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Abstract: Ferroptosis and dysregulation of iron metabolism are increasingly recognized as
contributors to the onset and development of cardiovascular diseases (CVD), including
hypertension, cardiomyopathy, atherosclerosis, pulmonary hypertension, myocardial
ischemia/reperfusion injury, heart failure, and cardiovascular manifestations of Coronavirus
disease 19 (COVID-19). Inflammation plays a central role in these conditions, prompting exploration
into the inflammatory and immunoregulatory molecular mechanisms underlying ferroptosis and
its contribution to CVD progression. In particular, emerging evidence suggests that interleukin (IL)-
37 is a protective cytokine capable of activating the nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway, suppressing macrophage ferroptosis, and activating the nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway to attenuate atherosclerosis progression in murine models. Despite this, a
comprehensive review detailing IL-37 and its protective role against ferroptosis in CVD is absent in
the current literature. Thus, this review consolidates the current state of knowledge on IL-37,
summarizing its regulatory functions and modulation of ferroptosis in diseases such as
atherosclerosis, myocardial infarction, aneurysm, stroke, and other CVD. We also discuss
experimental approaches and propose that targeting IL-37 to regulate ferroptosis holds promise as
a therapeutic strategy in preventing and treating diverse CVD.

Keywords: Interleukin-37; ferroptosis; macrophages; atherosclerosis; cardiovascular diseases;
inflammation

1. Introduction

Ferroptosis is a novel regulated non-apoptotic cell death characterized by iron deregulation
associated with oxidative stress (OS) and lipid peroxidation accumulation. This results in cell
membrane damage and subsequent cell death due to oxidative damage [1-5]. Oxidative damage and
cell death may produce inflammation and inflammation, which can produce ferroptosis, establishing
a positive feedback loop. Both ferroptosis and inflammation processes are potential therapeutic
targets in several pathological processes, including cardiovascular diseases (CVD) [6].

In the context of inflammation, macrophages play a central role in the progression of CVD, such
as coronary artery disease, peripheral artery disease, and aortic atherosclerosis. Interleukin (IL)-37, a
member of the IL-1 family, is a cytokine known for its ability to downregulate pro-inflammatory
cytokines and inhibit innate immunity [7]. IL-37 is constitutively expressed by immune cells,
including macrophages and suppressive cells such as B and T regulatory cells, and its expression is
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upregulated in response to pro-inflammatory stimuli [8,9]. Remarkably, IL-37 decreases macrophage
ferroptosis by activating the Nrf2 pathway, thereby attenuating the progression of atherosclerosis in
a murine model [10].

Despite the growing evidence, there has been no comprehensive review of IL-37’s protective
effect on ferroptosis in CVD. Then, we review the current state of knowledge on the regulatory
cytokine IL-37 and its immunomodulatory role in ferroptosis within the context of CVD. We discuss
experimental approaches and provide insights into therapeutic strategies involving IL-37 via
ferroptosis in CVD, highlighting its potential as a therapeutic strategy for preventing and treating
these diseases.

