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Cardiovascular disease (CVD) encompasses a range of disorders affecting the heart
and blood vessels, including coronary heart disease and cerebrovascular disease [1] and
conditions such as aortic aneurysms and lower-extremity peripheral artery disease [2]. It
remains the leading cause of death worldwide, claiming 17.9 million lives annually [3], de-
spite the availability of numerous therapeutic drugs [4]. Thus, further research is warranted
to enhance CVD treatment and reduce its morbidity and mortality [5].

Diabetes is a leading cause of blindness, kidney failure, heart attacks, stroke, and lower-
limb amputation, causing an estimated 2 million deaths annually [6]. In 2021, 529 million
individuals (prevalence, 6.1%) were afflicted with diabetes, a figure that is projected to
soar to 1.21 billion by 2050 [7]. Diabetes represents a significant public health concern
worldwide [8]. Despite remarkable strides in prevention and treatment, further research
is required. This is particularly important given the recent introduction of new effica-
cious medications and the developments in AI technology, the latter being useful in the
development of precision medicine algorithms to treat people with diabetes [9].

Hypertension impacts 1.28 billion individuals aged 30–79 worldwide [10], serving
as a critical risk factor for ischemic heart disease, stroke, chronic kidney disease, and
dementia, with approximately 10 million deaths attributed to it annually [11]. The number
of people suffering from hypertension doubled from 1990 to 2019 [12], with only 22.5% of
hypertensive adults having their condition under control [13]. Hence, improved detection,
treatment, and control strategies are imperative.

Diabetes and hypertension are conditions commonly found in aging populations; they
share common pathogenic pathways [14] and are both strong independent risk factors for
CVD. Reducing blood glucose and blood pressure levels can significantly contribute to
mitigating CVD-related morbidity and mortality.

This Special Issue aims to present the latest perspectives and research findings on
diabetes, hypertension, and CVD, comprising eight review articles and eight original
research articles.

The first review, “The Role of the Gut Microbiome and Trimethylamine Oxide in
Atherosclerosis and Age-Related Disease”, explores the contribution of the gut micro-
biome and trimethylamine oxide to CVD, emphasizing the potential utility of reducing
trimethylamine oxide as a novel therapeutic strategy.

The second review, “The Role of Oxidative Stress Enhanced by Adiposity in Car-
diometabolic Diseases”, delves into the contribution of adiposity-associated oxidative stress
to cardiometabolic diseases, offering insights into the mechanisms underlying this interplay.

The third review, “Portrayal of NLRP3 Inflammasome in Atherosclerosis: Current
Knowledge and Therapeutic Targets”, examines the role of the NLRP3 inflammasome in
atherosclerosis, highlighting its potential as a therapeutic target.

It is followed by “A Receptor Story: Insulin Resistance Pathophysiology and Phys-
iological Insulin Resensitization’s Role as a Treatment Modality”, which discusses the

Int. J. Mol. Sci. 2024, 25, 2711. https://doi.org/10.3390/ijms25052711 https://www.mdpi.com/journal/ijms
1



Int. J. Mol. Sci. 2024, 25, 2711

pathophysiology of insulin resistance, emphasizing the therapeutic potential of dynamic
exogenous insulin administration.

Next, “Smooth Muscle Heterogeneity and Plasticity in Health and Aortic Aneurysmal
Disease” explores vascular smooth muscle cell phenotypes in aortic aneurysms, calling for
further research into their relationship with aneurysm formation.

The sixth review, “Angiotensin Regulation of Vascular Homeostasis: Exploring the
Role of ROS and RAS Blockers”, highlights the role of the renin–angiotensin system (RAS)
in CVD pathogenesis and the potential of RAS blockers to reduce vascular oxidative stress.

Next, “Dysfunctional and Dysregulated Nitric Oxide Synthases in Cardiovascular
Disease: Mechanisms and Therapeutic Potential” examines the contribution of nitric oxide
synthases to cardiovascular health and their potential as therapeutic targets.

Finally, “Model Systems to Study the Mechanism of Vascular Aging” explores various
models of vascular aging, providing insights into the aging process.

The original research articles delve into various aspects of CVD, shedding light on
sex-specific features, genetic associations, and the effects of lifestyle factors, such as night
shifts, on disease risk.

The first, “Sex-Specific Features of the Correlation between GWAS-Noticeable Poly-
morphisms and Hypertension in Europeans in Russia”, examines the sex-specific features
of genome-wide-association-studies-identified single-nucleotide polymorphisms (SNPs)
in relation to hypertension. This study revealed that hypertension-associated SNPs had a
more pronounced effect on susceptibility in women than in men.

The second research paper, “SERPINE1 mRNA Binding Protein 1 Is Associated with
Ischemic Stroke Risk: A Comprehensive Molecular–Genetic and Bioinformatics Analysis of
SERBP1 SNPs”, investigated the association between genetic variants of serpin family E
member 1 (SERBP1) and ischemic stroke risk. The findings suggest that SERBP1 SNPs may
serve as novel genetic markers for stroke.

The third, “Preliminary Study on the Effect of a Night Shift on Blood Pressure and
Clock Gene Expression”, examined the effect of night shifts on ambulatory blood pressure
and clock gene expression. The study revealed that night shifts negatively impacted ambu-
latory blood pressure, leading to a non-dipping blood pressure status, which is a risk factor
for CVD. Moreover, night shifts were associated with an increase in clock gene expression.

The fourth research paper, “Age-Dependent Changes in the Relationships between
Traits Associated with the Pathogenesis of Stress-Sensitive Hypertension in ISIAH Rats”,
investigated the impact of age on the development of stress-sensitive hypertension. The
study identified age as a factor affecting hypertension manifestation.

The fifth research study, “Prognostic Significance of Activated Monocytes in Patients
with ST-Elevation Myocardial Infarction”, examined the prognostic efficacy of monocyte
subsets in patients with ST-elevation myocardial infarction. The study found that elevated
levels of nonclassical (CD14+CD16++) monocytes and their subsets predicted worse clinical
outcomes in these patients.

Next, “Augmentation of Cathepsin Isoforms in Diabetic db/db Mouse Kidneys Is
Associated with an Increase in Renal MARCKS Expression and Proteolysis” investigated
the expression and proteolysis of key proteins in the kidneys of diabetic db/db mice. The
study revealed a significant cleavage of the myristoylated alanine-rich C-kinase substrate
(MARCKS) family of proteins, important in maintaining normal renal function, in diabetic
mice. This increase in MARCKS cleavage was associated with an increase in the protein
expression of cathepsin isoforms.

Following this, “Tumor Growth Ameliorates Cardiac Dysfunction and Suppresses
Fibrosis in a Mouse Model for Duchenne Muscular Dystrophy” explored the associa-
tion between heart failure and cancer in mice. The study found that tumour growth
ameliorated cardiac dysfunction and reduced overall fibrosis, suggesting potential novel
strategies to improve cardiac function and fibrosis-associated diseases by understanding
tumour paradigms.
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Finally, “Effect of Hydralazine on Angiotensin II-Induced Abdominal Aortic Aneurysm
in Apolipoprotein E-Deficient Mice” investigated the impact of hydralazine on abdominal
aortic aneurysms in a mouse model. The study concluded that hydralazine inhibited the
formation and rupture of abdominal aortic aneurysms, attributed to its anti-inflammatory
and anti-apoptotic properties.

In conclusion, this Special Issue provides a comprehensive overview of recent develop-
ments in research on hypertension, insulin resistance/diabetes, and CVD, including atheroscle-
rosis, aortic aneurysms, and myocardial infarction [15]. These articles offer insights into CVD
pathogenesis and facilitate the development of new therapeutic approaches.

Author Contributions: Y.W. prepared the manuscript. Y.W. and D.J.M. revised the manuscript. All
authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The gut microbiome plays a major role in human health, and gut microbial imbalance or
dysbiosis is associated with disease development. Modulation in the gut microbiome can be used to
treat or prevent different diseases. Gut dysbiosis increases with aging, and it has been associated
with the impairment of gut barrier function leading to the leakage of harmful metabolites such as
trimethylamine (TMA). TMA is a gut metabolite resulting from dietary amines that originate from
animal-based foods. TMA enters the portal circulation and is oxidized by the hepatic enzyme into
trimethylamine oxide (TMAO). Increased TMAO levels have been reported in elderly people. High
TMAO levels are linked to peripheral artery disease (PAD), endothelial senescence, and vascular
aging. Emerging evidence showed the beneficial role of probiotics and prebiotics in the management
of several atherogenic risk factors through the remodeling of the gut microbiota, thus leading
to a reduction in TMAO levels and atherosclerotic lesions. Despite the promising outcomes in
different studies, the definite mechanisms of gut dysbiosis and microbiota-derived TMAO involved in
atherosclerosis remain not fully understood. More studies are still required to focus on the molecular
mechanisms and precise treatments targeting gut microbiota and leading to atheroprotective effects.

Keywords: gut microbiome; atherosclerosis; TMAO; aging; gut dysbiosis; probiotics; short chain
fatty acids

1. Introduction

Atherosclerosis is a chronic disease that affects medium and large arteries of the
body through a major increase in the lipoproteins of their intimal layer [1]. Risk factors
associated with atherosclerosis include diabetes mellitus, hypertension, dyslipidemia,
obesity, and smoking [2]. Diabetes mellitus is a major public health problem that has been
a leading cause for mortalities worldwide. Diabetes is characterized by elevated levels
of blood glucose, which leads over time to serious damage to the heart, blood vessels,
eyes, kidneys, and nerves [3]. As a result, diabetes mellitus is associated with accelerated
atherosclerosis, leading to vascular lesions that include cardiovascular disease (CVD),
coronary artery disease, cerebrovascular disease, and peripheral arterial disease (PAD),
with CVD being the major cause of premature death in diabetes. Another consequence of
diabetes mellitus is microangiopathy that occurs in the colon, and which has been reported
to be more common in diabetics than non-diabetics [4]. Microangiopathy can also occur
in the retina, skin (specifically foot skin/diabetic foot ulcer), nerve, kidney, muscle, and
heart of diabetic patients and is associated with the thickening of the capillary basement
membrane [5]. Other mediators of diabetes that cause vascular complications include
dyslipidemia, chronic hyperglycemia, and insulin resistance. Dyslipidemia and chronic
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inflammation are among the major causes of the development of atherosclerosis, which
causes chronic accumulation of lipid-rich plaque in the arteries in diabetic patients [6,7].
Therefore, the regulation of these chronic diseases is crucial.

The human gut microbiome is a huge microbial community that plays a vital role
in human health. With the development in research, the influence of intestinal flora on
human diseases has been gradually revealed. Dysbiosis in the gut microbiota (GM) has
been reported to have adverse health effects on the human body that lead to a variety of
chronic diseases. Regulation of the GM can provide a potential target for the prevention and
treatment of disease. The fermentation products of the gut microbiota are by far the most
well studied, and they have been described to have a key role in the maintenance of the
gut microbial ecology and the modulation of host immunity and metabolic disease [8–12].
The major fermentation products of the GM that result from dietary fibers are short chain
fatty acids (SCFAs), with the most abundant metabolites being acetate, propionate, and
butyrate. [12,13]. SCFAs can function as a macronutrient energy source and hormone-like
signaling molecules that enter the portal circulation to signal through specific host receptor
systems in order to regulate the innate immunity and host metabolism. Most studies linking
the GM to disease designate SCFAs as potential disease-moderating or prevention factors
in metabolic disease, intestinal immunity, cancer, and liver disease [12,13]. Recent reports
have indicated that dysbiosis is increased with aging, and that the GM of elderly people is
enriched with pro-inflammatory commensals and fewer beneficial microbes [14]. Dysbiosis
is presumed to be the primary cause of age-associated morbidities, and, consequently, the
premature death of elderly people [14]. Gut dysbiosis leads to a disruption of the microbial
metabolites, impaired function of the gastrointestinal tract, and increased leakage of the
gut [14]. These events enhance systemic inflammation which is associated with aging,
termed inflammaging, and they, consequently, result in aging-associated pathologies [14].

Trimethylamine (TMA) is a byproduct generated from the gut microbial metabolism
of dietary amines such as choline, betaine, and carnitine that originate from animal-
based foods [15,16]. TMA is absorbed into the portal circulation and is oxidized by
the liver into trimethylamine-N-oxide (TMAO) using the flavin monooxygenase enzyme
(Figure 1) [16,17]. More attention has been directed upon circulating TMAO due to its
pro-inflammatory, pro-atherogenic, and pro-thrombotic properties [18–22]. Several factors,
such as diet, gut microbial flora, drug administration, and liver flavin monooxygenase
activity, influence the plasma TMAO level [16]. TMAO has been described as vital for lipid
balance and for the increase in scavenger receptors, such as CD36 and scavenger receptor
class A type 1 (SR-A1), that contribute to the surge of fat accumulation in foam cells, which
in turn play a major part in atherosclerotic plaque progress [16,18,23]. In addition, the
hepatic enzyme flavin-containing monooxygenase 3 (FMO3) is considered the most active
in converting TMA into TMAO, leading to higher plasma TMAO levels. High levels of
plasma TMAO have been linked to an alteration of reverse cholesterol transport [16,24],
hyperlipidemia and hyperglycemia [16,24,25], and the overexpression of inflammatory
markers including tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), c-reactive
protein (CRP) [26,27], and insulin resistance [16,25], which all lead to the promotion of
atherosclerosis [16,19,25,28,29]. It has also been reported that high plasma levels of TMAO
metabolite are related to the prognosis of 5-year all-cause mortality in stable patients di-
agnosed with peripheral artery disease [28,30]. Furthermore, Brunt et al. confirmed that
circulating TMAO was high in older compared with younger adults, and that elevated
TMAO was correlated with a higher carotid–femoral pulse wave velocity (PWV). Their
findings in humans represented the first link between the age-related increase in circulating
TMAO with higher aortic stiffness and blood pressure (BP). Nevertheless, as both aortic
stiffness and BP are aging risk factors, it might be that both outcomes are in fact not causally
associated with TMAO [31].
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Figure 1. Different factors, such as the gut microbiome, diet, lifestyle, and genetics, play a major role 

in the development of atherosclerosis. (A) High-fiber diet, active lifestyle, and the intake of probiot-

ics increase the abundance of beneficial gut bacteria and the amount of SCFAs, which support the 

tight junctions and protect the intestinal epithelium, thus preventing harmful metabolites from en-

tering the circulation. This contributes to a stable atherosclerotic plaque. (B) High-fat diet, sedentary 

lifestyle, intestinal disease (e.g., Crohn’s disease, irritable bowel disease), the intake of different 

drugs (e.g., antibiotics), and aging lead to a disruption in the gut microbial profile, resulting in 

higher abundance of pathogenic bacteria and lower amounts of SCFAs. These effects lead to damage 

in the gut epithelium; thus, a leaky gut allows the translocation of LPS, TMA, and other damaging 

metabolites into the circulation. High amounts of plasma LPS and TMAO result in an endangered 

atherosclerotic plaque. 

3. Gut Dysbiosis, Aging, and TMAO Levels 

Gut dysbiosis is the disruption in the gut microbiome that is associated with different 

diseases. Dysbiosis disturbs the gut barrier function, leading to the leakage of harmful 

metabolites, such as lipopolysaccharides (LPS), and other bacterial components, such as 

peptidoglycans, into the circulation, which triggers an inflammatory response leading to 

atherosclerosis (Figure 1) [41–43]. LPS can stimulate the uptake of modified low-density 

lipoprotein (LDL) and reduce the efflux of cholesterol from foam cells, promoting mono-

cyte recruitment and macrophage foam cell formation [41,43,44]. LPS can induce vascular 

inflammation directly or by producing pro-inflammatory factors from immune cells [44]. 

The increased production of pro-inflammatory cytokines promotes oxidative stress and 

oxidized LDL (oxLDL), increasing the risk of hypertension via nitric oxide synthase inhi-

bition. This effect reduces vasodilator nitric oxide levels and increases levels of vasocon-

strictor endothelin-1 [41]. 

Figure 1. Different factors, such as the gut microbiome, diet, lifestyle, and genetics, play a major role
in the development of atherosclerosis. (A) High-fiber diet, active lifestyle, and the intake of probiotics
increase the abundance of beneficial gut bacteria and the amount of SCFAs, which support the tight
junctions and protect the intestinal epithelium, thus preventing harmful metabolites from entering
the circulation. This contributes to a stable atherosclerotic plaque. (B) High-fat diet, sedentary
lifestyle, intestinal disease (e.g., Crohn’s disease, irritable bowel disease), the intake of different drugs
(e.g., antibiotics), and aging lead to a disruption in the gut microbial profile, resulting in higher
abundance of pathogenic bacteria and lower amounts of SCFAs. These effects lead to damage in
the gut epithelium; thus, a leaky gut allows the translocation of LPS, TMA, and other damaging
metabolites into the circulation. High amounts of plasma LPS and TMAO result in an endangered
atherosclerotic plaque.

2. TMAO, TMA-Producing Gut Bacteria, and Atherosclerosis

Previous studies described that many human gut colonizing bacteria are capable of
producing TMA, which leads to an increase of TMAO levels in plasma. These gut bacteria in-
clude Streptococcus sanguinis, Desulfovibrio alaskensis, Desulfovibrio desulfuricans, Acinetobacter,
Serratia, Escherichia coli, Citrobacter, Klebsiella pneumoniae, Providencia, Shigella, Achiomobac-
ter, and Sporosorcine, which belong to the Firmicutes and Actinobacteria phyla. [16,23].
On the other hand, bacteria belonging to phylum Bacteroidetes are not able to produce
TMA [16,32]. Several previous studies have investigated the impact of host factors, such
as diet and dietary compounds, on TMAO plasma levels, and it was reported that higher
plasma TMAO levels have been linked to an animal-based diet [33,34] compared to vege-
tarians (Figure 1) [19,35]. Mainly, TMA is generated by the enzymes produced by the gut
microbiota, and its levels are dependent on the amount of precursors available and the
abundance and activity of bacteria catalyzing TMA formation [36], which compete with
the host for these precursors that are usually absorbed as essential nutrients [36]. As the
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quantification of TMA producers in the gut is limited, it is more difficult to understand the
distribution of these bacteria in the gut and specify their niches, which is important for
designing effective and sustainable treatment strategies to minimize TMAO plasma concen-
trations [36]. In order to discover the abundance and diversity of TMA-forming gut bacteria,
Rath et al. developed assays that targeted key genes encoding enzymes responsible for
TMA formation from choline (choline-TMA lyase, CutC), carnitine (carnitine monooxy-
genase, CntA), and betaine (subunit B of betaine reductase, grdH) [17]. In addition to the
association of TMAO with PAD and atherosclerosis, advancing age has also been strongly
linked to TMAO levels. As age increases, the host’s physiology and function are altered.
For example, the epithelial integrity of the colon, which is needed to promote the influx of
bacterial metabolites, including TMAO, might be reduced [37,38]. Rath et al. reported that
there was an association between carotid intima-media thickness (IMT) and TMAO only in
individuals above 65 years of age, which indicates that aging people are principally affected
by this metabolite [38]. Age-related associations between TMAO plasma levels and health
parameters have not yet been reported in patients with PAD. Preclinical studies in both
animal and in vitro models on human-derived material have emphasized the contribution
of TMAO to endothelial senescence and vascular aging [39,40]; however, age-specific effects
of TMAO have still not been fully studied. Many studies have investigated the link between
diet and TMAO levels, reporting different results; however, an analysis of gut microbiota
has only recently been included [38]. Rath et al. were able to provide important information
regarding the formation of TMAO in the general population, and they have elaborated on
the functional role of the gut microbiota and specific foods, clarifying the increased levels
of TMAO with increasing age [38].

3. Gut Dysbiosis, Aging, and TMAO Levels

Gut dysbiosis is the disruption in the gut microbiome that is associated with different
diseases. Dysbiosis disturbs the gut barrier function, leading to the leakage of harmful
metabolites, such as lipopolysaccharides (LPS), and other bacterial components, such as
peptidoglycans, into the circulation, which triggers an inflammatory response leading to
atherosclerosis (Figure 1) [41–43]. LPS can stimulate the uptake of modified low-density
lipoprotein (LDL) and reduce the efflux of cholesterol from foam cells, promoting mono-
cyte recruitment and macrophage foam cell formation [41,43,44]. LPS can induce vascular
inflammation directly or by producing pro-inflammatory factors from immune cells [44].
The increased production of pro-inflammatory cytokines promotes oxidative stress and oxi-
dized LDL (oxLDL), increasing the risk of hypertension via nitric oxide synthase inhibition.
This effect reduces vasodilator nitric oxide levels and increases levels of vasoconstrictor
endothelin-1 [41].

Aging, Gut Dysbiosis, and TMAO

Aging leads to several changes in cells, tissues, and organs [45] and is influenced by
an individual’s genetics, lifestyle, and environment [46]. The term “immunoscence” first
appeared a few decades ago to refer to impaired or faulty immune responses leading to a
decrease in the ability to trigger the immune response and effectively produce antibodies
against different pathogens [47,48]. The gut microbiome undergoes dynamic changes
through time, and gut dysbiosis is an age-related complication caused by host senescence,
changes in nutritional behavior, drug use, and the lifestyle of aged people [48]. The changes
in the gut microbiome include shifts in bacterial composition and metabolic function [49]. In
humans, age-related gut dysbiosis is characterized by increased inter-individual variation
and decreased species diversity; specifically, a loss of Clostridiales and Bifidobacterium,
an enrichment of Proteobacteria, Lactobacilli, and an overrepresentation of pathobionts
such as Enterobacteriaceae [49–52]. However, the major gut microbiota aging feature is
the decreased ratio of Firmicutes/Bacteroidetes [53]. Schneeberger et al. reported that
aged mice showed a decrease in beneficial gut bacteria, such as in Clostridium members
of cluster IV that produce SCFAs and Akkermansia muciniphila, and an increase in pro-
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inflammatory microbes [14,54]. Overall, the decrease in intestinal commensal microbes
diversity is associated with increased susceptibility to pathogen infection accompanied by
disturbance of the gut mucosal barrier and enrichment in pro-inflammatory cytokines; all
these events have a detrimental consequence in aging [14,55]. Recent studies suggested
that gut dysbiosis is associated with the development of several chronic diseases including
cardiovascular disease and other metabolic disorders [56].

Many studies have reported a close relationship between TMAO levels, aging, and
age-related diseases. Several animal models have been used to identify mechanisms that
underlie TMAO’s role in senescence [57]. Cell senescence involves many processes includ-
ing increased production of reactive oxygen species (ROS), mitochondrial dysfunction, and
senescence-associated secretory phenotype (SASP) [57]. Ke et al. reported that senescence-
accelerated prone mouse strain 8 (SAMP8) and senescence-accelerated mouse resistant
1 (SAMR1) were treated with 1.5% (w/v) TMAO for 16 weeks to induce vascular aging
and advanced vascular aging processes, respectively [40]. Many potential mechanisms
underlie TMAO’s role in aging, including the inhibition of sirtuin 1 (SIRT1) expression,
which increases oxidative stress and results in the activation of the p53/p21/Rb pathway.
Increased P53 and P21 acetylation and reduced CDK2, cyclinE1, and Rb phosphorylation
are followed by enhanced endothelial cell senescence and vascular aging [58]. In addition,
TMAO increases the accumulation of ROS, matrix metalloproteinase 2 (MMP2), and ma-
trix metalloproteinase 9 (MMP9) in vivo and in vitro, which are associated to oxidative
stress in cells [59]. Furthermore, high TMAO levels are linked to increased expression of
pro-inflammatory cytokines, such as TNF-α and IL-1β, as well as decreased production of
anti-inflammatory cytokines such as IL-10 [26].

4. SCFAs and Their Function in Atherosclerosis

Short chain fatty acids (SCFAs) are the primary fermentation products of dietary
fibers and non-digestible carbohydrates (NDCs) [60,61]. NDCs are an important fraction of
dietary fibers, and SCFAs are the main products of the favorable saccharolytic fermentation
of NDC in the gut [62]. In elderly people, the level of carbohydrate-derived SCFAs is
decreased, while the metabolites resulting from protein fermentation, such as phenols,
ammonia, and branched fatty acids, are increased. This indicates a shift from saccharolytic
fermentation to unfavorable proteolytic fermentation [14,50]. A shift in SCFA production
occurs progressively during the aging process, and it is accelerated upon the usage of
antibiotics and changes in diet [50].

Several bacterial families, including anaerobic Bacteroides, Bifidobacterium, Eubac-
terium, Streptococcus, Lactobacillus, clostridial clusters IV and XIVa of Firmicutes, includ-
ing species of Eubacterium, Roseburia, Faecalibacterium, and Coprococcus, are involved
in the production of SCFAs [61,63]. SCFAs mediate the interaction between the gut, diet,
and microbiota, highlighting their essential role in intestinal health [61,64–66]. The major
SCFAs are acetate, propionate, and butyrate, which account for approximately 90% of the
total SCFAs formed in the human colon by colonic microorganisms [67–69]. They help
in the regulation of host metabolic processes to achieve host homeostasis. SCFAs have a
high abundance in the gastrointestinal tract (GIT) and are utilized by intestinal epithelial
cells (IECs) [70]; they are able to modify several crucial cellular processes including gene
expression, proliferation, differentiation, and chemokines production [71].

The function of SCFAs is mediated by the activation of six G protein-coupled receptors
(GPCR) encoded by the human genome: GPR41 (free fatty acid receptor 3; FFAR3), GPR42,
GPR43 (FFAR2), GPR109a (HCAR2), GPR164 (OR51E1), and OR51E2. GPCR41 and GPCR43
are expressed in adipose tissue, intestines, and immune cells [71].

The epithelial cells are in direct contact with high SCFA concentrations, so SCFAs
are uptaken into the IEC cytosol via monocarboxylate transporters, such as monocarboxy-
late transporter-1 (Slc16a1) and the sodium-dependent monocarboxylate transporter-1
(Slc5a8) [72]. Several studies showed that SCFAs improve immune defenses; for instance,
butyrate increases the expression of many antimicrobial peptides including LL-37 and
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CAP-18 [73]. SCFAs are believed to have a universal anti-inflammatory effect by upregulat-
ing anti-inflammatory cytokines and downregulating pro-inflammatory cytokines [7,74].
Kim et al. showed that SCFAs enhance the production of cytokines and chemokines,
including TNF-α, IL-6, CXCL1, and CXCL10, in ICE in vitro [75]. Butyrate has been
demonstrated to reduce atherosclerotic development in animal models via the reduction
of pro-inflammatory factors [76]. Aguilar et al. showed in an atherosclerotic mice model
with atherosclerosis-prone apolipoprotein E-deleted (ApoE−/−) that consumed a diet
containing 1% butyrate for 10 weeks, atherosclerotic lesions in the aorta were reduced by
50%, suggesting a more stable fibrous cap. Moreover, the mice showed a lower macrophage
infiltration and elevated collagen deposition; this phenomenon was linked to a decreased
CD36 expression in both endothelial cells and macrophages, nuclear factor-κB (NF-κB)
activation, and pro-inflammatory cytokines production [76].

The inhibition of histone deacetylases (HDACs), stimulation of histone acetyltrans-
ferase, and stabilization of hypoxia-inducible factor (HIF) activity are the second major
mechanisms involved in SCFAs’ action [70,77–79]. This results in the regulation of gene
expression and the inhibition of a vast array of downstream consequences. However, the
understanding of SCFA-mediated inhibition of HDACs is still unclear [80]. In this context,
SCFAs increase IECs’ oxygen consumption, causing a decrease in oxygen tension and
stabilization of HIF [70,81].

Propionate has been reported to act as an anti-atherosclerotic agent via its positive
effects on immunity and immune system components, and its ability to reduce plasma
lipid levels [82]. Haghikia et al. reported that propionate is able to control cholesterol
hemostasis and reduce the aortic atherosclerotic lesion area in ApoE–/– mice fed a high-fat
diet (HFD) [83]. In addition, they stated that propionate increases T regulatory (Treg)
cell numbers, thus elevating the IL-10 levels in the intestinal wall. IL-10 suppresses the
expression of transmembrane transporter Niemann–Pick C1-like 1 (NPC1L1), which is
responsible for intestinal cholesterol absorption. Their results were further translated into
humans, in which propionate supplementation was able to reduce LDL and TC in hyperc-
holesterolaemic patients [83]. This indicates the potential therapeutic effect of propionate,
which modulates the intestinal immune system, thus improving cardiovascular health
and preventing atherosclerotic cardiovascular disease [83]. Similarly, Bartolomaeus at
al. reported the immunomodulatory effect of propionate, its ability to reduce atheroscle-
rotic lesion in ApoE–/– mice, and the susceptibility to cardiac ventricular arrhythmias of
angiotensin II–infused wild-type NMRI mice [84].

The metabolic pathways of both acetate and propionate participate in the regulation
of lipid biosynthesis [85]. The ratio of propionate to acetate is a crucial factor in lipid
metabolism, in which acetate contributes to lipid synthesis, while propionate reduces fat
deposition in the liver and visceral organs [85,86].

5. Butyrate-Producing Bacteria and Atherosclerosis

Butyrate has been reported to have an important role in inflammatory diseases in
addition to its significant lipid-lowering, anti-oxidant, and insulin resistance-improving
effects [7,87,88]. Butyrate also serves as a primary fuel for colonocytes [89]. It acts as a
histone deacetylase inhibitor and ligand to GPCRs, affecting cellular signaling in target
cells such as enteroendocrine cells [89]. Metagenomics studies reported that diabetes is
associated with an altered gut microbiota. An altered gut microbiota leads to a shift in
SCFA production. For instance, a lower abundance of butyrate-producing bacteria has
been detected in patients with type 2 diabetes [89]. As a result, treatment strategies for
diabetes have been developed to increase intestinal levels of butyrate. These strategies
involve supplementation with butyrate-producing bacteria, together with dietary fiber, or
via fecal microbial transplant from healthy subjects [89].

Moreover, studies have provided evidence that butyrate is able to regulate the antioxi-
dant effect of NF-kB in endothelial cells and macrophage-mediated lipid metabolism [7].
It is also able to alleviate the production of pro-inflammatory cytokines, such as IL-1β,
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TNF-α, IL-6 [90], IL-12, and interferon-γ (IF-γ), and it is able to upregulate the production
of anti-inflammatory IL-10 by monocytes in vitro [91,92]. Furthermore, butyrate is able
to attenuate the release of vascular cell adhesion molecule-1 (VCAM1) and chemotaxis
protein-1 (MCP1/CCL2) in vitro, thus reducing the migration and adhesion of monocytes
in the lesion area [93]. Increasing evidence shows that butyrate can regulate the occurrence
and development of atherosclerosis [7,94]. As such, butyrate is considered a collateral in
the prevention and treatment of atherosclerosis [90].

Considering the treatment strategies that involve increasing intestinal butyrate levels,
next generation probiotics and butyrate-producing bacteria together with prebiotics could
be a promising approach. Different next generation probiotics have shown to have a
positive effect in diabetes and atherosclerosis.

To start with, A. muciniphila, a mucin-degrading gut bacterium, has been inversely
linked to diabetes, inflammation, and metabolic disorders [95]. This bacterium has pro-
biotic properties and has been reported to be more abundant in healthy subjects than in
patients with diabetes or other metabolic disorders [95–97]. The probiotic properties of A.
muciniphila could be associated with its ability to modulate mucus thickness and gut barrier
integrity [95]. Studies using mice have shown that supplementation of A. muciniphila re-
sulted in the restoration of mucus thickness that was disrupted in obese and type 2 diabetic
mice because of HFD. In addition, this treatment with A. muciniphila was able to improve
the metabolic profile and reduce the level of serum lipopolysaccharides (LPSs) [95,98]. High
levels of serum LPSs have been linked to gut permeability, and, thus, the disruption of
intestinal mucus [95,99]. Li et al. reported that A. muciniphila reduces atherosclerotic lesions
by improving metabolic endotoxemia-induced inflammation through the restoration of
the gut barrier [100]. Studies indicate that, despite using mucin as a source of nutrients,
A. muciniphila is positively linked to mucus thickness and intestinal barrier integrity in
both humans and animals [95,98,101]. Moreover, human and animal studies have also
shown that A. muciniphila is able to improve insulin sensitivity and glucose homeostasis, in
addition to modulating obesity by regulating metabolism and energy homeostasis [98,102].
Bodogai et al. reported that the series of inflammatory events that manifest in insulin
resistance occur in aged mice as a result of the decrease in abundance of A. muciniphila [103].
This has been linked to the reduction of the mucin layer in the colon, which in turn leads to
the loss of butyrate-producing commensal bacteria, such as Intestinimonas butyriciproducens
(I. butyriciproducens), Faecalibacterium prausnitzii (F. prausnitzii), Roseburia faecis (R. faecis), and
Anaerostipes butyraticus (A. butyraticus), thus leading to an SCFA reduction, specifically of
butyrate both in the gut lumen and in the circulation. The reduction in butyrate promotes
dysbiosis and leakage from the gut in aged mice, which sustains inflammaging [103].

Another butyrate-producing gut bacterium that contributes to different diseases,
such as type 2 diabetes, atherosclerosis, antiphospholipid syndrome, and inflammatory
bowel disease, is Roseburia intestinalis. R. intestinalis has been shown to reduce intestinal
inflammation by enhancing the proliferation of Tregs and stimulating the secretion of
anti-inflammatory cytokines IL-10, TGF-b, and thymic stromal lymphopoietin (TSLP) [61].
These results proposed a significant immunomodulating and anti-inflammatory effect of
the butyrate produced by R. intestinalis in the gut [104]. Kasahara et al. reported that R.
intestinalis was able to reduce endotoxemia, inflammatory markers in plasma and aorta,
and the extent of atherosclerotic lesions. These positive effects were attained after the
interaction of R. intestinalis with dietary plant polysaccharides [105].

F. prausnitzii, a butyrate-producing gut bacterium, is another next generation probiotic
that is dominant in healthy adults and is described for its anti-inflammatory properties
and its potential therapeutic effect in patients in Crohn’s disease [13,106,107]. In addition
to its beneficial role in bowel disease, F. prausnitzii could have a positive effect in obese
and diabetic patients due to its ability to produce butyrate. Butyrate has been reported to
activate GPCR, thus facilitating the downstream control of gut alterations during obesity
and diabetes [108,109].
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6. Prebiotics in Atherosclerosis

Prebiotics are non-digestible dietary products that can be fermented by the gut mi-
croflora and stimulate the growth of beneficial bacteria that colonize the gut. Prebiotics
and probiotics are both able to modulate the gut microbiome, resulting in favorable effects
for the host. A study by Chen et al. discussed the positive effect of resveratrol (RSV),
which is a natural polyphenol with prebiotic benefits, on gut health and, specifically, its
ability to cause a reduction in TMAO levels in vivo [110]. RSV naturally occurs in grapes,
berries, and other dietary constituents, and is described to be beneficial in the treatment
of many metabolic diseases, including atherosclerosis [111]; however, its bioavailability is
not high. Evidence elucidated that phenolic phytochemicals with poor bioavailability can
act through remodeling the gut microbiota. It has been reported that a polyphenol-rich
cranberry extract and metformin were able to reduce diet-induced metabolic syndrome in
mice by altering the gut microbiota [112,113]. For instance, studies found that consumption
of RSV can modulate the growth of specific gut microbiota in vivo; this included an increase
in the Bacteroidetes-to-Firmicutes ratio, and the growth of Bacteroides, Lactobacillus, and
Bifidobacterium [114–118]. As such, RSV was suggested as a potential prebiotic that could
promote the growth of beneficial bacteria that confer health benefits to the host. Considering
the association between TMAO levels, the gut microbiota, bile acid (BA) metabolism, and
atherosclerosis, Chen et al. examined the effect of RSV on TMAO-induced atherosclerosis
and the other mentioned factors in C57BL/6J and ApoE/mice. They were able to prove that
RSV attenuated TMAO-induced atherosclerosis by decreasing TMAO levels and increasing
hepatic BA neosynthesis through a remodeling of the gut microbiota. Moreover, they also
showed that RSV-induced BA neosynthesis was partially mediated via downregulation of
the enterohepatic farnesoid X receptor–fibroblast growth factor 15 (FXR/FGF15) axis [110].

