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The glutathione (GSH) system is considered to be one of the most powerful endogenous antioxidant systems in the cardiovascular
system due to its key contribution to detoxifying xenobiotics and scavenging overreactive oxygen species (ROS). Numerous
investigations have suggested that disruption of the GSH system is a critical element in the pathogenesis of myocardial injury.
Meanwhile, a newly proposed type of cell death, ferroptosis, has been demonstrated to be closely related to the GSH system, which
affects the process and outcome of myocardial injury. Moreover, in facing various pathological challenges, the mammalian heart,
which possesses high levels of mitochondria and weak antioxidant capacity, is susceptible to oxidant production and oxidative
damage. Therefore, targeted enhancement of the GSH system along with prevention of ferroptosis in the myocardium is a promising
therapeutic strategy. In this review, we first systematically describe the physiological functions and anabolism of the GSH system, as
well as its effects on cardiac injury. Then, we discuss the relationship between the GSH system and ferroptosis in myocardial injury.
Moreover, a comprehensive summary of the activation strategies of the GSH system is presented, where we mainly identify several
promising herbal monomers, which may provide valuable guidelines for the exploration of new therapeutic approaches.
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FACTS

● GSH system is one of the important endogenous antioxidant
systems, which can maintain cellular redox balance and
prevent oxidative damage and cell death.

● Ferroptosis is a new form of programmed cell death that plays
an essential role in the development of cardiovascular disease.

● The GSH system, as a lipid peroxide scavenger, prevents the
indefinite expansion of lipid peroxidation, which is a central
step in hindering ferroptosis.

● Activating the GSH system alleviates the progression of the
myocardial injury by blocking the ferroptosis pathway and
oxidative stress, which provides a promising therapeutic
strategy for cardiac diseases.

OPEN QUESTIONS

● How GSH anabolism is altered in the myocardium under
pathological and physiological conditions.

● What is the relationship between the GSH system and
ferroptosis in various types of myocardial injury.

● Are there therapeutic agents that act to activate the GSH
system to reduce myocardial injury.

INTRODUCTION
Cardiovascular diseases (CVDs) are the leading cause of death
worldwide and rising health care costs [1]. Irreversible heart injury
is the main culprit for the poor prognosis of CVDs. Therefore,
understanding how cardiac tissue is impaired is critical to global
health. Oxidative stress plays an essential and complex role
throughout its occurrence and progression [2–6], to which
reactive oxygen species (ROS) are the primary contributors. They
consist of a group of highly active molecules, including free radical
superoxide (O2

• −), hydroxyl radical (HO•), hydrogen peroxide
(H2O2), proximities (ONOO-) and so on [4]. Under physiological
conditions, ROS are generated in the heart mainly from the
mitochondrial electron transport chain, nitric oxide synthases
(NOS), NADPH oxidases (NOX), and xanthine oxidase (XO) in small
quantities [7, 8]. Furthermore, the production and degradation of
ROS are in dynamic equilibrium. Under pathological conditions,
the mitochondrial electron transport chain causes the formation of
large amounts of ROS. Mitochondrial ROS overproduction has
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been indicated to donate to cardiomyocyte injury and greater
myocardial injury after acute myocardial infarction (AMI) [9, 10]. In
addition, the increased expression and activity of NOX and
xanthine oxidase and NOS becoming uncoupled and structurally
unstable also lead to increased ROS production [8]. Excess ROS can
damage all major cellular constituents (DNA, proteins, and lipids)
and even lead to cell death, apoptosis, hypertrophy, fibrosis, and
contractile dysfunction in the myocardium [8, 11].
For the body to resist these damages, it possesses a range of

endogenous antioxidants, primarily enzymatic antioxidants (super-
oxide dismutase (SOD), glutathione peroxidase (GPX), glutathione
S-transferase (GST), glutathione reductase (GR), thioredoxin reduc-
tase (TrxR), catalase (CAT), etc.), and nonenzymatic antioxidants
(glutathione (GSH), bilirubin, ubiquinone, etc.) [11]. Among them,
the glutathione system made up of GSH, enzymes involved in GSH
anabolism, and GSH-dependent antioxidant enzymes play a critical
role in cardioprotection from oxidative stress and redox home-
ostasis [12–14]. Due to cardiomyocytes requiring massive energy
demands, they are rich in mitochondria standing out from the rest
of the cell type [15, 16], which makes them very sensitive to
oxidative stress damage. At the same time, the activity of
antioxidant enzymes (SOD, GPX, GR) in cardiomyocytes is weaker
than that in other organs [17], further aggravating the suscept-
ibility to this injury. Therefore, targeted activation of antioxidant
systems, especially the GSH system, is an essential treatment
strategy to protect cardiomyocytes against oxidative damage.
Notably, redox signaling events are significant regulators of cell

death pathways, among which GSH depletion has been demon-
strated to be a vital early hallmark in the progression of different
cell death mechanisms [18]. Distinct from apoptosis, necrosis and
autophagy, Dixon and coauthors proposed for the first time a new

form of oxidation-dependent and iron-dependent cell death
known as ferroptosis [19]. It is characterized by an extremely
severe accumulation of lipid peroxidation [20]. Numerous studies
have shown that GSH anabolism and GPX4 are inextricably linked
to ferroptosis. Toxic lipid peroxides can be converted into
nontoxic lipid alcohols (L-OH) in the presence of GPX4 and GSH
to inhibit ferroptosis [21]. However, some molecules or drugs, such
as erastin, sulfasalazine, sorafenib, and RSL3, are able to block
glutathione synthesis or devitalize GPX4. All of these processes
tend to initiate ferroptosis, leading to cell damage [22].
In summary, oxidative stress drives the occurrence and

progression of CVDs, and the GSH system is positively involved
in antioxidant activity, which is beneficial to their treatment and
prognosis. Current studies have revealed a strong link between
ferroptosis and the GSH system, which has become a hotspot in
the field of CVDs. As a result, herein, we review the synthetic and
metabolic processes of GSH, systematically describing the
functions of the GSH system in cardiac injury. Moreover, we
emphasize GSH system-related ferroptosis in cardiac injury events
and comprehensively summarize strategies for GSH system
activation. Understanding the roles and interventions of the GSH
system, as well as its connection with ferroptosis, may favor the
advancement of more effective therapies to prevent myocardial
injury (summarized in Fig. 1).

OVERVIEW OF THE GSH SYSTEM
The anabolic process and redox status of GSH in the
myocardium under physiological conditions
Synthesis of GSH. The synthesis of glutathione is found in almost
all mammalian cells [23]. This process, using glutamate (Glu),

Fig. 1 Strategies to augment the cardiac GSH system during myocardial injury. Raw materials of GSH or GPX biosynthesis, various small
molecule activators related to the GSH system and some novel therapeutic approaches, such as exosomes and gene therapy, enhance the
GSH system and thus improve myocardial injury caused by various pathological factors by inhibiting oxidative stress and ferroptosis.
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cysteine (Cys), and glycine (Gly) as raw materials, depends on
glutamate cysteine ligase (GCL) and glutathione synthetase (GS)
catalysis, present only in the cytoplasmic matrix [23]. Its rate-
limiting steps are the availability of cysteine and the activity of GCL
[24]. The three amino acids mentioned above come from different
pathways. Cysteine is mainly derived from the trans-sulfuration
pathway of methionine and the reduction of cysteine [21]. In the
former, cysteine comes from the conversion of methionine via a
series of enzymatic steps, which is unique to liver cells [25]. In the
latter, cysteine originates from the reduction of cystine transported
into the cell by cystine/glutamate antiporter (system Xc− , xCT)
[26]. The system Xc−, a dimer consisting of SLC7A11 and SLC3A2,
exchanges glutamate (Glu) out of the cell and cystine into the cell
at a ratio of 1:1 [27, 28]. Among them, SLC7A11 has a key role in
limiting the rate of cystine transport [27]. Intracellular Glu is
produced from glutamine (Gln) catalyzed by glutaminase (GLS,
with two different isomers GLS1 and GLS2) [29, 30]. Gln and Gly are
transported into the cell via the corresponding amino acid
transporters. In addition, glycine and glutamate deficiency also
affects GSH synthesis to some extent [23].
The synthesis of glutathione involves two enzymatic steps, both

requiring ATP hydrolysis for energy supply. First, glutamate-
cysteine ligase (GCL) links glutamate and cysteine to form γ-
glutamyl cysteine (rate-limiting steps). Glutathione synthetase (GS)
then catalyzes the combination of glycine residues and gamma-
glutamyl-cysteine to form GSH [31]. GCL is composed of a catalytic
(GCLC, Mr ~73 kDa) and a modifier (GCLM, Mr ~31 kDa) subunit
[32] (summarized in Fig. 2).