2. Ferroptosis and CVDs

Excessive iron concentrations promote the generation of reactive oxygen species (ROS) via iron-
dependent Fenton and Haber-Weiss reactions. While ROS production is regulated by enzymatic and
no enzymatic antioxidants, depletion of these antioxidants can lead to overproduction of ROS, OS,
and oxidative damage. Under these conditions, lipoxygenase (LOX) enzymes and ROS
overproduction generate lipid radicals during the lipid peroxidation process. Normally, lipid radicals
are degraded by glutathione peroxidase 4 (GPX4); however, GPX4 dysfunction results in the
accumulation of lipid radicals, which damage biomolecules such as proteins, DNA, and lipids. Since
cell membranes are composed of phospholipids, lipid peroxidation disrupts membrane integrity and
fluidity, leading to cell death associated with oxidative damage and ferroptosis (Figure 1) [1,2].
Although cell death related to oxidative damage has been studied for years, the term “ferroptosis”,
describing a form of programmed cell death distinct from apoptosis or autophagy, was coined in
2012 by Dixon et al. [11]. This group discovered that erastin decreases cysteine absorption, preventing
glutathione (GSH) production, an essential cofactor of GPX4 to reduce the accumulation of lipid
peroxides. The reduction of GSH, coupled with increased iron levels, significantly increases ROS
production and, consequently, lipid peroxides. Oxidative damage from this process can be observed
by microscopy as increased plasma bilayer membrane density, reduced mitochondrial size,
disappearance of mitochondrial cristae, mitochondrial condensation, swelling, and membrane
rupture, all characteristics of cell death due to ferroptosis.[12]
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Figure 1. Ferroptosis mechanisms and the system Xc- - GSH — GXP4 pathway. Iron metabolism: The
transferrin receptor (TRF1) mediates the endocytosis of the ferric iron (Fe®)-transferrin complex, then
the ferric iron is reduced to ferrous iron (Fe**) by the metalloreductase STEAP3 which leads to the
entrance to the cytosol by the divalent metal transporter (DMT1). In the cytosol, iron can form the
labile iron pool (LIP), couple with other enzymes, be stored by ferritin or exported by ferroportin
(FPN). Lipid metabolism: The enzymes ACSL4 and LPCAT3/5 catalyze the formation of membrane
phospholipids-containing polyunsaturated fatty acid chains (PUFA-PL). Reactive oxygen species:
Superoxide anion (*Oz) is produced in mitochondria, and then is reduced to peroxide hydrogen
(H202) by superoxide dismutase (SOD). Lipid peroxidation: The non-enzymatic pathway initiates
with the production of hydroxyl radicals (*OH) via Fenton reactions, a ferrous iron-catalyzed H20»
oxidation process. The *OH react with PUFAs that leads to lipid radicals and propagate the lipid
peroxidation. The lipoxygenase (LOX) is essential for the enzymatic pathway by catalyzing PUFAs
into lipid hydroperoxide (PL-OOH). Malondialdehyde (MDA) and 4-hydroxynenanol (4HNE) are the
final metabolites of lipid peroxidation. System Xc—-GSH-GPX4 pathway: System Xc— regulate the
cystine importation and glutamate exportation, cystine is reduced to cysteine by thioredoxin
reductase (TXNRD) so it can be used to form glutathione (GSH). The enzyme glutathione peroxidase
4 (GPX4) utilizes GSH to reduce PL-OOH into lipid alcohols (PL-OH) and inhibit lipid peroxidation.
Falta definer PL y PL-OO.

Ferroptosis differs from other types of programmed cell death, such as apoptosis, as it does not
involve DNA fragmentation or caspase activation. Instead, cells undergoing ferroptosis exhibit
necrotic morphology, including a lack of chromatin condensation, increased membrane density, and
rupture of the outer cell membrane [13]. Rupture is related to the formation of membrane nanopores,
which promotes cell bursting. [14] Consequently, ferroptosis differs in morphology, biochemistry,
and genetics from other forms of programmed death. Moreover, ferroptosis is inhibited by molecules
such as iron-chelating agents or antioxidants rather than caspase inhibitors [14]

Dixon et al. also demonstrated that ferroptosis induced by erastin or 3R-RSL3 (RSL3) augments
intracellular iron [11]. During Fenton and Haber Weiss reactions, iron directly generates excessive
ROS, promoting lipid peroxidation. Additionally, iron has been shown to increase the activity of
LOXs enzymes responsible for lipid peroxidation [15]. Since iron is closely involved in ferroptosis


https://doi.org/10.20944/preprints202407.2521.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2024 d0i:10.20944/preprints202407.2521.v1

induction, different genes or proteins involved in iron homeostasis, including import, exportation,
storage, and regeneration, affect ferroptosis sensitivity. [16] For instance, gastric acid reduces Fe* to
Fe? in the digestive system, which is then absorbed in the duodenum and jejunum. It should be noted
that Fe? is oxidized to Fe®* by the action of ceruloplasmin in the cell membrane, which combines Fe3*
with transferrin (TF) to form TF-Fe®. TF-Fe* subsequently forms a complex with transferrin receptor
1 to be endocytosed by the cell. Then, Fe® is reconverted to Fe by six-membrane epithelial cells (Step
3). Fe* is released into the cytoplasm for use in the cytosol and mitochondria. The iron that is not
used in the cytoplasm is stored in ferritin or secreted by ferroportin 1 (FPN1). Note, that this is just a
look at the biochemistry of iron, and discussing its full metabolism is beyond the scope of this review.
However, changes in iron metabolism directly promote ferroptosis processes, which can contribute
to the development and progression of diseases such as atherosclerosis, characterized by lipid
metabolism disorders, endothelial damage, oxidative stress, inflammation, and immune dysfunction.
Indeed, high iron levels have been associated with increased atherosclerosis, promoting OS and
inflammatory responses related to ferroptosis. In vivo studies have shown that Fer-1, a ferroptosis
inhibitor, reduces atherosclerotic lesions and lipid peroxidation induced by high-fat diets [17]. Thus,
this work demonstrates the relationship between ferroptosis and CVD, such as atherosclerosis [17].