7. Probiotics, TMAO, and Atherosclerotic Lesions

Probiotics are defined as “live strains of strictly selected microorganisms which, when
administered in adequate amounts, confer a health benefit on the host” [119,120]. To date,
conventional probiotics include lactic acid bacteria and some yeasts [13]. The gut microbiota
has immunoregulatory functions and can affect the host’s energy harvest [121], in addition
to its effect on lipid metabolism [122] and intestinal barrier integrity [123,124]. Different
factors indicate the major role of the gut microbiota in the pathogenesis of atherosclerosis.
These factors include the major role of gut microbiota in generating atherogenic substances,
such as TMA, the shared bacterial phylotype between atherosclerotic plaque and the oral
and gut microbiome, and the specific gut metagenome in atherosclerotic patients [125]. It
has been reported that some probiotics can support gut barrier functions, thereby reducing
the translocation of bacterial and other immunogenic material from the gut [124,126].
Evidence also associated the use of probiotics with a reduction in different cardiovascular
disease risk biomarkers, such as serum LDL and total cholesterol (TC), in addition to
systemic inflammation [124,127]. Supplements with adequate probiotics were able to
improve major atherosclerotic risk factors such as dyslipidemia, hypercholesterolemia,
chronic inflammation, and hypertension [128,129]. Huang et al. reported the positive
effect of a Lactobacillus strain in the reduction of atherosclerosis lesion area [130]. In
addition, several meta-analyses reported a reduction in TC and LDL-C after the intake
of probiotics and, specifically, Lactobacillus acidophilus [131,132]. Moreover, it has been
reported that probiotics are able to improve the integrity of the epithelial barrier and
support the function of tight junctions which can inhibit the translocation of harmful
metabolites, such as TMAO and LPS, from entering the peripheral circulation leading
to a stable atherosclerotic plaque (Figure 1) [61,133]. VSL-3 is a well-studied probiotic
mixture containing eight different probiotic strains: Bifidobacterium breve, Bifidobacterium
longum, Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus
paracasei, Lactobacillus bulgaricus, and Streptococcus thermophilus. Different studies have
shown the beneficial effects of VSL-3 in different diseases, including ulcerative colitis [134],
liver disease [135], and Crohn’s disease [136]. Moreover, VSL-3 showed a promising
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potential in the treatment of atherosclerosis. Mencarelli et al. reported that VSL-3 was
able to improve insulin signaling and protect against non-alcoholic steatohepatitis and
atherosclerosis in ApoE−/− mice with DSS-induced colitis [137]. In addition, Chan et al.
compared the effect of VSL-3 with a positive control drug, telmisartan, that has proved to
be effective in reducing atherogenesis in ApoE−/− mice [124]. The results showed that
VSL-3 was comparable to telmisartan in reducing the biomarkers of vascular inflammation
and development of atherosclerosis [138]. The ability of probiotics to support overall gut
health has led to more research showing the promising therapeutic effects of probiotics on
disease. In fact, probiotics are currently used for the treatment or prevention of irritable
bowel syndrome, inflammatory bowel diseases, gluten intolerance, antibiotic-associated
diarrhea, and gastroenteritis [139]. Recent evidence has reported the contribution of
the gut microbiota in different diseases via the gut–brain axis, gut–liver axis, gut–lung
axis, and gut–vascular axis [41,44,126,139]. Furthermore, probiotics can modulate host
immune responses [43,140,141], yet the interactions between probiotics, the gut, and the
host immune system are very complex and are not fully understood. Studies have reported
the positive role of probiotics in inflammation. For example, ApoE−/− mice treated with
Pediococcus acidilactici R037 showed a reduction in atherosclerotic lesion development via
the suppression of pro-inflammatory cytokine production and IF-γ-producing CD4+ T
cells [142]. Probiotics are also able to reduce inflammation by increasing the number of Treg
cells [143]. A study conducted using VSL-3 showed that the DNA from this consortium
was able to limit epithelial pro-inflammatory responses and attenuate the release of TNF-α
in response to an Escherichia coli DNA injection [144]. Moreover, another study reported
the ability of VSL-3 to reduce vascular inflammation in ApoE−/− mice fed a HFD [124].
It has also been shown that the DNA from VSL-3 was able to employ anti-inflammatory
effects through TLR9 signaling [145]; the authors also reported that the protective anti-
inflammatory effect of probiotics was reconciled through their DNA and not through their
metabolites, and that signaling of TLR9 had a major role in mediating this effect [43,146].

Nonetheless, not all probiotics have a proactive role in the treatment of atherosclerosis.
For instance, Lactobacillus reuteri showed no effect on atherosclerosis in ApoE−/− mice
fed a HFD [43,147]. Huang et al. examined the effects of two Lactobacillus strains (L. aci-
dophilus ATCC 4356 and 4962) on atherosclerosis development and atherosclerotic lesions in
ApoE−/− mice [130]. They reported a dramatic reduction in the atherosclerotic lesion area
in the L.4356 group; however, no significant effect was observed in the L.4962 group [130].
In addition, L.4356 was able to significantly reduce plasma cholesterol levels [130]. In
another study, Chen et al. reported that L.4356 was able to attenuate the atherosclerotic
lesion development in ApoE−/– mice through reducing inflammatory response and oxida-
tive stress [148]. Moreover, Qiu et al. investigated the potential TMAO lowering property
of five different probiotics strains, and only Lactobacillus plantarum ZDY04 was able to
significantly lower the plasma TMAO levels. This was achieved through the remodeling of
the gut microbiota, and not by affecting the expression of hepatic FMO3 and metabolizing
choline, TMA, and TMAO [149]. Similarly, another study reported the TMAO-lowering
potential of Enterobacter aerogenes ZDY01 in choline-fed mice; the effect was also attained
through gut remodeling [150]. The TMAO-lowering property is strain specific, as a human
study investigating the supplementation of Streptococcus thermophilus (KB19), Lactobacillus
acidophilus (KB27), and Bifidobacteria longum (KB31) stated that there was no effect on plasma
TMAO levels [151]. Another study by Tripolt et al. reported no effect on TMAO levels
after 12 weeks of supplementation with Lactobacillus casei Shirota in patients with metabolic
syndrome [152]. The mechanisms underlying the effects of probiotics on host health are
still not fully understood [61]. As a result, the use of probiotics that can directly act on
the TMA in the gut might be an alternative approach to reduce serum TMAO levels and
prevent the development of atherosclerosis and “fish odor syndrome” [149].
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8. Mechanisms Underlying the Therapeutic Effect of Probiotics in Atherosclerosis

The mechanisms underlying the protective effect of probiotics against atherosclerosis
are not fully understood. Nevertheless, the action of probiotics at different steps is becoming
clear as more studies are being conducted. To start with, it has been reported in previous
studies how probiotics can combat gut dysbiosis through strengthening the epithelial
tight junctions, preventing the translocation of damaging metabolites, such as LPS and
TMAO, into the circulation, which can lead to a stable atherosclerotic plaque [61]. Several
studies have demonstrated the hypocholesterolemic effect of probiotics [153,154]. Liong
and Shah have pointed out the ability of Lactobacillus strains to reduce cholesterol in an
in vitro model, and this was achieved through various mechanisms such as assimilation
of cholesterol during growth, incorporation of cholesterol into the membrane of cells,
the binding of cholesterol to the cell surface, and co-precipitation with deconjugated
bile [155]. These findings were backed up in another study by Zeng et al., who studied
Lactobacillus buchneri P2 and confirmed the cholesterol removal trait of this bacteria through
an assimilation mechanism [156]. Another study by Huang and Zheng reported the
cholesterol lowering property of a probiotic strain through the inhibition of the gene
expression of NPC1L1 in Caco-2 cells [157,158]. The NPC1L1 protein plays a major role
in cholesterol absorption, and it is considered to be a promising target for cholesterol-
lowering medication [159]. NPC1L1 has been identified by Duval et al. to be a novel
target gene for the liver X receptors (LXRs), which support the crucial role of LXRs in
intestinal cholesterol homeostasis [160]. LXRs activation has been reported to reduce whole-
body cholesterol levels and reduce atherosclerosis [161]. In addition, VSL-3 was found to
improve lipid profiles in mice [162], and this was attained by promoting BA deconjugation
and fecal excretion, and by increasing hepatic BA synthesis through the downregulation
of the FXR/FGF15 axis [163]. BAs can regulate cholesterol balance, and disruption in
the circulation of enterohepatic BAs can lead to gall bladder [164] and gastrointestinal
diseases [165]. The metabolism of BAs is also associated with obesity, diabetes, and
cardiovascular diseases [166–168]. BAs are synthesized from hepatic cholesterol, and they
are further conjugated with amino acids glycine and taurine to form bile salts that are
transferred to the intestine. Bile salts’ amphiphilic combination is crucial for fat absorption
in the intestine, yet excessive bile salts are toxic to the gut bacteria [169]. Bile salt hydrolase
(BSH), which is present in the gut microbiome, is responsible for the catalysis of the
conjugated bile salts into deconjugated BAs in order to maintain the balance of metabolism
of BAs. Deconjugated BAs function as signaling molecules to aid in the secretion of GLP-1
hormone [170], activate other receptors, and impact different metabolic processes involved
in various diseases [171,172]. The presence of BSH has been identified in different microbial
genera such as Lactobacillus, Bifidobacterium, Enterococcus, Clostridium spp., and Bacteroides.
It has also been reported that one bacterial strain can possess distinct BSHs that can have
different properties [173]. In addition, recent evidence suggested that TMAO can promote
atherosclerosis, partially through inhibiting hepatic bile acid synthesis [110].

In addition, probiotics can apply their anti-inflammatory actions through modulating
the expression of key transcription factors or microRNAs (miRNAs), which are associated
with pro-inflammatory signaling [148,174]. For instance, Chen et al. reported that L. aci-
dophilus ATCC 4356 was able to reduce the levels of TNF-α and oxidative stress markers in
addition to its ability of reversing the reduction in IL-10 levels via inhibiting the activation
of NF-κB and its translocation to the nucleus [148]. In the case of atherosclerosis, T lym-
phocytes and macrophages accumulate and proliferate at the atherosclerotic lesions, which
leads to the secretion of inflammatory cytokines such as TNF-α and IL-10 [148]. These
inflammatory cytokines can, in turn, activate intracellular NF-κB signaling pathways which
can stimulate the production of more cytokines, leading to further inflammation [175]. Ac-
tivated NF-κB exists in the fibrotic thickened intima-media and atheromatous areas of the
atherosclerotic lesion, smooth muscle cells, macrophages, and endothelial cells; however,
little or no activated NF-κB can be detected in vessels lacking atherosclerosis [176,177].
The activation of NF-κB is associated with the phosphorylation of IκB-α and subsequent
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degradation of IκB-α, which results in the translocation of NF-κB into the nucleus. It
has also been reported that TNF-α is one of the inflammatory markers that can promote
atherosclerosis. On the other hand, IL-10 is an anti-inflammatory marker that provides
a crucial atheroprotective signal [44]. As for the miRNAs, Lactobacillus acidophilus has
been shown to protect against apoptosis and necrosis in human endothelial cells, which
is induced by LPS stimulation, and this in turn was associated with a decrease in the
expression of pro-inflammatory miR-155 and increased expression of anti-apoptotic mIR-
21 [43,174]. Nonetheless, further research is still needed to explain the effect of probiotics
on the expression of miRNAs associated with atherosclerosis [43]. More studies showing
the atheroprotective effect of different probiotics are described in Table 1.

Table 1. Anti-atherogenic effects of probiotics in human and animal studies.

Reference Study Design Study
Group Bacteria Administered Athero-Protective Outcomes

Chan et al.
2016 [124]

ApoE−/− mice were fed HFD
alone or with VSL#3 or a

positive control treatment,
telmisartan or both for 12 weeks

ApoE−/−
mice VSL#3

VSL#3 reduced
pro-inflammatory adhesion
molecules and risk factors of
plaque rupture, and reduced
vascular inflammation and
atherosclerosis to a similar

extent to telmisartan.
Combining both VSL#3 and

telmisartan showed no
further benefits

Huang et al.
2014 [130]

Eight week-old ApoE−/− mice
fed a Western diet with or

without L. acidophilus ATCC 4356
daily for 16 weeks

ApoE−/−
mice

Lactobacillus acidophilus
(ATCC 4356)

L. acidophilus ATCC 4356
protected ApoE−/− mice

from atherosclerosis by
reducing their plasma

cholesterol levels.

Chen et al.
2013 [148]

Eight week-old ApoE−/− mice
treated with L. acidophilus ATCC

4356 daily for 12 weeks.
Wild-type (WT) mice or

ApoE−/− mice (control group
treated with saline only). Body

weight, serum lipid levels, aortic
atherosclerotic lesions, and

inflammatory status
were examined

ApoE−/−
mice

Lactobacillus acidophilus
ATCC 4356

Decreased atherosclerotic
lesion size, decreased levels of

serum malondialdehyde
(MDA), oxLDL, and TNF-α;
increased levels of IL-10 and
superoxide dismutase (SOD)

activity in serum.

Qiu et al. 2018
[149]

Five probiotic strains were
investigated for choline-induced
TMAO levels in ApoE−/− mice
supplemented with 1.3% choline.

Only Lactobacillus plantarum
ZDY04 (PLA04) was subjected

for further investigation.

ApoE−/−
mice

Lactobacillus plantarum
ZDY01 (PLA01),

Lactobacillus rhamnosus
ZDY9 (LGG), Lactobacillus
plantarum ZDY04 (PLA04),
Lactobacillus caseii ZDY8

(CAS), Lactobacillus
bulgaricus ZDY5 (BUL)

L. plantarum ZDY04 reduced
serum TMAO levels and cecal

TMA levels, and inhibited
atherosclerotic lesion

formation. L. plantarum ZDY04
had no effect on hepatic

FMO3 activity.

Qiu et al. 2017
[150]

Enterobacter aerogenes ZDY01 was
administered to choline-fed mice.

Serum TMAO and cecal TMA
levels were measured

Mice Enterobacter aerogenes
ZDY01

Reduction in serum TMAO
and cecal TMA levels.
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Table 1. Cont.

Reference Study Design Study
Group Bacteria Administered Athero-Protective Outcomes

Borges et al.
2019 [151]

21 patients with chronic kidney
disease in a double-blind pilot
study (3 months duration). A

total of 10 patients in the placebo
group and 11 patients in the

probiotic group. Plasma TMAO,
choline, and betaine

were measured

Human

Streptococcus thermophilus
(KB19), Lactobacillus
acidophilus (KB27),

Bifidobacteria longum (KB31)

No change in TMAO levels
and significant increase in
betaine plasma levels after
probiotic supplementation.

Significant decrease in choline
plasma levels in
placebo group.

Jones et al.
2012 [178]

114 subjects in a double-blind,
placebo-controlled, randomized

study received either yogurts
containing microencapsulated L.

reuteri NCIMB 30242 or
placebo yogurts

Human Lactobacillus reuteri NCIMB
30242

Reduction in LDL-C, TC,
apoB-100, and non-HDL-C.

Rajkumar
et al. 2014

[179]

Subjects randomized into four
groups: placebo, omega-3 fatty
acid, probiotic VSL#3, or both

omega-3 and probiotic, for
6 weeks. Blood and fecal

samples examined at baseline
and after 6 weeks

Human VSL#3

Reduction in TC,
triglyceride(TG), LDL, and

VLDL; increased HDL levels,
improved insulin sensitivity

and decreased hsCRP.

Rerksuppaphol
et al. 2015

[180]

Patients diagnosed with
hypercholesterolemia received

probiotic capsule of Lactobacillus
acidophilus plus Bifidobacterium
bifidum three times daily for six
weeks. TC, HDL-C, LDL-C, and

TG levels were measured

Human Lactobacillus acidophilus,
Bifidobacterium bifidum

Decreased TC, HDL-C, and
LDL-C levels in
probiotic group.

Boutagy et al.
2015 [181]

Nineteen healthy, non-obese
males (18–30 years) were

randomized to either VSL#3 or
placebo during the consumption

of a hypercaloric, high-fat diet
for 4 weeks. Plasma TMAO,

L-carnitine, choline, and betaine
(UPLC-MS/MS) were measured
at baseline and following a HFD.

Human VSL#3

Increased plasma TMAO in
both the VSL#3 and placebo
groups. Plasma L-carnitine,

choline, and betaine
concentrations did not increase

following the HFD in either
group. VSL#3 treatment did

not influence plasma
TMAO concentrations.

Bjerg et al.
2015 [182]

Fecal samples were collected at
baseline, after four weeks
supplementation, and two

weeks after the supplementation
was ended; fasting blood
samples were collected at

baseline and after 4 weeks.

Human
Lactobacillus paracasei subsp.
paracasei, Lactobacillus casei

W8®
Reduced TG

Bernini et al.
2016 [183]

Fifty-one patients with MetS
were divided into a control

group and a probiotic group.
The probiotic group received

fermented milk with probiotics
for 45 d. The effects of B. lactis on
lipid profile, glucose metabolism,
and pro-inflammatory cytokines
were assessed in blood samples.

Human Bifidobacterium lactis HN019
Reduction in body mass index

(BMI), TC, LDL-C, TNF-α
and IL-6.
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Table 1. Cont.

Reference Study Design Study
Group Bacteria Administered Athero-Protective Outcomes

Madjd et al.
2016 [184]

Overweight and obese women
consumed either a probiotic

yogurt (PY) or a standard low-fat
yogurt (LF) every day with their
main meals for 12 weeks while

following a weight-loss program

Human

Streptococcus thermophiles,
Lactobacillus bulgaricus,
Lactobacillus acidophilus

LA5, Bifidobacterium
lactis BB12

Reduction in TC, LDL-C,
insulin resistance, postprandial

blood glucose, and
fasting insulin.

Chan et al.
2016 [185]

12 weeks feeding of HFD as
opposed to normal chow diet

(ND) in ApoE−/− mice. LGG
or TLM supplementation to HFD

was studied

ApoE−/−
mice L. rhamnosus GG (LGG)

Reduced lesion development;
decreased plasma cholesterol,

sE-selectin, sICAM-1,
sVCAM-1, and endotoxin.

Costabile et al.
2017 [186]

Double-blind,
placebo-controlled, randomized

design in which subjects
received encapsulated

Lactobacillus plantarum ECGC
13110402 twice daily.

Human Lactobacillus plantarum
ECGC 13110402

Reduction in LDL. Reduction
in systolic blood pressure.

Firouzi et al.
2017 [187]

A randomized, double-blind,
parallel-group, controlled

clinical trial included
136 participants with type 2

diabetes, aged 30–70 years who
received either probiotics or

placebo for 12 weeks.

Human

Lactobacillus acidophilus,
Lactobacillus casei,
Lactobacillus lactis,

Bifdobacterium bifdum,
Bifdobacterium longum, and

Bifdobacterium infantis

Improved HbA1c and
fasting insulin.

Yoshida et al.
2018 [188]

Oral gavage of Bacteroides
vulgatus and Bacteroides dorei in
6-week-old female ApoE−/−

mice 5 times per week for
10 weeks. At 16 weeks of age,
the mice were euthanized and

analyses were performed to
evaluate atherosclerosis.

ApoE−/−
mice

Bacteroides vulgatus,
Bacteroides dorei

Reduced plaque inflammation,
attenuating atherosclerotic

lesion form.

Saika et al.
2018 [189]

Wistar rats fed a high-cholesterol
diet received Saccharomyces

cerevisiae ARDMC1
Wistar rats Saccharomyces cerevisiae

ARDMC1 Reduced TC, LDL, and TG.

Huang et al.
2018 [190]

Oral administeration with
Enterococcus faecium to rats for

35 days. The gene transcriptions
related to cholesterol

metabolism, composition of bile
acids in feces, synthesis of

TMAO in the liver, and
composition of the gut

microbiota of rats
were examined.

Rats Enterococcus faecium
WEFA23

Reduction of cholesterol,
upregulation of genes’

transcript level relevant to
cholesterol decomposition and

transportation, and
downregulation of genes
involved in cholesterol

synthesis. Decreased TMAO
production followed by
increasing the CYP7A1

transcript level.
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Table 1. Cont.

Reference Study Design Study
Group Bacteria Administered Athero-Protective Outcomes

Szulinska et al.
2018 [191]

81 obese Caucasian women
randomly assigned to three
groups: a placebo, low dose
(LD), and high dose (HD) of

lyophilisate powder containing
live multispecies probiotic

bacteria. The probiotic
supplement was administered

daily for 12 weeks.

Human

Bifidobacterium bifidum W23,
Bifidobacterium lactis W51,
Bifidobacterium lactis W52,

Lactobacillus acidophilus
W37, Lactobacillus brevis
W63, Lactobacillus casei

W56, Lactobacillus salivarius
W24, Lactococcus lactis W19,

Lactococcus lactis W58

HD decreased systolic blood
pressure, vascular endothelial

growth factor, pulse wave
analysis systolic pressure,
pulse wave analysis pulse

pressure, pulse wave analysis
augmentation index, pulse
wave velocity, IL-6, TNF-α,
and thrombomodulin. LD

decreased the systolic blood
pressure and IL-6 levels.

Tang et al.
2021 [192]

E.aerogenes ZDY01 was
administered to ApoE−/− mice

fed with 1.3% choline

ApoE−/−
mice

Enterobacter aerogenes
ZDY01

Inhibition of choline-induced
atherosclerosis. Reduction of
cecal TMA and serum TMAO

levels and modulation of
CDCA-FXR/FGF15 axis.

Wang et al.
2022 [193]

Eight strains of Bifidobacterium
breve and eight strains of

Bifidobacterium longum were
administered to choline-fed
C57BL/6J mice for 6 weeks

C57BL/6J
Mice

Eight strains of
Bifidobacterium breve and

eight strains of
Bifidobacterium longum

B. breve Bb4 and B. longum BL1
and BL7 significantly reduced

plasma TMAO and plasma
and cecal TMA concentrations.

9. Different Strategies Involved in Inhibiting TMAO Formation

Considering the composite nature of TMAO formation, different strategies have been
predicted to affect the different pathways for TMAO production and reduce the risk of
atherosclerosis and cardiovascular disease. Based on this context, a dietary intervention,
such as limiting animal-based foods that leads to TMA, could be a straightforward solution;
however, this could lead to clinical consequences due to the deficiency of major nutrients
that are required for optimal health [194]. Another research interest has focused on identify-
ing the specific enzymes responsible for TMAO production. FMO3 is an enzyme in the liver
that is reported to convert TMA into TMAO, and the inhibition of this enzyme would lead
to the accumulation of TMA in the gut, which would cause trimethylaminuria, also known
as fish malodor syndrome [195,196]. Therefore, the optimal approach for TMAO reduc-
tion would be to decrease TMA formation by the gut microbes [197]. Research described
the use of 3,3-dimethyl-1-butanol (DMB), the structural analog of choline, as a drug to
reduce TMA formation via the inhibition of microbial choline TMA lyase [23]. The results
showed that the use of DMB was able to reduce TMAO circulating levels, in addition to its
ability to suppress macrophage foam cell formation and ameliorate atherosclerotic lesion
formation in vivo [23]. Moreover, DMB can reduce platelet activation and the thrombus
formation rate [197]. Despite all these promising results, the effects of DMB were reversible,
meaning a direct injection of TMAO could completely reverse the positive outcomes of
DMB. Other choline analogues and second-generation TMA lyase inhibitors include flu-
oromethylcholine (FMC) and iodomethylcholine (IMC). Both FMC and IMC were able
to promote the irreversible inhibition of microbial TMA lyase. They were also able to
suppress TMA and TMAO levels, and reduce thrombus formation without any noticed
toxicity in vivo compared to DMB [197]. Another agent used was the pharmacological
product meldonium, which acts as an analogue of γ-butyrobetaine. Evidence has shown
that long-term administration of meldonium decreased the levels of circulating L-carnitine
in healthy non-vegetarian individuals by suppressing γ-butyrobetaine hydroxylase en-
zyme [198]. It has also been reported that treatment with meldonium led to a decreased
plasma TMAO concentration through increased urinary excretion [199,200]. These different
reported treatments could be promising in the prevention of atherosclerosis or cardiovascu-
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lar disease [201]. Other studies considered that modulating the gut microbiota composition
and metabolic function could be an optimal strategy for reducing TMAO levels, as the
gut microbiota has been reported to be a major factor in determining the amount of TMA
generated. Some literature has demonstrated that antibiotic administration could decrease
levels of TMA-generating bacteria, thus decreasing TMAO levels. However, short-term
changes in TMAO levels and the high risk of antibiotic resistance are one of the reasons
to disregard the use of antibiotics as a therapeutic strategy to modulate TMAO levels.
Another studied strategy for modulating the gut microbiota and its metabolic function
was repopulating the gut with other microorganisms that are able to cause a decrease
in circulating TMA levels. As such, fecal microbial transplant (FMT) has been reported
to successfully transmit atherosclerosis susceptibility [202], in addition to increasing the
thrombosis potential [203] and leading to higher platelet reactivity in animal models. On
the contrary, in a double-blinded controlled pilot study, the FMT from a lean vegan donor
did not improve TMAO levels, and it did not have any effect on the parameters of vascular
inflammation, despite it causing changes in the intestinal microbiota composition [204].
Furthermore, Kajllmo et al. investigated the effect of FMT from healthy donors used to treat
patients with irritable bowel syndrome (IBS) on plasma lipids and LDL/HDL subfractions
in a randomized, double-blinded study; they reported no significant effect of FMT on LDL,
HDL, and TC levels [205]. However, a recent study by Kim et al. examined the effect of the
gut microbiota on the pathogenesis of atherosclerosis in a transgenic atherosclerosis model
with C1q/TNF-related protein 9-knockout (CTRP9-KO) mice. CTRP9 plays an impor-
tant role in cardiovascular homeostasis, promotes endothelial cell function, and improves
endothelial-dependent vasorelaxation. They were able to demonstrate that an FMT from
wild-type (WT) mice into CTRP9-KO mice was able to decrease atherosclerotic lesions in
carotid arteries. In contrast, wild-type (WT) mice transplanted with FMT from CTRP9-KO
mice showed progression of atherosclerosis [206]. These results are promising, but more
studies are still needed to prove that FMT is a potential treatment for atherosclerosis or
CVD [194,207]. Another repopulating strategy to alter the microbiota that has been used is
the administration of probiotics. The effects of probiotics on TMAO circulating levels have
been reported previously in our review.

10. Conclusions

Recently, gut microbiota and microbial metabolites, including TMA and SCFAs, have
attracted the focus of researchers due to their crucial role in the development of atheroscle-
rosis and cardiovascular disease. Gut microbiota composition alters between different
age groups, and this compositional shift is associated with immune dysregulation and the
onset of aging-associated pathologies such as PAD. Gut dysbiosis in the elderly has been
associated with the impairment of intestinal barrier integrity, an increase in gut leakiness,
endotoxemia, and subsequent inflammaging. Studies have provided evidence of the bene-
ficial role of probiotics, prebiotics, and SCFAs in the management of several atherogenic
risk factors. However, some atheroprotective effects of probiotics were strain-specific, and
further research needs to be performed to better understand the mechanisms behind the
different effects. Further inspection is also required to confirm the atheroprotective effect
of SCFAs, and whether the effect of their supplementation persists over the long term. In
addition, targeting TMA and TMAO might act as a potential novel therapeutic strategy
to prevent atherosclerosis development, plaque rupture, and cardiovascular disease. Al-
though findings in this regard were promising, the exact mechanisms of gut dysbiosis
and microbiota-derived TMAO involved in atherosclerosis are not yet fully understood.
More well-conducted studies focusing on molecular mechanisms and precise treatments
targeting gut microbiota-dependent metabolites for anti-atherosclerosis and, specifically,
in the elderly, remain to be completed in further investigations. Additional studies are
also required to better understand the factors leading to TMA-forming bacteria and their
consequent therapeutic manipulations.
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Abstract: Cardiometabolic diseases (CMDs), including cardiovascular disease (CVD), metabolic
syndrome (MetS), and type 2 diabetes (T2D), are associated with increased morbidity and mortality.
The growing prevalence of CVD is mostly attributed to the aging population and common occurrence
of risk factors, such as high systolic blood pressure, elevated plasma glucose, and increased body
mass index, which led to a global epidemic of obesity, MetS, and T2D. Oxidant–antioxidant balance
disorders largely contribute to the pathogenesis and outcomes of CMDs, such as systemic essential
hypertension, coronary artery disease, stroke, and MetS. Enhanced and disturbed generation of
reactive oxygen species in excess adipose tissue during obesity may lead to increased oxidative stress.
Understanding the interplay between adiposity, oxidative stress, and cardiometabolic risks can have
translational impacts, leading to the identification of novel effective strategies for reducing the CMDs
burden. The present review article is based on extant results from basic and clinical studies and
specifically addresses the various aspects associated with oxidant–antioxidant balance disorders
in the course of CMDs in subjects with excess adipose tissue accumulation. We aim at giving a
comprehensive overview of existing knowledge, knowledge gaps, and future perspectives for further
basic and clinical research. We provide insights into both the mechanisms and clinical implications of
effects related to the interplay between adiposity and oxidative stress for treating and preventing
CMDs. Future basic research and clinical trials are needed to further examine the mechanisms of
adiposity-enhanced oxidative stress in CMDs and the efficacy of antioxidant therapies for reducing
risk and improving outcome of patients with CMDs.

Keywords: oxidative stress; obesity; cardiovascular disease; cardiometabolic diseases; coronary
artery disease; metabolic syndrome; type 2 diabetes

1. Introduction

Cardiometabolic diseases (CMDs), such as cardiovascular disease (CVD), metabolic
syndrome (MetS), and type 2 diabetes (T2D), are associated with increased morbidity and
mortality [1,2]. CVD, including coronary artery disease (CAD) and systemic essential
hypertension (HTN), are among the main causes of premature and excess mortality in
developed countries [1]. CAD is a leading single cause of death in people over 50 years of
age [1]. HTN remains a major cardiovascular risk factor, almost doubling the risk of death,
with a rising systolic and diastolic blood pressure (BP) of as much as 20 and 10 mmHg,
respectively [3,4]. Moreover, while the overall prevalence of HTN in the adult population is
~30–45% globally, HTN becomes progressively more common with advancing age, reaching
>60% in people aged >60 years [3]. MetS, which occurs in approximately 25–30% of adults,
doubles the long-term risk of developing CVD and is associated with a 5-fold increase
in the risk of T2D [2,5]. The incidence of T2D is constantly growing, with an increase in
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deaths from T2D by 70% globally between 2000 and 2019 [1]. The increasing prevalence
of CMDs has been attributed to the aging population and the common occurrence of risk
factors, such as high systolic BP, elevated plasma glucose, and increased body mass index
(BMI) [1]. The global epidemic of obesity, MetS, and T2D in adult and children populations
developed over the last decades [1]. Notably, elevated fasting plasma glucose and high
BMI are among the leading risk factors that displayed the largest increases in risk exposure
over the period from 1990 to 2019 [6].

The CMDs are characterized by coexistence of multiple risk factors, including excess
weight and adiposity, dyslipidemia, insulin resistance, high fasting plasma glucose, im-
paired glucose tolerance or T2D, cigarette smoking, elevated BP, physical inactivity, and
erratic dietary patterns, all of which contribute to the pathogenesis of CMDs and impact
patient outcomes [2,7–10]. The leading risk factor globally for attributable deaths is high
systolic BP, which accounts for ~10.8 million deaths (i.e., ~19% of all deaths) and has
emerged as the most important risk factor in older people [6]. Specifically, high systolic BP
accounts for 9.3% of the disability-adjusted life years (DALYs) in the entire population and
6.0%, 16.1%, and 19.5% for subgroups with ages 25–49 years, 50–74 years, and ≥75 years,
respectively. The marked rise of prevalence of high fasting plasma glucose and high BMI,
and their large contribution to CMDs burden, is particularly alarming, which is reinforced
by insufficient understanding of underlying mechanisms. For example, the prevalence of
high BMI is rising significantly faster than prevalence of low physical activity, excessive
caloric intake, and poor diet quality, all of which contribute to high BMI [6]. Identifying and
addressing risk factors can reduce cardiometabolic risks; however, the efficacy of currently
used preventive and therapeutic strategies is insufficient [8].

Obesity is associated with an increased risk of metabolic disorders, including MetS
and T2D, and is among the major risk factors for CVD [1,2,9,11]. Obesity-related mortality
and disability are caused mainly by CVD [1]. The prevalence of obesity increased during
the past three decades at a faster pace than the related disease burden [1,12]. In the adult
US population, the prevalence of overweight and obese was reported as high as 71% and
40%, respectively [2]. Overweight or obesity occurs in ~83%, ~76%, and ~74% of subjects
with T2D, HTN, and dyslipidemia, respectively [13]. Importantly, ~33% of overweight and
~65% of obese individuals fulfilled the criteria for MetS [14]. The prevalence of abdominal
obesity manifesting as an elevated waist circumference, which is a typical feature of MetS,
was reported in the adult US population at ~56% [15]. Additionally, an increased waist
circumference was the most common abnormality in 34,821 subjects with MetS, mostly
from the European countries enrolled in the Metabolic syndrome and Arteries Research
(MARE) Consortium [9].

Understanding the underlying mechanisms and identifying risk factors for CMDs
plays a significant role in reducing cardiometabolic risk and improving patient outcome. Ox-
idative stress, which results from a lack of balance between oxygen derivatives generation
and their removal by the antioxidant defense system, contributes to the pathophysiology
of obesity, atherosclerosis, and CMDs [10,16–19]. The significance of oxidative stress relates
to the fundamental role of reactive oxygen species (ROS) and redox signaling in molecular,
cellular, and systems processes [20,21]. In obesity, enhanced and disturbed generation of
reactive oxygen species (ROS) in excess adipose tissue (AT) may lead to increased oxidative
stress. Oxidant–antioxidant imbalance is a common feature of various CMDs, including
HTN, CAD, stroke, and MetS. Oxidative stress can result in various disorders, such as
endothelial damage, vascular dysfunction, cardiovascular remodeling, and systemic in-
flammation [17,19]. In addition, oxidative stress is shown to be associated with impaired
insulin signaling pathways and insulin resistance [17–19,22].

The mechanisms and clinical implications related to the interplay between adiposity,
oxidative stress, and CMDs have not been comprehensively addressed [23–27]. The present
review article is based on extant results from basic and clinical studies, and specifically
addresses the various aspects associated with oxidant–antioxidant balance disorders in the
course of CMDs in subjects with excessive accumulation of AT and obesity. We aim to give

29



Int. J. Mol. Sci. 2023, 24, 6382

a comprehensive overview of existing knowledge about associations between adiposity-
enhanced oxidative stress and cardiometabolic risks to indicate knowledge gaps and offer
future perspectives for further basic and clinical research. We provide insights into both the
mechanisms and clinical implications of effects related to the interplay between adiposity
and oxidative stress for treating and preventing CMDs.

2. Characteristics of Adipose Tissue

Adipose tissue (AT) is one of the main types of loose connective tissue [28]. Adipocytes
constitute the main fraction of AT-building cells [29]. In addition to adipocytes, there are
also stromal vascular fraction, adipose-derived stem cells, preadipocytes, macrophages,
lymphocytes, eosinophils, mast cells, fibroblasts, and nerve cells [27,30,31]. There are four
types of AT differentiated by histological structure and function: white adipose tissue
(WAT), brown adipose tissue (BAT), beige adipose tissue, and pink adipose tissue [27,32].
WAT, one of the largest organs, is the main energy store of the organism, which captures
and accumulates lipids [33]. By collecting triacylglycerols and glucose, WAT protects
other tissues [33]. Adipocytes that make up WAT are characterized by a significant lipid
content [34]. High lipid content in WAT acts as a thermal insulator and helps maintain
internal body temperature [35]. WAT also produces and releases a variety of bioactive
molecules, including the adipokines, which are biologically active proteins with a low
molecular weight synthetized and secreted mainly by WAT [36]. These biomolecules exhibit
autocrine, paracrine, and endocrine effects on tissues [37]. So far, over 600 adipokines
were detected and described in scientific literature [38]. The main role of adipokines is
to regulate metabolism and bioenergetic homeostasis [39]. Moreover, adipokines have
immunomodulatory properties [40]. In the course of obesity, a change in the adipokine
profile is observed in favor of the increased secretion of pro-inflammatory adipokines with
a simultaneous reduction in the level of anti-inflammatory adipokines [41,42]. This leads to
chronic low-grade inflammation, which affects not only AT, but also other tissues [43]. BAT
is made up of adipocytes containing many fat droplets of varying sizes [44]. Compared
to WAT, BAT is characterized by a large number of mitochondria in adipocytes [45]. A
significant number of mitochondria enables the implementation of the main BAT function:
non-shivering thermogenesis [46]. Beige AT is a transition form between WAT and BAT [47].
It is formed as a result of the beiging of WAT adipocytes [48]. Beige adipocytes acquire the
properties that are typical for BAT, and their role is also changed, from cells constituting an
energy store to energy-releasing adipocytes [49]. The main factor leading to the formation
of beige AT is chronic exposure to low temperatures [46]. Pink AT is formed in mammary
gland alveolar epithelial cells [50,51]. This tissue is involved in the production and secretion
of milk during lactation [52].