Metabolism of GSH. Glutathione, the most plentiful thiol-
containing substance of low molecular weight in cells, is a crucial
antioxidant and antidote in all mammalian tissues. Under
physiological conditions, GSH quenches oxidizing substances
(such as reactive hydroxyl free radicals, peroxynitrite, and H2O2)
directly or reduces hydrogen peroxide (or lipid peroxide (lipid-
OOH)) to water (or the corresponding lipid alcohol (lipid-OH))
under the catalysis of GPX (summarized in Fig. 2). Meanwhile,
reduced GSH is oxidized into glutathione disulfide (GSSG) [8, 32].
GSH also detoxifies electrophilic xenobiotics compounds

(chemical carcinogens, environmental pollutants, drugs, etc.) and
their metabolites to GSH adduct (GS-X) in the direct catalysis of
glutathione-S-transferase (GST, primary approach) [32]. The
concentration of GSH is at high levels, and GSSG and ROS are at
depressed levels to maintain redox homeostasis in cardiomyo-
cytes. Thus, the ratio of GSH to GSSG is largely considered a
marker of oxidative stress [8, 32].
To maintain high levels of GSH in cardiomyocytes, there are

generally two mechanisms. One is that GSSG and GS-X produced
in cardiomyocytes are pumped out by multidrug resistance
protein 1 (MRP1), preventing GSSG or GS-X accumulation in
cardiomyocytes [33, 34], and subsequently enter the γ-glutamyl
cycle. This cycle primarily involves γ-glutamyl peptidase (GGT), the
only enzyme that catabolizes GSH, GSSG, and GS-X, as well as
dipeptidyl peptidase (DP). GGT transfers the γ-glutamyl residue of
glutathione to amino acid acceptors (the best acceptor being
cystine), releasing γ-glutamyl peptides and cysteinyl glycine.
Subsequently, DP breaks cysteinyl glycine into cysteine and
glycine, which are reabsorbed into the cell to engage in a novel
GSH synthesis pathway (summarized in Fig. 2) [31, 35]. The other is
that some GSSG can be reduced to GSH in the presence of GR at
the cost of NADPH [8] (summarized in Fig. 2). NADPH is mainly
derived from the pentose phosphate pathway, which uses
glucose-6-phosphate dehydrogenase (G6PD) as the key enzyme
[36]. The ChaC family (ChaC1 and ChaC2, cytoplasmic glutathione-
specific γ-glutamyl cyclotransferases) has recently been shown to
take part in GSH metabolism. ChaC1 and ChaC2 use the α-amine
of L-glutamyl residues to cleave the amide bond by transamina-
tion, releasing it as a cyclic 5-oxo-l-proline and cysteine glycine
dipeptide. These products are cleaved into glutamine, cysteine,
and glycine under the action of 5-oxoalaninase and Cys-Gly
peptidase, respectively, and then added to new GSH synthesis
[32, 37] (summarized in Fig. 2). However, the role of the ChaC
family in cardiomyocytes has been less reported since then.

The anabolic variety and redox status of GSH in the
myocardium under pathological conditions
When the heart is under stress from pathological factors, GSH
redox homeostasis is disrupted, which is manifested by a

Fig. 2 Schematic diagram of intracellular GSH anabolism and function. The main synthetic pathways of GSH (blue arrows); GSSG is reduced
to GSH under the action of GR and NADPH (red arrow); GSH reduces H2O2 (or lipid-OOH) to H2O (or lipid-OH) in the catalysis of GPX, and GSH
conjugates with xenobiotics compounds to form GS-X in the catalysis of GST (green arrow); The decomposition process of GSH, GSSG and GS-
X after being squeezed out of cells (purple arrows); The decomposition process of intracellular GSH (rosy arrows); ROS are generated from the
mitochondrial electron transport chain, nitric oxide synthases (NOS), NADPH oxidases (NOX), and xanthine oxidase (XO) (yellow arrow).
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significant decrease in GSH content and accumulation of GSSG in
the myocardium. Several clinical studies have found that GSH
consumption exists in the blood of patients with myocardial
infarction and the left ventricle of patients with heart failure
[8, 38, 39]. Moreover, a reversed GSH redox state and activity-
suppressed GPX have been observed in the myocardium of
various myocardial injury animal models [40–43]. The reasons for
these changes, apart from excess ROS leading to increased GSH
depletion in cardiomyocytes, are disturbances in the anabolic
process of GSH, causing a further decrease in intracellular GSH
content. Many preclinical studies have demonstrated that the
expression of key enzymes for GSH synthesis (GCL, SLC7A11, GS)
and GSSG reduction-related enzymes (G6PD, NADPH, and GR) is
downregulated in myocardium exposed to pathological factors
[40, 43–50]. However, enhanced expression of GGT and MRP1,
which are associated with the γ-glutamyl cycle, has been observed
in damaged myocardium [33, 34, 51, 52]. Moreover, some studies
have shown that the ChaC1 protein is significantly upregulated in
various adverse conditions, such as diabetes, viral infection and
atherosclerosis, providing cells with the amino acid nutrients they
need under stressful situations but reducing GSH levels. However,
the ChaC family is less studied in the myocardium [37]. Hiroki
Kitakata et al. reported that in MITOL knockdown-mediated
ferroptosis in cardiomyocytes, knockdown of ChaC1 reversed cell
injury and increased GSH [53]. ChaC2 is a constitutively expressed
protein whose expression is not affected by the external
environment for the basal turnover of GSH [37].

GSH in mitochondria
As the most metabolically demanding organ in the body, the heart
requires significant amounts of energy adenosine triphosphate
(ATP) to maintain constant contractile and diastolic function.
Therefore, it is not surprising that cardiomyocytes have a high
volume of mitochondria (30-40% of the entire cell) [54]. In
addition, mitochondria are also the primary producers of
intracellular reactive oxygen species (ROS), most of which
originate from the mitochondrial respiratory chain [55]. In
accordance with this, the steady-state concentration of O2

• − in
the mitochondrial matrix is estimated to be five to ten times
higher than that in the cytosol [56]. Despite the exposure of
mitochondria to the production of oxidants, the presence of an
effective antioxidant system, of which mitochondrial GSH (mGSH)
is a key component, prevents or repairs oxidative damage that
occurs during normal aerobic metabolism [57]. The importance of
mGSH is mainly based on its detoxification of hydrogen peroxide,
mitochondrial lipid membrane peroxidation, or xenobiotics under
the catalysis of enzymes such as GPX or GST [58]. Thus, as far as
mitochondrial oxidative stress homeostasis is concerned, mGSH is
a vital factor maintaining mitochondrial function, controlling cell
survival/death, and its depletion causes cell damage and facilitates
cell death [57, 59]. A recent report suggests that mGSH and
mitochondrial redox status play an essential role in cardiomyocyte
ferroptosis [60].
As mentioned above, GSH is synthesized only in the cytoplas-

mic matrix, but it is also found in intracellular organelles, including
the mitochondria, nucleus, and endoplasmic reticulum. Mitochon-
dria contain 10–15% of total GSH, and the concentration of GSH in
mitochondria is similar to that of the cytoplasmic matrix [57, 58].
However, GSH has an overall negative charge at physiological pH,
and mitochondria also exhibit an enormous negative membrane
potential [57, 58]. Therefore, mGSH arises from cytoplasmic matrix
GSH via a specific transport mechanism. Some investigators have
identified potential candidates for transporting GSH into the
kidney and liver mitochondria, including the 2-oxoglutarate carrier
(OGC; SLC25A11) and the dicarboxylate carrier (DIC; SLC25A10)
[57]. In 2021, Zhang et al. found that these two vectors were
highly expressed in myocardial mitochondria and showed that
inhibition of DIC and OGC increased mitochondrial ROS and GSH

depletion, exacerbating ferroptosis in the myocardium [60].
Recently, it has been illustrated that HCBP6 (FUNDC2), a
mitochondrial outer membrane protein FUN14 structural domain
containing 2, can interact with and destabilize SLC25A11, thereby
affecting mGSH levels and regulating ferroptosis in the myocar-
dium [61]. In addition, Wang et al., using organic proteomics and
metabolomics approaches, identified a new mitochondrial trans-
porter, SLC25A39, and highlighted its essential role in prolifera-
tion. Moreover, mice with systemic knockout of SLC25A39
(including the heart) exhibited severe anemia, a complete lack
of red blood cells, and iron overload [62].
Mitochondrial membrane properties, controlled by the fatty acid

composition and cholesterol/phospholipid molar ratio, also affect
GSH transport. Compared to the plasma membrane, mitochondria
have a lower cholesterol content. When the mitochondrial
membrane is enriched in cholesterol, it decreases the activity of
the GSH transporter system [57]. Previous studies in myocardial
ischemia have revealed that ischemia leads to a progressive loss of
cholesterol from tissues and the sarcoplasmic and sarcoplasmic
reticulum, accompanied by a significant increase in mitochondrial
cholesterol content that is admixed explicitly to this membrane
system [63]. We thus hypothesize that myocardial mitochondrial
membrane cholesterol enrichment due to ischemia may be one of
the mechanisms of mGSH depletion in ischemic myocardium.