During ferroptosis, the lipid peroxidation of esterified polyunsaturated fatty acids (PUFA) is
more prominent compared to desaturated PUFA due to the presence of bis-allylic hydrogen atoms
that are susceptible to lipid peroxidation [18]. Esterified PUFA, such as arachidonic acid (AA) and
adrenic acid (ADA), are prime substrates for lipid peroxidation. During their oxidation, these PUFA
are catalyzed into their acyl-CoA esters by acyl-CoA synthetase long-chain family member 4 (ACSL4)
and reacylated into lysophospholipids by lysophosphatidylcholine acyltransferase 3 (LPCATS3).
These lysophospholipids are then oxidized by LOX, resulting in cell membrane rupture and
ferroptotic cell death (Figure 1) [16]. The products of lipid peroxidation, such as lipid hydroperoxides
and aldehydes like 4-hydroxynonenal, increase during ferroptosis, destabilizing the cell membrane
and leading to pore formation, which further promotes ferroptosis [14]. Interestingly, supplementing
cells with AA and AdA PUFA promotes ferroptosis, while monounsaturated fatty acids (MUFA),
such as oleic acid, suppress it by reducing lipid peroxidation [19,20]. MUFAs displace PUFAs from
plasma membrane phospholipids, decreasing ferroptosis. Additionally, a high-fat diet (HFD)
promotes systemic accumulation of lipids and their metabolites, repressing ferroptosis [20]. The latter
suggests that different lipid components of the diet can regulate ferroptosis n vascular smooth muscle
cells [17].

3. Inflammation and Ferroptosis

Inflammation is an immunological process that helps to reduce pathogens during host defense
and facilitates the elimination or healing of tissue damage [21]. During tissue injury, cytokines and
chemokines initiate and maintain an inflammatory process, promoting ROS production, which
results in oxidative stress, lipid peroxidation, and oxidative damage. Inflammation is associated with
various diseases, such as chronic diseases, such as cardiovascular disease, neurodegenerative
pathologies, auto-immune disorders, obesity, type 2 diabetes, endocrine diseases, osteoporosis,
cancer, colitis, Crohn’s disease, and metabolic dysfunction-associated steatohepatitis (MASH). [22,23]

Interestingly, in these diseases, blocking ferroptosis alleviates clinical symptoms of colitis but
promotes colon tumorigenesis, indicating a dual role of ferroptosis in intestinal diseases [24,25]. In
addition, the use of ferroptosis inhibitors represses hepatic lipid peroxidation, resulting in reduced
MASH severity [26]. Because reducing ferroptosis alleviates inflammatory diseases, it has been
suggested that ferroptosis plays a key role in the pathophysiology of inflammation and may be a
potential therapeutic target. Indeed, numerous experiments have confirmed the role of ferroptosis in
inflammation, with strong evidence indicating that ferroptosis accelerates inflammation by its
immunogenicity [27]. Ferroptosis also triggers inflammation by releasing damage-associated
molecular pattern (DAMP), which are immunogenic. Once released from cells, DAMPs promote a
non-infectious inflammatory response by binding to pattern recognition receptors (PRR) [27]. For
example, high mobility group box 1 (HMGB1) is a typical DAMP released by ferroptotic cells, which,
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upon binding to its PRR drives inflammation by activating macrophages to produce pro-
inflammatory cytokines [28].

