to neuronal injury by augmenting ROS
formation and release. Experiments conducted on in vivo models of
collagenase-induced vascular injury have demonstrated that direct
injection of ferroptosis inhibitors at the site of injury or distal to the
site of injury diminishes the injury size and the count of affected cells,
consequently enhancing neurological function effectively [91].
Targeting ferroptosis emerges as a crucial strategy for both the
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precaution and therapy of CCVDs, presenting itself as a viable drug
target to aid patients in corresponding prevention and treatment
efforts. Hence, there is an urgent need to identify novel targets for
drug intervention.

Natural products exhibit characteristics such as targeting multiple
pathways and possessing significant therapeutic effects, rendering
them invaluable in the treatment of CCVDs. Recent research has
highlighted their crucial role in modulating ferroptosis pathways
associated with CCVDs. In the ferroptosis signaling pathway, proteins
like SLC7A11, DMTI, TfRI, Nrf2, HO-1, GPX4, NCOA4, and LOX play
pivotal regulatory roles. Recent studies have revealed that certain
natural products, such as baicalin, puerarin, and ginsenosides, exhibit
the ability to inhibit cellular ferroptosis by decreasing cellular iron
accumulation, enhancing antioxidant capacity, and decreasing ROS
and LPO. Consequently, exploring natural products holds great
significance in the research and development of drugs for preventing
and treating CCVDs, given their potential protective effects.

At the same time, we may also face a series of difficulties such as
difficulty in obtaining natural products, complex structure and low
content of active ingredients. We can develop anticancer drugs by
combining synthetic chemistry with natural products to optimise and
modify the structure, increase the yield, enhance the activity and
reduce the toxicity. In the future, we can try to use natural products in
the clinical treatment of human vascular diseases (including
atherosclerosis (AS), hypertension, diabetes mellitus, etc.), with a
view to developing targeted ferroptosis inhibitors for the treatment of
CCVDs. And natural products help to mitigate the development of
neurodegenerative diseases (e.g., Alzheimer's disease). It is necessary
for us to continue to sort out and summarise the detailed signalling
pathways and mechanisms related to the intervention of natural
products in ferroptosis, to provide value for the development of new
ferroptosis inhibitor active drugs or lead compounds, and to further
provide new ideas and effective strategies for the treatment of clinical
CCVDs.

In the future, research on the regulation of ferroptosis in CCVDs by
natural products will leverage novel target discovery technologies,
such as PROTAC probe technology [141], to delve deeper into its
mechanisms and expand the research scope to encompass more
natural products. Additionally, efforts will be made to strengthen
clinical trials and multidisciplinary collaboration, promoting the
development of personalized medicine and comprehensive prevention
and treatment strategies. Long-term effects and safety assessments will
also become key research focus to ensure the safe and effective clinical
application of potential drugs. These endeavors will provide new
perspectives and strategies for the prevention and treatment of
CCVDs.
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