Glutathione peroxidase
The glutathione peroxidase family comprises multiple isozymes
(GPX1-8) existing in distinct subcellular locations and tissues.
Among them, GPX1-4 and 6 are selenocysteine-containing
proteins. Their active center is a conserved tetramer composed
of selenocysteine residues (Sec), glutamine (Gln), tryptophan and
asparagine. The active site of the other three GPXs is cysteine [64].
The presence of Sec as a catalytic group is thought to ensure a
rapid reaction with hydrogen peroxide and a fast reduction of GSH
[65]. Therefore, the most important function of GPX1-4 is to
prevent oxidative stress by catalyzing the reduction of H2O2 or
organic hydroperoxides. In addition, they can also inhibit
inflammation and oxidant-induced programmed cell death (e.g.,
apoptosis, necroptosis, pyroptosis) [64, 66, 67]. GPX1 and GPX4 are
the predominant antioxidant enzymes in the GPX family due to
their widespread distribution. They are highly expressed in the
cytoplasmic and mitochondrial compartments of cardiomyocytes
and represent an important defense mechanism within the heart
[4, 7]. GPX2 and GPX3 exert antioxidant effects in intestinal
epithelial cells and plasma, respectively [65]. Compared with
GPX1-3, GPX4 is also involved in the reduction of complex
membrane-associated phospholipid hydroperoxides such as
phosphatidylcholine hydroperoxide and cholesterol hydroperox-
ide, in addition to reacting with soluble, low molecular weight
hydroperoxides such as t-butyl hydroperoxide and cumene
hydroperoxide [68]. Since GPX4 has these characteristics, it plays
a crucial role in inhibiting ferroptosis, which has received
widespread attention. GPX5-8 without further ado due to the
lack of antioxidant capacity.

GSH SYSTEM AND FERROPTOSIS IN THE MYOCARDIUM
Ferroptosis
Ferroptosis is a novel form of programmed cell death characterized
by the accumulation of iron-catalyzed lipid peroxidation. It has its
own unique morphological, biochemical, and genetic features.
Morphological characteristics include reducing or disappearing
mitochondrial cristae, small mitochondria with condensed mito-
chondrial membrane densities, and outer mitochondrial mem-
brane rupture. Biochemically, once ferroptosis is activated, it
cannot be suppressed by apoptosis, necrosis, or autophagy
inhibitors but can be hidden by iron chelators such as
deferoxamine (DFO) or antioxidants such as Trolox and fer-1.
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Moreover, the genetic aspects of the genetic network controlling
ferroptosis differ from those controlling apoptosis [19]. As a new
form of cell death, it provides new research directions for the
treatment and thinking of many diseases. In addition, an increasing
amount of research has supported a pathophysiological role for
ferroptosis in the development of cardiovascular diseases, includ-
ing myocardial ischemia‒reperfusion injury, myocardial infarction,
adriamycin-mediated myocardial injury, and heart failure [69].

The mechanisms of ferroptosis
Ferroptosis is a complex process regulated by various mechan-
isms. Its onset and execution involve three key events: iron
accumulation, GSH depletion, and lipid membrane oxidation. The
mechanisms associated with these events and their role in
cardiovascular disease are outlined below.

Iron homeostasis. Regulation of intracellular iron homeostasis is
influenced by iron uptake, utilization, storage, and export.
Circulating iron uptake in the form of two ferric iron (Fe3+) bound
to transferrin (TF) is achieved by binding to transferrin receptor
protein 1 (TFR1) and subsequently triggering endocytosis [70].
Fe3+ absorbed into the cell is located in the endosomes and is
reduced to ferrous iron (Fe2+) by transmembrane epidermal
antigen of prostate 3 (STEAP3) [70]. Subsequently, through the
action of divalent metal transporter 1 (DMT1), Fe2+ enters from the
endosomes to the labile iron pool (LIP) in the cytoplasm [71]. A
portion of the iron in the cytoplasm is transported to the
mitochondria for the synthesis of heme and iron-sulfur clusters
(ISCs) [72]. Part is stored in ferritin, which consists of ferritin heavy
chain (FTH) and ferritin light chain (FTL) [72]. Iron is exported out of
the cell via ferroportin (FPN), and it can oxidize Fe2+ to Fe3+ [73].
FPN is regulated by hepcidin, a hepatic-secreted peptide hormone,
which promotes the internalization and degradation of FPN [74].
The augmentation of iron intake, the decline in stored iron, and

the alleviation of iron outflow can lead to increased Fe2+ in the LIP
in cells. Accumulated cellular iron generates cytotoxic hydroxyl
radicals (OH·) via the Fenton reaction. It can attack polyunsaturated
fatty acids (PUFAs) and produce lipid peroxides (lipid-OOHs) and
their reactive degradation products [72, 75]. Cardiac-specific elision
of Fth1 (encoding ferritin heavy chain) causes iron dysregulation
and increased oxidative stress in the heart, leading to increased
sensitivity to ferroptosis induced by iron overload [76]. Tang et al.
showed that ubiquitin-specific protease 7 (USP7) led to increased
TFR1 and ferroptosis in a rat model of myocardial ischemia/
reperfusion [77]. TfR1 has been recognized as a specific target
antigen associated with ferroptosis [78].

Lipid metabolism. Lipidomic studies have shown that phospha-
tidylethanolamines (PEs) with arachidonic acid (AA) or its
derivative adrenergic acid (AdA) are the key phospholipids for
oxidation, and their peroxidation is considered a significant driver
of ferroptosis [19, 21]. Two key enzymes are implicated in PUFA-PE
synthesis, including acyl-CoA synthetase long-chain family mem-
ber 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3
(LPCAT3) [75]. ACSL4 acylates AA, and subsequently, LPCAT3
catalyzes the acylated AA to membrane PL, which raises the
oxidation of membrane-sensitive fatty acids such as PUFA,
ultimately leading to lipid peroxidation [73]. Recently, it has been
shown that overexpression of ACSL4 reverses the myocardial
protective effect of baicalin on ischemia‒reperfusion and amplifies
the degree of myocardial lipid peroxidation [79]. In addition to
iron-catalyzed free radical chain reactions, lipoxygenase (LOXs)
can directly oxidize PUFAs and lipid-containing PUFAs in cell
membranes, which are considered to have an essential role in
ferroptosis [75, 80]. One study reported that the scaffold protein
phosphatidylethanolamine binding protein 1 (PEBP1) binds to 15-
lipoxygenase (15LOX) and directs it to PUFAs in the membrane,
thereby facilitating ferroptosis [81].

Antioxidant metabolism. The presence of the antioxidant system
can prevent the infinite expansion of lipid peroxidation, which is a
core step in impeding ferroptosis. As mentioned above, the GSH
system has a vital role in the elimination of toxic lipid peroxides
[32]; thus, it is essential for the inhibition of ferroptosis. Fang et al.
selectively overexpressed SLC7A11 in the myocardium and found
that it can increase cellular GSH levels and prevent FTH deficiency-
mediated iron death [76]. Moreover, it has been previously shown
that GPX4 overexpression in cancer cells inhibits RSL3-mediated
ferroptosis, whereas GPX4 deletion increases susceptibility to
ferroptosis [22]. These findings provide evidence for the
importance of the GSH system in anti-ferroptosis.
Ferroptosis suppressor protein 1 (FSP1) was identified almost

simultaneously by Bersuker et al. and Doll et al. as an anti-
ferroptotic factor that parallels the GSH system [82, 83]. It can
reduce ubiquinone (CoQ10) to ubiquinol (reduced form of CoQ10)
in lipid membranes utilizing NADPH. The latter is a lipophilic
radical scavenger that acts as an inhibitor of ferroptosis [82].
However, FSP1 must be myristoylated and recruited to lipid
membranes to execute its reductase function [83]. In conclusion,
FSP1, CoQ10, and NADPH comprise an anti-ferroptosis system
parallel to GSH. In adriamycin-treated mouse hearts, elevated lipid
peroxidation products promote FSP1 translocation [84]. Never-
theless, FSP1 has been less studied in the heart, where its
relationship with ferroptosis and its precise function are poorly
understood.

Other metabolic pathways. Glutamine is the most abundant and
versatile amino acid in the body and provides a substrate for many
biosynthetic processes [29]. Among them, the glutamate pro-
duced by the decomposition of glutamine via GLS not only
provides the raw material for the synthesis of GSH but is also
further metabolized into α-ketoglutarate (α-KG) in the mitochon-
dria under the action of glutamate dehydrogenase (GLUD1) or
transaminases and then enters the tricarboxylic acid cycle to
produce ATP [29]. It has been reported that glutamine and
glutaminolysis are required for cysteine starvation and erastin-
mediated ferroptosis [85, 86]. Knockdown of GLS2 but not GLS1
can inhibit cysteine starvation-mediated ferroptosis of MEFs [86].
Notably, glutaminolysis inhibitors (compound 968) can prevent
ischemia/reperfusion-induced cardiac damage [86]. However, it is
unclear exactly which isoform acts in cardiomyocytes and how it
exerts its anti-ferroptosis effect, which requires further study.
Moreover, Gao et al. and Daiha Shin et al. found that exogenous α-
KG mimics glutaminase-mediated ferroptosis, while using a
transaminase inhibitor, amino-oxyacetate (AOA), reverses ferrop-
tosis [85, 86]. This suggests that α-KG plays an essential role in
glutaminolysis-mediated ferroptosis. Finally, knockdown of Gln
transporters (SLC38A1 and SLC1A5) or pharmacological inhibition
of SLC1A5 also significantly blocked cysteine starvation-mediated
ferroptosis [85, 86].