AT is characterized by high plasticity and adaptation to changing conditions [46]. Not
only are the type and volume of AT important, but also the location. In clinical terms,
visceral AT is extremely significant. The increase in visceral AT volume results in abdominal
obesity and an increased risk of CMDs [53]. Visceral AT is formed mainly by WAT and
is a source of adipokines [54]. Epicardial AT, which is a particular form of visceral AT,
participates in the pathogenesis of CAD, atrial fibrillation (AF), and heart failure (HF)
with preserved left ventricular (LV) ejection fraction [55,56]. Additionally, the association
between perivascular AT (PVAT) and the occurrence of CVD was found [57]. In the course
of obesity, PVAT hypertrophy and hyperplasia are observed [58]. PVAT expansion leads
to atheromatous plaque development and vascular calcification [59]. Under physiological
conditions, a positive effect of PVAT on cardiovascular homeostasis is observed in patients
with an AT amount within normal limits [60,61]. Subcutaneous AT is the second largest
depot of fat in the human body [62]. The amount of subcutaneous AT is proportional
to visceral AT and increases in the course of obesity [63]. Recent studies indicated that
subcutaneous AT participates in the regulation of lipid-carbohydrate metabolism [64].

Obesity is defined as a state of excessive accumulation of AT that exceeds the adaptive
abilities of the organism and increases the risk of developing other diseases [65,66]. Obesity
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is the global epidemic affecting more than 2.3 billion people worldwide, both adults and
children [1,9].

In clinical practice, the calculation of BMI is the most common method of diagnosing
excess weight, including obesity [67]. A BMI value of 18.5–24.9 kg/m2 was determined as
a normal value, while values of 25.0–29.9 kg/m2 and ≥30.0 kg/m2 indicate overweight
and obesity, respectively [68]. Patients with BMI values of 30.0–34.9 kg/m2 are diag-
nosed with obesity class I, BMI of 35.0–39.9 kg/m2 is considered as obesity class II, and
BMI ≥ 40 kg/m2 is defined as obesity class III [68]. However, population- and country-
specific criteria should be considered. For example, the optimal cut-off point for the
identification of metabolic disorders in the Polish population is 27.2 kg/m2 [69]. Addition-
ally, for an equivalent age-adjusted and sex-adjusted obesity-based risk of T2D at a BMI of
30.0 kg/m2 in White populations, the lower BMI cutoffs for South Asian (23.9 kg/m2), Black
(28.1 kg/m2), Chinese (26.9 kg/m2), and Arab (26.6 kg/m2) populations were found [70].

Increased waist circumference, which indicates the presence of excess central (ab-
dominal) obesity, is a typical finding in subjects with MetS and is common in patients
with other CMDs [5,71]. For the increased waist circumference, the population-, ethnic-,
gender-, and country-specific definitions should be used. The cut-off values of increased
waist circumference for different populations are provided in Table 1 [5,71]. The waist
circumference measurement is recommended for those with a BMI of 25 to 34.9 kg/m2 to
provide additional information on CVD risk; however, if BMI is >30 kg/m2, central obesity
can be assumed and waist circumference does not need to be measured [5,71]. Nevertheless,
owing to the need for screening of individuals with a metabolically obese normal weight,
the measuring of waist circumference should be considered when BMI is ≥22.5 kg/m2 in
females and ≥23.8 kg/m2 in males [14,69,72].

Table 1. Population- and gender-specific cut-off values of waist circumference for the diagnosis of
metabolic syndrome.

Population (Country/Ethnic Group)
Waist Circumference [cm]

Male Female

Europid origin, Sub-Saharan Africa,
Eastern Mediterranean, Middle East 94 80

United States of America 102 88

Asia, South and Central America 90 80

Waist–hip ratio (WHR), another indicator of abdominal obesity, is calculated as the
ratio of the waist circumference to the hip circumference [73]. The WHR reference values
are gender specific. For males, physiologically WHR is >0.90 and for females >0.85 [74].

BMI, waist circumference, and WHR are often used in clinical practice due to the
simplicity of measurement and calculations, while other methods, such as bioelectrical
impedance, are used to determine the content of AT in the body [75]. It is estimated that
in healthy adult males and healthy adult females, fat should account for 17.6–25.3% and
28.8–35.7% of body mass, respectively [76].

Obesity is closely related to the MetS that is associated with adverse outcome [2,5,9,71,77,78].
MetS is defined as a set of interrelated factors that significantly increase the risk of other
CMDs, including T2D and CVD [5,9,10,71,78–81]. Abdominal obesity is among the diagnos-
tic criteria for MetS [80]. According to the International Diabetes Federation (IDF) criteria,
MetS is defined in the presence of ≥3 of the following five risk factors: increased waist cir-
cumference (population- and country-specific definitions should be used), elevated fasting
plasma glucose (≥100 mg/dL or drug treatment for this disorder), elevated BP (systolic
≥130 and/or diastolic ≥85 mmHg or antihypertensive drug treatment), hypertriglyc-
eridemia (≥150 mg/dL or drug treatment for this disorder), and reduced high-density
lipoprotein cholesterol (HDL-C) (<40 mg/dL in males and <50 mg/dL in females or drug
treatment for this disorder) [5,71]. Most T2D patients met the MetS criteria [5,71]. MetS
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occurs in ~25% of adults depending on age, gender, race, country of origin, and diagnostic
criteria [2,5,9,14,71,82–84]. For example, in the National Health and Nutrition Examination
Survey (NHANES) [14,82,83], MetS was diagnosed in ~34% of US adults 20 years of age and
over. Importantly, while MetS occurred in 16% of females and 20% of males under 40 years
of age, 52% of males and 54% of females 60 years of age and over met the MetS criteria [14].
The pathogenesis of MetS is influenced by genetic and lifestyle factors [85]. In patients with
MetS, lifestyle modifications, and in some cases, pharmacological treatment, are required
for improving patient outcome [3,74]. A lack of effective intervention in patients with MetS
may lead to developing other CMDs, such as CVD, disability, and premature death [84].

3. The Oxidant–Antioxidant Balance and Oxidative Stress

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are the products of
normal cellular metabolism [20,21]. The main source of ROS in the cell is a mitochondrial
respiratory chain. ROS are also generated in peroxisomes, endoplasmic reticulum, and
during reactions catalyzed by xanthine oxidase, endothelial oxidases, and phagocyte-
reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) [86–88].
Nitric oxide (.NO) is, in turn, generated from L-Arginine with the participation of nitric
oxide synthases (NOS) [89]. ROS/RNS in the living system play a double role. They are
not only deleterious species, but also act as “second messengers” by participating in a
number of normal regulatory processes [89–91]. It was shown that redox signaling may
control cellular functions through modifications of the activity of enzymes participating
in metabolic processes, regulation of gene expression, transcription factors, and through
the impact on the nature of the epigenetic modifications [92]. The key redox signaling
agents are hydrogen peroxide (H2O2) and the superoxide anion radical (O2

−) [93]. O2
−

is considered a primary ROS, participating in both signaling and in cell injury [94]. As
a result of the reactions with the participation of this radical, other ROS are generated,
such as H2O2 and hydroxyl radical (.OH) [95]. The manner of ROS/RNS activity depends
mainly on their concentration [86]. Occurring in low/moderate concentrations, ROS show
beneficial effects [20]. At high concentrations, however, they may damage all major cellular
components [96]. Specifically, they participate in the oxidation of proteins, carbohydrates,
lipids, and DNA, causing damage to DNA, cellular membranes, and organelles [97].

Under physiological conditions, intracellular ROS homeostasis is subject to strict con-
trol, resulting in exceptionally low levels of ROS in the cell [90]. Complex mechanisms, with
which aerobic organisms are equipped, protect against excessive ROS generation [98–101].
In order to maintain redox balance, their activity encompasses prevention, interception,
and repair [102]. It was proven that the main role in antioxidant protection is played by
enzymes [103], such as superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase
(CAT), glutathione reductase (GR), and xanthine oxidoreductase (XOR) [104]. Redox home-
ostasis of the cell is also maintained by non-enzymatic ROS/RNS scavengers, including
both endogenous antioxidants, such as glutathione, ferritin, ceruloplasmin, uric acid, and
coenzyme Q and exogenous antioxidants, such as carotenoids, polyphenolic compounds,
vitamin C, and vitamin E [105–107].

Lack of balance between ROS/RNS generation and their removal by the antioxidant
defense system leads to oxidative stress [16]. It can result from excessive generation
of these oxygen and/or nitrogen derivatives or from weakening activity of antioxidant
mechanisms [105]. More recent publications suggest two ways of classifying oxidative
stress: time based and concentration/intensity based [90]. Based on time criterion, we
can distinguish “acute” and “chronic” oxidative stress [90]. The classification based on its
intensity indicates basal, low intensity, intermediate intensity, and high intensity oxidative
stress [108]. One of the most significant consequences of oxidative stress is enhancement of
lipid peroxidation, which results in the oxidation of polyunsaturated fatty acids (PUFAs),
which are part of cellular membranes [109]. The products of this process are conjugated
dienes (CD) and lipid peroxides (ROOH) [109], and also the so-called secondary products of
lipid peroxidation, such as malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE) [110],
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and isoprostanes (IsoPs) [111]. It was shown that oxidative stress may take part in the
etiopathogenesis of numerous systemic diseases, including CMDs such as CVD [16,86,97]
and MetS [112,113].

4. Adipose Tissue as a Source of Free Radicals

The main endogenous sources of ROS in AT are mitochondria and NOX. Key impor-
tance is also given to NOS, Fenton’s reaction, microsomal cytochrome P450, peroxisomal
β-oxidation, as well as lipoxygenases and cyclooxygenases [114].

The results of in vitro studies show that during the basic state of mitochondria activity,
0.2–2% of oxygen is converted in a respiratory chain into ROS [115], mainly from complex I
and complex III (originally O2

−) [116]. Complex I receives electrons from reduced nicoti-
namide adenine dinucleotide (NADH), which leads to a premature leak of electrons and
penetration of ROS to the mitochondrial matrix. In complex III, however, ROS are generated
on both sides of the inner mitochondrial membrane [117]. In obesity, mitochondria are
particularly susceptible to ROS generation because when an excess of nutrients occurs in
adipocytes and mitochondrial substrates, the ROS concentration increases [118]. In a cell
culture of 3T3-L1 adipocytes, it was shown that high concentrations of glucose or free fatty
acids increase ROS generation in mitochondria [119]. It is considered that the excess of
ROS in mitochondria leads to their dysfunction, which is the cause of T2D, non-alcoholic
fatty liver disease, HF, and MetS. Other studies also suggest a possibility of developing
myocarditis caused by changes in immunological response due to mitochondrial damage
to DNA by free radicals [120].

NOX is a membranous protein that transports electrons from NADPH to O2, the
side effect of which is ROS generation in the cytoplasm. Among seven NOX isoforms
identified in mammalian adipocytes, the most numerous isoform is NOX4 [114], although
its exceptionally strong expression was also noted in the cardiovascular system (together
with NOX1 and NOX5 isoforms) [121]. In cell cultures, it was shown that NOX4 expression
and the resulting ROS generation increased in adipocytes exposed to excess glucose or
palmitic acid salts [122,123]. NOX4 is also distinguished by the fact that it generates H2O2,
which penetrates through membranes and is a more durable form of ROS in comparison
with O2

−, produced by the other NOX isoforms. What is also significant for AT is NOX2
isoform, because it dominates in the cellular membrane of macrophages of AT and generates
O2
− in response to lipopolysaccharides or saturated fatty acids [124].

In obese individuals, ROS sources in AT can change from NOX4 at an early stage
to NOX2 at a medium stage, and then passing to the late stage mainly into impaired
oxidative phosphorylation in mitochondria [125]. With reference to vascular stroma cells,
macrophages seem to be of greatest significance for ROS sources in AT. They are even
considered to be the main factor regulating activity of AT in free radical signaling path-
ways [124].

A significant endogenous ROS source in adipocytes can also be endoplasmic reticular
oxidoreductin 1 (ERO1) and the xanthine dehydrogenase (XDH)/oxidoreductase (XOD)
system (Figure 1). ERO1 is a protein disulfide oxidase of endoplasmic reticulum, which
generates H2O2 as a result of protein folding and secretion [124]. The XDH/XOD system
becomes an ROS source under oxidative stress conditions, which is, for example, observed
during obesity. XOD then changes into xanthine oxidase (XO) and generates O2

− and
H2O2 in a series of catabolic reactions of purine conversion into uric acid [23].

Fisher-Wellman and Neufer [116], moreover, propounded a hypothesis that under
insulin resistance conditions, when a decreased concentration of glutathione (GSH) is
observed, pyruvate dehydrogenase and nicotinamide nucleotide transhydrogenase can
be a significant source of H2O2 in adipocytes. Enhanced oxidative redox signaling in AT,
as it was already mentioned mainly in obese individuals, results in further peroxidative
consequences for the organism, being a result of this tissue disorder [124]. Apart from
the abovementioned mechanisms, it is mainly about abnormal adipokine secretion into
the bloodstream. In the obese state, leptin [126] and chemerin [127] are secreted in excess
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(see Figure 1), whereas adiponectin [128] and omentin-1 [129] are subject to decreased
secretive activity of AT. This leads to oxidative stress and an inflammatory state in vascular
endothelium, and by the same token, dysfunction of blood vessels (HTN, atherosclerosis-
typical for MetS). In the context of the present paper, what is of particular significance is
PVAT; since it is adjacent to blood vessels, it affects them directly. PVAT in obese individuals
has a vasoconstrictive activity, whereas in a healthy organism, it relaxes the smooth muscle
of blood vessels [23].
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Figure 1. Adipose tissue as a source of reactive oxygen species (ROS). The main sources are mitochon-
dria and reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX). (ERO-1)
endoplasmic reticular oxidoreductin 1, (COX) cyclooxygenase, (LOX) lipoxygenase, (WBC) white
blood cells, (XDH) xanthine dehydrogenase, (XOR) xanthine oxidoreductase, (XO) xanthine oxidase,
and (NOS) nitric oxide synthase.

5. Oxidative Stress in Cardiometabolic Disorders in Subjects with Obesity

Oxidative stress is a common feature of CMDs including various types of CVD, such
as HTN and atherosclerotic CVD, and MetS (Figure 2). The interplay between obesity,
oxidative stress, and low-grade chronic inflammation in the course of CMDs is linked to
adverse outcomes, such as premature and accelerated process of significant atherosclerosis,
CAD events including acute myocardial infarction, post-infarct LV dysfunction and remod-
eling, and HF in long-term follow-up [130–137]. Several clinical studies were conducted
in the populations of overweight or obese adults and children to examine associations
between oxidative stress markers and cardiometabolic parameters, as well as the presence
of CMDs or a risk of developing CMD, e.g., [131–139]. In general, the levels of oxida-
tive stress markers were abnormal in obese individuals, both healthy and those with
CMDs, compared to non-obese controls [138–146]. Moreover, measurement of various
oxidative stress markers can capture different stages of oxidative stress development,
which may result in various types and varying severity of tissue damage. While some
markers are more specific for early stages of oxidative stress development, which are char-
acterized by the production of ROS (e.g., H2O2), the others are related to later and more
severe stages, such as ROS-mediated lipid peroxidation (e.g., IsoPs) or DNA damage (e.g.,
8-hydroxy-2′-deoxyguanosine) [97,109,111,139–143,145,147,148]. More advanced and in-
tense oxidative stress may be associated with a more likely occurrence of endothelial
dysfunction, atherosclerotic vascular changes, or symptomatic CMDs. Importantly, the
findings of some studies suggest a usefulness of oxidative stress markers for identifying
individuals with increased risk of development or progression of CMDs. Specifically,
IsoPs, which are markers of lipid peroxidation and have vasoconstricting and inflamma-
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tory properties, were shown to be useful for predicting HTN [139,145,147]. An increase
in prevalence of childhood obesity over recent years, which may contribute to increased
cardiometabolic risk in children populations, resulted in expanding clinical research ad-
dressing an occurrence of oxidative stress in children populations, especially those with
obesity [1,139,140].
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Figure 2. Demonstrated and potential associations between adiposity, redox homeostasis disorders,
and cardiometabolic diseases.

5.1. Systemic Essential Hypertension

The presence of oxidative stress was demonstrated in both animal and human models
of HTN [149,150]. Associations between oxidant–antioxidant balance markers, adiposity
indices, and BP values were observed in obese healthy subjects, obese individuals with
elevated BP, and patients with HTN [139–144,147,150,151]. Additionally, urinary and
plasma IsoPs were significantly lower in treated hypertensive men compared with the
untreated men [152].

In the study of Atabek et al. [140], positive correlations between plasma concentrations
of peroxy radicals and systolic BP, as well as between peroxy radicals and total cholesterol
level, were found in the group of obese children, 25% of whom had hyperlipidemia and
HTN. Importantly, in the control group of healthy and non-obese children, the levels of
peroxy radicals were significantly lower compared to obese children. In addition, no
correlations between oxidative stress markers and cardiometabolic parameters including
BP values were found in the control group [140]. Furthermore, in the study of Morandi
et al. [151], which included children and adolescents with obesity, total systemic antioxidant
capacity (TAC) was inversely associated with systolic BP and pulse pressure, which is
a marker of arterial stiffness and subclinical vascular damage. In addition, a negative
association between TAC and a risk of systolic HTN was observed, which was independent
of another significant predictor of HTN, i.e., BMI z-score. Importantly, in this study, the
participants with HTN and the composite measure defined as “elevated systolic BP +
HTN” accounted for 25% and 48% of the studied population, respectively. The relationship
between oxidative stress and systolic BP could be explained by hypothesizing that oxidative
stress would increase the BP by producing endothelial dysfunction, which was shown
previously to be strongly correlated with systolic BP [151,153].

Several authors reported higher plasma and urine concentrations of IsoPs in obese
subjects with elevated BP compared to non-obese individuals and obese subjects with
normal BP [139,141,145,147,151]. Additionally, positive correlations between IsoPs and
various cardiometabolic markers, such as BP, central adiposity indices (BMI derivatives and
waist circumference), insulin resistance markers, body fat, total cholesterol, triglycerides
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(TGs), high sensitivity-C-reactive protein (hs-CRP), T2D diagnosis, and cigarette smoking
were found [139,141,145,147,151].

In the study of Ostrow et al. [139], which included children with obesity, 8-IsoP
correlated with mean 24 h systolic BP and was higher in subjects with “masked HTN”,
defined as elevated mean 24 h systolic BP, compared to normotensive subjects. Importantly,
the participants with “masked HTN” accounted for 16% of the study group [136]. In
another study including 897 premenopausal overweight women with an average BMI of
27 kg/m2 and without a history of CVD, the urine levels of F2-IsoP and F2-IsoP metabolite
(15-F2t-IsoP-M) were positively correlated with diastolic BP, central adiposity indices, T2D
diagnosis, and cigarette smoking [147]. Moreover, the findings of this study suggest that
elevated F2-IsoP metabolite may be considered as a predictor of an incident HTN in the
long-term follow-up with a maximum of 11.5 years. Additionally, F2-IsoP was shown to be
associated with diastolic BP in African American, but not in White American healthy obese
youth, although positive correlations between oxidative stress and body fat were found
in obese healthy young subjects of both races [145]. These findings suggest that oxidative
stress may be a mechanistic link between key risk factors and occurrence of CMDs and
indicate a usefulness of oxidative stress markers, such as markers of lipid peroxidation
(e.g., IsoPs), for predicting the development of CVD, such as HTN [139,145,147].

However, some authors did not observe positive correlations between BP values, such
as daytime mean BP, night-time mean BP, and systolic BP, and oxidative stress markers, such
as IsoPs levels and NO production/metabolism markers [141,154]. Specifically, in the study
of a large cohort of obese children characterized by a relatively higher composite prevalence
of HTN, consisting of sustained HTN and “masked” HTN [155] (i.e., 17% in obese children
vs. ~6% in the group of children with normal weight), no correlations between BP values
and oxidative stress markers were observed [141]. However, in this study, oxidative stress
markers were correlated with measures of obesity and insulin resistance, independently
of BMI [141]. The authors concluded that elevated IsoPs levels may represent an early
marker of cardiometabolic dysfunction, even in the absence of established HTN [141].
Several IsoPs actions related to vascular dysfunction, such as vasoconstriction, induction
of platelet aggregation, and enhancement of adhesion of neutrophils and monocytes to
endothelial cells may be involved in the pathogenesis of cardiometabolic dysfunction.
Additionally, the positive associations between IsoPs and cardiometabolic risk factors, such
as insulin resistance indices, inflammation markers, and atherogenic lipids were found.
However, no differences in IsoPs levels between groups of overweight treated hypertensive
patients, overweight untreated hypertensive patients, and normotensive controls were
reported [152].

Moreover, Baráth et al. [143] observed significantly higher concentrations of MDA,
another marker of lipid peroxidation, in obese patients with HTN compared to non-obese
hypertensive patients, obese normotensive subjects, and healthy controls. Additionally,
Minuz et al. [156] demonstrated enhanced oxidative stress and persistent platelet activation
in patients with HTN and advanced vascular lesions in the course of severe hypertensive
retinopathy. These findings indicate that oxidative stress markers might be useful for
identifying those hypertensive patients who are at an increased risk of cardiovascular
events and who might benefit from a long-term antiplatelet therapy [156]. Furthermore,
the associations between the oxidative stress to DNA and BP measures were also inves-
tigated [142,148]. In the study of Yavuzer et al. [148], an increased urinary level of the
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), the oxidative stress marker of DNA dam-
age, was found in elderly individuals with HTN compared to controls. However, no
differences in the 8-oxodG between the groups of obese men with and without HTN
were found in the study of Cejvanovic et al. [142]. Nevertheless, statistically significant
associations between 8-oxodG and mean 24 h systolic and diastolic BP were observed.
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5.2. Atherosclerotic Risk Factors, Atherosclerosis, and Metabolic Syndrome

Atherosclerosis is a chronic vascular disease characterized by the formation of an
atherosclerotic plaque in the vessel wall of medium- or large-sized arteries, which results
in the development of atherosclerotic CVD. While the pathogenesis of atherosclerosis is
not well understood, extensive research indicates that atherosclerosis is a consequence of
various inflammatory, oxidative, and mechanical processes. The atherosclerotic process
is initiated by damage of endothelial cells, which can be triggered by oxidative stress
associated with atherosclerotic risk factors, such as obesity (especially abdominal obesity),
insulin resistance, elevated glucose levels in prediabetes and T2D, HTN, dyslipidemia, and
cigarette smoking, all of which often coexist [157–160]. The MetS reflects the clustering
of individual cardiometabolic risk factors related to abdominal obesity, insulin resistance,
dyslipidemia, and elevated BP [5,10]. Accumulation of visceral fat leading to abdominal
obesity results in disturbances in the production of inflammatory and anti-inflammatory
cytokines, followed by the development of chronic low-grade inflammation [146,161].
Central obesity plays a significant role in the pathogenesis of atherosclerotic CVD. The
oxidative theory of atherosclerosis assumes that the process of atherogenesis is significantly
influenced by the oxidative modification of lipoproteins, which leads to lipid peroxidation
followed by formation of foam cells and damage of endothelial cells of the vessel wall [160].
Additionally, IsoPs exert several actions that may be involved in the pathogenesis of
vascular dysfunction. The IsoPs are potent vasoconstrictors in most vascular beds, induce
platelet aggregation, and enhance the adhesion of neutrophils and monocytes to endothelial
cells, all of which may contribute to atherosclerosis [141].

Enhanced systemic oxidative stress can be a significant mechanism linking obesity,
especially central obesity, to atherosclerotic CMDs, and may contribute directly or indirectly
to the development of atherosclerosis [136,146,157]. Oxidative stress may also interact with
inflammatory processes in the early stages of atherosclerosis [146,161]. Positive correlations
were found in healthy young subjects between oxidative stress markers (such as MDA and
CD), inflammatory markers (such as CRP), measures of abdominal obesity (except for BMI),
and the presence of MetS [161]. Furthermore, oxidative stress in those with obesity is in-
volved in various interactions with metabolism and actions of the atherogenic lipids. Those
interactions include a postprandial increase in TGs concentrations, oxidative modification
of low-density lipoproteins (LDL) resulting in the formation of oxidized LDL (oxLDL),
which has significant atherogenic properties, and a decrease in circulating high-density
lipoproteins (HDL), which also have a protective effect against atherosclerosis [157,162].
These interactions may lead to further production of ROS in the endothelium, promotion
of proinflammatory vascular processes, increase in endothelial damage, and development
of endothelial dysfunction, which can initiate atherosclerotic processes [157]. It was shown
that peroxy radical levels were higher in subjects with hyperlipidemia compared to those
with normal lipid levels, while both groups had similar BMI [140]. Significant unfavorable
correlations between lipid atherosclerotic risk factors were observed in overweight females
with hypothyroidism across different BMI ranges [163]. These correlations include non-
high-density lipoprotein cholesterol (non-HDL-C) level and the ratios of TGs/HDL-C, total
cholesterol/ high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C)/HDL-C, and oxidative stress markers, such as thiobarbituric acid reac-
tive substances (TBARS) and protein carbonyls, as well as markers of antioxidant defense,
such as glutathione (GSH), CAT, and GPx [163]. In addition, elevated levels of oxLDL are
involved in the formation of foam cells, both development and destabilization of atheroscle-
rotic plaque, have an association with cytotoxic and procoagulant activity, and increase
expression of adhesion molecules in endothelial cells. These elevated levels of oxLDL
were observed in patients with advanced atherosclerosis, such as patients with CAD and
ischemic stroke [133,164,165]. Additionally, in obese men compared to slim and physically
active ones, the concentration of paraoxonase-1 (PON-1) that inhibits formation of oxLDL
was lower, while the levels of MDA, the lectin-like receptor of oxidized LDL type I (LOX-1),
and pro-inflammatory cytokine tumor necrosis factor α were higher [146]. Additionally,
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in the study of patients with morbid obesity treated with bariatric surgery, the levels of
oxLDL and MDA were higher in subjects with carotid atheromatous plaques detected by
ultrasound examination compared to patients with no visible carotid atheroma [155]. After
bariatric surgery and lowering body mass, oxLDL levels decreased in both groups but
were still higher in patients with atheromatous plaques, while the levels of PON-1 and
CAT were higher in patients without atheromatous plaques. Importantly, MDA levels
decreased significantly in both groups of patients after the bariatric surgery, which indi-
cated that bariatric surgery reduced lipid peroxidation independently of the presence of
atherosclerotic lesions.

Impairment of endothelial function is an early disorder involved in the pathogenesis
of atherosclerosis [166]. A characteristic feature of endothelial dysfunction is lowered
bioaccessibility of endothelial-dependent blood vessel dilating substances, in particular
NO [167,168]. An increase in total AT and abdominal fat is connected with an impair-
ment of endothelial function dependent on NO, development of oxidative stress, and
increased production of vasoconstrictor proteins [169]. Vascular NADPH oxidases are
multi-subunit enzymatic complexes occurring in myocytes of blood vessels and endothe-
lial cells, which are a major source of superoxide anion radical within the walls of blood
vessels [133]. NADPH oxidases play a key role in the pathogenesis of vascular diseases
including cerebrovascular accident [170]. The findings of Silver et al. [169] demonstrated
that vascular endothelial cell protein expression of NADPH oxidase-p47(phox), CAT, ni-
trotyrosine, and phosphorylation of eNOS were greater in the overweight/obese patients
than in the normal-weight patients. This may provide novel insight into the molecular
mechanisms linking obesity to oxidative stress and increased risk of atherosclerotic CVD.
In the study by López-Domènech et al. [171], after losing weight, a decrease in BP, im-
provements in metabolic parameters, reduction in inflammatory response and oxidative
stress parameters in leukocytes, such as decrease in superoxide and protein carbonyl, and
enhancement of antioxidant systems activity were observed, even in subjects with morbid
obesity undergoing dietary intervention with calorie restriction. In addition, a significant
reduction in subclinical markers of atherosclerosis, such as small and dense LDL particles,
myeloperoxidase (MPO), sP-selectin, and leukocyte adhesion, was reported. These findings
suggest that the improvement of oxidative stress and inflammation may be underlying
mechanisms responsible for reducing the risk of CVD in obese subjects after losing weight
resulting from a calorie restriction diet.

5.3. Coronary Artery Disease

Elevated levels of free fatty acids and triacylglycerols in obese persons favor ectopic
lipid accumulation, especially in the heart [172]. The amount of epicardial AT is strongly
correlated with visceral obesity. During CAD development, epicardial and perivascular AT
accumulates in the myocardium around medium and small coronary arteries. This results
in compression, local delivery of free fatty acids and cardioactive hormones, release of
pro-inflammatory adipokines, apoptosis, coronary calcification, and atheromatous plaque
formation [172]. Obese hearts are less metabolically flexible and cardiometabolic changes in
the heart favor ROS generation [173]. Increased fatty acid uptake and fatty acid oxidation,
mitochondria dysfunction, augmented NOX activity, and decreased antioxidant capacity
enhance oxidative stress in the heart and cardiomyocytes [174]. It seems that mitochondrial
dysfunction plays a key role in MetS and enhances progression of metabolic disorders [175].
Little data are available to provide evidence on elevated level of oxidative stress in the
heart tissue of CAD patients. In the study of obese males aged <55 years undergoing
coronary artery bypass graft surgery (CABG), Niemann et al. [175] found increased levels
of oxidative stress markers, such as 8-OHdG and protein carbonyls, in cardiomyocytes,
as well as disorders of mitochondrial function. These abnormalities were comparable to
changes observed in older patients. Importantly, young obese patients demonstrated signs
of disturbed mitochondrial function and biogenesis otherwise seen only in old patients
(obese or normal-weight). In addition, the length of telomeres was significantly reduced in
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cardiomyocytes of obese CAD patients compared to slim ones in the same age group [175].
Additionally, mean telomere length was reduced up to 30% in cardiomyocytes of old
(normal-weight and obese) and young obese subjects, with the shortest telomeres in the
old obese patients. Shortening the length of telomeres constitutes a sensitive indicator of
increased oxidative stress in post-mitotic cells, such as cardiomyocytes [174]. In the group
of obese patients undergoing CABG, Gramlich et al. [176] found increased levels of ROS
and an enhanced expression of ROS-producing enzymes (i.e., p47phox, XO), decreased
antioxidant defense mechanisms, and elevated inflammatory markers (such as vascular
cell adhesion molecule-1) in the right atrial myocardial tissue and in serum, which were
more pronounced with increasing BMI. These findings may indicate an increased risk of
developing cardiomyopathy and cardiac dysfunction in obese patients undergoing CABG
due to ongoing ischemia and reperfusion related to CABG.

5.4. Obesity and Oxidative Stress: Direct Link to CVD Outcomes and Mortality

The interactions between obesity and oxidative stress promote endothelial dysfunction,
atherosclerotic coronary lesions, LV hypertrophy (LVH), myocardial fibrosis, cardiac remod-
eling, and LV diastolic and systolic dysfunction. These all contribute to the pathophysiology,
symptoms, and outcomes of CVD including various arrhythmias, such as AF, myocardial
infarction, and HF (particularly HF with preserved LV ejection fraction) [172,173]. Associa-
tions between oxidative stress and CVD outcomes including CVD-related mortality were
examined in a few clinical studies [177,178]. In a large population-based cohort study in-
cluding 9949 older adults (aged 50–75 years) from Germany, the urinary levels of oxidation
end products of lipids and DNA, i.e., 8-IsoP and oxidized guanine/guanosine (OxGua),
were shown to be independent predictors for CVD-related mortality and stroke incidence
(8-IsoP was also a predictor of fatal stroke) in a 14-year follow-up [177]. Moreover, adding
these biomarkers to the European Society of Cardiology SCORE scale improved its abilities
for the prediction of CVD mortality. Furthermore, both biomarkers were associated with an
incidence of myocardial infarction only in obese subjects (i.e., those with BMI ≥ 30 kg/m2),
but not in the total population. These findings provided strong evidence of the involvement
of oxidative stress in the pathophysiology and outcome of CAD, as well as indicated a
usefulness of 8-IsoP and OxGua measurements for prediction of myocardial infarction in
obese older subjects. Several biological mechanisms might contribute to these results, such
as the significant role of oxidative stress in the initiation and progression of atherosclerosis,
including atheromatous plaque rupture and the enhancement of systemic oxidative stress
related to the accumulation of AT during obesity. However, in another prospective cohort
study conducted by Godreau et al. [178], no association between the serum level of 8-IsoP
(which is not so stable as urine level) and mortality was observed in the subjects with
elevated BMI in contrast to individuals with low to normal BMI.

Table 2 displays the relationships between oxidative stress markers and cardiometabolic
parameters in obese subjects.
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Table 2. Relationships between selected oxidative stress markers and cardiometabolic parameters in
obese subjects with cardiometabolic disorders.

Oxidative Stress Marker Results of Clinical Studies Refs.

Isoprostanes

Higher concentration in hypertensive than
normotensive subjects

Positive correlations with: mean 24 h systolic BP,
systolic BP,

diastolic BP (in African Americans but not in White
Americans), central adiposity indices, body fat, total

cholesterol, TGs, total
cholesterol/HDL-C, T2D diagnosis, insulin

resistance markers,
hs-CRP, cigarette smoking

Negative correlations with: peak oxygen
consumption (VO2 max)

Predictor for: HTN in a long-term follow-up,
myocardial infarction in a long-term follow-up

[139,141,146,147,151,154,177]

H2O2
Positive correlations with: central adiposity indices,

interleukin-6 [139]

Peroxy radicals

Higher concentration in subjects with
hyperlipidemia than without

Positive correlations with: systolic BP,
total cholesterol

[140]

TAC Negative correlation with: systolic BP, pulse pressure
Positive correlations with: pulse wave velocity [141,151]

MDA

Higher concentration in obese hypertensive patients
compared to obese normotensives, non-obese

hypertensives, and healthy
non-obese controls

[143,179]

TBARS Positive correlations with: non-HDL-C, TGs/HDL-C,
total cholesterol/HDL-C, LDL-C/HDL-C [163]

Protein Carbonyls

Higher concentration in CAD obese patients than in
patients with normal weight

Positive correlations with: non-HDL-C, TGs/HDL-C,
total cholesterol/HDL-C, LDL-C/HDL-C

[163,175]

RBC GPx
Negative correlations with: non-HDL-C,

TGs/HDL-C,
total cholesterol/HDL-C, LDL-C/HDL-C

[163]

8-OHdG

Higher concentration in CAD obese patients than in
patients with normal weight

Positive correlations with: mean 24 h systolic and
diastolic BP

Predictor for: myocardial infarction in a long-term
follow-up

[142,175,177]

Abbreviations: (BP) blood pressure, (CAD) coronary artery disease, (HDL-C) high-density lipoprotein cholesterol,
(hs-CRP) high-sensitivity C-reactive protein, (HTN) systemic essential hypertension, (H2O2) hydrogen peroxide,
(LDL-C) low-density lipoprotein cholesterol, (MDA) malondialdehyde, (RBC GPx) glutathione peroxidase in red
blood cells, (TAC) total anti-oxidant capacity, (TBARS) thiobarbituric acid reactive substances, (TGs) triglycerides,
(T2D) type 2 diabetes, and (8-OHdG) 8-hydroxy-2′-deoxyguanosine.