During inflammation, DAMP production also increases AA production by phospholipase A2
(PLA2). AA is then metabolized by cyclooxygenase-2 (COX2) into inflammatory mediators such as
bioactive prostaglandins, which activate macrophages and other inflammatory cells, including
neutrophils and T and B lymphocytes. ROS production significantly increases in this inflammatory
response, reacting with lipids, especially PUFAs. PUFAs are essential regulators of crucial cellular
processes in the context of inflammation because they induce lipid remodeling in immunological
cells. This lipid remodeling occurs by incorporating phospholipids such as
phosphatidylethanolamines (PE), which are transformed into PUFA-PE by two enzymes: ACSL4 and
LPCATS3 [29]. Together the latter enzymes, proteins such as aldokete reductase family 1 member C1
(AKR1C1), ChaC glutathione-specific gammaglutamylcyclotransferase 1 (CHAC1), ferritin heavy
chain 1 (FTH1), and prostaglandin-endoperoxide synthase 2 (PTGS2) are associated with lipid
metabolism, glutathione metabolism, and iron storage, with their deregulation leading to cellular
ferroptosis. [30]. For instance, AKR1C1 prevents ferroptosis by reducing lipid peroxidation end
products to non-toxic lipid-derived alcohols [31]. CHAC1 expression is induced by cystine
starvation-triggered ferroptosis [32] and FTH1 is generally upregulated during ferroptosis [33].

Ferroptotic cells can serve as donors of AA for the transcellular biosynthesis of eicosanoids and
promote LOX activity through the massive release of oxidized lipid mediators. When AA is released
from phospholipids by PLA2 and phospholipase C (PLC), it serves as a precursor for bioactive
proinflammatory mediators, such as prostaglandins, interleukin (IL)-1, IL-6, and tumor necrosis
factor (TNF), which promote inflammatory cascades. These cytokines and interferon (IFN)-y are
implicated in tissue iron storage, especially in ferritin synthesis regulation. Evidence suggests that an
abnormal inflammatory response may contribute to the pathogenesis of iron metabolism disorders
and directly affect the redox system balance. For instance, it has been demonstrated that nuclear
receptor coactivator 4 (NCOA4) mediates ferritinophagy, degrading the iron storage protein ferritin
by autophagolysosomes, resulting in intracellular iron overload, triggering oxidative stress, and
exacerbating inflammation [34-37]. Collectively, these findings indicate that inflammation molecules,
such as AA, induce ferroptosis by activating different signaling pathways and molecules related to
inflammation.

Several signaling pathways and regulatory mechanisms are tightly linked to ferroptosis-related
inflammation. For instance, through the Janus kinase — Signal transducer and activator of
transcription (JAK-STAT) cell signaling pathway), when IL-6, TNF, and IL-13 bind to their specific
receptors to phosphorylate and to activate JAKs, which in turn phosphorylate STATs and induce
their dimerization and nuclear translocation. The latter induces the transcription of target genes such
as STAT3, which increase hepcidin expression, inhibiting iron exportation, resulting in ferroptosis
[38,39].

Another signaling pathway related to ferroptosis-related inflammation is nuclear factor-xB (NF-
«B) pathway. NF-kB is crucial for the onset of various chronic diseases through the up-regulation of
the transcription of pro-inflammatory genes, which leads to acute or subacute levels of IL-1, TNF and
IL-6. These cytokines are associated with risk of cardiovascular diseases, neurodegenerative diseases,
endocrine-metabolic alterations and autoimmune disorders [23]. NF-kB is also by DAMPs such as
HMGB1. HMGBI, which is released by ferroptotic cells, downregulates the transcription of target
genes related to antioxidant system, enhancing oxidative stress. NF-«B is also involved in iron
metabolism during inflammatory processes, promoting secretion of lipocalin 2 (LCN2) to carry
extracellular iron and transfer it into cells via their specific receptor. Furthermore, NF-kB can be
activated by ROS, which is one of the mainstays in ferroptosis, generating inflammatory mediators
such as TNF-a, CXC Chemokine Ligand 1 (CXCL1), C-X-C Motif Chemokine Ligand 8 (CXCLS), and
Colony Stimulating Factor 2 (CSF2) [40].