The GSH/GPX4 node is the crucial regulator of ferroptosis
The GSH system, as a lipid peroxide scavenger, has attracted much
attention as a potential therapeutic target for ferroptosis. In the
next section, we will discuss the relationship and importance
between the GSH system and ferroptosis in myocardial injury.

Myocardial infarction (MI) or myocardial ischemia/reperfusion (MI/R)
injury. Park et al. revealed that myocardial ferroptosis occurs
during MI [87]. Subsequently, they used Western blot analysis and
RNA sequencing (RNA-seq) to demonstrate that the expression of
GPX4 was declining in the early (MI 1 day) and middle (MI 1 week)
stages of MI. Inhibition or depletion of GPX4 utilizing the chemical
inhibitor RSL3 or specific siRNA resulted in lipid peroxide
accumulation, leading to ferroptosis in H9C2 cells [87]. These
results suggest that the downregulation of GPX4 contributes to
MI-induced ferroptosis. However, Tang et al. showed that GPX4,
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ACSl4, iron and malondialdehyde (MDA) in myocardial ischemic
tissue did not change significantly after 15, 30 or 60 min of
coronary artery occlusion [88]. The inconsistency of the above
results may be because the duration of myocardial ischemia in the
latter was too short to induce ferroptosis.
Currently, the primary treatment for myocardial infarction is

opening blocked vessels to restore blood flow to the ischemic
myocardium, which is called reperfusion. However, reperfusion
can cause further damage to cardiac tissue, including cytokine
production, neutrophil infiltration, and ROS production, called I/R
injury [89]. Tang et al. continued reperfusion based on ischemia
for 60 min. They found that iron, ACSL4, and MDA levels increased
with increasing reperfusion time, with concomitant decreases in
GPX4 levels, and deferoxamine treatment significantly amelio-
rated myocardial injury [88]. These results suggest that ferroptosis
also occurs in myocardial ischemia‒reperfusion injury. In 2022, Lu
et al. indicated that GPX4 and GSH levels were decreased, and
cellular iron and MDA levels were increased in a mouse model of
myocardial ischemia‒reperfusion (MIR, ischemia 30 min and
reperfusion 24 h) injury [90]. Moreover, britanin, a bioactive
terpenoid extracted from Inula lineariifolia, increased intracellular
GPX4 and GSH levels and diminished ferroptosis-induced MIR
injury via AMPK/GSK3β/Nrf2 signaling [90].

Doxorubicin (DOX)-induced cardiomyopathy (DIC). A study by
Fang et al. showed that the DOX-processing myocardium
exhibited features of typical ferroptosis in mice. Ferroptosis
inhibitors could significantly reduce DOX-induced cardiac injury
and mortality. However, inhibitors of autophagy, necroptosis and
apoptosis only partially improved survival substantially, suggest-
ing that ferroptosis is essential for DOX-induced cardiomyopathy
and mortality in mice [91]. Additionally, recent studies have found
that the expression of GPX4 and GSH was disordered in rats
administered DOX [92]. Fisetin, a natural flavonoid, attenuated
DOX-mediated ferroptosis in vivo and in vitro by raising the
contents of GSH and GPX4 and inhibiting the accumulation of
MDA and iron in the heart of rats [92].

Septic cardiomyopathy (SIC). In a model of LPS-mediated septic
cardiomyopathy, some researchers revealed that LPS caused
ferroptosis and septic cardiac injury by downregulating GPX4
protein levels and increasing COX-2 [93]. Knocking down ICA69
reversed GPX4 inhibition, attenuated intracellular ferroptosis
production and improved mouse survival and cardiac function
[93]. Furthermore, in appendiceal ligation and puncture-mediated
sepsis, investigators found a decrease in GSH content and GPX4
expression and an accumulation of cardiac iron content and lipid
peroxidation levels [94]. All of the above results suggest a possible
involvement of ferroptosis in the development of sepsis-induced
cardiac injury.

Diabetic cardiomyopathy (DCM). Evidence has shown that
ferroptosis is crucial for DCM pathogenesis [48]. Wang et al.
elucidated that sulforaphane restored the downregulation of
SLC7A11/GSH, suppressed ferroptosis, and improved cardiac
function by activating the AMPK/Nrf2 pathway in the myocardium
of type 2 diabetic mice [48]. Another study reported that the
inhibition of lncRNA ZFAS1 upregulated cardiac GPX4 and
terminated the ferroptosis process and oxidative insult in DCM
mice [95].

Hypertension-mediated pathological cardiac remodeling. Zheng
et al. used angiotensin (Ang) II injection to simulate a
hypertension-mediated cardiac remodeling model and found that
ferroptosis occurred and that the protein expression of GPX4 and
xCT was downregulated in the myocardium. Elabela treatment
reduced ferroptosis and improved myocardial hypertrophy and
remodeling in hypertensive mice by normalizing the levels of xCT

and GPX4 [96]. In addition, knockdown of xCT exacerbates Ang II-
induced cardiac hypertrophy, fibrosis, and dysfunction in mice.
These impairments can be relieved by hindering ferroptosis [97].
In summary, there is already substantial evidence that

ferroptosis plays a vital role in myocardial injury caused by MIR
and various types of cardiomyopathy. It has been proven feasible
to treat heart disease by targeting ferroptosis modulators. GPX4
and GSH, as inhibitors of lipid peroxidation, are key regulators that
control ferroptosis. In the myocardium affected by various
pathological factors, the inhibition of GSH and GPX4 is ubiquitous.
Therefore, activating GPX4 and GSH to inhibit ferroptosis is an
attractive option for cardiac disease therapy (Fig. 3).

STRATEGIES FOR GSH SYSTEM ACTIVATION
Identifying strategies that fortify the GSH system in the heart may
contribute to developing therapies against cardiac diseases
induced by various pathological factors. This section summarizes
potential approaches to increasing the GSH system in the heart.

Improving the supply of raw materials for GSH systems
The direct administration of GSH in vivo is probably an obvious
way to increase GSH It has been demonstrated that modified oral
glutathione-like liposomal GSH increases erythrocyte and plasma
GSH levels and reduces oxidative stress biomarkers [98]. Moreover,
other routes of administration, such as intravenous, intranasal, and
sublingual administration, can increase GSH levels [99]. However,
the direct administration of GSH is rare in myocardial injury
treatment studies.
In addition, supplementing the raw materials (cysteine, glycine,

glutamate, and selenium) for synthesizing GSH or GPX to achieve
an elevated GSH system in the myocardium is another feasible
strategy. Next, we review the evidence supporting that increased
raw material availability causes high GSH and GPX levels in the
myocardium (Table 1, Supplementary Table S1).

Precursors of cysteine (Cys). N-acetylcysteine (NAC) is a precursor
of the amino acid cysteine. NAC deacetylates under the action of
N-deacetylase to enhance intracellular Cys, thereby increasing the
endogenous synthesis of GSH. In 2013, Rafeek HidhayathBasha

Fig. 3 The main ferroptosis mechanisms in various types of
cardiomyopathies. Among them, inhibition of the GSH system plays
an important role in ferroptosis.
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et al. conducted a study on the protective effect of NAC on
isoproterenol (ISO)-induced MI in rats [100]. The results demon-
strated that pretreatment with NAC not only significantly
increased the activities of GSH and GPX but also reduced the
levels of lipid peroxidation in the heart mitochondria of ISO-
treated rats [100]. Interestingly, NAC exerts a GSH-supplementing
effect in GSH-deficient cells, whereas this effect may be ineffective
in GSH-enriched cells [101].
In humans, clinical studies have evaluated the effects of NAC

treatment on myocardial infarction. M A Arstall et al. found that the
plasma MDA concentration and GSSG/GSH ratio were lower, and left
ventricular function was better preserved in AMI patients treated
with NAC (15 g, infusion over 24 hours) [102]. In addition, a recent
study assessed the influence of intravenous high-dose NAC (29 g, IV
within 2 days) combined with low-dose nitroglycerin (7.2mg, IV
within 2 days) on infarct size in patients with ST-elevation
myocardial infarction undergoing percutaneous coronary interven-
tion (PCI). The results indicated that patients treated with NAC had a
5.5% reduction in infarct size [103]. Therefore, NAC can be used to
boost cardiac GSH levels and attenuate myocardial injury.
Apart from NAC, whey protein and methionine are also precursors

of Cys. Whey protein and its concentrates are abundant in sulfur-
containing amino acids such as Cys and methionine, so it can
supplement cysteine and efficiently improve GSH levels [99, 104]. It
has been reported that whey protein treatment added myocardial
GSH/GPX content and decreased ROS in a mouse model of chronic
iron overload cardiomyopathy [105]. Researchers do not recom-
mend methionine because it causes an increase in homocysteine
levels [99]. Elevated homocysteine is associated with various
diseases, such as heart and brain diseases. Severe hyperhomocys-
teinemia in patients is able to develop neurological and cardiovas-
cular disorders as well as premature death owing to complications
[106]. A study revealed that L-methionine supplementation (1.7 g/
kg/day, P.O for 8 weeks) was sufficient to produce hyperhomocys-
teinemia in rats and markedly increased the mean arterial pressure,
oxidative stress and mean cardiomyocyte diameter [107].