5.5. Oxidative Stress and Cardiometabolic Risks: Clinical Perspectives

The management of patients with CMDs is challenging yet critical. Preventative and
therapeutic approaches, which aim at mitigating oxidative stress through lifestyle and
pharmacological interventions, represent promising strategies for patients with a diagnosis
or high risk of CMDs [113,180–185].
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The use of natural antioxidant compounds, such as vitamins, flavonoids, and polyphe-
nols, as well various diet modifications, may improve systemic oxidative status and be
helpful for the treatment and prevention of CVD and MetS [180,186]. For example, there is
some evidence that the antioxidant capacity of green tea, cocoa, and extra virgin olive oil
is associated with cardioprotection and a decrease in the BP, making these plant-derived
nutraceuticals interesting potential tools against HTN and other types of CVD [180,187].
Additionally, small clinical studies show that increasing antioxidant capacity by vitamin
E supplementation improves cholesterol levels, markers of oxidative stress, arterial com-
pliance, increases insulin sensitivity, and decreases the systolic BP and, to a much lesser
extent, diastolic BP in mildly hypertensive adults [188–190]. However, the results of large
randomized trials do not support the use of vitamins E and C for reducing cardiovascular
risk in patients at high risk for cardiovascular events, i.e., patients with CVD or T2D includ-
ing patients surviving recent myocardial infarction [181,191,192]. A possible explanation
may be that these vitamins are not specifically targeted to the sites of ROS generation
(e.g., mitochondria) and that vitamins react more slowly with ROS than ROS can interact
with NO [181]. Based on preclinical studies and small human studies, numerous other
antioxidant compounds, such as resveratrol, quercetin, catechins, and several others, might
exert beneficial effects for prevention and treatment of CMDs. However, large cohort ran-
domized controlled clinical trials with adequate methodology, such as rigorous inclusion
and exclusion criteria, sufficient duration of intervention, and long-term follow up, are
needed to provide sufficient clinical evidence for improving cardiometabolic outcomes in
subjects at high cardiometabolic risk and patients with CMDs [180,181,193,194].

Weight loss interventions, both dietary and surgical, were shown to be associated with
a reduction in oxidative stress and improvements of subclinical atherosclerotic markers,
suggesting that these mechanisms may contribute to the reduced risk of CVD in obese
subjects after losing weight [171,179]. Structured lifestyle interventions including com-
prehensive multicomponent intensive cardiac rehabilitation, which can be enhanced by a
plant-based diet with antioxidant capacity, are critical to improving the outcome of patients
with CVD and cardiometabolic risk factors [182]. Some data indicate the beneficial effects
of mitigating circadian disruption on reducing cardiometabolic risks [113,183,184,195,196].
Circadian disruption itself may be secondary to various factors, such as a prolonged daily
eating period or sleep disruption that may also be associated with increased oxidative stress.
While a few studies on time-restricted eating (TRE), an intervention based on modifying
timing and duration of daily food intake, suggest a reduction in lipid peroxidation in obese
subjects, including individuals with prediabetes; the results of ongoing studies on the
effects of TRE in patients with CMDs, including MetS, are warranted [183–185]. Available
data suggest that the benefits of lifestyle modifications, including calorie restriction diets,
plant diets, or TRE, go beyond the benefits of caloric restriction and weight loss; however,
feasibility and sustainability of these therapeutic interventions in both clinical studies
and real-world clinical practice may be limited [197]. There is a need for further clinical
research including large-scale randomized controlled trials with longer duration of TRE
intervention, long-term follow-up, measurement of circadian rhythms, and additional tools
for recording food intake and chrono-nutrition assessment to determine the efficacy of
TRE for reducing long-term cardiometabolic risk. Additionally, future clinical trials are
warranted to establish the optimal protocols of intensive cardiac rehabilitation and provide
tools for sustained lifestyle changes.

Pharmacological scavenging and/or preventing the generation of ROS may both be
other preventative or therapeutic options to reduce deleterious effects of oxidative stress
in CMDs; however, current clinical evidence on specific antioxidant pharmacotherapies
is limited [181]. Nevertheless, given that angiotensin II is a key upstream trigger of ROS
formation, angiotensin-converting enzyme (ACE) inhibitors, one of the most common
evidence-based pharmacotherapies for CMDs, exert their beneficial clinical cardiovascular
effects in part through antioxidative mechanisms. Thus, although vitamin E therapy can be
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regarded as a secondary therapy that scavenges already-formed ROS, ACE inhibitors can be
considered as a primary therapy that blocks ROS production at the enzymatic source [181].

The antioxidant effects of antidiabetic and antiobesity medications, such as glucagon-
like peptide-1 receptor agonists (GLP-1RA) and metformin, may be useful for the man-
agement of CMDs. In addition to the glucose-lowering and weight-decreasing effects,
GLP-1RA affect cellular pathways involved in redox homeostasis [198]. Several in vitro
and in vivo studies proved that GLP-1RA reduce ROS and protect against oxidative stress-
related cell damage induced by various stress factors, such as high glucose and fatty acids,
through various mechanisms, such as activating the Nrf2 signaling pathway and enhanc-
ing the expression of antioxidant and detoxification enzymes [198–200]. GLP-1 protects
endothelial cells from oxidant injury by reducing intracellular ROS and preventing both en-
dothelial dysfunction and excessively stimulated autophagy, possibly by restoring HDAC6
through a GLP-1RA-ERK1/2-dependent manner [200]. The antioxidant effects of GLP-1RA
may be involved in protection against atherosclerosis and diabetes complications, such
as diabetic cardiomyopathy and nephropathy [198,201]. GLP-1RA also reduce glycemic
variability, which has emerged as a risk factor for diabetic and cardiovascular complica-
tions, possibly through enhancing oxidative stress [201,202]. Additionally, in recent years,
the utility of metformin was expanded beyond the first-line treatment for T2D due to
various effects related to pleiotropic mechanisms of action, including AMPK-dependent
and AMPK-independent pathways [203,204]. In addition to affecting glucose and lipid
metabolism, as well as improving insulin resistance and obesity, metformin was shown
to restore the cellular redox balance and affect mitochondrial function. Moreover, recent
in vitro and in vivo studies showed that metformin inhibits hepatic gluconeogenesis in a
substrate-selective manner via a redox-dependent mechanism of action [204]. While clinical
data on antioxidant effects of GLP-1RA and metformin in CMDs are limited, further studies
are needed to better understand the mechanisms of oxidative stress protection that are
independent of the effects on glucose metabolism or body weight.

Despite a large amount of evidence on unfavorable effects of oxidative stress in obesity
and CMDs and beneficial effects of antioxidant therapies in preclinical studies, further basic
and clinical research is needed to investigate the oxidative stress-related molecular mecha-
nisms involved in the pathophysiology of CMDs, and demonstrate established benefits of
antioxidant therapies for the prevention and treatment of CMDs. There is a need to address
various aspects associated with a translational gap between the preclinical and clinical
phases of developing and implementing antioxidant therapies in CMDs. This includes the
pathophysiological complexity of CMDs, singular molecular targets of antioxidant agents,
low bioavailability of natural antioxidants, clinically irrelevant dosages of compounds
in experimental studies, design of experimental studies that do not adequately reflect
human populations including subjects with various comorbidities, and a lack of established
knowledge on mechanisms of the switch from protective oxidative signaling to deleterious
oxidative stress [180]. Antioxidant therapies represent an approach that can potentially
have translational impacts leading to improvements in health and a reduction in risks
for CMDs, disability, and premature death; however, more clinical evidence on benefits
provided by such therapies is warranted. Additionally, the mechanisms of the beneficial
effects of antioxidant therapies are still poorly understood. Extensions of study protocols
adding the broader spectrum of relevant biomarkers and mitochondrial function evaluation
are desirable.

6. Conclusions

Cardiometabolic diseases (CMDs), such as CVD, MetS, and T2D are associated with
increased morbidity and mortality. The growing prevalence of CMDs is mostly attributed
to the aging population and common occurrence of risk factors, such as high systolic
BP, elevated plasma glucose, and increased BMI, which lead to the global epidemic of
obesity, MetS, and T2D. Oxidant–antioxidant balance disorders largely contribute to the
pathogenesis and outcomes of CMDs, such as HTN, atherosclerosis, CAD, cerebrovascular

42



Int. J. Mol. Sci. 2023, 24, 6382

disease, and MetS. Enhanced and disturbed generation of ROS in excess AT during obesity
may lead to increased oxidative stress. Understanding the mechanisms linking adiposity
and oxidant–antioxidant balance disorders to the pathogenesis and clinical outcome of
CMDs is of great importance to improve the management of patients with CMDs and guide
further basic and clinical research.

Expanding the knowledge on adiposity-enhanced oxidative stress related to car-
diometabolic disorders can have translational impacts leading to the identification of
beneficial lifestyle interventions and the development of novel effective pharmacotherapies,
which can reduce the CMDs burden. Future basic research and clinical trials are needed
to further examine the molecular mechanisms of adiposity-enhanced oxidative stress in
CMDs and efficacy of antioxidant therapies for reducing risk and improving the outcome
of patients with CMDs.
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the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank MaryAnn Villarreal-Gonzalez and two anonymous reviewers for
valuable comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vos, T.; Lim, S.S.; Abbafati, C.; Abbas, K.M.; Abbasi, M.; Abbasifard, M.; Abbasi-Kangevari, M.; Abbastabar, H.; Abd-Allah, F.;

Abdelalim, A.; et al. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: A systematic analysis
for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204–1222. [CrossRef] [PubMed]

2. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.;
Delling, F.; et al. Heart Disease and Stroke Statistics—2020 Update. A Report From The American Heart Association. Circulation
2020, 141, e139–e596. [CrossRef] [PubMed]

3. Williams, B.; Mancia, G.; Spiering, W.; Rosei, E.A.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de Simone, G.;
Dominiczak, A.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur. Heart J. 2018, 39, 3021–3104.
[CrossRef] [PubMed]

4. Lewington, S.; Clarke, R.; Qizilbash, N.; Peto, R.; Collins, R.; Collaboration, P.S. Age-specific relevance of usual blood pressure
to vascular mortality: A meta-analysis of individual data for one million adults in 61 prospective studies. Lancet 2002, 360,
1903–1913. [CrossRef]

5. Alberti, K.G.M.M.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, J.I.; Donato, K.A.; Fruchart, J.C.; James, W.P.T.; Loria, C.M.;
Smith, S.C. Harmonizing the metabolic syndrome: A joint interim statement of the international diabetes federation task force on
epidemiology and prevention; National heart, lung, and blood institute; American heart association; World heart federation;
International. Circulation 2009, 120, 1640–1645. [CrossRef]

6. Abbafati, C.; Abbas, K.M.; Abbasi-Kangevari, M.; Abd-Allah, F.; Abdelalim, A.; Abdollahi, M.; Abdollahpour, I.; Abegaz, K.H.;
Abolhassani, H.; Aboyans, V.; et al. Global burden of 87 risk factors in 204 countries and territories, 1990–2019: A systematic
analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1223–1249. [CrossRef]

7. Yusuf, P.S.; Hawken, S.; Ôunpuu, S.; Dans, T.; Avezum, A.; Lanas, F.; McQueen, M.; Budaj, A.; Pais, P.; Varigos, J.; et al. Effect of
potentially modifiable risk factors associated with myocardial infarction in 52 countries (the INTERHEART study): Case-control
study. Lancet 2004, 364, 937–952. [CrossRef]

8. Sperling, L.S.; Mechanick, J.I.; Neeland, I.J.; Herrick, C.J.; Després, J.P.; Ndumele, C.E.; Vijayaraghavan, K.; Handelsman, Y.;
Puckrein, G.A.; Araneta, M.R.G.; et al. The CardioMetabolic Health Alliance Working toward a New Care Model for the Metabolic
Syndrome. J. Am. Coll. Cardiol. 2015, 66, 1050–1067. [CrossRef]

9. Scuteri, A.; Laurent, S.; Cucca, F.; Cockcroft, J.; Guimaraes Cunha, P.; Rodriguez Mañas, L.; Mattace Raso, F.U.; Lorenza
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Oxidative Stress, Vitamin D, Osteopontin, and Melatonin in Patients with Lip, Oral Cavity, and Pharyngeal Cancer. Oxid. Med.
Cell. Longev. 2021, 2021, 2364931. [CrossRef]

102. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]
103. Sies, H. Oxidative stress: A concept in redox biology and medicine. Redox Biol. 2015, 4, 180–183. [CrossRef] [PubMed]
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Abstract: We are witnessing the globalization of a specific type of arteriosclerosis with rising preva-
lence, incidence and an overall cardiovascular disease burden. Currently, atherosclerosis increasingly
affects the younger generation as compared to previous decades. While early preventive medicine
has seen improvements, research advances in laboratory and clinical investigation promise to provide
us with novel diagnosis tools. Given the physio-pathological complexity and epigenetic patterns of
atherosclerosis and the discovery of new molecules involved, the therapeutic field of atherosclerosis
has room for substantial growth. Thus, the scientific community is currently investigating the role
of nucleotide-binding and oligomerization domain-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome, a crucial component of the innate immune system in different inflammatory
disorders. NLRP3 is activated by distinct factors and numerous cellular and molecular events which
trigger NLRP3 inflammasome assembly with subsequent cleavage of pro-interleukin (IL)-1β and
pro-IL-18 pathways via caspase-1 activation, eliciting endothelial dysfunction, promotion of oxidative
stress and the inflammation process of atherosclerosis. In this review, we introduce the basic cellular
and molecular mechanisms of NLRP3 inflammasome activation and its role in atherosclerosis. We
also emphasize its promising therapeutic pharmaceutical potential.

Keywords: Inflammasome; atherosclerosis; NLRP3; IL-1β; IL-18; therapeutic target; NLRP3 inhibitors

1. Introduction

Atherosclerosis, one of the 21st century’s fastest rising health emergencies, is defined
as the accumulation of lipids, inflammatory cells, fibrous tissue, and calcification within
vessels, especially in large arteries [1,2]. Exact data about its prevalence are hard to obtain,
but its extent can be estimated by studying the multiple complications that result from and
atherosclerotic disease [1,2]. The vascular pathological consequences of the macrovascular
and microvascular systems, such as cardiovascular disease (CVD) and cerebrovascular
events, are the most significant causes of morbidity and mortality in patients and place a
substantial financial burden on the provision of equal access to treatment [3–6]. Of the four
stages within the pathophysiology of atherosclerosis, comprising endothelial dysfunction
succeeded by lipoprotein deposition, foam cell formation, inflammatory cell proliferation
and migration, the inflammatory response appears to have the most prominent role. It is
involved in both the initiation and the progression of atherogenesis [3,7]. After dyslipidemia
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emerged as a major risk factor for atherosclerosis which may lead to CVD, further research
proved that atherosclerosis-related cardiovascular events are not entirely contingent solely
on plasma lipid levels, prompting the emergence of additional risk factors underlying
the development of atherosclerosis [3,6]. From the first reports about the inflammatory
theory of atherosclerosis in 1999 [8] to the present date, more research is increasingly
focused on systemic inflammation as a particular risk factor based on the relationship
established between increased cardiovascular events and inflammatory markers, such as
interleukin (IL)-6 and high-sensitivity C-reactive protein (hsCRP) [9]. Recent results from
the Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS), in which
anti-IL-1β treatment significantly reduced cardiovascular events independent of lipid
levels, further support the idea of addressing inflammation as a key process in arresting
atherosclerosis with a focus on inflammasomes [2,10,11].

There is increasing evidence that damage-associated molecular patterns (DAMPs),
alongside hyperglycemia and hyperlipidemia, are associated with the accelerated onset of
atherosclerosis via NLRP3 inflammasomes [12,13]. Furthermore, it has been established
that NLRP3 inflammasome associated with the activation of interleukin-1β (IL-1β) and
interleukin-18 (IL-18) amplifies vascular endothelial cell (VECs) damage, monocyte ad-
hesion and infiltration, vascular smooth muscle cell (VSMC) proliferation, and promotes
secondary plaque vulnerability [14–16].

While the role of inflammation in atherosclerosis is currently extensively explored, the
precise deleterious effects on endothelial integrity and the involvement of molecules, such
as NLRP3 inflammasomes, in the pathogenesis and evolution of atherosclerosis remain
elusive [17,18].

In this narrative review, we aim to give an up-to-date perspective on the implica-
tions of NLRP3 inflammasome in atherosclerosis by describing their intricate physio-
pathological relationship, their known therapeutic pathways and the existence of newer
molecules that can modulate atherosclerosis via NLRP3 inflammasome. Finally, as a new
approach, we point out in parallel the most recent reviews, their different focuses and their
main highlights.

2. Portrayal of NLRP3 Inflammasome

As explained afterward, chronic inflammation is considered an essential part of the
underlying multifactorial pathways of atherosclerosis, along with NLRP3 inflammasome
activation. Inflammasomes were first introduced by Tschopp’s research in 2002 and soon
after, innate immunity and cellular signal transduction became the main topics of research;
inflammasomes in particular began to dominate this field of study [19,20].

Inflammasomes are intracellular protein complexes that are formed as pattern recog-
nition receptors (PRRs) and interact either with DAMPs or with pathogen-associated
molecular patterns (PAMPs) [21]. Examples of intrinsic molecules known as DAMPs that
are generated in response to injury or distress include extracellular adenosine triphosphate
(ATP) and cholesterol crystals (CCs). PAMPs are molecules of external origins, such as
toxins generated by bacteria and viruses [22]. Although the number of other recognition
receptors identified as having the ability to trigger inflammasome generation is consis-
tently increasing, currently only nucleotide-binding oligomerization domain (NOD)-like
receptor (NLR) family pyrin domain (PYD) containing 1 (NLRP1), NLRP3, NLR family
caspase-recruitment domain (CARD) containing 4 (NLRC4), absent in melanoma 2 (AIM2)
and pyrin are accepted as inflammasome receptors [6,14].

The NLRP3 inflammasome ubiquitously present in the cytosol of numerous cell types
(monocytes, macrophages, T and B cells, fibroblasts) is the most extensively researched and
prominent family member of inflammasomes [23]. Infections, cholesterol crystals, uric acid,
bacteria, and a plethora of different ligands associated with underlying sterile inflammation
in pathologies such as diabetes, hypertension, and atherosclerosis are just a few of the
signals that cause NLPR3 to be activated [24–26]. By promoting caspase-1 activation to
further break down pro-IL-1β and pro-IL-18 into mature and physiologically active forms
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(IL-1 and IL-18), it functions as a molecular switch for the inflammatory pathway that
initiates and propagates atherogenesis [6,21].

Nevertheless, the precise pathway through which the NLRP3 inflammasome impacts
atherosclerosis is elusive; hence, comprehending the inflammasome activation pathways is
pivotal for developing innovative targeted and efficient treatments [27].

2.1. Structure of NLRP3 Inflammasome

The sequentially organized process of assembling an inflammasome usually involves
a sensor protein, an adaptor protein, and an effector protein [12]. The NLRP3 inflam-
masome is a three-domain cytosolic protein compound consisting of three domains: a
C-terminal leucine-rich repeat (LRR) domain, a central nucleotide-binding and oligomeriza-
tion (NACHT/NOD) domain and an N-terminal effector PYD that interfaces with apoptosis-
associated speck-like protein containing a caspase recruitment domain (ASC) [6,21,28].

The bridge between NLRP3 and caspase-1 is in turn mediated by ASC, an adaptor protein
with an N-terminal PYD and a C-terminal caspase recruitment domain (CARD) [16,29]. In
addition, the interaction with NLRP3 and other inflammasomal proteins, as well as ASC self-
association, relies on the PYD domain [16,29]. Caspase-1, also known as the IL-1β converting
enzyme (ICE), originally produced as an inactive zymogen through proteolytic cleavage [30,31],
plays a major part in inflammation by mediating the conversion of the proinflammatory
cytokines pro-IL-1β and pro-IL-18 into their mature and metabolically active forms, i.e., IL-1
and IL-18 [6,30,31].

In response to a particular stimulus, the NLRP3 sensing protein couples with ASC
using homotypic PYD-PYD domain interactions, creating a single ASC “speck” residing
within the activated cell and subsequently attracting pro-caspase-1 via CARD-CARD do-
main interactions [22,32]. Pro-caspase-1 undergoes autoproteolytic cleavage subsequent to
the assembly of NLRP3, ASC and pro-caspase-1, releasing its active p20/10 subunits, which
contribute to the self-inhibition of proteolysis. Additionally, proinflammatory cytokines
from the IL-1 family, including IL-1β and IL-18, are cleaved by active caspase-1, releasing
their mature forms [22,31–34]. Similar to the aforementioned, mature caspase-1 has just
demonstrated its contribution to the proteolytic cleavage of gasdermin D (GSDMD), taking
part in the development of the oligomeric membrane pore and inflammatory cell death
mediated by inflammasomes known as pyroptosis [34]. Notably, pyroptosis is considered
a highly inflammatory form of lytic programmed cell death mediated by the gasdermin
family of proteins. It is initiated upon intracellular danger signals and acts as a defense
mechanism against infection by inducing pathological inflammation, accompanied by the
activation of inflammasomes and the maturation of pro-inflammatory cytokines [34].

2.2. Mechanisms of NLRP3 Inflammasome Activation

To date, several NLRP3 inflammasome activation pathways have been established:
the canonical pathway which comprises of a two-signal model involving priming (signal 1)
and activation (signal 2); a non-canonical pathway that necessitates caspase-4/caspase-5,
secretion of IL-1β and IL-18 which respond to a particular intracellular lipopolysaccharide
(LPS)-induced infection of gram-negative bacteria; and the alternative pathway driven by
toll-like receptor 2 (TLR2) or TLR4 signaling without implicating additional secondary
activators [35–37]. We further described the canonical pathway in the paragraphs that
follow, given that is the main culprit for underlying atherosclerosis.

Two steps are required for canonical NLRP3 inflammasome activation: initiation
(signal 1) and activation (signal 2). Both constitute simultaneous defense mechanisms that
tightly regulate inflammatory cells (Figure 1) [37].
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tein 4 (NLRC4); the interferon-inducible protein/absent in melanoma 2 (AIM2); pyrin domain (PYD); 
leucine-rich-repeat domain (LRR); function-to-find domain (FIIND); caspase recruitment domain 
(CARD); apoptosis-associated speck-like protein containing a CARD (ASC); caspase-1/ IL-1β con-
verting enzyme (ICE); central nucleotide-binding and oligomerization domain (NACHT/NOD); 
hematopoietic interferon-inducible nuclear proteins with a 200-amino-acid repeat (HIN-200). 

The priming process involves the recognition of PAMPs and DAMPs by PRRs (TLRs, 
TL-1Rs, and cytokine receptors) followed by the activation of nuclear factor-κB (NF-κB), 
resulting in transcriptional activation of NLRP3, pro-IL-1β, pro-IL-18 and structural pro-
tein shifts, such as ASC phosphorylation and de-ubiquitination of NLRP3 [16,38]. The ac-
tivation step involves NLRP3 oligomerization and NLRP3, ASC, and pro-caspase-1 com-
plex formation, prompting caspase-1 activation as well as IL-1β and IL-18 generation [39]. 

Mechanisms of NLRP3 inflammasome activation continue to be a matter of interest, 
despite being thoroughly explored. Ion fluxes (K+ efflux, Ca2+ influx, and Cl- efflux), mito-
chondrial malfunction, reactive oxygen species (ROS) accumulation, cathepsin B release 
from unstable lysosomes and trans-Golgi decay are several of the hypotheses that have 
been put forward [14,16,40]. 

2.2.1. Ionic Fluxes 
Most of the NLRP3 activators, which include extracellular ATP, nigericin (K+ iono-

phore), and particulate matter, activate inflammasome assembly via K+ efflux; this path-
way has been deemed to be the predominant route of activation [41]. Conflicting findings 
have emerged as the alternative NLRP3 inflammasome pathway does not require K+ ef-
flux, whereas the caspase-11-mediated non-canonical inflammasome pathway does 
[14,16,40]. More recent research has revealed that pharmacological substances, such as 
GB111-NH2, imiquimod and CL097, can activate NLRP3 by bypassing potassium efflux, 
implying that this event is presently accepted as a required but not crucial step for inflam-
masome activation [42]. 

Figure 1. A diagrammatic representation of the assembly of different known inflammasomes and
the NLRP3 inflammasome complex structure. Nucleotide-binding and oligomerization domain-
like receptor family pyrin domain-containing 3 (NLRP3); NLR Family CARD domain-containing
protein 4 (NLRC4); the interferon-inducible protein/absent in melanoma 2 (AIM2); pyrin domain
(PYD); leucine-rich-repeat domain (LRR); function-to-find domain (FIIND); caspase recruitment
domain (CARD); apoptosis-associated speck-like protein containing a CARD (ASC); caspase-1/ IL-1β
converting enzyme (ICE); central nucleotide-binding and oligomerization domain (NACHT/NOD);
hematopoietic interferon-inducible nuclear proteins with a 200-amino-acid repeat (HIN-200).

The priming process involves the recognition of PAMPs and DAMPs by PRRs (TLRs,
TL-1Rs, and cytokine receptors) followed by the activation of nuclear factor-κB (NF-κB),
resulting in transcriptional activation of NLRP3, pro-IL-1β, pro-IL-18 and structural protein
shifts, such as ASC phosphorylation and de-ubiquitination of NLRP3 [16,38]. The activa-
tion step involves NLRP3 oligomerization and NLRP3, ASC, and pro-caspase-1 complex
formation, prompting caspase-1 activation as well as IL-1β and IL-18 generation [39].

Mechanisms of NLRP3 inflammasome activation continue to be a matter of interest,
despite being thoroughly explored. Ion fluxes (K+ efflux, Ca2+ influx, and Cl- efflux),
mitochondrial malfunction, reactive oxygen species (ROS) accumulation, cathepsin B
release from unstable lysosomes and trans-Golgi decay are several of the hypotheses that
have been put forward [14,16,40].

2.2.1. Ionic Fluxes

Most of the NLRP3 activators, which include extracellular ATP, nigericin (K+ ionophore),
and particulate matter, activate inflammasome assembly via K+ efflux; this pathway has
been deemed to be the predominant route of activation [41]. Conflicting findings have
emerged as the alternative NLRP3 inflammasome pathway does not require K+ efflux,
whereas the caspase-11-mediated non-canonical inflammasome pathway does [14,16,40].
More recent research has revealed that pharmacological substances, such as GB111-NH2,
imiquimod and CL097, can activate NLRP3 by bypassing potassium efflux, implying
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that this event is presently accepted as a required but not crucial step for inflammasome
activation [42].

In addition, potassium efflux triggers Ca2+ independent phospholipase A2, enabling
IL-1β formation. Further cellular pathways, such as Ca2+ mobilization via calcium-sensing
receptor (CaSR), Na+ influx and Cl- efflux via volume-regulated anion channel (VRAC)
and chloride intracellular channels (CLICs), were also proposed to indirectly activate the
inflammasome by modulating K+ efflux [6,16]. The intermediate phase of never-in-mitosis
A-related kinase 7 (NEK7)-NLRP3 molecular complex assembly underlies the mechanism
by which K+ efflux-mediated activation occurs, being crucial for subsequent inflammasome
activation [22,25,43]. Nonetheless, the precise regulatory mechanisms of these cellular
processes are incompletely unraveled and still under dispute.

2.2.2. Oxidative Stress

Another crucial element in NLRP3 inflammasome activation is the generation of mito-
chondrial ROS (mtROS). In particular, numerous studies have shown that ROS transform
mitochondrial DNA (mtDNA) generated in response to NLRP3 activators into an oxidized
form, thereby promoting inflammasome activation [6,16,44]. Whereas mtDNA interacts
with NLRP3 and AIM2, the oxidized mtDNA is precisely required for triggering TLR
signaling and NLRP3 inflammasome activation [16,44,45].

The manner in which NADPH-oxidase (NOX), another known important ROS genera-
tor, affects NLRP3 inflammasome activation is questionable. Although it was previously
stated that NLRP3 inflammasome activation was not impacted by genetic and pharmaceu-
tical inhibition of NOX, it has been proposed that NOX4 may play a role by controlling
carnitine palmitoyl transferase 1A (CPT1A) and by increasing fatty acid oxidation, which is
a potent inflammasome promoter [27,46]. ROS production in relation to oxidative stress
also promotes inflammasome activation by dissociation of a thioredoxin-interacting protein
(TXNIP) [27,46].

2.2.3. Lysosomal Damage, Autophagy and the Trans-Golgi Network

Cathepsin release from the injured lysosome is an additional cellular driver of NLRP3
inflammasome activation. Degradation occurs if monosodium urate, CCs, asbestos, sil-
ica, β-amyloid, calcium crystals and silica particles are scavenged by macrophages but
insufficiently degraded in lysosomes [40,47]. However, it is not yet known how lysosomal
disruption and NLRP3 inflammasome activation are linked.

The build-up of diacylglycerol (DAG) was also linked to the potential involvement
of the Golgi apparatus in NLRP3 inflammasome activation since Golgi membranes are
surrounded by DAG and mitochondria-associated endoplasmic reticulum membranes
(MAM) [43,48]. In response to NLRP3 activators, the protein kinase D (PKD) attraction
induces NLRP3 phosphorylation, thereby facilitating inflammasome assembly [43,48]. The
discovery of Nek7, alongside new developments in the role of a dispersed trans-Golgi
network and mtDNA in NLRP3 inflammasome activation, constitutes important novel
findings in this area [49].

It has been documented that autophagy is an alternative pathway that diminishes
NLRP3 inflammasome activation through the removal of activators and intracellular com-
ponents. In addition, pyrin, often referred to as the tripartite motif 20, serves as a targeted
receptor that mediates precise autophagy of NLRP3 and pro-caspase-1 to trigger autodegra-
dation [22]. Further research is warranted to unravel the activation process and the integra-
tion of stimulus-induced signaling events that activate the NLRP3 inflammasome [32].

2.2.4. Regulation of NLRP3 Inflammasome

In addition, various other regulatory mechanisms, including post-translational modi-
fication (PTM), microRNA (miRNA) and endogenous modulator (CARD proteins, pirin
proteins), control NLRP3 inflammasome expression and function. PTMs involving ubiq-
uitination, phosphorylation, nitrosylation, sumoylation, glycosylation, and acetylation
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may control the initial activation of NLRP3 as well as its consequent priming [16,21,50].
In the regulation of ATS-NLRP3 inflammasome activation, several miRNAs, including
miR-9, miR-155, miR-30c-5p, miR-181a, miR-181b-5p and miR-20a, were revealed to be
implicated [43]. However, so far, this domain has not identified as a commonly shared
mechanism of NLRP3 inflammasome activation. NLRP3 stimuli have been reported to
induce activation of the inflammasome and a variety of cell signaling sequences. Arguably,
the most critical signaling event amongst these is still the K+ efflux, which is required for
most stimuli to activate the NLRP3 inflammasome [21]. The relevance of other events,
including Ca2+ mobilization, Cl- efflux, ROS, and mitochondrial dysfunction, are currently
uncertain and under investigation [29,32,50].

2.3. Role of NLRP3 Inflammasome in Atherosclerosis

Localized inflammation in the vascular wall is prompted by dyslipidemia, high low-
density lipoprotein (LDL) cholesterol and lipoproteins, which are all amplified in type
2 diabetes mellitus and enhance the development of atherosclerotic plaques [24]. IL-1β
and IL-18, both by-products of NLRP3 inflammasome activation, appear to have a relevant
contribution in the occurrence and propagation of atherosclerosis which is corroborated
by abundant data obtained from the evaluation of atherosclerotic plaques in rodents and
humans [26,31]. Besides the expression of adhesion molecules, such as the intercellular
adhesion molecule-1 (ICAM-1) and the vascular cell adhesion molecule-1 (VCAM-1), in-
flammatory cytokines and chemokines, such as IL-6, IL-8, IL-1β, monocyte chemoattractant
protein-1/chemokine(C-C motif) ligand 2 (MCP-1/CCL2) and matrix metalloproteinases
(MMPs), elicit an inflammatory phenotype in endothelial cells and VSMC that enable
macrophage build up [51]. While IL-18 receptors α/β are expressed in macrophages,
endothelial cells and VSMC, IL-18 is expressed only in macrophages [40].

The discovery by Duewell et al. [52] in 2010 that low-density lipoprotein receptor
(LDLR)−/− atheroprone mice exhibit diminished atherosclerotic lesions consequent to their
lack of NLRP3, ASC or IL-1α/β in bone marrow cells yielded the first concrete evidence
that the NLRP3 inflammasome contributes to the onset of atherosclerosis [48,52]. This
discovery paved the path for further research into this theory, and abundant examples of
NLRP3 activating stimuli related to atherosclerosis are shown (Table 1); CCs are reported
among the most effective activators of the NLRP3 inflammasome that occur during all
phases of ATS [50,53]. Secondary to failure of macrophages to adequately achieve CC
phagocytosis, it causes lysosomal instability and cathepsin efflux, which activates the
NLRP3 inflammasome [50,53]. Moreover, it has also been documented that the genera-
tion of neutrophil extracellular traps (NETs), which primes macrophages, is initiated by
CCs [21,50]. Furthermore, CCs contribute to a vicious cycle by enhancing NET release
and macrophage priming, further complementing IL-1β, IL-18 and NET formation and
NLRP3 inflammasome activation [6,50]. Nonetheless, the underlying pathway relating
NETs to NLRP3 activation has not been fully determined and requires further exploration.
Since oxidized low-density-lipoproteins (oxLDLs) can generate the initiation signal, this
may be sufficient to send the NLRP3 inflammasome to both the activation and the priming
signals [53]. The uptake of oxLDL by macrophage scavenger receptors, such as cluster of
differentiation (CD) 36, initiates the formation of a TLR4/TLR6 heterodimer, which further
activates the inflammasome and triggers NF-κB signaling [36,54].

ATP-dependent NLRP3 activation revealed itself as an important player in diet-
induced atherosclerotic lesions via the purinergic 2X7 receptor (P2X7R), whose deficiency
has been reported to suppress the extent of atherosclerotic plaques and decrease inflamma-
some activation [23,27,55].

Novel experimental data using animal and cellular designs of atherosclerosis provide
mechanism-based perspectives on inflammasome modulation, particularly in the matter
of diabetic macrovascular dysfunction [56]. Both in vitro and in vivo, NLRP3 promoted
hyperglycemia-induced endothelial inflammation [13,57,58]. OxLDLs and high mobility
group box protein 1, two agonist ligands of receptor for advances glycation endproducts
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(RAGE), have also been linked to NLRP3 activation which occurs in parallel with the
atherosclerotic process in conjunction with hyperglycemia-induced ROS overproduction.
Despite inconsistent published results, it is becoming evident that TXNIP, another redox
signaling regulator, is significantly increased in response to hyperglycemia and may act as a
direct ligand of the NLRP3 inflammasome [29,33,59]. Whilst advanced glycation end prod-
ucts(AGEs) have undisputedly contributed to diabetic atherosclerosis, it is not currently
established whether the AGE/RAGE axis likewise activates NLRP3 in the atherogenic pro-
cess [60–62]. Besides glucose toxicity, another potential inflammasome regulatory molecule,
i.e., sterol regulatory element binding protein-1 (SREBP-1), is reported to be a key player in
oxLDL-induced excessive lipid accumulation, causing foam cell formation and de novo
lipid synthesis through the ROS-mediated NLRP3/IL-1β/SREBP-1 pathway [20,33,63].

Although endogenous factors that can activate inflammasomes (Figure 2) have been
uncovered, additional research is required to comprehend how these signals are direct
determinants of diabetes-related macrovascular dysfunction [23,64,65]. While endogenous
signals that can activate inflammasome assembly have been identified, further research is
needed to understand how they are directly linked to diabetes-related macrovascular injury.
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Figure 2. Two step canonical activation of NLRP3 inflammasome-driven downstream events in
the arterial endothelial cells. Signal 1 (priming) or ubiquitination phosphorylation, is activated by
TLRs or cytokine receptors that recognize and combine the corresponding signals to activate NF-κB
at the transcriptional level. The activation signal (Signal 2) is mediated by common intracellular
events, such as mitochondrial injury and ROS generation; K+ efflux; lysosome rupture and cathepsin
B release; and dispersal of the trans-Golgi network. The NLRP3 inflammasome activates mature
caspase-1 that cleaves pro-IL-1b and pro-IL-18 into their active forms. Active caspase-1 also cleaves
GSDMD, and its cleaved N-terminus (GSDMD-N) forms subsequently with pyroptosis. ROS = radical
oxygen species; nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB); apoptosis-
associated speck-like protein containing a CARD (ASC); P2X purinoreceptor 7 (P2RX7); vascular cell
adhesion molecule 1 (VCAM-1); monocyte chemoattractant protein 1 (MCP-1); IL-= in-terleukin-1;
IL-18= interleukin-18; never-in-mitosis A-related kinase 7 (NEK7); gasdermin D (GSDMD); terminal
domain (GSDMD-N; the up-arrow indicates upregulation.
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Table 1. Role of NLRP3 inflammasome in atherosclerosis.