The Mitogen-activated protein kinase (MAPK) pathway is another cell signaling pathway
influenced by the intracellular iron overload and excessive lipid peroxidation accumulation, causing
phosphorylation of ERK1/2 and increased phosphorylation of c-FOS and p38, thereby increasing
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oxidative stress, and the latter is involved in the synthesis of IL-1f3, IL-6, and IL-18 and at the same
time with decreased expression of SLC7A11 and GPX4 and which may mediate neuroinflamation by
the release of iron from the labile iron reserve during of ferritinophagy improvement [41]. c-FOS and
P38 MAPK proteins are a group of Ser/Thr kinases that are activated by MAPK kinases in response
to extracellular stress, infections, ischemia, DNA damage, oxidative stress, and cytokines [42,43].
These kinases can phosphorylate many substrates in the cytoplasm and in the nucleus and play
pivotal roles in cell adaptation to stress, inflammation, and tumor formation. p38MAPKSs are also
involved in ischemia-reperfusion injury, heart failure, arrhythmia, Alzheimer’s epilepsy, and
tumorigenesis. Moreover, the inhibition of p38MAPK may exert a systemic anti-inflammatory effect
and target numerous diseases with inflammatory components, such as atherosclerosis [44]

Ferroptosis also induces the cyclic GMP-AMP Synthase-Stimulator of Interferon Genes (cGAS-
STING) signaling pathway, generating ROS, sensitizing cells to ferroptosis, and facilitating
inflammatory infiltrate in tissues when erastin triggers mitochondrial OS, increasing the
mitochondrial translocation of STING [45,46]. STING is a PRR, which ligands are cyclic dinucleotides
(CDNs) synthesized by microorganisms or by the cytoplasmic cGAS. STING can bind to host or
pathogen-derived double-stranded (ds)DNA, either nuclear DNA (nDNA) or mitochondrial DNA
(mtDNA), activating this cell signaling pathway [47]. Interestingly, the ferroptosis-induced
mitochondria damage could be the source of dsDNA to activate the cGAS-STING pathway It has
been shown that an increase of lipid peroxidation could activate this signaling pathway through the
STING carbonylation, resulting in the inhibition of innate antiviral immune responses and reduced
recognition of DAMPs or PAMPs in peritoneal macrophages [48]. Furthermore, the cCAS-STING
signaling pathway appears to be involved in the inflammasome pathway, where the NLPR3 could
be the initiator, further inducing OS, lipid peroxidation, and ferroptosis.

Heme mediates another inflammatory mechanism. Heme is a potent prooxidant and
proinflammatory molecule and prototypical alarmin that triggers NLRP3 activation in macrophages
[49,50]

Additionally, endothelial cells respond to different alarmins by NLRP3 inflammasome
activation and subsequent release of IL-14, and this mechanism has been shown to play a significant
role in diverse pathological conditions, including atherosclerosis [51] In this sense, heme-derived
ROS strongly affect endothelial cells, signaling by nitric oxide dismutase (NOD), leucine-rich repeats
(LRR), and pyrin domain-containing proteins (NLRP3) [52], that induce an increased IL-1[3 secretion
and exocytosis of Weibel-Palade bodies [53]. Activated endothelial cells upregulate cell adhesion
molecules such as vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule 1,
(ICAM-1), and selectins, triggering the recruitment of proinflammatory neutrophils and the
induction of antioxidant proteins, including ferritin (bearing ferroxidase activity), and heme
oxygenase 1 (HO-1). HO-1 hampers inflammation by inhibiting NF-«B, and reduces hemolysis and
vasoocclusion in murine model [54]. Heme itself is a DAMP protein that can bind to Toll-like receptor
(TLR) 4 with subsequent activation of NF-kB signaling [la anterior]. Following heme-mediated TLR4
activation, endothelial cells are actively damaged by complement deposition in a P-selectin-
dependent manner. Also, heme is toxic for mouse macrophages and can initiate a necrotic process
mediated by TNF that is induced downstream of TLR4/MyD88 activation, acting as an autocrine
signal via TNFR1 and ultimately resulting in macrophage death [55]. These events result in
proinflammatory environment linked to tissue injury, immune infiltration, and vascular dysfunction
[55]. Thus, different cell signaling pathways associated with inflammation such as MAPKs kinases,
c¢GAS-STING, NFkB, among others, are related to the activation of ferroptosis.