Glycine. Glycine (Gly) is another essential amino acid in the
synthesis of GSH. Although most studies have focused on
increasing cysteine levels in vivo to boost GSH synthesis, glycine
supplementation alone or in combination with NAC to increase
GSH synthesis has also attracted extensive attention. In a burn rat
model, intraperitoneal injection of glycine supplementation
alleviated severe burn-induced cardiac injury by improving
cardiomyocyte energy metabolism and increasing ATP and GSH
contents [108]. Treatment of aged rat cardiac fibroblasts with NAC
or NAC+ Gly rose the intracellular GSH content, and notably, the
combination of NAC and Gly exerted a better effect [109].
Premranjan Kumar et al. continuously fed a diet containing

NAC+ Gly to aged male mice for eight weeks, which corrected
GSH levels and promoted the expression of GSH synthesis
enzymes (GCLC, GCLM and GS) in the heart, liver and kidney,
prolonging the lifespan of aged mice [50]. They also clarified in
another clinical study that supplements with glycine (1.33 mmol/
kg/day) and N-acetylcysteine (0.81 mmol/kg/day) for 24 weeks
corrected erythrocyte-GSH deficiency and alleviated oxidative
stress and mitochondrial dysfunction in elderly individuals [110].
Although the protective effect of glycine on MIR injury has also
been investigated, whether it can augment the level of GSH in the
ischemia‒reperfusion (I/R) myocardium is unclear.

Precursors of glutamate (Gln). Gln acts as a precursor of
glutamate (Glu), equivalent to being an indirect glutathione
precursor. Its supplementation can enhance intracellular GSH
levels and provide protection against myocardial injury. In ISO-
induced myocardial infarction, pretreatment with Gln maintained
cardiac GSH kurtosis and antioxidant enzyme (GPX, SOD, CAT)
activity at near-normal levels, thus preventing oxidative damage in
the myocardium [111]. A separate experiment elucidated that Gln
supplementation increased cardiac GSH to halt myocardial injury
induced by cyclophosphamide (CPA) in rats [112]. Notably, there is
a significant correlation between plasma Gln concentrations and
GSH levels. A double-blind, randomized, placebo-controlled trial
demonstrated that perioperative high-dose intravenous injection
of Gln (0.5 g/kg/day, P.O for 3 days) raised plasma Gln concentra-
tions and maintained plasma GSH levels in postoperative patients
undergoing cardiopulmonary bypass (CPB) [113].

Selenium. Selenium (Se) is an essential trace element for humans
and animals, serving as the main component of many antioxidant
proteins in the body, such as thioredoxin reductase, selenoprotein
P and GPX. As a result, selenium may play an important role in
protecting cardiomyocytes from oxidative stress [114]. Compared
with a low-Se diet (0.05 mg/kg), a high-Se diet (1.5 mg/kg)
maintained postischemic plasma GSH levels and GPX activity
and improved myocardial infarct size and postischemic mean
arterial blood pressure in rats [115]. Zhu et al. showed that Se
boosted GPX1 expression by inhibiting DNMT2-mediated DNA
methylation of the GPX1 promoter from lessening ROS production
in advanced glycation end-product (AGE)-induced heart failure
[114]. In humans, a systematic review and meta-analysis revealed
that physiologically high selenium levels in the body were
negatively associated with cardiovascular disease morbidity and
mortality. When the blood selenium increment was within a
specific range, the risk of CVD death decreased in a dose-
dependent manner, but it seemed to start to increase when the
increment exceeded 35 μg/L [116]. In addition, there is a U-shaped
association between selenium exposure and some diseases, such

Table 1. Clinical trials for the supply of raw materials for the GSH system.

Agent Object Dosage and duration Treatment effect Ref

NAC Patients with AMI 15 g, IV over 24 h Lowering plasma MDA concentration and GSSG/
GSH ratio, preserving better LV function.

[102]

Patients with STEMI
undergoing PCI

29 g, IV with 2 days Reducing infarct size. [103]

GlyNAC Older adults Gly 1.33mmol/kg/day and
NAC 0.81mmol/kg/day, P.O
for 24 weeks

Correcting GSH shortage of RBC, mitochondrial
dysfunction and oxidative stress in RBCs, as well as
ameliorating inflammation, insulin resistance, and
endothelial dysfunction.

[110]

Glutamine Patients undergoing cardiac
surgery with extracorporeal CPB

0.5 g/kg/day, P.O for 3 days Increasing plasma Gln concentrations and
maintaining plasma GSH levels.

[113]

NAC N-acetylcysteine, Gln glutamine, GSH reduced glutathione, GSSG oxidized glutathione, AMI acute myocardial infarction, MDA malondialdehyde, LV left
ventricle, STEMI ST elevation myocardial infarction, PCI percutaneous coronary intervention, RBC erythrocyte, CPB circulation cardiopulmonary bypass, IV
intravenous injection, P.O oral.
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as type 2 diabetes and fractures [117]. However, it has also been
reported that selenium supplementation alone is not associated
with cardiovascular disease and all-cause mortality [118].

Glutathione system activator
Other than providing raw materials for the GSH system, another
antioxidant strategy that activates the glutathione system is often
achieved through medicinal therapy. In this section, we will describe
their effects and mechanisms in detail by the source of the drugs.

Natural medicine monomers. Natural medicines have been a
reliable source of drugs since ancient times, playing an essential
role in preventing and treating various diseases. At present,
increasing evidence has shown that compounds derived from
natural medicines exert a variety of beneficial effects, including
antioxidant, anti-inflammatory, and anti-apoptosis effects
[119–121]. To date, more than 100 natural medicine monomers
have been reported to activate the GSH system by several
mechanisms to protect the heart from oxidative stress. Next, we
will summarize some promising medicine monomers that activate
the GSH system based on the categories of natural medicines,
including flavonoids, terpenoids, phenolic acids, quinones, and
alkaloids (Table 2, Supplementary Table S2).

Flavonoids: Flavonoids are a group of phytochemicals widely
existing in nature. They have received extensive attention for their
antioxidant, anti-inflammatory, anti-mutagenic and anti-cancer
properties, as well as their ability to protect against cardiovascular
disease [122].
Quercetin (Quer) is one of the main flavonoids in many

vegetables and fruits. Several preclinical studies have shown that
Quer in the myocardium can enhance the GSH antioxidant system
by regulating multiple upstream molecular targets, such as
peroxisome proliferator-activated receptor-gamma (PPAR-γ), phos-
phatidylinositide 3-kinase (PI3K)/serine/threonine kinase (AKT), and
Nrf2 [120, 123, 124]. It not only abrogates cardiac oxidant stress but
also alleviates the inflammatory response and deterioration of
heart function in MIR injury and DCM in rodents [123, 125]. In a
recent randomized, double-blind, placebo-controlled clinical trial,
Quer supplementation (500mg/day, P.O for 8 weeks) evidently
improved serum total antioxidant capacity (TAC) in postmyocardial
infarction patients compared to the placebo group [126].
Furthermore, a clinical study from Natalia I Chekalina showed that
adding Quer (120mg/day, P.O for 2 mouths) to standard therapy
improved cardiac function (both systolic and diastolic functions)
and reduced the total duration and number of ST-segment
depressions in patients with coronary heart disease (CHD) [127].
Thus, Quer, as an activator of the GSH system, is a promising
natural small molecule for the treatment of cardiac injury.
Catechins, known as dihydroflavonols, are natural flavonoids

present in green tea and other beverages, including catechin,
epicatechin (EC), and epigallocatechin-3-gallate (EGCG) [122, 128].
It has been reported that these three compounds can enhance the
contents of GSH and the activities of GSH-dependent antioxidant
enzymes (GPX and GST) and reduce lipid peroxidation and cardiac
damage mediated by DOX or isoproterenol (ISO) in the
myocardium of rats, respectively [121, 129, 130]. Genistein is the
main ingredient of isoflavone from soybean and is also used as a
tyrosine kinase inhibitor. It has potent effects of antioxidant, anti-
inflammatory, anti-angiogenesis, and anti-cancer [131]. Studies
have shown that genistein can increase GSH levels and GPX
activity along with decreased oxidative stress in diabetic
cardiomyopathy and DOX-mediated cardiomyopathy [132, 133].
Meanwhile, genistein increased the levels of Nrf2, which is vital to
the GSH system [132–134]. Genistein administration induced Nrf2
enhancement by activation/phosphorylation of keap1, sirt1,
MAPK-ERK1/2, PKC, and estrogen receptor in other cells or tissues,
such as: hippocampal tissue, hypothalamic paraventricular

nucleus, ovary, and Caco-2 cells [131, 135–137]. However, it is
unclear why genistein upregulates the levels of Nrf2 in the
myocardium. In a clinical trial, pure genistein supplementation
(54 mg/day, P.O for one year) improved both cardiac function and
left atrial remodeling in postmenopausal women with metabolic
syndrome [138]. Another randomized controlled trial showed that
soybean isoflavone therapy (80 mg/day, P.O for 24 weeks)
significantly increased the protein and mRNA levels of Nrf2 and
the concentrations of SOD as well as diminished serum levels of
inflammatory factors and MAD in patients with myocardial
ischemia [139]. Therefore, genistein, an antioxidant, might be a
potential drug for treating patients with myocardial injury.