Subjects Notable NLRP3 Effects in ATS Refs.

Ascending aortic tissue (CABG patients) - NLRP3 expression higher in patients with AS and correlated with
the degree of coronary artery disease [66]

Human carotid atherosclerotic plaques - NLRP3 inflammasome and components (ASC, caspase-1, IL-1β
and IL-18) higher expression in unstable atherosclerotic plaques [67]

Atherosclerotic plaques (ischemic
cerebrovascular disease, MI patients) - NLRP3–mRNA expression higher in symptomatic AS patients [68]

Peripheral blood monocyte (chronic heart
disease and acute coronary syndrome

patients)

- NLRP3 inflammasome positive correlation with
coronary atherosclerosis [69]

ApoE−/− mice fed with a HF and
HM diet

- Increased NLRP3 expression and proinflammatory effect in
hyperhomocysteinemia-induced atherosclerosis [70]

ApoE−/− mice fed with a HF diet

- NLRP3 inflammasome inhibition increased plaque stability [71]
- NLRP3 inflammasome inhibition reduced the size of

atherosclerotic plaques and IL-1β and IL-18 levels [72]

- CCs activate NLRP3 inflammasome [52]

ApoE−/− mice chow diet
- NLRP3 inflammasome activation via Sirt3/FOXO3a/Parkin

signaling pathway reduced atherosclerotic progression [73]

ApoE−/− mice western-type diet
- Specific NLRP3 inflammasome inhibition reduced atherosclerotic

plaque development [74]

Ldlr−/− mice fed with PUFAs diet
- NLRP3 inflammasome inhibition reduced atherosclerosis by

macrophage autophagy activation [75]

ApoE−/− mice
- The oxLDLs promote direct NLRP3 inflammasome activation and

indirect via ERK1/2 pathway [76]

ApoE−/−/caspase-1−/− double
knockout mice

- The extent of the area of atherosclerotic plaque reduced in
caspase-1 deficient mice [77]

Macrophages incubated with oxLDLs - NLRP3 inflammasome activation, increase in IL-1β and
IL-18 levels [52]

NLRP3-deficient THP-1 cells
- NLRP3 inhibition reduces foam cell formation of THP-1

macrophages by oxLDL uptake suppression and increasing
cholesterol efflux

[73]

HAECs
- NLRP3 inflammasome is activated by nicotine which promotes

pyroptosis, proinflammatory cytokines secretion and
atherosclerosis

[78]

Human and mice aortic endothelial cells - Melatonin inhibits pyroptosis through the MEG3/miR-223/
NLRP3 signaling axis [79]

HAECs - NLRP3 inhibitor Microrna-30c-5p inhibits inflammation and
pyroptosis via F0X03 pathway [80]

VSMC - AIM2 can stimulate caspase-1 via NLRP3 pathway and then
mediates the inflammatory response by slicing GSDMD [81]

coronary artery bypass grafting (CABG); myocardial infarction (MI); microRNA (mRNA); apolipoprotein E-
deficient (ApoE−/−); high-fat and high-methionine (HF and HM); silent information regulator 3 (Sirt3); forkhead
box O3 (FOXO3); LDL receptor knock-out (Ldlr−/−); polyunsaturated fatty acids (PUFAs); human aortic endothe-
lial cells (HAECs); vascular smooth muscle cells (VSMC); absent in melanoma 2 (AIM2).

3. Atherosclerosis

Despite all the major advances in addressing risk factors, such as obesity, hypertension,
and dyslipidemia, atherosclerotic-CVD manifested by myocardial infarction, stroke, and
peripheral vascular disease, with an accelerated progression and concurrent impairment
of several arterial territories, remains a primary cause of mortality with a significant
negative influence on the quality of life [60,82]. Therefore, developing new strategies for
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atherosclerosis prevention and treatment is essential, given the rising prevalence and the
severity of atherosclerosis-associated complications encumbered by its progression [83].

Endothelial dysfunction caused by oxidative stress, glyco-oxidation, and systemic
inflammation amplified by hyperglycemia and dyslipidemia, allows mainly LDL and
lipoprotein(a) (Lp(a)) to infiltrate vascular walls and enhance the migration of inflam-
matory cells through the expression of leukocyte adhesion markers, such as E-selectin,
P-selectin, ICAM-1 and VCAM-1 [84,85]. LDL oxidation and an inflammatory immune
response mediated by T lymphocytes and monocytes are prolonged in plaque-like lesions
composed of inflammatory cells trapped in the subendothelial zone [10]. OxLDLs engulfed
by monocyte-derived macrophages form foam cells that cluster in the vascular intima and
cause necrotic core formation, inflammation, and phenotypic transition of VSMCs [60].

An extracellular matrix is produced in the fibrous cap as a result of VSMC migration
and proliferation, collagen build-up and subsequent calcification [86]. As a result, the
intima thickens and a self-perpetuating cycle of localized inflammation and apoptosis
begins, causing gradual endothelial damage and the development of lipid-rich plaques
with fibrous capsules, especially at the arterial emergence sites or bifurcations that are
predisposed to blood flow alteration [87,88].

Whilst the early stages of endothelial dysfunction are relatively understood, it remains
puzzling to comprehend how the progression and destabilization phases of atheromatous
plaque take place [89].

3.1. Endothelial Dysfunction and Oxidative Stress

The majority of pathologies that are related to atherosclerosis display vascular en-
dothelial dysfunction [90]. Local hemodynamics of blood flow constitute a regional risk
factor for atherogenesis by producing injury prone areas primarily where laminar flow
is altered. Endothelial cells, through their ability to modulate an optimal hemodynamic
response to fluctuations in blood flow, play an instrumental role in atherogenesis [83,91,92].

A vicious loop that promotes apoptosis and increases extracellular matrix synthesis
results in increased vascular permeability, activation of NOX, and worsened vasodilation
due to decreased NO generation and increased ROS formation [88,93]. ROS production
through the activation of several enzymes, including those in the mitochondrial respiratory
chain, NOX, endothelial uncoupled nitric oxide oxidase (eNOS), cyclooxygenase, and xan-
thine (XO), provoke vasodilation abnormalities. This increases vascular permeability, thus
encouraging the production of more adhesion molecules, such as ICAM-1, VCAM-1, and
growth factors, such as vascular endothelial growth factor (VEGF), ET-1 and plasminogen
activator inhibitor 1 (PAI-1), which accelerate the development of vascular sclerosis [94–96].
Increased activity of NF-κB triggers the production of proinflammatory cytokines, includ-
ing IL-1β, IL-6 and TNF-α, and is secondary to reduced NO bioavailability, thus further
attracting the creation of a pro-coagulant state by promoting the expression of tissue factor
PAI-1 and the von Willebrand factor besides their role in maintaining the inflammatory
milieu [60,86,95,97].

Under the influence of ROS production, as illustrated above, the structural integrity
of the vascular endothelium is altered, resulting in the elevated expression of adhesion
molecules (ICAM-1 and VCAM-1) and the adhesion of monocytes into the subendothelial
space [2,10,98]. The differentiation of monocytes into macrophages attracts the release
of IL-1β, IL-18, TNF-α, INF-γ, and MCP-1, leading to a vicious pathway of ROS produc-
tion [88,93]. Subsequently, LDL cholesterol infiltrates into the subendothelial space in the
intima, where it is deposited and modified into oxLDLs [99]. Further, the differentiation of
monocytes in the subendothelial region into macrophages that release proinflammatory
cytokines and ingest oxLDLs leads to the production of foam cells [97,99,100]. In addition,
oxLDL causes the upregulation and release of inflammatory modulators, which further
encourage the migration of monocytes, an increase in the density of scavenger macrophage
receptors and the uptake of oxLDL during foam cell formation [99,101].
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Furthermore, ROS potentiate various inflammatory pathways through redox modi-
fication of inflammatory mediators, such as DAMPs, transcription factors, nuclear factor
erythroid 2-related factor 2 (Nrf2), NF-κB, hypoxia-inducible factor 1 (HIF-1) and activa-
tor protein 1 (AP-1), and through the formation of redox-dependent protein complexes
(Nrf2- kelch-like ECH-associated protein 1 (Keap1)) [94,102]. In conjunction with causing
insulin resistance, stimulation of the MAPK pathway also affects the phosphatidylinositol-
3-kinase/serine-threonine kinase (PI3K/AKT) eNOS modulatory mechanism [86,98,103].

By modulating the NLRP3 inflammasome, the interaction between oxidative stress
(OS) and inflammation through cytokine release is likewise documented [57,60]. As a result
of a myriad of conditions, secondary dysfunctional endothelium implies a change from a
quiescent to a proinflammatory phenotype and serves as the first stage in the development
of an atherosclerotic lesion.

3.2. Inflammation in Atherosclerosis

As stated earlier in the previous part of this review, inflammation is a pivotal element
in the pathophysiology of accelerated ATS, from the earliest stages of development to
the final thrombotic outcomes; thus, it has a potential therapeutical endpoint [104]. The
progression of atherosclerotic plaques is a continuum of processes involving both immune
and non-immune vascular cells [10,24].

LDLs build up in the subendothelial region within the early stages of atherosclerosis,
where they are transformed into oxLDLs and can activate ECs and macrophages in a
proinflammatory manner, aggravate endothelial damage and attract leukocytes [10,99].
When VSMCs are subjected to modified LDLs, CCL2, CCL5, and MCP-1 are released, thus
mediating monocyte recruitment [35,86,105]. In response to the local macrophage colony-
stimulating factor (M-CSF), underlying subendothelial monocytes divide into macrophages,
which additionally release IL-1, IL-18, TNF-α, and INF- γ [24,35]. Under the influence of
TNF-α, INF-γ and TLR ligands, macrophages adjacent to the lipid core differentiate into the
proinflammatory M1 phenotype that correlates with self-reinforcing inflammatory processes,
development of vulnerable plaques and the progression of atherosclerosis [35,106,107].

Another facet of atherosclerosis pathogenesis is the upregulation and activation of
TLR4 and NLRP3 inflammasome and the nuclear transcription factor NF-kB as an extension
of the endogenous host response to cholesterol efflux signaling misregulation, which is
mediated by oxLDL and CCs [33,54,105,108,109]. Furthermore, NLRP3 inflammasomes
have been linked to plaque development and progression through increased IL-1β and
IL-18 production, increased MCP-1 and VCAM-1 and accumulation of the vascular extra-
cellular matrix; these effects result from the JNK-induced apoptotic pathway, ASC and
pro-caspase-1 [14,31,54,110,111]. In addition, the remodeling that proceeds with plaque
development, intraplaque neovascularization, matrix depletion with thinning of the fibrous
cap and eventually fibrous cap rupture causing thrombosis have all been connected to
inflammation [2].

Considering the association between the accelerated progression of atherosclerosis in-
duced by chronic sterile inflammation, addressing the disorder from this perspective may be
a more reliable way to limit the development of its vascular consequences. Currently, no con-
sensus guidelines are targeting specific inflammatory pathways that can improve outcomes
for patients; therefore, there is a compelling need to further attractive research alternatives
and therapeutic strategies that may arise from inhibiting inflammatory pathways.

4. Therapeutic Targets
4.1. Hypoglycemic Agents

Anti-diabetic drugs have recently emerged as important novel mediators in treating
diabetic vascular dysfunction and atherosclerosis by inhibiting NLRP3 inflammasome
activation and reducing endothelial damage.

Glyburide, an FDA-approved sulfonylurea drug, interferes with the release of insulin
from pancreatic β cells by inhibiting ATP-sensitive potassium channels (KATP) [57]. Gly-
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buride was reported to exhibit anti-inflammatory effects mediated by the benzamide and
sulfonyl group specific to NLRP3, thus blocking caspase-1 activation, IL-1β secretion and
crystal-induced activation without relying on KATP channels and acting further down-
stream of P2X7R and upstream of inflammasome formation [112,113]. While glyburide
effectively inhibits NLRP3 activation in vitro, the high doses required in vivo limit its use-
fulness as a treatment due to major adverse effects. Its exact mechanism of action remains
not yet fully understood [21].

Since 1995, metformin, which was originally synthesized in 1922, has become broadly
recognized as the first-line treatment for T2DM, thus starting a new phase in the growing
burden of diabetes [114]. The main therapeutic mechanisms behind the drug are primarily
the result of adenosine monophosphate-activated protein kinase (AMPK) activation, which
further reduces hepatic gluconeogenesis and improves insulin resistance while improving
glucose uptake in peripheral tissues [115]. Metformin is currently being investigated
for new roles and pharmacological processes in light of growing interest in the role of
inflammation in the etiology of both T2DM and atherosclerosis [114,116]. The main data
revealed that metformin increased the production of AMPK and protein phosphatase 2A
(PP2A) expression, leading to reduced expression and inhibition of NLRP3 inflammasome
activation in oxLDL-stimulated macrophages [117]. These findings were additionally
supported by the fact that metformin averted accelerated diabetic AS in apoE−/− mice by
activating the Trx-1/Txn pathway [32,116,118].

The Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Patients
(EMPA-REG OUTCOMES) study reported that treatment with sodium–glucose cotrans-
porter 2 (SGLT2) inhibitors, a novel class of hypoglycemic agents, reduced the rate of all-
cause cardiovascular death in patients with T2DM at high risk of cardiovascular events [119].
The mechanism of action is mediated by the proximal kidney tubules, where SGLT2 in-
hibitors reduce renal glucose reabsorption and increase urinary glucose excretion [32,57]. In
ex vivo research employing human macrophages, empagliflozin administration, in addition
to previous effects, diminished NLRP3 inflammasome activation and IL-1 release, partly by
increasing β-hydroxybutyrate (BHB) and by reducing serum insulin, glucose and uric acid
levels [120].

Dapagliflozin, another family member, alleviated diabetic cardiomyopathy by in-
hibiting NLRP3 through activation of the AMPK system and blocked the TXNIP/NLRP3
pathway [54,121]. Furthermore, dapagliflozin therapy suppressed the generation of serum
NLRP3, IL-1β, IL-18 levels and ROS in the vasculature of atherosclerotic aortic lesions,
thus reducing the progression of ATS, diminishing macrophage infiltration and improving
lesion stability [122]. Regardless, the reported results strongly indicate compelling reasons
to further research the effects of SGLT2 inhibitors as a therapeutic solution for NLRP3
inflammasome inhibition in diabetic patients [32,57].

Apart from their hypoglycemic action, dipeptidyl peptidase 4 (DPP-4) inhibitors and
glucagon-like peptide receptor (GLP-1R) agonists have been demonstrated to improve
inflammatory markers, oxidative stress, endothelial function and, to some extent, the
atheroprotective features in patients with T2DM [123]. Saxagliptin was reported to reduce
myocardial injury by inhibiting the ERK/TLR4/NLRP3 and p38/miR-146b/TLR4/NLRP3
pathways, implying that DPP4 inhibition blocks the first step involved in inflammasome
activation [124]. In oxLDL-induced THP-1 cells, sitagliptin elicited a substantial downreg-
ulation of NLRP3, TLR4 and IL-1 expression and an increase in GLP-1R expression [43].
Vildagliptin, as per Qi et al., mitigates endothelial dysfunction mediated by elevated
free fatty acid (FFA) levels by inhibiting the AMPK-NLRP3-HMGB1 pathway, preserves
mitochondrial function and restores eNOS levels while decreasing cellular lactate dehy-
drogenase (LDH) production and ROS levels [125]. Anagliptin, a new DPP-4 inhibitor
approved for treating T2DM, was recently reported to reverse endothelial dysfunction by
SIRT1-dependent inhibition of NLRP3 inflammasome activation and suppression of NOX4-
ROS-TXNIP-NLRP3 crosstalk, in this way creating scope for additional research [46,126]. In
addition, glucagon-like peptide-1 receptor (GLP-1 RA) agonists provide beneficial effects on
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the cardiac function as well. Dulaglutide, a novel representant of the class, inhibits NLRP3
inflammasome, NOX4 and TXNIP expression in endothelial cells in a SIRT1-dependent
manner, protecting against the effects of increased glucose on the NLRP3 inflammasome
activation [43,46,127].

4.2. Direct and Indirect NLRP3 Inhibitors

Aiming to prevent inflammasome-mediated cell death and thereby decrease local
inflammation, pharmacological suppression of NLRP3 inflammasome activation may
represent a more precise and certain therapeutic approach for CVD [21]. Agents with
small molecules, such as MCC950, dapansutrile (OLT1177), CY-09 or tranilast, block
NLRP3 inflammasome activation by specifically targeting the NATCH domain of the
NLRP3 structure while numerous other inhibitors act by impairing ATPase function, such
as 3,4-methylenedioxy-nitrostyrene (MNS), Bay 11-7082, BOT-4-one, parthenolides and
INF39 [128]. Furthermore, because of many other biological functions, as shown in more
detail below, these agents are unlikely to function as specific NLRP3 inhibitors [21]. Nev-
ertheless, the scarcity of in vivo studies and NLRP3-dependent models underlines the
shortage of information on some compounds and the reasons why they remain unap-
proved as treatments.

4.2.1. MCC950

MCC950, a sulfonylurea compound that was first identified in 2001 as CP-456773
and subsequently known as cytokine release inhibitor drug 3 (CRID3), is an effective and
selective NLRP3 inflammasome inhibitor that binds to a specific residue in the walker B
motif of the NATCH domain of NLRP3 to prevent ASC oligomerization and NLRP3 ATP
hydrolysis [129]. Since it was established as an NLRP3 inhibitor, it has been used as a phar-
macological instrument to unravel the pathogenic functions of the NLRP3 inflammasome in
several disease models, including T2DM, ATS, and many others [46]. Corcoran et al. com-
prehensively analyzed its functions in more than 100 preclinical models of inflammatory
diseases [130]. At nanomolar doses, MCC950 inhibits NLRP3 inflammasome activation by
suppressing IL-1β secretion but not NLRP1, NLRC4, or AIM2 inflammasomes, suggesting
a capacity to modulate the immune system by only partial interleukin inhibition [35,59,131].
By indirectly influencing intraplaque macrophage composition or through processes such
as macrophage proliferation, the diminished size of atherosclerotic lesions represents the
probable therapeutic benefit of MCC950 in ApoE−/− mice [43]. In addition, through sirtuin
1 and superoxide dismutase (SOD), tissular overexpression of MCC950 exhibited antioxi-
dant capacity [132]. Regardless of the favorable outcomes in animal models, the compound
is currently withheld from clinical trials because of its liver toxicity [24,36].

4.2.2. CY-09

By interfering directly with the ATP-binding Walker A motif protein, another small-
molecule inhibitor, CY-09, selectively inhibits the NLRP3 inflammasome ATPase activity [21,133].
Ex vivo and in vivo designs for cryopyrin-associated periodic syndromes (CAPS), type
2 diabetes, gout and non-alcoholic fatty liver disease (NAFLD) have established the ef-
ficacy of CY-09, although further research is required to materialize its full therapeutic
value [134,135].

4.2.3. OLT1177/Dapansutrile

OLT1177, also referred to as dapanustrile, is a nitrile sulfonyl derivative that selectively
inhibits the inflammasome ATPase activity, disabling NLRP3-ASC and NLRP3-caspase-1
interactions and IL-1β generation in neutrophils and monocyte-derived macrophages [136].
In a phase I clinical trial, dapanustrile, proved to be safe and tolerated in oral application in
healthy adults, with both in vitro and in vivo efficacy distinguishing it from MCC950 [36,137].
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4.2.4. Tranilast

Originally discovered to suppress NF-κB by disrupting the association between NF-κB
and CREB-binding protein (CBP), tranilast, an analogue of a tryptophan metabolite, has
been utilized to treat bronchial asthma in Japan, China and South Korea since 1982 [43].
Highlighted in current emerging research as a selective NLRP3 inhibitor and IL-1β down-
regulator, in contrast to other direct inhibitors, the compound mediates only the NLRP3-
ASC interplay and does not affect ATPase activity of the protein [138]. Tranilast suppresses
inflammation by inhibiting NLRP3 inflammasomes but not AIM2 or NLRC4 inflamma-
somes. Additionally, it blocks LPS-induced pro-IL-1β and IL-6 production, despite having
an in vivo potency that is 5–10 times less effective than MCC950 [21].

In addition to its anti-inflammatory properties, it further exhibited antioxidant effects
demonstrated by ROS scavenging and direct suppression of xanthine oxidase activity
in vitro, as well as reducing TXNIP expression and ROS generation in rats that were
administered streptozotocin [36].

4.2.5. Oridonin

Oridonin (Ori), a natural constituent derived from the plant Rabdosia rubescens, is
frequently consumed in East Asia as a dietary supplement for its anti-inflammatory, an-
titumor, antimicrobial and neuroprotective effects. Through the disruption of NF-κB
signaling, nuclear translocation and DNA binding, it mediates the suppression of var-
ious pro-inflammatory regulators [139–141]. Recently, ori has emerged as a selective,
non-reversible inhibitor of NLRP3 that suppresses IL-1β generation and NLRP3-NEK7
interaction by covalently altering the C279 cysteine residue in the NACHT domain without
impacting the ATPase [142].

Concerns regarding the toxicity and the detrimental pharmacological consequences of
ori exist, despite the in vivo effects observed in preclinical investigations [143]. To increase
pharmacological activity and bioavailability, more studies on ori analogues are warranted.

4.2.6. 3,4-Methylenedioxy-β-Nitrostyrene (MNS)

By interfering with the synthesis of IL-1β, IL-18 and caspase-1 activation, the spleen
tyrosine kinase (Syk) and Src tyrosine kinase inhibitor, 3,4-methylenedioxy-β-nitrostyrene
(MNS) is likewise a reliable and selective inhibitor of the NLRP3 inflammasome [144].
Subsequent findings indicate MNS binds to the LRR and NACHT domains of the NLRP3
protein, inhibiting ATPase function but not the inflammasome AIM2 or NLRC4. However,
its extreme toxicity hindered further research [47].

4.2.7. INF Analogues

INF analogues were first introduced in 2014; one of the compounds, INF4E (compound
9), irreversibly inhibits the NLRP3 protein via its Michael acceptor. They display a potential
role as targets for IL-1β secretion, ATPase and caspase-1 activity inhibition [145]. In addi-
tion, INF4E inhibits ATP- and nigericin-induced cell death and inhibits pyroptosis, demon-
strating novel additional cardioprotective benefits in myocardial ischemia/reperfusion
injury via the ERK/Akt/GSK-3β RISK pathway [54,146]. The discovery of the analogue
INF58 (compound 14), which irreversibly inhibits the NLRP3 ATPase with enhanced po-
tency, and INF39 (compound 11), which has reduced cytotoxicity and reactivity while
attenuating NEK7-NLRP3 interactions, was made possible by derivatization and comple-
mentary structural analysis [145].

With no inhibition of AIM2 or NLRC4 inflammasomes but inhibition of ASC speck
production and cleavage of caspase-1, IL-1β and GSDMD proteins, INF39 is the most
studied representative as a potential future NLRP3 selective inhibitor [147].

4.2.8. BAY 11-7082

BAY 11-7082 (BAY), a phenylvinylsulfone with multiple pharmacological and potential
pathways, is known to reduce TNF-α, which inhibits the nuclear factor-κB (IκB) kinase (IKK)
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phosphorylation that in turn reduces NF-κB signaling and NLRP3 production [36,43]. By
completely alkylating cysteine residues in the NLRP3-ATPase region through a Michael
coupling process, BAY decreases NLRP3’s ATPase function and prevents ASC oligomeriza-
tion [148]. The covalent cysteine residue C191 alkylation by the compound is involved in
the GSDMD pore formation, as was observed by Hu et al. [149].

4.2.9. VX-740 (Pralnacasan) and VX-765

The orally targeted caspase-1 inhibitors VX-740 (Pralnacasan) and their analogue
VX-765 represent two novel compounds that covalently alter the catalytic cysteine residues
in the active sites of caspase-1, thereby impairing caspase-1 cleavage and pro-IL-1β/18
processing [150]. While both rheumatoid arthritis (RA) and osteoarthritis (OA) have been
successfully managed with VX-740 in phase IIa clinical trials, additional research has been
suspended due to the severe hepatotoxicity uncovered with prolonged use [43]. Since
VX-765 was proved to significantly downregulate pyroptosis and IL-1β expression in SMCs
incubated with oxLDL and suppress AS formation in ApoE−/− mice, it has become the
most researched caspase-1 inhibitor [151].

4.2.10. Anakinra (Kineret), Rilonacept (Arcalyst) and Canakinumab (Ilaris)

Anakinra is a synthetic IL-1Ra. Rilonacept is a dimeric fusion protein with decoy
receptors containing extracellular residues of the two IL-1R subunits. Canakinumab is an
anti-IL-1β monoclonal antibody that specifically binds to and neutralizes IL-1β. These are
the three biological therapies currently approved by the FDA that additionally target the
NLRP3 pathway [6]. Neither of the biologics previously listed has received approval for use
in clinical practice as an NLRP3 inhibitor alone, despite the NLRP3-IL-1b inflammasome
pathway being a potentially valuable therapeutic target for patients with atherosclerosis
and other inflammatory conditions [15]. Regarding CVDs, some clinical trials with anakinra
have been carried out in patients with myocardial infarction (VCU-ART and VCU-ART2;
MRC-ILA-Heart Study) [152,153], but the stated outcomes are controversial due to the
sparse patient samples involved [15,154].

A large-scale clinical trial, the Canakinumab Anti-inflammatory Thrombosis Outcomes
Study (CANTOS), was conducted to explore the theory of inflammation interplay in
ATS [11]. Although neutralizing IL-1β with the canakinumab antibody (at a dose of 150 mg
every three months) improved cardiovascular events related to atherosclerosis, a major
impediment in admitting this compound as a therapy are the undefined strict criteria for
eligibility as the study revealed substantial side effects of the treatment [11,24,43].

4.2.11. Colchicine

In addition to its proven proficiency in treating gouty arthritis and pericarditis,
colchicine, a widespread drug, has proven recently to be an effective anti-inflammatory
compound by blocking NLRP3 inflammasome activity and suppressing IL-1β and IL-18
secretion [31,43].

Patients with acute coronary syndrome who were administered short-term colchicine
in the Colchicine Cardiovascular Outcomes Trial (COLCOT) displayed markedly decreased
IL-1 and caspase-1 production when compared to untreated patients, indicating that
colchicine has potential atheroprotective effects [155]. The incidence of cardiovascular
mortality, myocardial infarction, ischemic stroke and ischemia-induced coronary revas-
cularization was decreased by 31% in the Low-Dose Colchicine (LoDoCo20) trial, which
enrolled patients with chronic stable CAD after one month of colchicine treatment (0.5 mg
once daily). The LoDoCo2 trial that included patients with stable chronic CAD after one
month of colchicine use (0.5 mg once daily) had a 31% reduction in the incidence of car-
diovascular death, myocardial infarction, ischemic stroke and ischemia-driven coronary
revascularization when compared with patients receiving placebo [156]. The results re-
inforce the promising advantages of anti-inflammatory agents in patients with coronary
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artery disease and are concordant with those of the COLCOT study and the first LoDoCo
study [24,155,157].

Even though CANTOS and LoDoCo2 have still not adjusted the therapeutic agenda for
cardiovascular risk reduction in clinical practice [11,156], these pivotal studies constitute an
important step in the practical implementation of immunomodulatory therapies targeting
NLRP3 for CVD.

4.2.12. Less Known NLRP3 Inhibitors

Other NLRP3 inflammasome inhibitors are currently being studied, but they are in
an early stage of research and, considering that new molecules are constantly emerging,
require further evaluation to be considered as potential future therapies.

The benzoxathiol derivative BOT-4-one exerts anti-inflammatory properties through
various pathways, including inhibition of the NF-κB pathway by alkylation of IKKβ and
consequently decreased production of NLRP3 [149]. Although the effect on ubiquitination
is uncertain, the molecule’s capacity to arrest ATP-induced IL-1 release deserves further
exploration in atherosclerosis [47,158]. By disrupting the transcription factors NF-κB
and signal transducer and activator of transcription 1 (STAT1), methylene blue, an anti-
inflammatory, antioxidant and neuroprotective substance, has lately proved its effects in
reducing NLRP3, pro-IL-1β and iNOS expression [159,160].

Disulfiram, the FDA-approved treatment in alcohol dependence, additionally ex-
hibited lysosomal protection, mitochondria-independent ROS generation and NLRP3
inhibition [161]. In particular, disulfiram has been reported to suppress GSDMD pore
development, hindering IL-1 β release and associated pyroptosis [162]. Supplementary
research is needed to retarget disulfiram treatment for inflammatory pathologies.

Some phenamic acid derivatives have been reported to interact with NLRP3 inflam-
masomes by disrupting the Cl- volume-regulated anion channel (VRAC) as a complement
to their extensive use as nonsteroidal anti-inflammatory drugs (NSAIDs) that inhibit cy-
clooxygenase (COX) [163]. The detection of pleiotropic effects in antidepressants has been
enabled by acknowledgement of the importance of inflammatory routes in the pathophysi-
ology of psychiatric diseases. Recently, fluoxetine revealed direct NLRP3 inhibitory effects
and downstream IL-1β regulation in macrophage cells and retinal pigment epithelium
(RPE) cells [164]. This opens potential new areas of use for fluoxetine and phenamic acid
derivatives, but further studies are necessary to determine their efficacy in various con-
ditions. Another innovative approach is ursodeoxycholic acid (UDCA), which decreased
intracellular CC by dissolving in macrophages and thereby reducing IL-1β secretion [165].

Considering its entanglement in inflammatory disorders, with the direct consequence
of endorsing cytokine release and mediation of endothelial pyroptosis, NLRP3 inflamma-
some is an attractive therapeutic target. As observed, new pharmacological approaches
hamper its pathway by targeting a specific phase via different components or by directly
inhibiting NLRP3 and fully stopping its effects (Table 2).

Table 2. Therapeutic pharmacological agents against NLRP3 inflammasome according to their
activation phases.

Agent Study Design Salient Results Ref.

Phase I (priming)

Bay 11-7082 Preclinical
(Experimental study)

- Via NF-κB inhibition selectively blocks IKKβ kinase activity with
subsequent inhibition of the NLRP3 inflammasome activation;

- Inhibited nigericin-induced and MSU-induced caspase-1 activation by
the NLRP3 inflammasome.

[148]

NLRP3 oligomerization

CY-09
(glitazone derivate)

Preclinical
(Experimental study)

- It binds to the ATP-binding motif of NLRP3 NACHT domain and
inhibits NLRP3 ATPase assembly and activity in macrophages;

- Inhibits NLRP3 ATPase activity;
- Reverses metabolic effects via NLRP3 inhibition.

[166]
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Table 2. Cont.

Agent Study Design Salient Results Ref.

MCC 950 Preclinical
(Experimental study)

- Inhibits NLRP3 inflammasome activation by suppressing IL-1β
secretion;

- It does not affect NLRP1, NLRC4 or AIM2 inflammasomes;
- Atheroprotective activity by reducing the size of the plaque;

- Reversed the impaired endothelial dysfunction.

[129–131]

Dapansutrile
CT

(Phase I, randomized
controlled trial)

- Inhibits NLRP3-ASC band NLRP3-caspase-1 interaction. [137]

Tranilast Approved
(Experimental study)

- Reduces ROS, TXNIP expression and directly inhibits xhantine oxidase
activity in vitro;

- Via binding to the NATCH domain of NLRP3, inhibits assembly and
its effects.

[21,36]

Phase II (activation)

Ang-(1-7) Preclinical
(Experimental study)

- Anti-inflammatory and anti-senescent action through RAAS;
- Inhibits IL-1

-induced iNOS expression and NF-κB activation in vascular
smooth muscle cells;

- Diminishes NLRP3 inflammasome/IL-1
over-activation loop.

[167]

HL2351
CT

(Phase I, randomized
controlled trial)

-Inhibition of IL-1
function with indirect NLRP3 inflammasome action. [113]

GSK1070806
CT

(Phase II, randomized,
placebo-controlled)

- Inhibition of IL-18;
- Inhibition of IL-18 did not lead to any improvements in glucose control. [168]

Rilonacept
Approved

(Phase III, double-blind,
randomized-withdrawal)

- Inhibition of the IL-1 pathway;
- Reduced the activation of endothelial cell NADPH oxidase. [169]

Canakinumab
Approved

(Randomized,
double-blind)

- Direct blockade of IL-1
or its receptor;

- Antioxidant effects.
[11]

Anakinra
Approved

(Randomized,
double-blind)

- Modulation of mitochondrial ROS production by activating SOD2. [11]

Iκβ kinase β (IKKβ); monosodium urate (MSU); clinical trial (CT); the anti-interleukin-18 monoclonal antibody
(GSK1070806); renin-angiotensin-aldosterone system (RAAS); superoxide dismutase 2 (SOD2).

4.3. Statins

Modern research shows that statins, as analogues of 3-hydroxy-3-methylglutaryl coen-
zyme A inhibitor (HMG-CoA) and typically utilized for their cholesterol-lowering ability,
also have pleiotropic effects, including immunomodulatory and anti-inflammatory abilities.

Wu et al. [170] revealed that atorvastatin, the most researched member of the class,
inhibits the NLRP3 inflammasome and the molecules involved in pyroptosis, such as caspase-
1 and IL-1 β, by increasing the production of NEXN-antisense RNA1 (AS1) lncRNA and
its related gene NEXN [170,171]. In addition, the anti-inflammatory effects translated as
IL-1β downregulation are supported by inhibition of the TLR4/MyD88/NF-κB pathway
demonstrated in THP-1 cells stimulated with phorbol 12-myristate 13-acetate (PMA) [27,172].
In this account, it is reasonable to hypothesize that reduced NLRP3 inflammasome signaling
is at least broadly accountable for the effects of atorvastatin on the progression of atherogenic
pathways and chronic inflammation [43].

Simvastatin therapy also substantially decreased expression levels of NLRP3, cathepsin
B, IL-1β and IL-18 in peripheral blood monocytes in response to CC stimulation both
in vitro and in vivo [32,173]. Additionally, another atheroprotective pathway emerged and
is exemplified by the endothelial Kruppel-like factor 2 (Klf2)-Forkhead box P transcription
factor 1 (Foxp1)–NLRP3 inflammasome network; it warrants more consideration for its
potential effect in delaying T2DM-associated atherosclerosis progression [46,174]. Another
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class representative, rosuvastatin, displayed in vivo decreased NLRP3 activation mostly via
crosstalk with the oxidative stress enzymatic players, such as SOD, glutathione peroxidase
and catalase (CAT) [54,175].

When considered collectively, preclinical research findings imply that statins have the
potential to be an efficient therapeutic and prevention approach for cardiovascular disease
by controlling NLRP3 activation.

4.4. Natural Compounds

A vast array of novel substances identified from a variety of natural compounds
that have been used for many years in conventional, traditional medicine qualify as
potential NLRP3 inflammasome inhibitors that can provide effective therapies. How-
ever, the mechanisms underlying their immune modulatory function have not been
thoroughly investigated.

4.4.1. Flavonoids

Many fruits, vegetables and grains contain a phytonutrient class commonly known
as flavonoids; it is widely recognized for its neuroprotective, anti-inflammatory, and
antioxidant effects. The ability of flavonoids to decrease ROS production and expression
of inflammasome components, such as ASC, NLRP3 and active caspase 1, as well as the
consistent release of IL-1β, are presumed to be molecular mechanisms by which they
modulate inflammasome activity [47,176]. The most promising NLRP3 inflammasome
antagonists will hereafter be outlined.