4. Macrophages and Ferroptosis

Ferroptosis in macrophages is observed in advanced atherosclerotic plaques, contributing to the
formation of necrotic core and plaque destabilization, thereby aggravating advanced atherosclerosis
[10,11]. Elevated uric acid levels have been shown to enhance macrophage ferroptosis, accelerating
the progression of atherosclerosis [12]. Upon uptake of oxidized low-density lipoproteins (LDL),
macrophages release proinflammatory cytokines, including IL-1, IL-3, IL-6, IL-8, and IL-18, TNF, as
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well as growth factors. Particularly, IL-13 and TNF exhibit atherogenic effects by promoting the
expression of surface molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM)-1), CD40, and selectins on endothelial cells, smooth muscle cells, and
macrophages. [56]

Emerging evidence suggests that macrophage polarization and ferroptosis can influence each
other at the cell-autonomous level or through communication with other cells in a context-dependent
manner [57]. Moreover, it has been shown that M1 cells are resistant to ferroptosis due to the loss of
arachidonate 15-lipoxygenase (ALOX15) activity [57]. In the context of atherosclerosis, macrophages
contribute to tissue repair and the proliferation of vascular smooth muscle cells, thereby enhancing
plaque stability [13].

However, in a study by Marques et al., macrophages exposed to high levels of oxLDL and
proinflammatory cytokines increased heme oxygenase (Hmox1), H-ferritin (Fth1), hepcidin (Hamp)
and FPN1 mRNA levels, although only the latter did not increase its protein levels, leading to
macrophage iron retention due to decrease export and increase storage. In addition, the macrophage
iron overload could play a crucial role in plaque instability in atherosclerosis [58].

Macrophages can obtain iron from two sources, phagocytized red blood cells (RBC) and
extracellular ferric iron (Fe?*). The first depends upon the activity of the Hmox1 to degrade heme and
produce ferrous iron (Fe?*), while the second employs the coupling of transferrin (TF) with its receptor
(TRF1) as previous explained [59]. Hepcidin is a key regulator for iron homeostasis and is
upregulated by iron and inflammation [60]. Hamp targets and degrades FPN1, which leads to a
decrease of the iron export, and increase the iron accumulation. This makes the macrophages
susceptible to ferroptosis. Furthermore, Hamp also enhances oxLDL uptake and reduces the
cholesterol excretion in macrophages via autocrine Hamp formation, induced by iron excess, high
levels of oxLDL, aggravating atherosclerosis through a vicious cycle [61].

“Efferocytosis,” an efficient mechanism for debris clearance by macrophages, has been identified
as crucial in preventing secondary necrosis and in stimulating the release of anti-inflammatory
cytokines such as IL-35 and IL-37 [13]. Given the mechanisms of inflammation described above, it is
not difficult to understand how ferroptosis plays a pro-inflammatory role in atherosclerosis.

5. Protective Role of Interleukin-37 in Cardiovascular Diseases

Cytokines are small proteins involved in the development and pathogenesis of inflammatory
and/or autoimmune diseases through their secretion [62]. The involvement of cytokines in
cardiomyocyte apoptosis highlights their crucial role in modulating the delicate balance between cell
survival and death in the heart.

Interleukin-37 (IL-37) is a recently identified member of the interleukin-1 (IL-1) family and is a
pivotal anti-inflammatory cytokine involved in regulating inflammation [63-65]. IL-37 has been
identified in diverse human tissues, including the skin, tonsils, esophagus, placenta, as well as in
melanoma, breast, prostate, and colon tumors [66]. IL-37 can suppress innate immune response by
reducing the production of pro-inflammatory cytokines induced by Toll-like receptors (TLR) [67].
Moretti et al. [68] reported that IL-37 can significantly inhibit the activation of Th2/Th17 cells in mice
with allergic aspergillosis, showing that IL-37 might also affect adaptive immunity.

Previous studies have shown that Smad3, the main protein for receptors of the transforming
growth factor beta (TGF-B) superfamily, is involved in the immunosuppressive and anti-
inflammatory properties of IL-37 both in vitro and in vivo. It has been shown that blocking Smad3
activation or Smad3knockdown decreases the anti-inflammatory activity of IL-37 [66-68]. However,
the effects of the IL-37 Smad3 signaling pathway and sequential inflammatory factors during the
development of inflammatory cardiovascular diseases remain largely unknown. A strong suggestion
pointing out that Smad3 is a crucial protein in CVD, such as atherosclerosis, because this disease is a
chronic inflammatory disease characterized by the generation and release of pro-inflammatory
cytokines. Thus, IL-37, an emerging anti-inflammatory cytokine, exhibits intriguing potential in the
context of atherosclerosis. This regulatory cytokine has a promising role in atherosclerotic diseases
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as a potent inflammation inhibitor by shifting cytokine equilibrium away from excessive
inflammation.