Terpenoids: Terpenoids are natural compounds with a wide
distribution, great variety, and diversified structure in nature [140].
Terpenoids have been reported to activate the GSH antioxidant
system to protect the heart from oxidative stress and alleviate
cardiac injury.
Tetraterpenes, also called carotenoids, are widespread in higher

plants, fungi, algae, and animals and are one of the most potent
natural antioxidants [141]. Among them, β‐carotene is one of the
most frequently available dietary carotenoids for human con-
sumption [142]. In preclinical studies, β‐carotene tended to
maintain myocardial GSH levels and GPX activities and reduce
oxidative stress in vitro and in vivo [143, 144]. It could also
alleviate the size of myocardial infarction and the subsequent
decrease in cardiac function in rats [145]. A clinical study of
patients with myocardial infarction by B Panczenko-Kresowska
et al. revealed that β-carotene supplementation remarkably
diminished plasma lipid peroxide levels in patients [146]. The
mechanism might be related to its own antioxidant properties and
GSH activating effect. Nonetheless, the most updated literature
reports that β-carotene supplementation or elevated blood
β-carotene levels may increase all-cause mortality and CVD risk
[147, 148]. Moreover, a natural compound of the tetraterpene
group from tomatoes, lycopene (10 mg/day, P.O for 2 months),
was reported to significantly increase the ratio of serum TAC to
MDA in patients with type 2 diabetes [149]. Considering that this
compound has been demonstrated to expand the GSH system
along with a reduction in oxidative injury by the AKT/
Nrf2 signaling pathway in the hearts of rats and H9C2 cells, the
abovementioned enhanced TAC may cover GSH and GSH-
dependent antioxidant enzymes [150–152].
In addition, tanshinone IIA (Tan IIA) is a diterpene extracted

from the root and rhizome of Salvia miltiorrhiza Bunge. Its water-
soluble derivative, sodium Tan IIA sulfonate injection (STS), is
widely used in the clinic as an adjuvant drug for coronary heart
disease, myocardial infarction and heart failure in China [153]. In
an I/R-mediated myocardial injury model, pretreatment with Tan
IIA activated the GSH system by increasing Nrf2 expression [154].
Tan IIA induced activation of the GSH system to attenuate cardiac
oxidative stress and restrain the increase in serum myocardial
enzymes, thus relieving the extent of myocardial damage
[154, 155]. As an aside, in a randomized, double-blind, placebo-
controlled study, the addition of STS (80 mg/day, IV for 2 days
before and 3 days after PCI) to the standard treatments could
alleviate myocardial injury and the occurrence of short-term
cardiovascular events in patients with non-ST elevation acute
coronary receiving PCI [156]. Moreover, a meta-analysis showed
that the addition of STS seemed more effective in treating heart
failure than Western medicine alone [153]. The excellent clinical
manifestations of Tan IIA provide supportive evidence for
targeting the GSH system in the treatment of heart diseases,
which may be promising for transforming natural compounds
from basic research to clinical applications.

Phenolic acid: Phenolic acids are attracting increasing attention
for their antioxidant properties and other health benefits. Based
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on differences in the carbon skeleton, phenolic acids can be
mainly divided into two categories: hydroxycinnamic acid (e.g.,
cinnamic acid, ferulic acid, caffeic acid, and chlorogenic acid) and
hydroxybenzoic acid (e.g., gallic acid, ellagic acid, syringic acid,
and Danshensu) [157]. All of the compounds above have been
proven to maintain GSH contents and GSH-dependent antioxidant
enzyme activities in the myocardium, protecting it from oxidative
stress [41, 158–164].
Ferulic acid (FA), the main active component isolated from

Angelica sinensis, has been documented to increase the levels of
GSH and the expression of GPX in the myocardium by
upregulating AMPKα2 and activating Nrf2 signaling [41, 165].
Moreover, FA-induced enhancement of the GSH system attenu-
ated lipid peroxidation and prevented cardiac ferroptosis
mediated by I/R [41]. In recent years, ferulic acid derivatives have
been widely investigated. Of them, sodium ferulate (SF) features
low toxicity, stability, ease of synthesis, and water solubility and
has been authorized by the State Drug Administration of China as
an adjuvant drug for treating ischemic cardiovascular diseases
[166, 167]. It could also increase GPX activity, thereby exerting
antioxidative effects in rats [166].
Besides, caffeic acid and chlorogenic acid (caffeoylquinic acids)

are two other classical phenolic acids widely found in natural
plants, both of which are the most vital active substances in coffee
[168]. Some investigations have demonstrated that the two
compounds, acting as agonists of the GSH antioxidant system,
well prevent oxidative stress and reduce heart damage in some
animal cardiomyopathy models, for instance, the ISO-induced
myocardium infarction model [159, 160]. Additionally, one clinical
study reported that consumption of chlorogenic acid-enriched
coffee not only improved plasma antioxidant capacity and
decreased plasma lipid and protein oxidation but also donated
to enhancing cardiovascular health in people with hypercholester-
olemia [169]. Interestingly, Yuki Sato and coworkers indicated that
the antioxidant effect of caffeic acid is more potent than
chlorogenic acid, and the latter is metabolized into caffeic acid
in the intestine. Therefore, they speculated that caffeic acid
probably acts as a major player in the preventive effect of
chlorogenic acid against oxidative damage in ischemia‒reperfusion
intestinal tissue [170].
Ellagic acid (EA) also increased the GSH antioxidant system and

diminished oxidative stress in several models of myocardial injury,
such as diabetes and cisplatin-mediated heart injuries [164, 171].
In humans, EA intervention (180 mg/day, P.O for 8 weeks)
significantly fortified the mean of TAC and the activity of GPX
enzymes as well as reduced MDA contents in the serum of type 2
diabetic patients [172]. Nonetheless, it is not certain whether EA
may be helpful in boosting the GSH system in cardiac patients and
treating heart diseases. Thus, there is a need for larger studies to
fully address this issue. In addition, EA was found to have poor low
oral bioavailability, thus limiting its clinical applications. In
contrast, its intestinal microbial metabolite, urolithin, possesses
better biological activity and higher bioavailability [173]. It has
been reported that urolithin A also increased total GSH, lowered
oxidative stress, and improved cardiac function in the myocar-
dium of diabetic rats [174].

Quinones: Coenzyme Q10 (CoQ10) is a fat-soluble quinone. It is
also a natural antioxidant molecule in the body. The positive effect
of CoQ10 treatments is recognized in patients with heart failure
and myocardial ischemia, such as the reduction of oxidative stress
derived from cardiovascular causes, decrease in mortality and
hospitalization and improvement in cardiac function [175, 176].
Thereinto, the antioxidant effect of CoQ10 may be partially
attributed to activating the GSH system. In a rat model of ISO-
mediated myocardial infarction, CoQ10 preconditioning not only
markedly expanded cardiac GSH levels and reduced the
concentration of lipid peroxidation but also alleviated myocardial

damage [177]. In humans, a randomized controlled clinical trial
evaluated the effect of CoQ10 administration (300 mg/day, P.O for
12 weeks) on the antioxidant system in patients with coronary
artery diseases. The findings revealed that plasma GPX activity was
significantly increased after CoQ10 therapy and was positively
related to plasma coenzyme Q10 levels [178]. Moreover, CoQ10
treatment (300 mg/d, P.O for 30 days) induced a significant
increase in the GSH/GSSG ratio and a remarkable reduction in
MDA concentration in the red blood cells of healthy adults [179].
Thymoquinone (Thy), a benzoquinone compound, is the main

active ingredient in the extract of Nigella sativa seeds. Its
treatment was reported to increase the levels of GSH and the
activities of GPX and GST, along with a decrease in cardiac lipid
peroxide production in a rat model of myocardial injury caused by
diazinon (a pesticide) [180]. Moreover, Thy-rich Nigella sativa seed
oil exerts an antioxidant effect as an adjuvant therapy in
hypertensive patients, mainly manifested in the upregulation of
serum glutathione reductase (GR) levels and reduction of serum
MAD content. It also showed beneficial impacts on glycemic and
blood pressure control as well as lipid metabolism in hypertensive
patients without serious adverse effects such as liver and kidney
dysfunction [181]. In addition, some quinone compounds, such as
β-LAPachone and aloin, have similar effects on heart protection
[182, 183]. We will not give unnecessary details here.