Reductions in levels of the pro-inflammatory cytokines IL-6, IL-1β and TNF-α, coupled
with additional inhibition of the ERK1/2 and NF-κB pathways, are accomplished by the
flavone apigenin, contained in vegetables such as celery and parsley [32,177]. Although
apigenin does not affect ASC protein levels despite reduced NF-κB activation, it has
recently been reported to reduce phosphorylation of two key enzymes involved in ASC
phosphorylation: Syk and the protein tyrosine kinase 2 (Pyk2) [176]. Additional research is
required to define the specific NLRP3 inhibitory mechanism since the compound exhibits
non-selective function by interfering with IL-1β production via AIM2 inflammasome [178].

Cardamonin, a naturally occurring chalcone identified in the Alpinia katsumadai Hay-
ata plant, has been documented to reduce nitric oxide (NO) levels via NF-κB inhibition and
by increasing the AhR/Nrf2/NQO1 pathway, a recognized NLRP3 downregulator [179].
However, there is a lack of research papers on the effects of cardamonin on ATS [180].

Because of their high concentrations of flavonoids, chalcones and other phytonu-
trients, including isoliquiritigenin (ILG) and glycyrrhizin (GL), two extracts from the
Glycyrrhiza uralensis (licorice) plant, have traditionally been utilized to treat a series of
conditions [47]. Either compound inhibits NF-κB and MAPK activity by repressing the
TLR4/MD-2 molecule [54]. A single study concluded that isoliquiritigenin therapy reduced
NLRP3 inflammasome, caspase-1 activation and IL-1β generation in obesity through in-
terference with both the inflammasome initiation and activation phases [181]. Albeit in a
non-specific manner modulated by NF-κB luteolin present in plants such as broccoli, celery,
thyme and pepper, these compounds can reduce ROS and NLRP3 generation besides other
inflammatory mediators [182,183]. Further testing raised the hypothesis of luteonin inflam-
masome inhibitor potential, but none focused on ATS [182,184]. IL-1β secretion via NLRP3
and AIM2 inflammasome pathways is diminished by the non-selective inflammasome
inhibitor quercetin, commonly present in a variety of grains, vegetables, and fruits [185].
Quercetin represses the NLRP3 inflammasome activation phase by impairing ASC-speck
oligomerization, although the exact mechanism is currently unclear [47,186].

4.4.2. Phenols

Several species of the genus Artemisia have prompted interest in further study of their
anti-inflammatory benefits due to their current use in traditional Asian remedies. As a
pertinent example, the dysregulated activation of NLRP3 or AIM2 inflammasomes yields
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the anti-inflammatory effects of Artemisia princeps extract (APO), which suppresses the
generation of ASC speck [187,188]. Additional constituents, such as Artemisinin from
Artemisia annua, ameliorated foam cell production by impairing the inflammatory AMPK/
NF-κB-NLRP3 pathway response in macrophages [32,189]. By modulating ASC-PYD
binding and inhibiting NLRP3-ASC interplay, the phenolic class representant caffeic acid
phenethyl ester (CAPE) found in bee propolis might decrease NF-κB activation and hinder
NLRP3 and AIM2 inflammasome activation [190].

Curcumin, a common polyphenol substance renowned for its anti-inflammatory and
antioxidant properties, reduced NLRP3 expression due to IKK phosphorylation inhibition
that further impaired the TLR4/MyD88, NF-κB and P2X7R inflammasome pathways [32,191],
thus dismissing the hypothesis of inhibition by the antioxidant mechanism [192].

While a promising target for suppressing the AIM2 inflammasome, the terpene group
compounds, such as andrographolide and parthenolide, produce only mild inhibitory
effects on the NLRP3 inflammasome [47,192,193].

4.4.3. Miscellaneous

The traditional Chinese herbal naftoquinone compound Shikonin, extracted from the
roots of Lithospermum erythrorhizon, displays numerous anti-inflammatory mechanisms by
targeting NF-κB suppression and NLRP3 mediated IL-1β production; however, the effects
on cardiovascular disease are still unknown [194,195]. In addition, Salvia miltiorrhiza Bunge
contains salvianolic acid A (SAA), a phenolic molecule that hinders NLRP3 activation
in aortic tissues via the NF-κB pathway and reduces early-stage ATS [196]. Moreover,
6-shogal, the most potent ginger-derived compound, displayed positive effects by reducing
Akt activation, ROS production and NLRP3 inflammasome activation, thereby alleviating
hyperglycemia-induced calcification of arterial smooth muscle cells [55,197]. Inhibition
of ROS/TXNIP/NLRP3 crosstalk has been established in mangiferin, puerarin, and rutin
administration that can further mitigate oxidative stress and inflammation in vascular
endothelial cells [56,198]. As AGEs induced endothelial dysfunction, salidroside might
play a pivotal role by regulating AMPK/NF-κB/NLRP3 signaling [199].

Inhibiting diabetes-related atherosclerosis by raising eNOS levels and decreasing NF-
κB and TXNIP expression in response to the priming signal from NLRP3 inflammasome
activation, Biejiajian (BJJ), a traditional Chinese medicine, has lately exhibited promising
results [12]. The LOX-1/NLRP3 pathway recently emerged as an important mediator in
inflammasome activation upon the use of astragaloside IV (AS-IV), the active component
of Astragalus membranaceus (Fisch.) Bge., an antioxidant treatment [200,201].

The aforementioned natural elements function essentially as antioxidants. In part,
this can account for their function as NLRP3 inflammasome inhibitors by reducing ROS
generation. However, they also provide new insights into the complex interaction be-
tween inflammation and oxidation and suggest potential therapeutic options for vascular
problems [56]. Current studies are insufficient to completely explain the therapeutic ef-
fects of these substances, and further research is necessary to better understand their
inflammasome-inhibiting potential.

5. Discussion

Although inflammatory biomarkers (hsCRP, IL-6, IL-1, TNF-, MCP-1), endothelial
biomarkers (ICAM-1, VCAM-1) and selectins are established in both human and exper-
imental studies as routinely detected in retrieved blood samples, we are still bound by
particular detection methods when it comes to quantifying inflammation as a target. While
in preclinical studies these changes have been detected in samples of peripheral blood
monocytes, macrophages, aortic endothelial cells from mouse tissues and cell cultures
using a variety of staining methods and tests (e.g., Western blotting, real-time polymerase
chain reaction), the assessment of the therapeutic–inflammatory response is not clearly
delineated in most human clinical studies. This underlines the necessity of designing a
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specific test for sensing and assessing anti-inflammatory therapy that can be implemented
in clinical practice in conjunction with a more extensive panel of inflammatory biomarkers.

We need to emphasize some of the contrasts between our research and some of the
most important reviews that have been conducted in this topic over the last three years after
thorough research. For instance, in their work, Silvis et al. [31] focused on the mechanisms
and the involvement of NLRP3 inflammasome strictly in coronary artery disease and acute
myocardial infarction with a brief mention of therapy options mentioning only clinical
immunotherapy trials. Jiang et al. [43], in their review, discussed in detail the NLRP3
inflammasome components and their pathophysiological implications in atherosclerosis,
with a focus only on direct and indirect NLRP3 inflammasome inhibitors and setting aside
natural components which could prove an inexpensive source of treatment in the future.
Sharma B.R. et al. [38] reviewed the mechanisms of NLRP3 regarding chronic inflam-
mation in atherosclerosis and cancer, without any mention of treatment options, while
Sharma A. et al. [132] raised awareness about NLRP3 inflammasome involvement in dia-
betic atherosclerosis in relation to only one therapeutic option. In contrast, Burger et al. [202]
pointed out the role of NLRP3 inflammasome in plaque destabilization and only briefly
covered the treatment potential of colchicine. Takahashi et al. [6] covered NLRP3 inflam-
masome involvement in atherosclerosis in addition to the vascular pathology of different
causes (aortic aneurysm, Kawasaki disease). They discuss known clinical trials (e.g., CAN-
TOS, COLCOT) with a concise overview of preclinical studies. Zeng et al. [203] discussed
the implications and therapeutic possibilities of pyroptosis but concerning only one as-
pect of the myriad ramifications of the NLRP3 inflammasome in the pathophysiology of
atherosclerosis; they only discuss one therapeutic product.

While pharmacological inhibitors of NLRP3 inflammasome and natural compounds
have shown promise in animal models, there are limitations to their use in clinical practice.
The lack of comprehensive studies on a larger scale in humans and high-quality research
prevents the Food and Drug Administration (FDA) and medical experts from recommend-
ing the use of numerous molecules in the form of affordable dietary supplements that
contain mainly the natural compounds presented above for the prevention and treatment
of atherosclerosis. Furthermore, these agents may have limited bioavailability and can be
metabolized quickly, making them less effective in vivo. For example, some inhibitors have
low specificity and can also affect other inflammasomes, leading to potential off-target
effects. Inhibiting only IL-1 and IL-8 may not fully address the complex inflammatory
response downstream of NLRP3 activation, as its activation leads to the production of
various cytokines and chemokines that contribute to inflammation, including IL-1β, IL-
18, IL-6, TNF-α and IL-8. Additionally, the multiple downstream mediators inhibition
treatments targeting IL-1 and IL-18 do not have NLRP3 specificity and can also inhibit
the normal immune response pathways. Additionally, the long-term use of interleukin
inhibitors is well known for their immune-related adverse events, including low blood
pressure, nausea, vomiting, liver enzyme elevations, diarrhea and increased rates of in-
fection. While NLRP3 is a key regulator of inflammasome activation, there is increasing
evidence that other inflammasome sensors, such as NLRC4 and AIM2, also play a role in
atherosclerosis. Therefore, targeting NLRP3 alone may not be sufficient to fully modulate
the inflammasome response in atherosclerosis. Combining NLRP3 inhibitors with other
agents that target other aspects of atherosclerosis., such as lipid metabolism or immune
cell recruitment, may provide synergistic effects and enhance therapeutic efficacy. Ad-
vances in drug discovery and development may lead to identifying new, more specific and
potent NLRP3 inhibitors with improved bioavailability and pharmacokinetic properties,
potentially resulting in fewer adverse effects. While NLRP3 inflammasome activation is a
promising therapeutic target for the treatment of atherosclerosis (Figure 3), and most of
its beneficial effects are seen in experimental studies, developing other NLRP3-modifying
agents is necessary to address the limitations of current agents. It is also necessary to
account for NLRP3-independent mechanisms and explore potential combination therapies.
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As noted, we conclude that our updated review provides scientific data not only about
the pathophysiology underlying atherosclerosis, which involves the complex relationship
between inflammation, hyperglycemia and oxidative stress and the role of NRLP3 in these
pathways, but also encompasses a wider array of therapy information. In addition, our
review outlines both preclinical and clinical findings on NLRP3 inhibitors and includes
integrative reviews of other lesser-known NLRP3 inhibitors. The aim of this manuscript
is to reveal the vastness of this field, which encompasses still unexplored pathways and
molecules with biomarker potency and less addressed potential therapeutic targets. Hope-
fully, it can be of help for future researchers.
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6. Conclusions

Unfortunately, as the human population grows, unhealthy lifestyles are increasingly
adopted, leading to a rise in the incidence and prevalence of metabolic diseases. All things
considered, despite the efforts of bringing new molecules for atherosclerosis treatment
and up-to-date management guidelines, atherosclerosis still holds the title of one of the
most debilitating diseases when its multiple central and peripheric vascular complications
are considered.

For this reason, over the last decades, the scientific community has directed its attention
to the supplementary investigation of the pathogenesis behind this disease, with more
concentration on inflammasome pathway research. A plethora of evidence noted the
role of NLRP3 inflammasome in endothelial dysfunction and atherosclerosis. Human
and preclinical studies predominantly displayed the beneficial effects of direct or indirect
NLRPR signaling/assembly/activation phase inhibitors.

A better understanding through translational research could enlighten the full role
and potential of inflammasomes in CVD disease. Thus, perhaps the discovery of clini-
cally approved novel pharmacological molecular inhibitors of NLRP3, along with other
adjuvant therapy agents, may bring new therapeutic strategies with a reduced burden of
atherosclerosis complications.
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Nat. Rev. Dis. Prim. 2019, 5, 56. [CrossRef]
2. Libby, P. The Changing Landscape of Atherosclerosis. Nature 2021, 592, 524–533. [CrossRef]
3. Liberale, L.; Montecucco, F.; Schwarz, L.; Lüscher, T.F.; Camici, G.G. Inflammation and Cardiovascular Diseases: Lessons from

Seminal Clinical Trials. Cardiovasc. Res. 2021, 117, 411–422. [CrossRef] [PubMed]
4. Montecucco, F.; Liberale, L.; Bonaventura, A.; Vecchiè, A.; Dallegri, F.; Carbone, F. The Role of Inflammation in Cardiovascular

Outcome. Curr. Atheroscler. Rep. 2017, 19, 11. [CrossRef]
5. Liberale, L.; Holy, E.W.; Akhmedov, A.; Bonetti, N.R.; Nietlispach, F.; Matter, C.M.; Mach, F.; Montecucco, F.; Beer, J.H.;

Paneni, F.; et al. Interleukin-1β Mediates Arterial Thrombus Formation via NET-Associated Tissue Factor. JCM 2019, 8, 2072.
[CrossRef] [PubMed]

6. Takahashi, M. NLRP3 Inflammasome as a Key Driver of Vascular Disease. Cardiovasc. Res. 2022, 118, 372–385. [CrossRef]
[PubMed]

7. Fernandez, D.M.; Rahman, A.H.; Fernandez, N.F.; Chudnovskiy, A.; Amir, E.D.; Amadori, L.; Khan, N.S.; Wong, C.K.; Shamailova,
R.; Hill, C.A.; et al. Single-Cell Immune Landscape of Human Atherosclerotic Plaques. Nat. Med. 2019, 25, 1576–1588. [CrossRef]
[PubMed]

8. Ross, R. Atherosclerosis—An Inflammatory Disease. New Engl. J. Med. 1999, 340, 115–126. [CrossRef] [PubMed]
9. Kritharides, L. Inflammatory Markers and Outcomes in Cardiovascular Disease. PLoS Med. 2009, 6, e1000147. [CrossRef]

[PubMed]
10. Björkegren, J.L.M.; Lusis, A.J. Atherosclerosis: Recent Developments. Cell 2022, 185, 1630–1645. [CrossRef] [PubMed]
11. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.;

Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377,
1119–1131. [CrossRef]

12. Fu, Y.; Yuan, J.; Sang, F.; Shao, M.; Yan, S.; Li, L.; Zhu, R.; Wang, Z. Biejiajian Pill Ameliorates Diabetes-Associated Atherosclerosis
through Inhibition of the NLRP3 Inflammasome. Evid. -Based Complement. Altern. Med. 2022, 2022, 9131178. [CrossRef] [PubMed]

13. Wan, Z.; Fan, Y.; Liu, X.; Xue, J.; Han, Z.; Zhu, C.; Wang, X. NLRP3 Inflammasome Promotes Diabetes-Induced Endothelial
Inflammation and Atherosclerosis. DMSO 2019, 12, 1931–1942. [CrossRef] [PubMed]

14. Grebe, A.; Hoss, F.; Latz, E. NLRP3 Inflammasome and the IL-1 Pathway in Atherosclerosis. Circ. Res. 2018, 122, 1722–1740.
[CrossRef] [PubMed]

15. Abbate, A.; Toldo, S.; Marchetti, C.; Kron, J.; Van Tassell, B.W.; Dinarello, C.A. Interleukin-1 and the Inflammasome as Therapeutic
Targets in Cardiovascular Disease. Circ. Res. 2020, 126, 1260–1280. [CrossRef]

16. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of Activation and Regulation.
IJMS 2019, 20, 3328. [CrossRef]

17. Fatima, S.; Ambreen, S.; Mathew, A.; Elwakiel, A.; Gupta, A.; Singh, K.; Krishnan, S.; Rana, R.; Khawaja, H.; Gupta, D.; et al.
ER-Stress and Senescence Coordinately Promote Endothelial Barrier Dysfunction in Diabetes-Induced Atherosclerosis. Nutrients
2022, 14, 2786. [CrossRef]

18. Mikkelsen, R.R.; Hundahl, M.P.; Torp, C.K.; Rodríguez-Carrio, J.; Kjolby, M.; Bruun, J.M.; Kragstrup, T.W. Immunomodulatory
and Immunosuppressive Therapies in Cardiovascular Disease and Type 2 Diabetes Mellitus: A Bedside-to-Bench Approach. Eur.
J. Pharmacol. 2022, 925, 174998. [CrossRef]

19. Martinon, F.; Burns, K.; Tschopp, J. The Inflammasome: A Molecular Platform Triggering Activation of Inflammatory Caspases
and Processing of ProIL-Beta. Mol. Cell 2002, 10, 10. [CrossRef]

20. Zhou, W.; Chen, C.; Chen, Z.; Liu, L.; Jiang, J.; Wu, Z.; Zhao, M.; Chen, Y. NLRP3: A Novel Mediator in Cardiovascular Disease.
J. Immunol. Res. 2018, 2018, 5702103. [CrossRef]

72



Int. J. Mol. Sci. 2023, 24, 8162

21. Swanson, K.V.; Deng, M.; Ting, J.P.-Y. The NLRP3 Inflammasome: Molecular Activation and Regulation to Therapeutics. Nat. Rev.
Immunol. 2019, 19, 477–489. [CrossRef]

22. Biasizzo, M.; Kopitar-Jerala, N. Interplay Between NLRP3 Inflammasome and Autophagy. Front. Immunol. 2020, 11, 591803.
[CrossRef]

23. Gora, I.M.; Ciechanowska, A.; Ladyzynski, P. NLRP3 Inflammasome at the Interface of Inflammation, Endothelial Dysfunction,
and Type 2 Diabetes. Cells 2021, 10, 314. [CrossRef] [PubMed]

24. Engelen, S.E.; Robinson, A.J.B.; Zurke, Y.-X.; Monaco, C. Therapeutic Strategies Targeting Inflammation and Immunity in
Atherosclerosis: How to Proceed? Nat. Rev. Cardiol. 2022, 19, 522–542. [CrossRef] [PubMed]

25. Ding, S.; Xu, S.; Ma, Y.; Liu, G.; Jang, H.; Fang, J. Modulatory Mechanisms of the NLRP3 Inflammasomes in Diabetes. Biomolecules
2019, 9, 850. [CrossRef]

26. Lee, J.; Wan, J.; Lee, L.; Peng, C.; Xie, H.; Lee, C. Study of the NLRP3 Inflammasome Component Genes and Downstream
Cytokines in Patients with Type 2 Diabetes Mellitus with Carotid Atherosclerosis. Lipids Health Dis. 2017, 16, 217. [CrossRef]
[PubMed]

27. Parsamanesh, N.; Moossavi, M.; Bahrami, A.; Fereidouni, M.; Barreto, G.; Sahebkar, A. NLRP3 Inflammasome as a Treatment
Target in Atherosclerosis: A Focus on Statin Therapy. Int. Immunopharmacol. 2019, 73, 146–155. [CrossRef] [PubMed]

28. Baldrighi, M.; Mallat, Z.; Li, X. NLRP3 Inflammasome Pathways in Atherosclerosis. Atherosclerosis 2017, 267, 127–138. [CrossRef]
29. Tong, Y.; Wang, Z.; Cai, L.; Lin, L.; Liu, J.; Cheng, J. NLRP3 Inflammasome and Its Central Role in the Cardiovascular Diseases.

Oxidative Med. Cell. Longev. 2020, 2020, 4293206. [CrossRef]
30. Meyers, A.K.; Zhu, X. The NLRP3 Inflammasome: Metabolic Regulation and Contribution to Inflammaging. Cells 2020, 9, 1808.

[CrossRef]
31. Silvis, M.J.M.; Demkes, E.J.; Fiolet, A.T.L.; Dekker, M.; Bosch, L.; van Hout, G.P.J.; Timmers, L.; de Kleijn, D.P.V. Immunomodula-

tion of the NLRP3 Inflammasome in Atherosclerosis, Coronary Artery Disease, and Acute Myocardial Infarction. J. Cardiovasc.
Trans. Res. 2021, 14, 23–34. [CrossRef] [PubMed]

32. Liu, Y.; Li, C.; Yin, H.; Zhang, X.; Li, Y. NLRP3 Inflammasome: A Potential Alternative Therapy Target for Atherosclerosis.
Evid. -Based Complement. Altern. Med. 2020, 2020, 1561342. [CrossRef]

33. Wang, Y.; Liu, X.; Shi, H.; Yu, Y.; Yu, Y.; Li, M.; Chen, R. NLRP3 Inflammasome, an Immune-inflammatory Target in Pathogenesis
and Treatment of Cardiovascular Diseases. Clin. Transl. Med. 2020, 10, 91–106. [CrossRef] [PubMed]

34. Zeng, X.; Liu, D.; Huo, X.; Wu, Y.; Liu, C.; Sun, Q. Pyroptosis in NLRP3 Inflammasome-Related Atherosclerosis. CST 2022, 6,
79–88. [CrossRef]

35. Kong, P.; Cui, Z.-Y.; Huang, X.-F.; Zhang, D.-D.; Guo, R.-J.; Han, M. Inflammation and Atherosclerosis: Signaling Pathways and
Therapeutic Intervention. Sig. Transduct. Target 2022, 7, 131. [CrossRef] [PubMed]

36. González-Moro, A.; Valencia, I.; Shamoon, L.; Sánchez-Ferrer, C.F.; Peiró, C.; de la Cuesta, F. NLRP3 Inflammasome in Vascular
Disease: A Recurrent Villain to Combat Pharmacologically. Antioxidants 2022, 11, 269. [CrossRef]

37. Huang, Y.; Xu, W.; Zhou, R. NLRP3 Inflammasome Activation and Cell Death. Cell Mol. Immunol. 2021, 18, 2114–2127. [CrossRef]
38. Sharma, B.R.; Kanneganti, T.-D. NLRP3 Inflammasome in Cancer and Metabolic Diseases. Nat. Immunol. 2021, 22, 550–559.

[CrossRef]
39. Moasses Ghafary, S.; Soriano-Teruel, P.M.; Lotfollahzadeh, S.; Sancho, M.; Serrano-Candelas, E.; Karami, F.; Barigye, S.J.;

Fernández-Pérez, I.; Gozalbes, R.; Nikkhah, M.; et al. Identification of NLRP3PYD Homo-Oligomerization Inhibitors with
Anti-Inflammatory Activity. IJMS 2022, 23, 1651. [CrossRef]

40. Hoseini, Z.; Sepahvand, F.; Rashidi, B.; Sahebkar, A.; Masoudifar, A.; Mirzaei, H. NLRP3 Inflammasome: Its Regulation and
Involvement in Atherosclerosis. J. Cell Physiol. 2018, 233, 2116–2132. [CrossRef]

41. Zheng, Y.; Xu, L.; Dong, N.; Li, F. NLRP3 Inflammasome: The Rising Star in Cardiovascular Diseases. Front. Cardiovasc. Med.
2022, 9, 927061. [CrossRef]

42. Groß, C.J.; Mishra, R.; Schneider, K.S.; Médard, G.; Wettmarshausen, J.; Dittlein, D.C.; Shi, H.; Gorka, O.; Koenig, P.-A.;
Fromm, S.; et al. K + Efflux-Independent NLRP3 Inflammasome Activation by Small Molecules Targeting Mitochondria. Immunity
2016, 45, 761–773. [CrossRef] [PubMed]

43. Jiang, C.; Xie, S.; Yang, G.; Wang, N. Spotlight on NLRP3 Inflammasome: Role in Pathogenesis and Therapies of Atherosclerosis.
JIR 2021, 14, 7143–7172. [CrossRef] [PubMed]

44. Zhong, Z.; Liang, S.; Sanchez-Lopez, E.; He, F.; Shalapour, S.; Lin, X.; Wong, J.; Ding, S.; Seki, E.; Schnabl, B.; et al. New
Mitochondrial DNA Synthesis Enables NLRP3 Inflammasome Activation. Nature 2018, 560, 198–203. [CrossRef] [PubMed]

45. Shimada, K.; Crother, T.R.; Karlin, J.; Dagvadorj, J.; Chiba, N.; Chen, S.; Ramanujan, V.K.; Wolf, A.J.; Vergnes, L.; Ojcius, D.M.; et al.
Oxidized Mitochondrial DNA Activates the NLRP3 Inflammasome during Apoptosis. Immunity 2012, 36, 401–414. [CrossRef]
[PubMed]

46. Bai, B.; Yang, Y.; Wang, Q.; Li, M.; Tian, C.; Liu, Y.; Aung, L.H.H.; Li, P.; Yu, T.; Chu, X. NLRP3 Inflammasome in Endothelial
Dysfunction. Cell Death Dis. 2020, 11, 776. [CrossRef]

47. Blevins, H.M.; Xu, Y.; Biby, S.; Zhang, S. The NLRP3 Inflammasome Pathway: A Review of Mechanisms and Inhibitors for the
Treatment of Inflammatory Diseases. Front. Aging Neurosci. 2022, 14, 879021. [CrossRef]

48. Chen, J.; Chen, Z.J. PtdIns4P on Dispersed Trans-Golgi Network Mediates NLRP3 Inflammasome Activation. Nature 2018, 564,
71–76. [CrossRef]

73



Int. J. Mol. Sci. 2023, 24, 8162

49. Sharif, H.; Wang, L.; Wang, W.L.; Magupalli, V.G.; Andreeva, L.; Qiao, Q.; Hauenstein, A.V.; Wu, Z.; Núñez, G.; Mao, Y.; et al.
Structural Mechanism for NEK7-Licensed Activation of NLRP3 Inflammasome. Nature 2019, 570, 338–343. [CrossRef]

50. Paik, S.; Kim, J.K.; Silwal, P.; Sasakawa, C.; Jo, E.-K. An Update on the Regulatory Mechanisms of NLRP3 Inflammasome
Activation. Cell Mol. Immunol. 2021, 18, 1141–1160. [CrossRef]

51. Chan, A.H.; Schroder, K. Inflammasome Signaling and Regulation of Interleukin-1 Family Cytokines. J. Exp. Med. 2020,
217, e20190314. [CrossRef]

52. Duewell, P.; Kono, H.; Rayner, K.J.; Sirois, C.M.; Vladimer, G.; Bauernfeind, F.G.; Abela, G.S.; Franchi, L.; Nuñez, G.;
Schnurr, M.; et al. NLRP3 Inflammasomes Are Required for Atherogenesis and Activated by Cholesterol Crystals. Nature
2010, 464, 1357–1361. [CrossRef] [PubMed]

53. Jin, Y.; Fu, J. Novel Insights Into the NLRP3 Inflammasome in Atherosclerosis. JAHA 2019, 8, e012219. [CrossRef]
54. Pellegrini, C.; Martelli, A.; Antonioli, L.; Fornai, M.; Blandizzi, C.; Calderone, V. NLRP3 Inflammasome in Cardiovascular

Diseases: Pathophysiological and Pharmacological Implications. Med. Res. Rev. 2021, 41, 1890–1926. [CrossRef] [PubMed]
55. Ho, S.-C.; Chang, Y.-H. Comparison of Inhibitory Capacities of 6-, 8- and 10-Gingerols/Shogaols on the Canonical NLRP3

Inflammasome-Mediated IL-1β Secretion. Molecules 2018, 23, 466. [CrossRef] [PubMed]
56. Bai, Y.; Mu, Q.; Bao, X.; Zuo, J.; Fang, X.; Hua, J.; Zhang, D.; Jiang, G.; Li, P.; Gao, S.; et al. Targeting NLRP3 Inflammasome in the

Treatment Of Diabetes and Diabetic Complications: Role of Natural Compounds from Herbal Medicine. Aging Dis. 2021, 12, 1587.
[CrossRef] [PubMed]

57. Sharma, A.; Tate, M.; Mathew, G.; Vince, J.E.; Ritchie, R.H.; de Haan, J.B. Oxidative Stress and NLRP3-Inflammasome Activity as
Significant Drivers of Diabetic Cardiovascular Complications: Therapeutic Implications. Front. Physiol. 2018, 9, 114. [CrossRef]

58. Menini, S.; Iacobini, C.; Vitale, M.; Pugliese, G. The Inflammasome in Chronic Complications of Diabetes and Related Metabolic
Disorders. Cells 2020, 9, 1812. [CrossRef]

59. Jorquera, G.; Russell, J.; Monsalves-Álvarez, M.; Cruz, G.; Valladares-Ide, D.; Basualto-Alarcón, C.; Barrientos, G.; Estrada, M.;
Llanos, P. NLRP3 Inflammasome: Potential Role in Obesity Related Low-Grade Inflammation and Insulin Resistance in Skeletal
Muscle. IJMS 2021, 22, 3254. [CrossRef]

60. Hasheminasabgorji, E.; Jha, J.C. Dyslipidemia, Diabetes and Atherosclerosis: Role of Inflammation and ROS-Redox-Sensitive
Factors. Biomedicines 2021, 9, 1602. [CrossRef]

61. Pickering, R.J.; Rosado, C.J.; Sharma, A.; Buksh, S.; Tate, M.; de Haan, J.B. Recent Novel Approaches to Limit Oxidative Stress and
Inflammation in Diabetic Complications. Clin. Transl. Immunol. 2018, 7, e1016. [CrossRef] [PubMed]

62. Poznyak, A.; Grechko, A.V.; Poggio, P.; Myasoedova, V.A.; Alfieri, V.; Orekhov, A.N. The Diabetes Mellitus–Atherosclerosis
Connection: The Role of Lipid and Glucose Metabolism and Chronic Inflammation. IJMS 2020, 21, 1835. [CrossRef] [PubMed]

63. Varghese, J.F.; Patel, R.; Yadav, U.C.S. Sterol Regulatory Element Binding Protein (SREBP) -1 Mediates Oxidized Low-Density
Lipoprotein (OxLDL) Induced Macrophage Foam Cell Formation through NLRP3 Inflammasome Activation. Cell Signal. 2019, 53,
316–326. [CrossRef] [PubMed]

64. Sun, Y.; Ding, S. NLRP3 Inflammasome in Diabetic Cardiomyopathy and Exercise Intervention. IJMS 2021, 22, 13228. [CrossRef]
65. Zhao, H.; Liu, H.; Yang, Y.; Wang, H. The Role of H2S Regulating NLRP3 Inflammasome in Diabetes. IJMS 2022, 23, 4818.

[CrossRef] [PubMed]
66. Zheng, F.; Xing, S.; Gong, Z.; Xing, Q. NLRP3 Inflammasomes Show High Expression in Aorta of Patients with Atherosclerosis.

Heart Lung Circ. 2013, 22, 746–750. [CrossRef]
67. Shi, X.; Xie, W.-L.; Kong, W.-W.; Chen, D.; Qu, P. Expression of the NLRP3 Inflammasome in Carotid Atherosclerosis. J. Stroke

Cerebrovasc. Dis. 2015, 24, 2455–2466. [CrossRef]
68. Paramel Varghese, G.; Folkersen, L.; Strawbridge, R.J.; Halvorsen, B.; Yndestad, A.; Ranheim, T.; Krohg-Sørensen, K.; Skjelland,

M.; Espevik, T.; Aukrust, P.; et al. NLRP3 Inflammasome Expression and Activation in Human Atherosclerosis. JAHA 2016,
5, e003031. [CrossRef]

69. Afrasyab, A.; Qu, P.; Zhao, Y.; Peng, K.; Wang, H.; Lou, D.; Niu, N.; Yuan, D. Correlation of NLRP3 with Severity and Prognosis of
Coronary Atherosclerosis in Acute Coronary Syndrome Patients. Heart Vessel. 2016, 31, 1218–1229. [CrossRef]

70. Wang, R.; Wang, Y.; Mu, N.; Lou, X.; Li, W.; Chen, Y.; Fan, D.; Tan, H. Activation of NLRP3 Inflammasomes Contributes to
Hyperhomocysteinemia-Aggravated Inflammation and Atherosclerosis in ApoE-Deficient Mice. Lab. Investig. 2017, 97, 922–934.
[CrossRef]

71. Zheng, F.; Xing, S.; Gong, Z.; Mu, W.; Xing, Q. Silence of NLRP3 Suppresses Atherosclerosis and Stabilizes Plaques in Apolipopro-
tein E-Deficient Mice. Mediat. Inflamm. 2014, 2014, 507208. [CrossRef]

72. Abderrazak, A.; Couchie, D.; Darweesh Mahmood, D.F.; Elhage, R.; Vindis, C.; Laffargue, M.; Matéo, V.; Büchele, B.; Ayala, M.R.;
Gaafary, M.E.; et al. Response to Letter Regarding Article, “Anti-Inflammatory and Antiatherogenic Effects of the Inflammasome
NLRP3 Inhibitor Arglabin in ApoE2. Ki Mice Fed a High-Fat Diet.” Circulation 2015, 132, e250–e251. [CrossRef] [PubMed]

73. Ma, S.; Chen, J.; Feng, J.; Zhang, R.; Fan, M.; Han, D.; Li, X.; Li, C.; Ren, J.; Wang, Y.; et al. Melatonin Ameliorates the
Progression of Atherosclerosis via Mitophagy Activation and NLRP3 Inflammasome Inhibition. Oxidative Med. Cell. Longev. 2018,
2018, 9286458. [CrossRef]

74. van der Heijden, T.; Kritikou, E.; Venema, W.; van Duijn, J.; van Santbrink, P.J.; Slütter, B.; Foks, A.C.; Bot, I.; Kuiper, J. NLRP3
Inflammasome Inhibition by MCC950 Reduces Atherosclerotic Lesion Development in Apolipoprotein E–Deficient Mice—Brief
Report. ATVB 2017, 37, 1457–1461. [CrossRef] [PubMed]

74



Int. J. Mol. Sci. 2023, 24, 8162

75. Shen, L.; Yang, Y.; Ou, T.; Key, C.-C.C.; Tong, S.H.; Sequeira, R.C.; Nelson, J.M.; Nie, Y.; Wang, Z.; Boudyguina, E.; et al. Dietary
PUFAs Attenuate NLRP3 Inflammasome Activation via Enhancing Macrophage Autophagy. J. Lipid Res. 2017, 58, 1808–1821.
[CrossRef]

76. Yin, R.; Zhu, X.; Wang, J.; Yang, S.; Ma, A.; Xiao, Q.; Song, J.; Pan, X. MicroRNA-155 Promotes the Ox-LDL-Induced Activation of
NLRP3 Inflammasomes via the ERK1/2 Pathway in THP-1 Macrophages and Aggravates Atherosclerosis in ApoE−/− Mice.
Ann. Palliat. Med. 2019, 8, 676–689. [CrossRef] [PubMed]

77. Gage, J.; Hasu, M.; Thabet, M.; Whitman, S.C. Caspase-1 Deficiency Decreases Atherosclerosis in Apolipoprotein E-Null Mice.
Can. J. Cardiol. 2012, 28, 222–229. [CrossRef]

78. Wu, X.; Zhang, H.; Qi, W.; Zhang, Y.; Li, J.; Li, Z.; Lin, Y.; Bai, X.; Liu, X.; Chen, X.; et al. Nicotine Promotes Atherosclerosis via
ROS-NLRP3-Mediated Endothelial Cell Pyroptosis. Cell Death Dis. 2018, 9, 171. [CrossRef]

79. Zhang, Y.; Liu, X.; Bai, X.; Lin, Y.; Li, Z.; Fu, J.; Li, M.; Zhao, T.; Yang, H.; Xu, R.; et al. Melatonin Prevents Endothelial Cell
Pyroptosis via Regulation of Long Noncoding RNA MEG3/MiR-223/NLRP3 Axis. J. Pineal Res. 2018, 64, e12449. [CrossRef]

80. Li, P.; Zhong, X.; Li, J.; Liu, H.; Ma, X.; He, R.; Zhao, Y. MicroRNA-30c-5p Inhibits NLRP3 Inflammasome-Mediated Endothelial
Cell Pyroptosis through FOXO3 down-Regulation in Atherosclerosis. Biochem. Biophys. Res. Commun. 2018, 503, 2833–2840.
[CrossRef]

81. Man, S.M.; Zhu, Q.; Zhu, L.; Liu, Z.; Karki, R.; Malik, A.; Sharma, D.; Li, L.; Malireddi, R.K.S.; Gurung, P.; et al. Critical Role for
the DNA Sensor AIM2 in Stem Cell Proliferation and Cancer. Cell 2015, 162, 45–58. [CrossRef] [PubMed]

82. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.;
Delling, F.N.; et al. Heart Disease and Stroke Statistics—2020 Update: A Report From the American Heart Association. Circulation
2020, 141, e139–e596. [CrossRef] [PubMed]

83. Kotlyarov, S.; Kotlyarova, A. Molecular Pharmacology of Inflammation Resolution in Atherosclerosis. IJMS 2022, 23, 4808.
[CrossRef]

84. Xu, S.; Ilyas, I.; Little, P.J.; Li, H.; Kamato, D.; Zheng, X.; Luo, S.; Li, Z.; Liu, P.; Han, J.; et al. Endothelial Dysfunction in
Atherosclerotic Cardiovascular Diseases and Beyond: From Mechanism to Pharmacotherapies. Pharm. Rev. 2021, 73, 924–967.
[CrossRef] [PubMed]

85. Jebari-Benslaiman, S.; Galicia-García, U.; Larrea-Sebal, A.; Olaetxea, J.R.; Alloza, I.; Vandenbroeck, K.; Benito-Vicente, A.; Martín,
C. Pathophysiology of Atherosclerosis. IJMS 2022, 23, 3346. [CrossRef] [PubMed]

86. Charlton, A.; Garzarella, J.; Jandeleit-Dahm, K.A.M.; Jha, J.C. Oxidative Stress and Inflammation in Renal and Cardiovascular
Complications of Diabetes. Biology 2021, 10, 18. [CrossRef]

87. Haas, A.V.; McDonnell, M.E. Pathogenesis of Cardiovascular Disease in Diabetes. Endocrinol. Metab. Clin. North. Am. 2018, 47,
51–63. [CrossRef] [PubMed]

88. Higashi, Y. Roles of Oxidative Stress and Inflammation in Vascular Endothelial Dysfunction-Related Disease. Antioxidants 2022,
11, 1958. [CrossRef]

89. Li, J.; Fu, X.; Yang, R.; Zhang, W. Atherosclerosis Vascular Endothelial Secretion Dysfunction and Smooth Muscle Cell Proliferation.
J. Healthc. Eng. 2022, 2022, 9271879. [CrossRef]

90. Petrie, J.R.; Guzik, T.J.; Touyz, R.M. Diabetes, Hypertension, and Cardiovascular Disease: Clinical Insights and Vascular
Mechanisms. Can. J. Cardiol. 2018, 34, 575–584. [CrossRef]

91. Souilhol, C.; Serbanovic-Canic, J.; Fragiadaki, M.; Chico, T.J.; Ridger, V.; Roddie, H.; Evans, P.C. Endothelial Responses to Shear
Stress in Atherosclerosis: A Novel Role for Developmental Genes. Nat. Rev. Cardiol. 2020, 17, 52–63. [CrossRef]

92. Campinho, P.; Vilfan, A.; Vermot, J. Blood Flow Forces in Shaping the Vascular System: A Focus on Endothelial Cell Behavior.
Front. Physiol. 2020, 11, 552. [CrossRef]

93. Shaito, A.; Aramouni, K.; Assaf, R.; Parenti, A.; Orekhov, A.; Yazbi, A.E.; Pintus, G.; Eid, A.H. Oxidative Stress-Induced
Endothelial Dysfunction in Cardiovascular Diseases. Front. Biosci. (Landmark Ed) 2022, 27, 0105. [CrossRef] [PubMed]

94. Katakami, N. Mechanism of Development of Atherosclerosis and Cardiovascular Disease in Diabetes Mellitus. J. Atheroscler.
Thromb. 2018, 25, 27–39. [CrossRef] [PubMed]

95. Janjusevic, M.; Fluca, A.L.; Gagno, G.; Pierri, A.; Padoan, L.; Sorrentino, A.; Beltrami, A.P.; Sinagra, G.; Aleksova, A. Old and
Novel Therapeutic Approaches in the Management of Hyperglycemia, an Important Risk Factor for Atherosclerosis. IJMS 2022,
23, 2336. [CrossRef]

96. Poznyak, A.V.; Grechko, A.V.; Orekhova, V.A.; Chegodaev, Y.S.; Wu, W.-K.; Orekhov, A.N. Oxidative Stress and Antioxidants in
Atherosclerosis Development and Treatment. Biology 2020, 9, 60. [CrossRef] [PubMed]

97. Yang, X.; Li, Y.; Li, Y.; Ren, X.; Zhang, X.; Hu, D.; Gao, Y.; Xing, Y.; Shang, H. Oxidative Stress-Mediated Atherosclerosis:
Mechanisms and Therapies. Front. Physiol. 2017, 8, 600. [CrossRef]

98. Beverly, J.K.; Budoff, M.J. Atherosclerosis: Pathophysiology of Insulin Resistance, Hyperglycemia, Hyperlipidemia, and Inflam-
mation. J. Diabetes 2020, 12, 102–104. [CrossRef]

99. Poznyak, A.V.; Nikiforov, N.G.; Markin, A.M.; Kashirskikh, D.A.; Myasoedova, V.A.; Gerasimova, E.V.; Orekhov, A.N. Overview
of OxLDL and Its Impact on Cardiovascular Health: Focus on Atherosclerosis. Front. Pharmacol. 2021, 11, 613780. [CrossRef]

100. Wang, D.; Yang, Y.; Lei, Y.; Tzvetkov, N.T.; Liu, X.; Yeung, A.W.K.; Xu, S.; Atanasov, A.G. Targeting Foam Cell Formation in
Atherosclerosis: Therapeutic Potential of Natural Products. Pharm. Rev. 2019, 71, 596–670. [CrossRef]

75



Int. J. Mol. Sci. 2023, 24, 8162

101. Jiang, H.; Zhou, Y.; Nabavi, S.M.; Sahebkar, A.; Little, P.J.; Xu, S.; Weng, J.; Ge, J. Mechanisms of Oxidized LDL-Mediated
Endothelial Dysfunction and Its Consequences for the Development of Atherosclerosis. Front. Cardiovasc. Med. 2022, 9, 925923.
[CrossRef]

102. Huang, Z.; Wu, M.; Zeng, L.; Wang, D. The Beneficial Role of Nrf2 in the Endothelial Dysfunction of Atherosclerosis. Cardiol. Res.
Pract. 2022, 2022, 4287711. [CrossRef] [PubMed]

103. Feng, Z.; Wang, C.; Jin, Y.; Meng, Q.; Wu, J.; Sun, H. Kaempferol-Induced GPER Upregulation Attenuates Atherosclerosis via the
PI3K/AKT/Nrf2 Pathway. Pharm. Biol. 2021, 59, 1104–1114. [CrossRef] [PubMed]

104. Samarghandian, S.; Azimi-Nezhad, M.; Farkhondeh, T. Immunomodulatory and Antioxidant Effects of Saffron Aqueous Extract
(Crocus Sativus L.) on Streptozotocin-Induced Diabetes in Rats. Indian Heart J. 2017, 69, 151–159. [CrossRef] [PubMed]

105. Shah, P.K.; Lecis, D. Inflammation in Atherosclerotic Cardiovascular Disease. F1000Res 2019, 8, 1402. [CrossRef]
106. Drareni, K.; Gautier, J.-F.; Venteclef, N.; Alzaid, F. Transcriptional Control of Macrophage Polarisation in Type 2 Diabetes. Semin.

Immunopathol. 2019, 41, 515–529. [CrossRef] [PubMed]
107. Lin, P.; Ji, H.-H.; Li, Y.-J.; Guo, S.-D. Macrophage Plasticity and Atherosclerosis Therapy. Front. Mol. Biosci. 2021, 8, 679797.

[CrossRef] [PubMed]
108. Niyonzima, N.; Bakke, S.S.; Gregersen, I.; Holm, S.; Sandanger, Ø.; Orrem, H.L.; Sporsheim, B.; Ryan, L.; Kong, X.Y.;

Dahl, T.B.; et al. Cholesterol Crystals Use Complement to Increase NLRP3 Signaling Pathways in Coronary and Carotid
Atherosclerosis. EBioMedicine 2020, 60, 102985. [CrossRef]

109. Qi, H.-M.; Cao, Q.; Liu, Q. TLR4 Regulates Vascular Smooth Muscle Cell Proliferation in Hypertension. Am. J. Transl. Res. 2021,
13, 314–325.

110. Poznyak, A.V.; Melnichenko, A.A.; Wetzker, R.; Gerasimova, E.V.; Orekhov, A.N. NLPR3 Inflammasomes and Their Significance
for Atherosclerosis. Biomedicines 2020, 8, 205. [CrossRef] [PubMed]

111. Baragetti, A.; Catapano, A.L.; Magni, P. Multifactorial Activation of NLRP3 Inflammasome: Relevance for a Precision Approach
to Atherosclerotic Cardiovascular Risk and Disease. IJMS 2020, 21, 4459. [CrossRef]

112. Hill, J.R.; Coll, R.C.; Sue, N.; Reid, J.C.; Dou, J.; Holley, C.L.; Pelingon, R.; Dickinson, J.B.; Biden, T.J.; Schroder, K.; et al.
Sulfonylureas as Concomitant Insulin Secretagogues and NLRP3 Inflammasome Inhibitors. ChemMedChem 2017, 12, 1449–1457.
[CrossRef]

113. Ngo, L.; Oh, J.; Kim, A.; Back, H.; Kang, W.; Chae, J.; Yun, H.; Lee, H. Development of a Pharmacokinetic Model Describing
Neonatal Fc Receptor-Mediated Recycling of HL2351, a Novel Hybrid Fc-Fused Interleukin-1 Receptor Antagonist, to Optimize
Dosage Regimen. CPT Pharmacomet. Syst. Pharmacol. 2020, 9, 584–595. [CrossRef]

114. Yang, F.; Qin, Y.; Wang, Y.; Meng, S.; Xian, H.; Che, H.; Lv, J.; Li, Y.; Yu, Y.; Bai, Y.; et al. Metformin Inhibits the NLRP3
Inflammasome via AMPK/MTOR-Dependent Effects in Diabetic Cardiomyopathy. Int. J. Biol. Sci. 2019, 15, 1010–1019. [CrossRef]
[PubMed]

115. Xian, H.; Liu, Y.; Rundberg Nilsson, A.; Gatchalian, R.; Crother, T.R.; Tourtellotte, W.G.; Zhang, Y.; Aleman-Muench, G.R.; Lewis,
G.; Chen, W.; et al. Metformin Inhibition of Mitochondrial ATP and DNA Synthesis Abrogates NLRP3 Inflammasome Activation
and Pulmonary Inflammation. Immunity 2021, 54, 1463–1477.e11. [CrossRef] [PubMed]

116. Feng, X.; Chen, W.; Ni, X.; Little, P.J.; Xu, S.; Tang, L.; Weng, J. Metformin, Macrophage Dysfunction and Atherosclerosis. Front.
Immunol. 2021, 12, 682853. [CrossRef]

117. Zhang, L.; Lu, L.; Zhong, X.; Yue, Y.; Hong, Y.; Li, Y.; Li, Y. Metformin Reduced NLRP3 Inflammasome Activity in Ox-LDL
Stimulated Macrophages through Adenosine Monophosphate Activated Protein Kinase and Protein Phosphatase 2A. Eur. J.
Pharmacol. 2019, 852, 99–106. [CrossRef]

118. Tang, G.; Duan, F.; Li, W.; Wang, Y.; Zeng, C.; Hu, J.; Li, H.; Zhang, X.; Chen, Y.; Tan, H. Metformin Inhibited Nod-like
Receptor Protein 3 Inflammasomes Activation and Suppressed Diabetes-Accelerated Atherosclerosis in ApoE−/− Mice. Biomed.
Pharmacother. 2019, 119, 109410. [CrossRef] [PubMed]

119. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.;
Woerle, H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 2015, 373,
2117–2128. [CrossRef]

120. Kim, S.R.; Lee, S.-G.; Kim, S.H.; Kim, J.H.; Choi, E.; Cho, W.; Rim, J.H.; Hwang, I.; Lee, C.J.; Lee, M.; et al. SGLT2 Inhibition
Modulates NLRP3 Inflammasome Activity via Ketones and Insulin in Diabetes with Cardiovascular Disease. Nat. Commun. 2020,
11, 2127. [CrossRef]

121. Chen, H.; Tran, D.; Yang, H.-C.; Nylander, S.; Birnbaum, Y.; Ye, Y. Dapagliflozin and Ticagrelor Have Additive Effects on the
Attenuation of the Activation of the NLRP3 Inflammasome and the Progression of Diabetic Cardiomyopathy: An AMPK–MTOR
Interplay. Cardiovasc. Drugs 2020, 34, 443–461. [CrossRef]

122. Liu, Z.; Ma, X.; Ilyas, I.; Zheng, X.; Luo, S.; Little, P.J.; Kamato, D.; Sahebkar, A.; Wu, W.; Weng, J.; et al. Impact of Sodium Glucose
Cotransporter 2 (SGLT2) Inhibitors on Atherosclerosis: From Pharmacology to Pre-Clinical and Clinical Therapeutics. Theranostics
2021, 11, 4502–4515. [CrossRef] [PubMed]

123. Razavi, M.; Wei, Y.-Y.; Rao, X.-Q.; Zhong, J.-X. DPP-4 Inhibitors and GLP-1RAs: Cardiovascular Safety and Benefits. Mil. Med.
Res. 2022, 9, 45. [CrossRef]

76



Int. J. Mol. Sci. 2023, 24, 8162

124. Ye, Y.; Bajaj, M.; Yang, H.-C.; Perez-Polo, J.R.; Birnbaum, Y. SGLT-2 Inhibition with Dapagliflozin Reduces the Activation of the
Nlrp3/ASC Inflammasome and Attenuates the Development of Diabetic Cardiomyopathy in Mice with Type 2 Diabetes. Further
Augmentation of the Effects with Saxagliptin, a DPP4 Inhibitor. Cardiovasc. Drugs 2017, 31, 119–132. [CrossRef] [PubMed]

125. Qi, Y.; Du, X.; Yao, X.; Zhao, Y. Vildagliptin Inhibits High Free Fatty Acid (FFA)-Induced NLRP3 Inflammasome Activation in
Endothelial Cells. Artif. Cell. Nanomed. Biotechnol. 2019, 47, 1067–1074. [CrossRef] [PubMed]

126. Jiang, T.; Jiang, D.; Zhang, L.; Ding, M.; Zhou, H. Anagliptin Ameliorates High Glucose- Induced Endothelial Dysfunction via
Suppression of NLRP3 Inflammasome Activation Mediated by SIRT1. Mol. Immunol. 2019, 107, 54–60. [CrossRef]

127. Luo, X.; Hu, Y.; He, S.; Ye, Q.; Lv, Z.; Liu, J.; Chen, X. Dulaglutide Inhibits High Glucose- Induced Endothelial Dysfunction and
NLRP3 Inflammasome Activation. Arch. Biochem. Biophys. 2019, 671, 203–209. [CrossRef]

128. Yang, Y.; Wang, H.; Kouadir, M.; Song, H.; Shi, F. Recent Advances in the Mechanisms of NLRP3 Inflammasome Activation and
Its Inhibitors. Cell Death Dis. 2019, 10, 128. [CrossRef]

129. Coll, R.C.; Hill, J.R.; Day, C.J.; Zamoshnikova, A.; Boucher, D.; Massey, N.L.; Chitty, J.L.; Fraser, J.A.; Jennings, M.P.;
Robertson, A.A.B.; et al. MCC950 Directly Targets the NLRP3 ATP-Hydrolysis Motif for Inflammasome Inhibition. Nat. Chem.
Biol. 2019, 15, 556–559. [CrossRef]

130. Corcoran, S.E.; Halai, R.; Cooper, M.A. Pharmacological Inhibition of the Nod-Like Receptor Family Pyrin Domain Containing 3
Inflammasome with MCC950. Pharm. Rev. 2021, 73, 968–1000. [CrossRef]

131. Mekni, N.; De Rosa, M.; Cipollina, C.; Gulotta, M.R.; De Simone, G.; Lombino, J.; Padova, A.; Perricone, U. In Silico Insights
towards the Identification of NLRP3 Druggable Hot Spots. IJMS 2019, 20, 4974. [CrossRef]

132. Sharma, A.; Choi, J.S.Y.; Stefanovic, N.; Al-Sharea, A.; Simpson, D.S.; Mukhamedova, N.; Jandeleit-Dahm, K.; Murphy, A.J.;
Sviridov, D.; Vince, J.E.; et al. Specific NLRP3 Inhibition Protects Against Diabetes-Associated Atherosclerosis. Diabetes 2021, 70,
772–787. [CrossRef] [PubMed]

133. Wang, Z.; Zhang, S.; Xiao, Y.; Zhang, W.; Wu, S.; Qin, T.; Yue, Y.; Qian, W.; Li, L. NLRP3 Inflammasome and Inflammatory
Diseases. Oxidative Med. Cell. Longev. 2020, 2020, 4063562. [CrossRef]

134. Fan, Y.; Xue, G.; Chen, Q.; Lu, Y.; Dong, R.; Yuan, H. CY-09 Inhibits NLRP3 Inflammasome Activation to Relieve Pain via TRPA1.
Comput. Math. Methods Med. 2021, 2021, 9806690. [CrossRef] [PubMed]

135. Yu, L.; Hong, W.; Lu, S.; Li, Y.; Guan, Y.; Weng, X.; Feng, Z. The NLRP3 Inflammasome in Non-Alcoholic Fatty Liver Disease and
Steatohepatitis: Therapeutic Targets and Treatment. Front. Pharmacol. 2022, 13, 780496. [CrossRef]

136. Lonnemann, N.; Hosseini, S.; Marchetti, C.; Skouras, D.B.; Stefanoni, D.; D’Alessandro, A.; Dinarello, C.A.; Korte, M. The NLRP3
Inflammasome Inhibitor OLT1177 Rescues Cognitive Impairment in a Mouse Model of Alzheimer’s Disease. Proc. Natl. Acad. Sci.
USA 2020, 117, 32145–32154. [CrossRef] [PubMed]

137. Marchetti, C.; Swartzwelter, B.; Gamboni, F.; Neff, C.P.; Richter, K.; Azam, T.; Carta, S.; Tengesdal, I.; Nemkov, T.;
D’Alessandro, A.; et al. OLT1177, a β-Sulfonyl Nitrile Compound, Safe in Humans, Inhibits the NLRP3 Inflammasome
and Reverses the Metabolic Cost of Inflammation. Proc. Natl. Acad. Sci. USA 2018, 115, E1530–E1539. [CrossRef]

138. Huang, Y.; Jiang, H.; Chen, Y.; Wang, X.; Yang, Y.; Tao, J.; Deng, X.; Liang, G.; Zhang, H.; Jiang, W.; et al. Tranilast Directly Targets
NLRP 3 to Treat Inflammasome-driven Diseases. EMBO Mol. Med. 2018, 10, e8689. [CrossRef]

139. Cummins, C.B.; Wang, X.; Sommerhalder, C.; Bohanon, F.J.; Nunez Lopez, O.; Tie, H.-Y.; Rontoyanni, V.G.; Zhou, J.; Radhakrishnan,
R.S. Natural Compound Oridonin Inhibits Endotoxin-Induced Inflammatory Response of Activated Hepatic Stellate Cells. BioMed
Res. Int. 2018, 2018, 6137420. [CrossRef]

140. Xu, J.; Wold, E.; Ding, Y.; Shen, Q.; Zhou, J. Therapeutic Potential of Oridonin and Its Analogs: From Anticancer and Antiinflam-
mation to Neuroprotection. Molecules 2018, 23, 474. [CrossRef]

141. Xu, M.; Wan, C.; Huang, S.; Wang, H.; Fan, D.; Wu, H.-M.; Wu, Q.; Ma, Z.; Deng, W.; Tang, Q.-Z. Oridonin Protects against
Cardiac Hypertrophy by Promoting P21-Related Autophagy. Cell Death Dis. 2019, 10, 403. [CrossRef]

142. He, H.; Jiang, H.; Chen, Y.; Ye, J.; Wang, A.; Wang, C.; Liu, Q.; Liang, G.; Deng, X.; Jiang, W.; et al. Oridonin Is a Covalent NLRP3
Inhibitor with Strong Anti-Inflammasome Activity. Nat. Commun. 2018, 9, 2550. [CrossRef] [PubMed]

143. Li, X.; Zhang, C.-T.; Ma, W.; Xie, X.; Huang, Q. Oridonin: A Review of Its Pharmacology, Pharmacokinetics and Toxicity. Front.
Pharmacol. 2021, 12, 645824. [CrossRef]

144. Zheng, J.; Jiang, Z.; Song, Y.; Huang, S.; Du, Y.; Yang, X.; Xiao, Y.; Ma, Z.; Xu, D.; Li, J. 3,4-Methylenedioxy-β-Nitrostyrene
Alleviates Dextran Sulfate Sodium–Induced Mouse Colitis by Inhibiting the NLRP3 Inflammasome. Front. Pharmacol. 2022,
13, 866228. [CrossRef] [PubMed]

145. Cocco, M.; Pellegrini, C.; Martínez-Banaclocha, H.; Giorgis, M.; Marini, E.; Costale, A.; Miglio, G.; Fornai, M.; Antonioli, L.;
López-Castejón, G.; et al. Development of an Acrylate Derivative Targeting the NLRP3 Inflammasome for the Treatment of
Inflammatory Bowel Disease. J. Med. Chem. 2017, 60, 3656–3671. [CrossRef] [PubMed]

146. Mastrocola, R.; Penna, C.; Tullio, F.; Femminò, S.; Nigro, D.; Chiazza, F.; Serpe, L.; Collotta, D.; Alloatti, G.; Cocco, M.; et al.
Pharmacological Inhibition of NLRP3 Inflammasome Attenuates Myocardial Ischemia/Reperfusion Injury by Activation of RISK
and Mitochondrial Pathways. Oxidative Med. Cell. Longev. 2016, 2016, 5271251. [CrossRef]

147. Shi, Y.; Lv, Q.; Zheng, M.; Sun, H.; Shi, F. NLRP3 Inflammasome Inhibitor INF39 Attenuated NLRP3 Assembly in Macrophages.
Int. Immunopharmacol. 2021, 92, 107358. [CrossRef]

77



Int. J. Mol. Sci. 2023, 24, 8162

148. Juliana, C.; Fernandes-Alnemri, T.; Wu, J.; Datta, P.; Solorzano, L.; Yu, J.-W.; Meng, R.; Quong, A.A.; Latz, E.; Scott, C.P.; et al.
Anti-Inflammatory Compounds Parthenolide and Bay 11-7082 Are Direct Inhibitors of the Inflammasome. J. Biol. Chem. 2010, 285,
9792–9802. [CrossRef]

149. Hu, J.J.; Liu, X.; Zhao, J.; Xia, S.; Ruan, J.; Luo, X.; Kim, J.; Lieberman, J.; Wu, H. Identification of Pyroptosis Inhibitors That Target
a Reactive Cysteine in Gasdermin D. Nat. Immunol. 2018, 7, A132.

150. Zahid, A.; Li, B.; Kombe, A.J.K.; Jin, T.; Tao, J. Pharmacological Inhibitors of the NLRP3 Inflammasome. Front. Immunol. 2019,
10, 2538. [CrossRef]

151. Li, Y.; Niu, X.; Xu, H.; Li, Q.; Meng, L.; He, M.; Zhang, J.; Zhang, Z.; Zhang, Z. VX-765 Attenuates Atherosclerosis in ApoE
Deficient Mice by Modulating VSMCs Pyroptosis. Exp. Cell Res. 2020, 389, 111847. [CrossRef]

152. Abbate, A.; Kontos, M.C.; Grizzard, J.D.; Biondi-Zoccai, G.G.L.; Van Tassell, B.W.; Robati, R.; Roach, L.M.; Arena, R.A.; Roberts,
C.S.; Varma, A.; et al. Interleukin-1 Blockade With Anakinra to Prevent Adverse Cardiac Remodeling After Acute Myocardial
Infarction (Virginia Commonwealth University Anakinra Remodeling Trial [VCU-ART] Pilot Study). Am. J. Cardiol. 2010, 105,
1371–1377.e1. [CrossRef] [PubMed]

153. Abbate, A.; Van Tassell, B.W.; Biondi-Zoccai, G.; Kontos, M.C.; Grizzard, J.D.; Spillman, D.W.; Oddi, C.; Roberts, C.S.; Melchior,
R.D.; Mueller, G.H.; et al. Effects of Interleukin-1 Blockade With Anakinra on Adverse Cardiac Remodeling and Heart Failure
After Acute Myocardial Infarction [from the Virginia Commonwealth University-Anakinra Remodeling Trial (2) (VCU-ART2)
Pilot Study]. Am. J. Cardiol. 2013, 111, 1394–1400. [CrossRef] [PubMed]

154. Toldo, S.; Abbate, A. The NLRP3 Inflammasome in Acute Myocardial Infarction. Nat. Rev. Cardiol. 2018, 15, 203–214. [CrossRef]
[PubMed]

155. Tardif, J.-C.; Kouz, S.; Waters, D.D.; Bertrand, O.F.; Diaz, R.; Maggioni, A.P.; Pinto, F.J.; Ibrahim, R.; Gamra, H.; Kiwan, G.S.; et al.
Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction. N. Engl. J. Med. 2019, 381, 2497–2505. [CrossRef]

156. Nidorf, S.M.; Fiolet, A.T.L.; Eikelboom, J.W.; Schut, A.; Opstal, T.S.J.; Bax, W.A.; Budgeon, C.A.; Tijssen, J.G.P.; Mosterd, A.;
Cornel, J.H.; et al. The Effect of Low-Dose Colchicine in Patients with Stable Coronary Artery Disease: The LoDoCo2 Trial
Rationale, Design, and Baseline Characteristics. Am. Heart J. 2019, 218, 46–56. [CrossRef]

157. Nidorf, S.M.; Eikelboom, J.W.; Budgeon, C.A.; Thompson, P.L. Low-Dose Colchicine for Secondary Prevention of Cardiovascular
Disease. J. Am. Coll. Cardiol. 2013, 61, 404–410. [CrossRef]

158. Lee, H.G.; Cho, N.; Jeong, A.J.; Li, Y.-C.; Rhie, S.-J.; Choi, J.S.; Lee, K.-H.; Kim, Y.; Kim, Y.-N.; Kim, M.-H.; et al. Immunomodulatory
Activities of the Benzoxathiole Derivative BOT-4-One Ameliorate Pathogenic Skin Inflammation in Mice. J. Investig. Dermatol.
2016, 136, 107–116. [CrossRef]

159. Ahn, H.; Kang, S.G.; Yoon, S.; Ko, H.-J.; Kim, P.-H.; Hong, E.-J.; An, B.-S.; Lee, E.; Lee, G.-S. Methylene Blue Inhibits NLRP3,
NLRC4, AIM2, and Non-Canonical Inflammasome Activation. Sci. Rep. 2017, 7, 12409. [CrossRef]

160. Hao, J.; Zhang, H.; Yu, J.; Chen, X.; Yang, L. Methylene Blue Attenuates Diabetic Retinopathy by Inhibiting NLRP3 Inflammasome
Activation in STZ-Induced Diabetic Rats. Ocul. Immunol. Inflamm. 2019, 27, 836–843. [CrossRef]

161. Deng, W.; Yang, Z.; Yue, H.; Ou, Y.; Hu, W.; Sun, P. Disulfiram Suppresses NLRP3 Inflammasome Activation to Treat Peritoneal
and Gouty Inflammation. Free Radic. Biol. Med. 2020, 152, 8–17. [CrossRef]

162. Hu, J.J.; Liu, X.; Xia, S.; Zhang, Z.; Zhang, Y.; Zhao, J.; Ruan, J.; Luo, X.; Lou, X.; Bai, Y.; et al. FDA-Approved Disulfiram Inhibits
Pyroptosis by Blocking Gasdermin D Pore Formation. Nat. Immunol. 2020, 21, 736–745. [CrossRef]

163. Daniels, M.J.D.; Rivers-Auty, J.; Schilling, T.; Spencer, N.G.; Watremez, W.; Fasolino, V.; Booth, S.J.; White, C.S.; Baldwin, A.G.;
Freeman, S.; et al. Fenamate NSAIDs Inhibit the NLRP3 Inflammasome and Protect against Alzheimer’s Disease in Rodent
Models. Nat. Commun. 2016, 7, 12504. [CrossRef] [PubMed]

164. Ambati, M.; Apicella, I.; Wang, S.; Narendran, S.; Leung, H.; Pereira, F.; Nagasaka, Y.; Huang, P.; Varshney, A.; Baker, K.L.; et al.
Identification of Fluoxetine as a Direct NLRP3 Inhibitor to Treat Atrophic Macular Degeneration. Proc. Natl. Acad. Sci. USA 2021,
118, e2102975118. [CrossRef] [PubMed]

165. Holtmann, T.M.; Inzaugarat, M.E.; Knorr, J.; Geisler, L.; Schulz, M.; Bieghs, V.; Frissen, M.; Feldstein, A.E.; Tacke, F.;
Trautwein, C.; et al. Bile Acids Activate NLRP3 Inflammasome, Promoting Murine Liver Inflammation or Fibrosis in a Cell
Type-Specific Manner. Cells 2021, 10, 2618. [CrossRef] [PubMed]

166. Jiang, H.; He, H.; Chen, Y.; Huang, W.; Cheng, J.; Ye, J.; Wang, A.; Tao, J.; Wang, C.; Liu, Q.; et al. Identification of a Selective and
Direct NLRP3 Inhibitor to Treat Inflammatory Disorders. J. Exp. Med. 2017, 214, 3219–3238. [CrossRef]

167. Romero, A.; San Hipólito-Luengo, Á.; Villalobos, L.A.; Vallejo, S.; Valencia, I.; Michalska, P.; Pajuelo-Lozano, N.; Sánchez-Pérez, I.;
León, R.; Bartha, J.L.; et al. The Angiotensin-(1-7)/Mas Receptor Axis Protects from Endothelial Cell Senescence via Klotho and
Nrf2 Activation. Aging Cell 2019, 18, e12913. [CrossRef]

168. McKie, E.A.; Reid, J.L.; Mistry, P.C.; DeWall, S.L.; Abberley, L.; Ambery, P.D.; Gil-Extremera, B. A Study to Investigate the
Efficacy and Safety of an Anti-Interleukin-18 Monoclonal Antibody in the Treatment of Type 2 Diabetes Mellitus. PLoS ONE 2016,
11, e0150018. [CrossRef]

169. Klein, A.L.; Imazio, M.; Cremer, P.; Brucato, A.; Abbate, A.; Fang, F.; Insalaco, A.; LeWinter, M.; Lewis, B.S.; Lin, D.; et al. Phase 3
Trial of Interleukin-1 Trap Rilonacept in Recurrent Pericarditis. N. Engl. J. Med. 2021, 384, 31–41. [CrossRef]

170. Wu, L.-M.; Wu, S.-G.; Chen, F.; Wu, Q.; Wu, C.-M.; Kang, C.-M.; He, X.; Zhang, R.-Y.; Lu, Z.-F.; Li, X.-H.; et al. Atorvastatin
Inhibits Pyroptosis through the LncRNA NEXN-AS1/NEXN Pathway in Human Vascular Endothelial Cells. Atherosclerosis 2020,
293, 26–34. [CrossRef]

78



Int. J. Mol. Sci. 2023, 24, 8162

171. Peng, S.; Xu, L.-W.; Che, X.-Y.; Xiao, Q.-Q.; Pu, J.; Shao, Q.; He, B. Atorvastatin Inhibits Inflammatory Response, Attenuates Lipid
Deposition, and Improves the Stability of Vulnerable Atherosclerotic Plaques by Modulating Autophagy. Front. Pharmacol. 2018,
9, 438. [CrossRef]

172. Kong, F.; Ye, B.; Lin, L.; Cai, X.; Huang, W.; Huang, Z. Atorvastatin Suppresses NLRP3 Inflammasome Activation via
TLR4/MyD88/NF-KB Signaling in PMA-Stimulated THP-1 Monocytes. Biomed. Pharmacother. 2016, 82, 167–172. [CrossRef]

173. Zhu, J.; Wu, S.; Hu, S.; Li, H.; Li, M.; Geng, X.; Wang, H. NLRP3 Inflammasome Expression in Peripheral Blood Monocytes of
Coronary Heart Disease Patients and Its Modulation by Rosuvastatin. Mol. Med. Rep. 2019, 20, 1826–1836. [CrossRef] [PubMed]

174. Zhuang, T.; Liu, J.; Chen, X.; Zhang, L.; Pi, J.; Sun, H.; Li, L.; Bauer, R.; Wang, H.; Yu, Z.; et al. Endothelial Foxp1 Suppresses
Atherosclerosis via Modulation of Nlrp3 Inflammasome Activation. Circ. Res. 2019, 125, 590–605. [CrossRef] [PubMed]

175. Yu, Y.; Jin, L.; Zhuang, Y.; Hu, Y.; Cang, J.; Guo, K. Cardioprotective Effect of Rosuvastatin against Isoproterenol-Induced
Myocardial Infarction Injury in Rats. Int. J. Mol. Med. 2018, 41, 3509–3516. [CrossRef] [PubMed]

176. Lim, H.; Min, D.S.; Park, H.; Kim, H.P. Flavonoids Interfere with NLRP3 Inflammasome Activation. Toxicol. Appl. Pharmacol. 2018,
355, 93–102. [CrossRef] [PubMed]

177. Yamagata, K.; Hashiguchi, K.; Yamamoto, H.; Tagami, M. Dietary Apigenin Reduces Induction of LOX-1 and NLRP3 Expression,
Leukocyte Adhesion, and Acetylated Low-Density Lipoprotein Uptake in Human Endothelial Cells Exposed to Trimethylamine-
N-Oxide. J. Cardiovasc. Pharmacol. 2019, 74, 558–565. [CrossRef]
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Abstract: Physiologic insulin secretion consists of an oscillating pattern of secretion followed by dis-
tinct trough periods that stimulate ligand and receptor activation. Apart from the large postprandial
bolus release of insulin, β cells also secrete small amounts of insulin every 4–8 min independent of
a meal. Insulin resistance is associated with a disruption in the normal cyclical pattern of insulin
secretion. In the case of type-2 diabetes, β-cell mass is reduced due to apoptosis and β cells secrete
insulin asynchronously. When ligand/receptors are constantly exposed to insulin, a negative feed-
back loop down regulates insulin receptor availability to insulin, creating a relative hyperinsulinemia.
The relative excess of insulin leads to insulin resistance (IR) due to decreased receptor availability.
Over time, progressive insulin resistance compromises carbohydrate metabolism, and may progress
to type-2 diabetes (T2D). In this review, we discuss insulin resistance pathophysiology and the use of
dynamic exogenous insulin administration in a manner consistent with more normal insulin secretion
periodicity to reverse insulin resistance. Administration of insulin in such a physiologic manner
appears to improve insulin sensitivity, lower HgbA1c, and, in some instances, has been associated
with the reversal of end-organ damage that leads to complications of diabetes. This review outlines
the rationale for how the physiologic secretion of insulin orchestrates glucose metabolism, and how
mimicking this secretion profile may serve to improve glycemic control, reduce cellular inflammation,
and potentially improve outcomes in patients with diabetes.

Keywords: T2D; diabetes; carbohydrate metabolism; insulin resistance; physiologic insulin
resensitization (PIR)

1. Introduction

Hormones that are released in an oscillating pattern (e.g., insulin) are physiologically
designed to have receptors on the surface of effector cells that bind to their respective lig-
ands. The cyclical release of these hormones plays a crucial role in maintaining homeostasis
and regulating various physiological processes. In some cases, the ligand is brought into
the cell where it separates from its receptor, and the receptor then migrates back to the cell’s
surface, ready to bind with another ligand molecule. In the case of insulin, the receptor is
activated as a tyrosine protein kinase, initiating a cascade of intracellular signaling events.
The receptor is internalized as it undergoes an auto-phosphorylation sequence [1]. The
reconfiguration of the receptor to its active extracellular configuration takes approximately
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4 min after the ligand receptor complex formation, allowing for the subsequent binding
and activation of additional ligand molecules [2]. This intricate process of ligand–receptor
interaction, internalization, and reconfiguration plays a vital role in the precise control and
regulation of insulin signaling.