Regulatory T cells (Tregs) mediate immunomodulation and protect against atherosclerosis.
Enhancing the anti-inflammatory response could reduce the amount of pro-inflammatory mediators,
and this may be considered one of the main targets for therapy development. The inhibitory cytokines
secreted by Tregs mainly include interleukin-10 (IL-10), and transforming growth factor-beta (TGF-
[3) and interleukin-35 (IL-35) [69]

Lotfy, Hassan et al. [70] revealed that IL-37 was increased in patients with chronic lower limb
atherosclerotic ischemia compared to non-atherosclerotic controls. Also, the expression levels of
circulating IL-37 correlated with the disease severity of chronic lower limb ischemia. Interestingly,
supplementation with rIL-37 augmented levels of released IL-10 and TGF-f3 in supernatants of T cells
co-cultured with Tregs in the enrolled patients. Authors suggest a role for IL-37 in mediating anti-
inflammatory functions in the atherosclerotic process, potentially involving enhancement of Treg
inhibitory function and anti-inflammatory cytokine secretion with a particularly marked direct
response in severe disease [70]. Although previous studies found some relation between IL-37 and
acute coronary syndrome (ACS), the specific correlation and the prediction of a patient’s prognosis
still need to be established.

By the other hand, Ji Q, Zeng Q, Huang Y, et al. demonstrated that the levels of certain anti-
inflammatory cytokines were significantly decreased in patients with ACS [71]. This study also
indicated that IL-37 levels were markedly increased in foam-like cells of atherosclerotic coronary and
carotid artery plaques, with a negative correlation to left ventricular ejection fraction (LVEF) in ACS
patients [71]. However, the precise role of altered IL-37 levels in the progression of atherosclerosis
and the onset of ACS remains uncertain.

Although it is required to perform mechanistic studies in which the administration of exogenous
IL-37 (e.g., recombinant human IL-37 and a model animal with IL-37 transgenic mice) clarifies the
role of IL-37 in atherosclerosis. Chai M, et al. [72] found that IL-37 has a significant role in
atherosclerosis. These authors used apoE-deficient diabetic mice to assess the IL-37 effects on vascular
calcification and atherosclerosis progression. IL-37-treated mice exhibited significantly reduced
calcification areas, as detected by von Kossa and Alizarin Red staining, and decreased expression of
Bone Morphogenetic Protein 2 B(MP-2), TNF, IL-18, and IL-10 in atherosclerotic lesions. This group
also observed smaller plaque sizes and lower plaque vulnerability scores in the aortic root.
Upregulation of IL-10 expression and the concomitant decrease in TNF and IL-18 production were
direct anti-inflammatory mechanisms through which IL-37 ameliorated atherosclerosis and coronary
artery calcification [72,73].

In patients with atherosclerosis, higher IL-37 concentrations were detected in calcified samples,
primarily originating from macrophages and vascular smooth muscle cells. Patients with coronary
artery calcification also showed significantly higher plasma IL-37 levels. Correlation analysis
revealed that IL-37 was positively associated with age, fasting glucose, alkaline phosphatase, IL-6,
TNF, and C-reactive protein [74]

Interestingly, IL-37 is also involved in regulating cholesterol homeostasis and reducing plasma
cholesterol, fatty acids, and triglycerides levels [75]. Recently, it has been reported that the IL-37
rs2708961, 152723187, and rs2708947 polymorphisms are associated with a lower risk of
hypercholesterolemia (HC) in the Mexican population. These polymorphisms were also associated
with cardiovascular risk factors. Some IL-37 polymorphisms were associated with cardiometabolic
factors in individuals with and without HC [75]. Additionally, Yin et al. reported an association
between the IL-37 rs3811047 polymorphism and coronary artery disease, along with IL-37 decreased
mRNA expression levels [76]. On the other hand, Xu et al. [77] noted that IL-37 mitigated the toxic
effects of inflammatory mediators on myocardial cells. IL-37 also ameliorated myocardial infarction.
Wu B, et al. [78] demonstrated that IL-37 protected mouse cardiomyocytes from apoptosis under
ischemia/reperfusion (I/R) conditions and suppressed the production of pro-inflammatory cytokines,
chemokines, and neutrophil infiltration. This contributed to reduced cardiomyocyte apoptosis and
ROS generation. The regulatory role of IL-37 was demonstrated through the inhibition of Toll-like


https://doi.org/10.20944/preprints202407.2521.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2024 d0i:10.20944/preprints202407.2521.v1

receptor (TLR)-4 expression and NF-kB activation after I/R, while increasing anti-inflammatory IL-10
level [78].