Others: In addition to the above compounds, many other natural
medicines potentially protect the myocardium by enhancing the
GSH antioxidant system. Curcumin is a classic curcuminoid extract
from the rootstock of turmeric. Numerous preclinical reports have
highlighted the ability of curcumin to restore reduced GSH levels
and the activities of GSH-related antioxidant enzymes in the
myocardium after exposure to cardiotoxic factors, for example,
DOX, I/R, diabetes, hyperthyroid conditions, and copper sulfate
[184–188]. Upstream molecular targets, such as Nrf2, Sirt3, and
PPAR-γ, are responsible for the curcumin-enhanced GSH system
[184–186]. Moreover, curcumin treatment not only quells oxida-
tive stress in the myocardium but also impedes myocardial
inflammation, which improves heart function and decreases heart
damage [184–188]. Two recent clinical studies also reported
remarkably upregulated PPAR expression in red blood cells,
boosted serum GSH and GPX levels and decreased serum MAD
contents after treatment with curcumin (500 mg/day, P.O for
8 weeks; 1000mg/day, P.O for 12 weeks) in patients with CHD
[189, 190]. Considering that curcumin is nontoxic, readily available
and inexpensive, it is a prospective candidate for treating heart
diseases.
Resveratrol (RSV) is a stilbene found in grapes, wine and

blueberries that possesses potent antioxidant activity to protect
the myocardium from oxidative damage. In particular, the
enhanced GSH system plays an essential role in the antioxidant
capacity of RSV [191]. In 2009, Elif Tatlidede et al. demonstrated
that RSV treatment notably raised cardiac GSH contents and
suppressed oxidant responses in DOX-processed rats; Simulta-
neously, it ameliorated DOX-induced deterioration of cardiac
function and myocardial injury [192]. In the following decade,
many researchers verified in various models of myocardial injury
that RSV can exert an antioxidant effect and protect the
myocardium by increasing the level of GSH and upregulating
the activity of GSH-dependent antioxidant enzymes [193–197].
Moreover, they revealed that the mechanism by which RSV
enhances the GSH system involves the AMPK signaling pathway,
the Nrf2 signaling pathway, the Sirt1 pathway, noncoding RNA
(miR-149) and the KAT5 gene [193–197]. In addition, RSV can
suppress the occurrence of ferroptosis in the myocardium by
increasing SLC7A11/GSH and GPX4 [193, 195]. In general,
consistent with preclinical studies, RSV supplementation
(500mg/day, P.O for 4 weeks) raised erythrocyte PPAR-γ and Sirt1
expression and serum TAC and attenuated the total/HDL
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cholesterol ratio in CHD patients with type 2 diabetes [198].
Another clinical study clarified that adding RSV (100 mg/day, P.O
for 2 months) better improved left ventricular ejection fraction
and left ventricular diastolic function in patients with CHD
compared with standard treatment alone [199].

Synthetic medicines. Synthetic drugs have been researched and
developed in recent modern times, a proportion of which have
already been in clinical use for the treatment of various diseases,
such as myocardial infarction, heart failure, diabetes, hypertension,
oncology, and sepsis. Similar to natural drugs, many synthetic
drugs have properties that enhance the GSH system and thus
protect cells from oxidative damage. The following section
describes and summarizes these drugs in terms of the mechan-
isms by which they activate the GSH system (Table 3, Supple-
mentary Table S3).

Activating upstream targets of the GSH system: The key
upstream target for GSH system modulation is generally
considered to be Nrf2, a redox-sensitive regulator. Nrf2 is involved
in not only the regulation of GSH synthesis and reduction via
upgrading some enzymes and proteins (SLC7A11, GCLM, GCLC,
GR) but also the activation of GSH-dependent antioxidant
enzymes (GPX, GST) [200, 201]. Furthermore, Gobinath Shanmu-
gam et al. revealed that in an ISO-mediated model of myocardial
infarction, direct overexpression of the Nrf2 gene enhanced GSH
levels in cardiomyocytes and guarded cardiomyocytes against
oxidative damage and lessened the occurrence of ferroptosis
[202]. This further confirms that the enhancement of Nrf2 is a
viable strategy for activating the GSH system.
The representative synthetic compound targeting Nrf2 is

melatonin, an amine hormone secreted by the brain’s pineal
gland [203]. Melatonin prevents Nrf2 degradation and augments
its nuclear accumulation by inhibiting proteasomal [204]. In in vivo
and in vitro studies, melatonin was proven to increase the level of
Nrf2 in cardiomyocytes exposed to oxidative stress. Based on this,
in the subsequent I/R- and TMT-induced myocardial injury model,
the drug not only enhanced GSH levels and GPX and GST activities
to lower oxidative damage but also reduced TMT-induced
pyroptosis and I/R-mediated apoptosis [205–207]. Among them,
Cai et al. revealed the grievous connection between oxidative
stress, pyroptosis, inflammation response, and xenobiotic meta-
bolism in the myocardium of TMT-treated rats by String database
analyzing the proteome interaction protein [206]. In addition,
Shaghayegh Haghjooy Javanmard et al. indicated that preopera-
tive treatment with melatonin (10 mg/day, P.O for 30 days)
notably raised Nrf2 levels in peripheral blood mononuclear cells of
patients undergoing coronary artery bypass grafting (CABG) [208].
In 2017, another clinical study showed that melatonin intake
(10 mg/day, P.O for 12 weeks) increased serum GSH levels while
reducing serum MDA and protein carbonyl (PCO) in CHD patients
with type 2 diabetes. Additionally, it has beneficial effects on
patients’ glycemic and blood pressure control, serum high-
sensitivity C-reactive protein (hs-CRP) levels, total cholesterol/
HDL cholesterol ratio, total cholesterol, and mental health
parameters [209].
Additionally, it was reported that trimetazidine (TMZ), a

piperazine derivative, mediated activation of the GSH system
and had antioxidant and cytoprotective effects in several
myocardial injury models [210–213]. For instance, in the
myocardium of exhaustive-exercised rats, TMZ produced specific
cardioprotective outcomes by increasing GSH and GPX activity to
clear oxidative stress. Further mechanistic studies have found that
treatment with TMZ promoted cardiac Nrf2 expression, indicating
that TMZ enhanced the clearance of oxidative stress by activating
the GSH system through the Nrf2 signaling pathway [210].
Moreover, TMZ also has other benefits to the myocardium,
including increased coronary blood flow reserve, maintenance of

cardiac energy metabolism, anti-apoptosis, and anti-inflammation.
It has been approved for clinical use in the therapy of angina
pectoris [210, 211].
In addition to Nrf2, activation of PPAR-γ and the AMPK pathway

can also facilitate the GSH system. Rosiglitazone and pioglitazone
belong to the thiazolidinedione class of hypoglycemic agents and
are recognized as PPAR-γ agonists. These two drugs were not only
able to enrich GSH contents and GPX activity and defend the heart
against oxidative stress but also prevented DOX or I/R-induced
myocardial injury [214–217]. Some clinical studies have shown
that pioglitazone treatment (30 mg/day, P.O for 4 weeks) exhibits
antioxidant properties in diabetic patients, as reflected by a
decrease in MDA [218, 219]. In addition, there is evidence that
pioglitazone reduces the risk of MI and acute coronary syndrome
in patients with cardiovascular diseases (CVD) and patients with
type 2 diabetes who had previous myocardial infarction [220–222].
Notably, it increases the risk for the development of heart failure
[221, 222]. Compared to pioglitazone treatment, rosiglitazone
increases the risk of AMI and heart failure in type 2 diabetic
patients and elderly patients [222–224]. Metformin is a traditional
drug for the treatment of type 2 diabetes. In addition to its
antidiabetic results, it was also found to achieve cardiac protection
by activating the AMPK pathway [225]. Some researchers have
shown that metformin activates AMPK and triggers the down-
stream GSH system to slow DOX-mediated oxidative impairment
in the myocardium [225, 226]. A randomized controlled trial on
the effect of metformin in CHD patients without diabetes showed
that it (2000 mg/day, P.O for 12 months) not only decreased
oxidative stress but also lowered left ventricular mass (LVM) and
improved blood pressure [227].

Enhancing GSH synthesis: SLC7A11 is an essential molecule that
limits the Cys transport rate, thus restricting the synthesis of GSH.
Direct SlC7A11 overexpression in cardiac myocytes boosted GSH
levels and reduced cardiac ferroptosis and injury, suggesting that
it is feasible to fortify GSH levels by increasing SLC7A11 [76].
Atorvastatin, a statin that reduces cholesterol, is a first-line drug

for treating cardiovascular disease. It was reported that it could
raise intracellular GSH by increasing SLC7A11 expression, effi-
ciently leading to GPX4 enhancement and ferroptosis suppression
in the ISO-induced injury model of H9C2 cells and rat myocardium
[49]. Additionally, one clinical trial by Douglas Greig et al. revealed
that adding atorvastatin (20 mg/day, P.O for 4 weeks) reduced
plasma MDA while improving the functional capacity assessed via
a 6-minute walk test in patients with chronic heart failure (CHD)
[228]. It is important to note that a recent study revealed the
opposite result with high doses of atorvastatin (40 µm) in human
cardiomyocytes and murine skeletal muscle cells, which is
consistent with the adverse muscle effects of atorvastatin [229].
Other statin drugs, such as rosuvastatin and fluvastatin, can
increase GSH and/or GPX in the myocardium to alleviate ISO-
mediated myocardial injury [230, 231]. However, it is not clear
whether they regulate the expression of SLC7A11.
Dexmedetomidine (DEX), an α2-adrenergic receptor, also

augments the expression of SLC7A11. In 2022, one study
discovered that DEX postconditioning could enhance GSH and
GPX4 levels in the myocardium, preventing cardiac damage and
ferroptosis caused by I/R [232]. In the same year, Wang et al.
showed that DEX increased the expression levels of SLC7A11 and
GPX4 and protected H9C2 cells from hypoxia/reoxygenation injury
through the AMPK/GSK-3β/Nrf2 axis [233]. Moreover, DEX treat-
ment (0.5 μg/kg/h, pumping injection, before induction of
anesthesia to the end of surgery) has been reported to reduce
cardiac troponin I and MDA levels and to decrease the incidence
of arrhythmias in patients undergoing cardiac valve replacement
[234, 235]. A previous clinical study also showed that perioperative
DEX (0.24 to 0.6 μg/kg/h, IV, after cardiopulmonary bypass and
continued for <24 hours postoperatively) reduced postoperative
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in-hospital, 30-day and 1-year mortality in patients who under-
went cardiac surgery [236]. These results suggest that DEX has
antioxidant and cardioprotective potential. However, clinical
studies of the drug have focused on surgical patients. It is unclear
whether it exhibits cardioprotective effects in patients with post-
PCI, AMI, or other cardiomyopathies.

INCREASING GSH AND/OR GSH-DEPENDENT ANTIOXIDANT
ENZYMES DIRECTLY
Many studies have concentrated on the direct effects of synthetic
drugs on GSH and GSH-dependent antioxidant enzymes in
damaged myocardium without further mechanistic investigations.
Herein, we discuss some critical examples of representative
synthetic compounds.
Captopril, an angiotensin-converting enzyme inhibitor, is widely

used in clinical practice to treat hypertension, MI, and congestive
heart failure and is effective in attenuating left ventricular (LV)
dilatation, ameliorating LV ejection fraction and improving
cardiovascular morbidity and mortality [237, 238]. Captopril has
been revealed to facilitate the GSH system in several rodent
models of myocardial injuries, such as clozapine and DOX-induced
damage models, thereby protecting cardiomyocytes from oxida-
tive stress [239, 240]. A recent clinical trial in type 2 diabetes
patients with CVDs following captopril treatment (12.5 mg/day,
P.O for 3 months) found a significant improvement in plasma GSH
levels and a concomitant decline in lipid peroxidation [241].
Consequently, these results partially explain the pharmacological
mechanism of captopril as a cardioprotective agent.
Similar to the statin lipid-lowering drugs mentioned earlier,

other lipid-lowering drugs, such as probucol, also exhibit the
capability to restore the inhibited GSH system and defend the
myocardium from oxidative damage after exposure to pathologi-
cal factors, for example, ISO and cyclophosphamide [242, 243].
More recently, in CHD patients undergoing PCI, intravenous
administration of probucol (500 mg twice daily, one day before
and three days after surgery) increased serum GSH levels [244].
Moreover, using probucol (500 mg/day, P.O for 6 months) for
secondary prevention in patients with CHD lowered the incidence
of the patient’s primary endpoint (cardiovascular disease death,
hospitalization rate), which may be partly due to its strong
antioxidant capacity [245].

Others
Some nondrug treatment modalities, such as exosome and gene
therapy, have been documented to regulate the myocardium’s
GSH system. Exosomes are lipid membrane nanovesicles
40–100 nm in diameter [246]. Exosomes (EXOS) of mesenchymal
stem cells (MSCs) from human umbilical cord blood increased GSH
and attenuated lipid peroxidation and ferroptosis in cardiomyo-
cytes in a rat infarction model. However, it has no effect on the
level of GPX4 [247]. A recent study reported that exosomes
derived from mouse bone marrow MSCs exerted similar cardio-
protective effects [248]. However, not all exosomes positively
impact the myocardium and GSH. For instance, exosomes
secreted by adipose tissue macrophages caused ferroptosis by
targeting SLC7A11 to inhibit GSH synthesis in the heart [249].
Current gene therapy research aims to target, for example,

upstream targets of the GSH system or molecules associated with
it (such as Nrf2, GPX, SLC7A11), genes aberrantly expressed in
myocardial injury, and noncoding RNAs regulating mRNA
transcription [76, 202, 250–253]. Recombinant human GPX4
alleviated ISO-induced myocardial ischemia injury [250]. SLC7A11
overexpression boosted cardiac GSH levels and reduced cardiac
ferroptosis and injury in cardiomyopathy caused by loss of cardiac
ferritin H (FthMCK/MCK) [76]. In addition, some investigators found
that USP22 and lncRNA PART1 expression was decreased in a MIR
injury model. Rodents overexpressing USP22 or lncRNA PART1

were well resistant to I/R-induced oxidative stress and cardiac
injury, which may be partly attributed to the elevated GSH content
in the myocardium [251, 252]. In particular, USP22 raised GSH
content and reduced the occurrence of ferroptosis in cardiomyo-
cytes by activating the Sirt1-p53/SLC7A11 axis [252]. In addition,
Zhang et al. overexpressed miR-340-5p in the myocardium by
direct myocardial injection of AVV-9 containing miR-340-5p
precursor, which targeted inhibition of MyD88 and thus restored
declining GSH levels, alleviated insult of cardiac function and
oxidative injury induced by sepsis in the hearts of mice [253].

CONCLUSIONS AND PERSPECTIVE
The GSH system is one of the most significant members of the
cellular antioxidant defensive system, which is essential for
eliminating excess ROS and protecting the myocardium in the
presence of pathological cardiovascular factors. Notably, glu-
tathione balance and GPX4 levels are deeply involved in the
susceptibility of cardiomyocytes to ferroptosis, a novel form of cell
death. Furthermore, many researchers have found that reduced
GSH levels and GSH-dependent antioxidant enzyme activity in
damaged myocardium due to excess ROS and disruption of the
GSH synthesis process, along with increased oxidative damage
and ferroptosis. Based on this, therapeutic strategies to restore the
activity of the GSH system in the heart are beneficial in the
treatment of myocardial injury. Precursors of GSH or GPX
biosynthesis, various small molecule activators related to the
GSH system and some novel therapeutic approaches, such as
exosomes and gene therapy, can boost the activity of the GSH
system and reduce cardiac damage and ferroptosis.
Notably, despite constant progress in diverse aspects of natural

drug monomers that protect against myocardial injury by
activating the GSH system, great challenges remain in translating
these compounds into future clinical pharmaceuticals. First, most
natural small molecules present low bioavailability problems [254],
so further research on delivery systems and formulations for these
drugs is needed. Second, the development of new drugs requires
additional and more detailed preclinical and clinical studies to
determine whether long-term use is biotoxic, whether the drug
has adverse effects on other peripheral organs or whether the
drug candidate has a real therapeutic effect on the patients.
In addition, a portion of synthetic agents have been used

clinically to treat various diseases, such as myocardial infarction,
heart failure, diabetes, hypertension, tumors, and sepsis. These
studies on myocardial injury and the GSH system reveal new roles
of these clinical drugs in the treatment and further elaborate their
mechanisms, which provide new ideas for their clinical applica-
tion. However, more clinical studies must be encouraged to
evaluate whether these drugs can act as GSH system enhancers
and cardioprotective agents in patients.
Moreover, some emerging therapeutic approaches to enhance

the GSH system have attracted much attention. Currently, there
are clinical studies using AAV vectors to transfect sarcoplasmic/
endoplasmic reticulum Ca (2+)-ATPase (SERCA2a) to treat heart
failure [255, 256]. These results show that although the expected
therapeutic effect has not been achieved, AVV-based therapy has
acceptable safety. This opens up the possibility of our gene
therapy targeting the GSH system.
Overall, we can see the value of targeting the GSH system in

myocardial injury. Despite being faced with many problems, it
provides new directions and ideas for the treatment of myocardial
injury. The continuous exploration of new treatment modalities will
be critical to successfully combat myocardial damage in the future.
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