In another study Law et al. [79] discussed the clinical implications of IL-37 in cardiovascular
manifestations of COVID-19 in a recent review. Elevated circulating IL-37 levels were reported in
COVID-19-infected patients, with higher IL-37 levels associated with shorter hospitalization periods.
This suggests that IL-37 may provide protective effects during COVID-19 infection, highlighting its
potential protective role in CVD.

5. Interleukin-37 and Ferroptosis in Cardiovascular Diseases

IL-37 is also implicated in decreasing macrophage ferroptosis. Recent research has investigated
the relationship between ferroptosis and the protective effect of IL-37 on macrophage ferroptosis
stimulated with high glucose (HG)/ox-LDL in diabetic ApoE-/- mice. Xu, Jinmei et al. identified that
IL-37 treatment significantly decreased plaque area, improved blood lipid levels, reduced serum
levels of inflammatory mediators, including IL-1p and IL-18, and increased GPX4 and nuclear factor
erythroid 2-related factor 2 (N1f2) in the aorta of diabetic mice [17]. Additionally, in vitro experiments
revealed that IL-37 inhibited HG/ox-LDL-induced ferroptosis in macrophages, as evidenced by
improved cell membrane oxidation, reduced malondialdehyde production, and increased GPX4
expression. In the same study, the Nrf2 pathway was promoted, inhibiting ferroptosis in the
macrophages (Figure 2) [10]. The transcription factor Nrf2 is crucial to maintain cellular homeostasis
against OS through the transcription of antioxidant enzymes genes, inducing cell protection. Its
activation upregulates the expression of downstream anti-ferroptotic genes such as GPX4, SLC7A11,
and FPN1 and downregulates the ACSL4. Moreover, numerous studies have shown the beneficial
results of the Nrf2 pathway via alleviating ferroptosis in myocardial infarction, colitis, ischemia-
reperfusion injury, and ischemic stroke [80-82]. Whether IL-37 promotes the dissociation, directly or
indirectly, between Nrf2 and its regulator, the Kelch like ECH-associated protein 1 (KEAP1) is still
unknown, which deserves further investigation.

While the role of IL-37 in atherosclerosis has been established, its involvement in macrophage
ferroptosis and its potential as a therapeutic target is still an emerging area of interest. As mechanisms
regulating ferroptosis become further elucidated, ferroptosis holds clear potential for therapeutic
benefit in several CVD

Interleukin 37

m Ferroportin O Xc-system )\1 ‘ A
I

Ferritin

ACSL4

Figure 2. Interleukin 37 (IL-37) and nuclear factor erythroid 2-related factor 2 (Nrf2 pathway. The
master regulator of antioxidant response Nrf2 is activated under significant oxidative stress, and IL-
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37, then it is translocated to induce its target genes in the nucleus. The Nrf2 pathway upregulates
proteins of the iron metabolism, superoxide dismutase, and the system Xc——GSH-GPX4 pathway and
downregulates ACSL4. IL-37 can induce the activation and translocation of Nrf2 to the nucleus.
Glutathione (GSH), Glutathione peroxidase 4 (GPX4), acyl-CoA synthetase long chain family member
4 (ACSL4).

6. Conclusions and Conclusion Remarks

Inflammation produces ROS and OS, which ultimately promotes ferroptosis cell death. We
reviewed that ferroptosis is a mechanistically and morphologically distinct form of regulated cell
death that has provided insights into the pathophysiology of multiple disease entities. Elucidating
the regulatory pathways related to ferroptosis can provide new opportunities for understanding the
pathophysiology of diseases, including CVDs, by identifying novel targets and strategies for target
ferroptosis for therapeutic advantage. Regulation of ferroptosis via IL-37 could be an effective
intervention strategy for preventing and treating inflammatory diseases. In our review, we discussed
this possibility, suggesting the high possibility of reducing ferroptosis cell death in CVDs by
decreasing inflammation via IL-37.
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