For nearly 40 years, scientific research has established that pancreatic β cells secrete
insulin in a dynamic biphasic manner by responding to a square wave increase in blood glu-
cose concentrations. This periodic release pattern allows for optimal cellular carbohydrate
metabolism, striking a delicate balance between providing sufficient insulin for glucose
utilization, while avoiding overexposure of the insulin receptor and the consequent reverse
feedback loop [3,4]. Intriguingly, insulin is released every 4–8 min or more commonly,
5–6 min, independent of the ingestion of food. The initial phase of insulin secretion involves
the rapid release of insulin by β cells, which lasts for about 10 min. This rapid release of
insulin by β cells is facilitated by the storage of insulin in miniature membrane-bound secre-
tory granules that are primed to fuse with plasma [5]. The physiological release of insulin is
vital for maintaining glucose homeostasis, and disruptions in this process during the initial
phase have been linked to the development of type-2 diabetes (T2D) [6]. Following the
initial phase, a second phase ensues, characterized by a plateau in insulin release that can
last for 2–3 h. During the physiological release of insulin, the discrete oscillatory secretions
and distinct trough periods stimulate ligand and receptor activation. The ability of insulin
release to exhibit such oscillatory behavior can be attributed to the unique arrangement
of β cells within the islets of Langerhans, which are cell clusters residing in the pancreas.
Within these clusters, β cells maintain close contact with one another, forming intricate
networks of autonomic nerves that enable the coordination of dynamic, cyclical patterns
of insulin secretion [7]. Thus, the periodic pattern of insulin secretion is most likely a
result of intrinsic β-cell mechanisms that become modified by exogenous stimulus such as
hormones and neuronal inputs.

2. Pancreatic Neuronal Network

Under normal physiological conditions, insulin oscillations are mediated by a complex
pancreatic neuronal network that connects cells within the islets of Langerhans [8,9]. The
brain and its neuronal network have a large influence on glucose homeostasis via the
autonomic nerves that regulate the endocrine function of the pancreas. From tracing
studies, neuronal networks have been mapped to pancreatic islets, which are innervated
by neuronal circuits that come from the hypothalamus [10]. Within the pancreatic islets,
both sympathetic and parasympathetic nerves of the autonomic nervous system can be
found, indicating their involvement in modulating insulin release [11,12]. Furthermore,
tracing studies also revealed that vagal afferent axons can be found within the pancreas [13].
Serotonin is a stimulating molecule for vagal afferent neurons and within the pancreas, β
cells are known to produce serotonin to communicate with neighboring cells within the islet.
It was recently thought that serotonin is a signaling molecule β cells use to communicate
with the brain by vagal afferent neurons [10].

Within the neural network, an individual β cell is connected to other β cells, which
mediates insulin secretion. β cells can be characterized as either “Leader cells” or “Follower
cells” based on their functional characteristics [14]. Leader β cells possess pacemaker
properties, allowing them to respond to glucose and synchronize communication patterns
with follower cells. In response to glucose stimulation, leader β cells trigger a calcium
(Ca2+) influx [15], which diffuses to the follower β cells. The influx of intracellular Ca2+

levels leads to β-cell depolarization, initiating electrical activity and a subsequent wave of
action potentials. The precise coordination of β cell-to-β cell communication, facilitated
by the interplay between Ca2+ influx and action potentials, is closely associated with the
oscillatory pattern of insulin secretion [16].
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3. Pancreatic Inflammation

An insult or injury (i.e., autoimmunity, obesity, toxin, trauma, stress etc.) causes
inflammation in the pancreas that disrupts normal pancreatic insulin rhythmicity [17].
Type-one diabetes (T1D) is an autoimmune condition that results in islet inflammation
caused by the infiltration of immune cells, leading to the progressive destruction of β cells.
Individuals first diagnosed with T1D usually require small doses of insulin that eventually
increases as the body begins to produce less insulin as β-cell mass decreases. Upon initial
diagnosis of T1D, patients experience the honeymoon phase as β cells try to recover or
compensate for the decline in β-cell mass [18]. The honeymoon phase is characterized as a
partial remission that occurs shortly after a T1D patient begins insulin therapy. During this
period, the individual’s diabetes may improve, and the patient may require less insulin
than the first few days after diagnosis. The honeymoon phase can last approximately
3–12 months. Eventually, T1D patients will no longer experience normal physiological
insulin secretion and will instead require lifelong exogenous insulin therapy via insulin
injections or a continuous subcutaneous insulin pump.

In contrast, T2D continues to produce insulin, but in an uncoordinated pattern without
a true peak and trough waveform due to the inflammation and breakdown in the pancre-
atic neuronal network. Lang et al. found that healthy humans have intermittent insulin
secretions and trough periods where T2D subjects had lost this native physiologic architec-
ture [4]. It is thought that the disruption of insulin secretion may be a result of inflammation
in the pancreas due to conditions such as obesity, toxins, trauma, etc. In early studies,
it was found that insulin oscillates for approximately 15 min in fasting humans that do
not have diabetes [19–21]. With an improvement in technology to measure insulin pulses,
more recent studies have determined that the in vivo oscillation of insulin during fasting is
closer to 5 min. For those who have T2D, Lang et al. revealed that insulin oscillations were
shorter and highly irregular with a mean oscillation period of 8.8 min compared to control
subjects who had a period of 10.7 min. Hunter et al. showed that control subjects had a
higher glucose clearance and insulin sensitivity than those with T2D [22]. T2D subjects had
greater insulin resistance and hepatic glucose output. In another study by Peiris et al., the
number of insulin pulsations observed were correlated with a decrease in glucose clearance
in diabetic subjects. These results supported the idea that abnormal insulin secretion and
impaired insulin action are linked. This idea was driven by the hypothesis that a decline in
insulin sensitivity is driven by insulin resistance (IR) [23].

4. Impaired Physiologic Pattern of Insulin

As β cells cease to secrete insulin in the periodic synchronous pattern, insulin receptors
undergo downregulation or internalization when they are continuously exposed to insulin.
This continuous exposure disrupts the normal dynamics of insulin signaling and leads
to a decrease in receptor responsiveness. A study demonstrated that subjecting healthy
individuals to 20 h of constant insulin exposure at a steady glucose level resulted in a
reduction in insulin action [24]. This prolonged exposure to insulin led to a decrease in
insulin sensitivity and compromised insulin response [25].

It is important to recognize that hyperinsulinemia, or elevated levels of insulin, is
relative to the normal insulin levels observed during intervals between periodic secretions
(i.e., troughs). During routine fasted assessments, the absolute insulin level may fall within
the broad normal range, making it challenging to detect impaired insulin function. This is
why insulin impairment can often go undetected for an extended period, as conventional
measurements may not capture the underlying abnormalities in insulin signaling and
receptor dynamics.

Understanding the intricate relationship between insulin secretion, receptor respon-
siveness, and the consequences of continuous insulin exposure is critical in elucidating the
mechanisms underlying IR and related metabolic disorders.
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5. Impacts of Hyperinsulinemia

Hyperinsulinemia occurs when the fasting concentration of insulin in the blood re-
mains higher than normal levels for prolonged periods. Various factors can contribute to
hyperinsulinemia, including incretin hormones, obesity, diet, visceral fat accumulation,
as well as genetic and environmental factors (Figure 1) [26]. In rare cases, hyperinsuline-
mia can be attributed to specific conditions such as insulinoma, a tumor in β cells that
leads to excessive insulin production, or nesidioblastosis, characterized by an abnormal
increase in β-cell mass within the pancreas. One of the diseases most often associated
with hyperinsulinemia is T2D, caused by progressive IR. In some cases of T2D, the body
tries to compensate for IR by increasing the amount of insulin secreted by β cells in order
to decrease blood glucose and maintain homeostasis. However, hyperinsulinemia itself
can further induce insulin resistance over time because as described previously, constant
exposure to insulin triggers a negative feedback loop, which causes insulin receptors to
become less responsive to insulin and downregulate [27]. One study showed that when
cells in vitro were chronically exposed to insulin, they had diminished insulin receptor
tyrosine and serine autophosphorylation [28]. When chronic insulin exposure is removed,
normal insulin receptor function can be achieved only if exposed cells maintain a molecular
memory prior to chronic insulin exposure. However, if cells are exposed to persistent
chronic levels of insulin for long periods of time, the molecular memory of the cell becomes
reprogrammed in such a way that causes IR. Thus, these cells do not recover their normal
insulin response even after chronic insulin exposure is removed [29].

6. Inadequate Receptor Function

Over time, inadequate insulin receptor function and insulin resistance can contribute
to the development of various diseases, including diabetes and other metabolic disorders.
It is well-established that unchecked IR is the underlying pathophysiologic precursor to
the development of T2D. As described earlier, T2D can result from inadequate receptor
function that is often linked to obesity, but there are genetic predispositions that can result
in receptor dysfunction. However, it is worth noting that genetic factors can also play a
role in receptor dysfunction, leading to impaired insulin signaling. Two notable examples
of genetic involvement are the IRS1 and IRS2 insulin receptor substrate genes. These genes
encode peptides that hold significant importance in insulin-signaling pathways. Studies
have demonstrated that specific polymorphisms within these genes are associated with a
decrease in insulin sensitivity, ultimately predisposing individuals to T2D [30,31]. These
genetic variations can disrupt the normal functioning of insulin receptors, hindering their
ability to effectively respond to insulin molecules.

One metabolic disorder that can result from an increase in IR is lipotoxicity. Free
fatty acids (FFA) are an increased risk factor for those who have IR [32]. FFA in the
plasma is regulated by insulin. Under normal physiological conditions, FFA increases
during fasting and decreases after meal consumption. In obese patients, FFAs are often
high and can contribute to insulin resistance and T2D [33]. Additionally, lipodystrophy
and adipose tissue dysfunction can also contribute to elevated FFAs in the plasma. The
two FFAs that are primarily responsible for insulin resistance and a decrease in insulin
sensitivity are diacyglycerol (DAG) and ceramide. However, physical exercise can reduce
the amount of DAG and ceramide found in skeletal muscle, which can improve insulin
sensitivity [34]. In addition, a recent meta-analysis showed that intermittent fasting may
also improve insulin sensitivity [35]. Two causes for FFA elevation are often associated with
hyperlipidemia and inflammation. It has also been shown that increased IR is associated
with an increase in cholesterol synthesis and a decrease in the uptake of cholesterol [36].
When IR increases, there is a shift in cholesterol metabolism. Often, patients with IR have
decreased high-density lipoprotein (HDL) cholesterol, increased low-density lipoprotein
(LDL) cholesterol, and increased triglycerides levels [36–38]. Disruption to lipid metabolism
has mostly been associated with T2D. However, lipid metabolism disorders have also been
seen in those with T1D. Lipid disorders can result from poor glycemic control in those
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who have either T1D or T2D [39]. Disruptions to lipid metabolism have been associated
with an increased risk of developing coronary artery disease (CAD) and various other
cardiovascular diseases [40,41]. More broadly, insulin resistance has been associated with
metabolic diseases that masquerade as neurologic disorders. Diseases such as Parkinson’s
disease and Alzheimer’s disease are associated with insulin resistance (Figure 1) [42].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 12 
 

 

been seen in those with T1D. Lipid disorders can result from poor glycemic control in 
those who have either T1D or T2D [39]. Disruptions to lipid metabolism have been asso-
ciated with an increased risk of developing coronary artery disease (CAD) and various 
other cardiovascular diseases [40,41]. More broadly, insulin resistance has been associated 
with metabolic diseases that masquerade as neurologic disorders. Diseases such as Par-
kinson’s disease and Alzheimer’s disease are associated with insulin resistance (Figure 1) 
[42].  

 
Figure 1. Insulin Resistance Pathophysiology. Insulin resistance can be initiated by obesity with an 
increase in visceral fat, inactivity, genetics, diet, and environmental factors. Insulin resistance leads 
to hyperinsulinemia with down regulation of the insulin receptors and a further increase in insulin 
resistance. Diabetes is a progressive disease with beta-cell dysfunction and loss of insulin pulses. 
Diabetes leads to diabetes complications, cardiovascular disease, metabolic syndrome, and is asso-
ciated with neurodegenerative diseases [26,40–42]. 

7. Physiologic Insulin Administration  
One approach to counter IR would be to reintroduce precision physiologic insulin 

delivery. Currently, patients with T1D and T2D receive a continuous delivery of insulin 
either by insulin injections or a continuous subcutaneous insulin pump. IR often results 
from insulin receptors being constantly exposed to levels of insulin with no trough peri-
ods to allow the insulin receptor adequate time to reset. Counter to the goal of reducing 
serum glucose, the constant exposure to insulin can serve to create tolerance. Decreased 
sensitivity of receptors results in a decreased uptake of serum glucose and subsequent 
hyperglycemia. Often, type-2 diabetics are prescribed medications such as metformin or 
thiazolidinediones (i.e., rosiglitazone and pioglitazone) to combat abnormal insulin secre-
tion caused by IR [43,44]. Although these medications are classified as insulin sensitizing, 
they do not restore or prevent abnormal insulin-secretion patterns.  

In 2012, Matveyenko et al. reported that insulin delivered in small intermittent bo-
luses via the portal vein is more efficacious than receiving a constant insulin infusion [45]. 
In this study, rats received insulin continuously and in a more physiologic pattern of in-
termittent boluses. Rats that received a constant delivery of insulin had a delay and im-
pairment in the activation of hepatic insulin receptors, which resulted in an impaired ac-
tivation of downstream signaling. It is speculated that hepatic IR in diabetes is likely a 
result of the impaired physiologic insulin secretion experienced. 

Figure 1. Insulin Resistance Pathophysiology. Insulin resistance can be initiated by obesity with
an increase in visceral fat, inactivity, genetics, diet, and environmental factors. Insulin resistance
leads to hyperinsulinemia with down regulation of the insulin receptors and a further increase in
insulin resistance. Diabetes is a progressive disease with beta-cell dysfunction and loss of insulin
pulses. Diabetes leads to diabetes complications, cardiovascular disease, metabolic syndrome, and is
associated with neurodegenerative diseases [26,40–42].

7. Physiologic Insulin Administration

One approach to counter IR would be to reintroduce precision physiologic insulin
delivery. Currently, patients with T1D and T2D receive a continuous delivery of insulin
either by insulin injections or a continuous subcutaneous insulin pump. IR often results
from insulin receptors being constantly exposed to levels of insulin with no trough peri-
ods to allow the insulin receptor adequate time to reset. Counter to the goal of reducing
serum glucose, the constant exposure to insulin can serve to create tolerance. Decreased
sensitivity of receptors results in a decreased uptake of serum glucose and subsequent
hyperglycemia. Often, type-2 diabetics are prescribed medications such as metformin or
thiazolidinediones (i.e., rosiglitazone and pioglitazone) to combat abnormal insulin secre-
tion caused by IR [43,44]. Although these medications are classified as insulin sensitizing,
they do not restore or prevent abnormal insulin-secretion patterns.

In 2012, Matveyenko et al. reported that insulin delivered in small intermittent boluses
via the portal vein is more efficacious than receiving a constant insulin infusion [45]. In this
study, rats received insulin continuously and in a more physiologic pattern of intermittent
boluses. Rats that received a constant delivery of insulin had a delay and impairment
in the activation of hepatic insulin receptors, which resulted in an impaired activation of
downstream signaling. It is speculated that hepatic IR in diabetes is likely a result of the
impaired physiologic insulin secretion experienced.

Physiological insulin resensitization (PIR) provides for insulin to be delivered periph-
erally in a dynamic pattern of physiologic boluses that mimics the healthy pancreas. This is
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achieved by inserting an intravenous access connected to a precision intravenous infusion
pump that can be programmed to dynamically deliver insulin to mimic normal glucose
metabolism. The physiologic administration of insulin consists of periodic cycling of up to
3 IU of regular fast-acting insulin infused intermittently between 4–8 min (usually 5–6 min),
based on the body’s utilization for 2 to 4 h. These infusions are given based on the degree
of insulin resistance, and precision dosing is undertaken to mimic hormonal signaling pat-
terns in a concentration and frequency dependent on individual patient condition. During
the infusion process, oral glucose is given to patients to simulate a meal and keep blood
glucose levels in a prescribed range. Patients are observed during the process until glucose
levels are stable after the physiologic insulin infusion is administered [46]. The rationale
for the peripheral administration of IV insulin in a rhythmic pattern is to replace impaired
physiological signals that are critical to cellular glucose metabolism.

8. Insulin Receptor Upregulation

Physiological insulin secretion exhibits a greater efficacy in upregulating insulin
receptors compared to constant exposure to insulin. This effect is particularly notable
in the liver, which experiences more insulin exposure than any other organ in the body
due to the direct flow of insulin from the pancreas through the portal vein, which then
spreads throughout the rest of the body [47]. Prolonged exposure to insulin leads to the
downregulation of insulin receptors, ultimately contributing to IR [48]. The goal of PIR
aims to address this issue by administering insulin in a manner that mimics the native
pattern of hormone secretion. This is achieved by inducing metabolic activity to consume
carbohydrates rather than fat. Glucose can be used and stored effectively when the body
has not just enough insulin, but the right timing of insulin. However, when there is a
lack of insulin or an over exposure of insulin over time causing a reverse feedback loop to
downregulate the insulin receptor, a decline in carbohydrate metabolism occurs, and the
body switches to fat metabolism in a process called ketosis. Ketosis triggers the production
of ketones and, in severe cases, the accumulation of ketones can result in a life-threatening
condition called diabetic ketoacidosis (DKA) [49]. Additionally, reducing excessive fat
metabolism, through PIR, may counter the harmful effects of free radicals and oxidative
stress that occur in the setting of elevated IL-6 levels found in T2D [50].

9. Cellular Glucose Uptake and Adenosine Triphosphate Production

Restoring the physiologic cadence of insulin improves IR and allows for an increase in
carbohydrate metabolism and a decrease in fat metabolism by restoring insulin’s ability to
suppress lipolysis. As described previously, insulin binds to its receptor on cells, which are
then endocytosed into the cell where glucose is further metabolized into “cellular energy”.
Inside the cell, glucose undergoes a series of enzymatic reactions, primarily through the
process of glycolysis. Initially, glucose is converted into pyruvate, which then enters the
mitochondria to undergo additional processing into acetyl-CoA. This conversion occurs
within the tricarboxylic acid (TCA) cycle, where acetyl-CoA participates in a series of
chemical reactions. Along this cycle, the reducing agent NADH is produced, which is
subsequently shuttled through complex I and II of the electron transport chain.

As electrons are transported, free energy is released, which actively pumps protons
across the inner membrane of the mitochondria. As protons are pumped across the mem-
brane, a proton gradient is formed, which creates an electrochemical gradient that fuels
the production of adenosine triphosphate (ATP), commonly known as cellular energy
(Figure 2) [51]. Thus, carbohydrate metabolism is essential for cells to produce cellular
energy in the form of ATP.
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10. Cellular Restoration

Cell growth and proliferation are highly dependent upon carbohydrate metabolism.
Glucose metabolism provides cellular energy (ATP), but it also supplies metabolites that
are critical for the cellular synthesis of nucleic acids, proteins, and lipids [53,54]. One study
showed that glucose metabolism is involved in the healing process of tendons [55]; a second
study showed that glucose is important in human gingival fibroblast maintenance after
periodontal surgery [56]. In the case of diabetes, blood glucose control and metabolism
are important for wound healing. Furthermore, prolonged hyperglycemia in diabetes
causes tissue to become energy-deficient, which over time can over result in a decline
in wound healing [57]. For instance, the process of angiogenesis is required to promote
tissue wound healing. Hyperglycemia decreases angiogenesis in endothelial cells, and it
affects the stability of hypoxia-inducible factor 1-alpha (HIF-1a) to target genes such as the
vascular endothelial growth factor (VEGF) to promote wound healing and tissue repair [58].
Often, diabetics with poor glucose control have wounds, most commonly foot ulcers, that
go unnoticed, take longer to heal, become infected, or never adequately heal. Foot ulcers
and their poor healing are often due to underlying neuropathy and a poorly functioning
microcirculation. Nerve and microvascular tissue clearly benefit from optimized glucose
ATP production and the related decrease in inflammation based on the body utilizing
glucose as its primary fuel source instead of fat metabolism [50].

Glucose metabolism is essential for the development and maintenance of several
tissues, including skeletal muscle, vasculature, liver, heart, and adipose tissue. The retina
is one example of a tissue that is affected by the dysregulation of glucose metabolism.
Diabetic retinopathy often results 10–20 years after the onset of diabetes due to glucose
metabolism failure. Retinopathy is a disease of the microvascular system of the retina when
the retina experiences hypoxia. Blood passes via the optic artery and perfuses the retina. In
the retina, arteries radiate outward to form a capillary network that supplies blood vessels
and oxygen. When high blood glucose levels persist, this can weaken and damage blood
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vessels within the retina. Damaged blood vessels starve the retina of oxygen, which leads to
abnormal blood vessel outgrowth to compensate for oxygen deprivation. HIF-1a has a role
in the stability of retina homeostasis, but intense fluctuations in carbohydrate metabolism
can cause HIF-1a to fluctuate, which results in abnormal blood vessel outgrowth and
progression of retinopathy [59].

Neuronal tissue appears to be the most sensitive tissue type affected when there
is a decrease in energy from carbohydrate metabolism. Neuropathy in diabetes can re-
sult from glucose metabolism failure. Symptoms often include numbness, pain, muscle
weakness, or tingling in the hands and feet. Hyperglycemia can induce mitochondria
dysfunction/overload of glucose and increase reactive oxygen species (ROS) [59]. The ac-
cumulation of ROS results in induced cellular apoptosis and a decrease in nerve blood flow.
Increased oxidative stress upregulates the polyADP-ribose polymerase (PARP) pathway,
which increases inflammation and causes neuronal dysfunction. Neurovascular dysfunc-
tion from hyperglycemia affects five main pathways, including: the polyol pathway, the
advanced glycation end-product (AGE) pathway, the protein kinase C pathway, the PARP
pathway, and the hexosamine pathway [60]. One of the consequences of neuropathy is a
decrease in wound detection and healing. To combat neuropathy, cell therapies have been
used such as growth factors to promote neuron survival, function, and repair. Schratzberger
et al. demonstrated that growth factors such as VEGF, FGF2, NGF, BDNF, and IGF1 have
neurotropic properties in treating diabetic neuropathy [61].

11. Discussion

Perhaps one of the most perplexing challenges in managing patients with diabetes
and other metabolic disorders is IR. In patients with diabetes, the conventional approach to
controlling serum blood glucose involves subcutaneous insulin administration or the use
of oral medications that increase insulin production. However, this continuous exposure
of insulin receptors to their ligand can lead to the development of tolerance. Continuous
exposure to high levels of insulin causes insulin receptors to internalize, rendering them
unavailable for engagement with insulin molecules. This internalization process contributes
to the development of IR. Paradoxically, the administration of higher doses of insulin to
reduce serum blood glucose levels can further worsen IR. This is due to a negative feedback
loop, where higher levels of insulin in the bloodstream are associated with decreased
availability of receptors, exacerbating the IR phenomenon.

In the normal physiologic state, characterized by insulin sensitivity, insulin is secreted
from pancreatic β cells in a specific cadence, with regular intervals of insulin secretion and
troughs occurring approximately every 4–8 min. This intermittent exposure of peripheral
insulin receptors to insulin plays a crucial role in maintaining the sensitivity of these
receptors, preventing receptor tolerance and preserving insulin sensitivity. However, in
patients who have developed diabetes or other IR phenotypes, the natural cadence of
insulin secretion is disrupted. To address this, treatment strategies have been developed
to mimic the physiologic intermittent secretion of insulin. These treatments, known as
PIR, aim to restore the normal pattern of insulin exposure to peripheral insulin receptors.
By administering insulin in a manner that resembles the natural insulin secretion pattern,
PIR treatments have been associated with improvements in fasting serum glucose levels
and HbA1c.

Beyond these assessments that correspond to improvements in diabetes management,
improvements in diabetic complications have also been observed. The rationale for im-
provements in conditions such as diabetic neuropathy, retinopathy, nephropathy, etc.,
may be related to improvements in glucose utilization and signaling associated with the
physiologic administration of insulin. That is, insulin administration that mimics normal
physiology appears to temporarily restore signaling that results in enhanced energy pro-
duction from improvements in carbohydrate metabolism. While empiric assessments of
insulin receptor availability and function are lacking, the apparent improvements in insulin
sensitivity may be related to receptor function. The phenotype of IR appears to be a story
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of receptor availability mediated by the intermittent administration of insulin. Mimicry of
this cadence of peaks and troughs appears to relieve IR and facilitate the improvement of
complications associated with diabetes.

12. Conclusions

Insulin receptor modulation is a multifaceted process influenced and mediated, in
part, by the intermittent peaks and troughs of the ligand. However, dysfunction in the
autonomic nerves within the pancreas can disrupt the finely tuned oscillatory secretion
of insulin, leading to abnormal insulin patterns and compromising glucose regulation.
This disruption of the characteristic higher and lower concentrations observed in normal
physiologic pancreatic β-cell secretion patterns is closely associated with insulin resistance,
the onset of diabetes, and the subsequent development of complications and perhaps
other disorders.

In contrast to conventional standard medicinal interventions, there is emerging evi-
dence supporting the benefits of intravenous insulin administration that mimics the healthy
pancreatic insulin secretion pattern. By restoring this physiological cadence, improve-
ments in insulin resistance, restoration of metabolic function, enhanced cellular repair
mechanisms, and a reduced risk of long-term complications have been observed.
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Abstract: Vascular smooth muscle cells (VSMCs) are the predominant cell type in the medial layer
of the aorta, which plays a critical role in the maintenance of aortic wall integrity. VSMCs have
been suggested to have contractile and synthetic phenotypes and undergo phenotypic switching to
contribute to the deteriorating aortic wall structure. Recently, the unprecedented heterogeneity and
diversity of VSMCs and their complex relationship to aortic aneurysms (AAs) have been revealed by
high-resolution research methods, such as lineage tracing and single-cell RNA sequencing. The aortic
wall consists of VSMCs from different embryonic origins that respond unevenly to genetic defects that
directly or indirectly regulate VSMC contractile phenotype. This difference predisposes to hereditary
AAs in the aortic root and ascending aorta. Several VSMC phenotypes with different functions,
for example, secreting VSMCs, proliferative VSMCs, mesenchymal stem cell-like VSMCs, immune-
related VSMCs, proinflammatory VSMCs, senescent VSMCs, and stressed VSMCs are identified
in non-hereditary AAs. The transformation of VSMCs into different phenotypes is an adaptive
response to deleterious stimuli but can also trigger pathological remodeling that exacerbates the
pathogenesis and development of AAs. This review is intended to contribute to the understanding of
VSMC diversity in health and aneurysmal diseases. Papers that give an update on VSMC phenotype
diversity in health and aneurysmal disease are summarized and recent insights on the role of VSMCs
in AAs are discussed.

Keywords: abdominal aortic aneurysm; thoracic aortic aneurysm; VSMC; phenotypic switching

1. Introduction

The aorta is a large blood vessel consisting of three layers: intima, media, and adven-
titia, extending from the thorax to the abdomen. The aortic wall is eternally exposed to
infinite variations of hemodynamics and neurohumoral regulators and its pathological de-
generation is believed to generate aortic aneurysms (AAs) [1]. Characterized by permanent
local dilation ≥ 50%, AAs occur in multiple aortic segments and are insidious, progressive,
and fatal if untreated. Heritable genetic variations confer high AA risk. Alternatively, a
causative gene mutation is always absent in patients with non-hereditary AAs [2–5].

As the major cellular component of aortic walls, vascular smooth muscle cells (VSMCs)
ought to be dynamic to adapt to the fluctuating microenvironment and to maintain the
intact structure and functionality of the aortic wall [6]. Unlike terminally differentiated
cells, VSMCs can change their morphological and functional characteristics under certain
conditions. VSMCs isolated from porcine aortas in sparse culture were observed to switch
from a spindle to a polymorphic shape and exhibit logarithmic growth responses to mito-
gens [7]. Years of research have led to the contractile-synthetic binary phenotype theory of
VSMCs. It is believed that VSMCs have 2 distinct but interchangeable phenotypes. The
contractile VSMCs, which contribute to the maintenance of vascular tone, express high
levels of contraction-related genes, including Acta2, Myh11, Tagln, and Cnn1. In contrast,
synthetic VSMCs are characterized by reduced expression of contraction-related genes
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expression and increased cell proliferation, migration, inflammation, and extracellular
matrix (ECM) synthesis [1,7–16]. According to the theory, healthy aortas contain only
contractile VSMCs, and in pathological conditions, contractile VSMCs are transformed
into synthetic VSMCs. Evidence that VSMCs are much more sophisticated and versatile
is accumulating with recent advances in lineage tracing and single-cell RNA sequencing
(scRNA-seq), challenging the binary phenotype theory [17,18].

2. VSMC Heterogeneity in Normal Aorta

The unique embryonic context is a source of VSMC heterogeneity. As reviewed by Ma-
jesky, fate mapping technology in developing embryos has revealed a mosaic distribution
of VSMCs from different precursor sources in the aorta, which includes VSMCs derived
from the secondary heart fields (SHF), cardiac neural crest (CNC), somite, and splanchnic
mesoderm [19]. For instance, VSMCs of the aortic root are mainly of SHF origin, those of
the ascending aorta and aortic arch originate mainly from the CNC, and VSMCs composing
the descending aorta are derived from mesoderm [20–22]. Even the same aortic segment
can consist of VSMCs of different embryonic origins. SHF-derived VSMCs were previously
thought to be restricted in the aortic root, forming a suture with CNC-derived VSMCs at
the transition from the aortic root and the ascending aorta. However, lineage tracing shows
that SHF-derived VSMCs extend distally to the innominate artery orifice. The ascending
aorta actually contains both SHF-derived and CNC-derived VSMCs, with the SHF-derived
VSMCs wrapping around the outside of the CNC-derived VSMCs in a sleeve-shaped form
(Figure 1A) [20,23].

According to classical theory, lineage heterogeneous VSMCs have a common devel-
opmental fate that converts to a contractile phenotype, but the scRNA-seq results reveal
richer VSMC diversity than previously thought. Despite being the predominant cell type
of the aorta, VSMCs have received much less attention than immune cells and endothelial
cells in studies to obtain single-cell ATLAS of the aortic wall. Therefore, most of the pub-
lished results simply identify VSMCs based on canonical VSMC markers without doing
sub-clustering [24,25]. Nevertheless, limited data still provide a glimpse into the hetero-
geneity of VSMCs in normal aorta walls from a transcriptome perspective. In one study, a
well-performing classifier based on the VSMC transcriptome obtained by scRNA-seq was
constructed to discriminate the regional identity of VSMCs (AUC = 0.9967), suggesting
that aortic segmental identity is preserved in individual VSMCs [26]. Even within aortic
segments, VSMCs are heterogeneous and have significant intercellular variation in genes
associated with contraction, inflammation, local adhesion, migration, and proliferation [26].
In addition, sc-RNAseq revealed six VSMC subpopulations distributed throughout the
aorta, and no segment-specific subpopulation was identified [27].

Notably, Lina and her team innovatively combined lineage tracing, fluorescence-
activated cell sorting (FACS), and scRNA-seq to identify and isolate a small subset of
Sca1-expressing VSMCs from normal mouse thoracic aortas [26]. Sca1+ VSMCs express
reduced contractile signatures and show enrichment in genes associated with migration,
proliferation, synthesis, and secretion compared to Sca1− VSMCs. Given that Sca1 has
been widely used as a biomarker of stem cells and cell stemness, it is possible that Sca1+

VSMCs represent a de-differentiated state [26,28]. Although Sca1+ VSMCs are rare, they
are widely distributed throughout the aorta. Furthermore, Sca1 expression was detected in
all VSMC subgroups with different contractile identities. The above results demonstrate a
ubiquitous distribution of Sca1+ VSMCs [27]. Mature VSMC can express detectable levels
of Sca1 in two different contexts: those in or about to undergo phenotypic transformation
and those newly differentiated or recruited from vascular stem cell pools [29–32]. Because
scRNA-seq can only capture transient transcriptomic data, we cannot determine whether
Sca1 expression in mature VSMCs is transient. It is also difficult to label and follow the fate
of Sca1+ VSMCs due to the scarcity of these cells. Nonetheless, these results are significant
as it indicates that VSMCs in healthy aortic walls are not static.
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different embryonic origins that respond unevenly to genetic defects that directly or indirectly
regulate VSMC contractile phenotype, which results in heterogeneous susceptibility to aortic diseases.
(A) provides an overview of the origin of VSMCs in the aortic wall. The ascending aorta is composed
of VSMCs derived from SHF and CNC. The former wraps outside of the latter in a “sleeve-shaped”
form, However, mesoderm-derived VSMCs predominate in the abdominal aorta. (B) depicts a
plausible hypothesis that the ascending aorta is susceptible to AAs and ADs when genetic defects
are present. VSMCs with distinct embryonic backgrounds show different responses to signaling
perturbations. Compared to CNC-derived VSMCs, SHF-derived VSMCs are more prone to lose
their contractile phenotype and cause pathological ECM remodeling. This leads to a reduction in
the strength of the aortic wall, making it susceptible to swelling. Moreover, the turbulent blood
flow can easily cause tearing along the interface between the 2 VSMCs, leading to the occurrence of
ADs in the presence of damaged endothelium. (C) shows the dysfunctional phenotypes of VSMCs
from different origins with genetic defects. Fibrillin-1 is the primary protein found in the microfibril
extensions of elastic lamellae, which are attached to focal adhesions on the surface of VSMCs. It
is also associated with TGF-β binding proteins (LTBP), which are involved in the TGF-β signaling
pathway. Genetic defects in fibrillin-1 (MFS) and defects in the TGF-β signaling pathway (LDS)
affect the phenotype of both VSMCs, with SHF-derived VSMCs being more susceptible to loss of
the contractile phenotype. The direction of arrows indicates the trend of gene expression levels:
upward represent upregulation, horizontal indicate stable expression levels, and downward indicate
downregulation. Vascular smooth muscle cells, VSMCs; Secondary heart field, SHF; Cardiac neural
crest, CNC; Extracellular matrix, ECM; Aortic aneurysms, AAs; Aortic dissections, ADs; Loeys-Dietz
syndrome, LDS; Marfan syndrome, MFS.
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The heterogeneity of VSMCs may be a physiological adaptation. Hemodynamics vary
in different segments of the aorta. Blood velocity in the ascending aorta and aortic arch
is faster than in the abdominal aorta, causing greater vessel wall impact [33,34]. Due to
the anatomical curvature, the blood flow in the ascending aorta, especially in the aortic
arch, changes drastically, resulting in vortex flow and increased demands on the strength
and self-healing ability of the vascular wall [35–37]. Vim-expressing VSMCs enriched for
genes associated with shear stress, atherogenesis, WNT, and MAPK pathways populate
the thoracic aorta and aortic arch, representing a group of flow-shock-adapted VSMCs that
contribute to higher elastin/collagen content [27]. Interestingly, the regional distribution of
VSMCs from different embryologic backgrounds is consistent with hemodynamics, with a
progressive increase in the proportion of CNC-derived VSMCs along the ascending aorta to
the aortic arch suggesting that the composition of the VSMCs of distinct lineage influences
the intensity of the arterial wall. Indeed, VSMCs of different embryonic origins are phe-
notypically and functionally distinct, with different proliferation and protein expression
patterns in response to cytokines [38]. Stimulation with wound repair factor transforming
growth factor-beta 1 (TGF-β1) or platelet-derived growth factor BB (PDGF-BB) significantly
enhanced the biosynthesis of ECM components such as Col1A1 in CNC-derived VSMCs
and promoted cell proliferation by increasing c-myb expression, but there was no effect on
VSMCs of mesodermal origin, suggesting that embryonic lineage is a major source of aortic
VSMC heterogeneity [39–41].

3. VSMC Phenotypic Diversity in Hereditary AAs

The susceptibility to aortopathy varies between aortic segments. The ascending aorta
is less prone to atherosclerosis than the abdominal aorta, and even thoracoabdominal aortic
graft exchange does not alter atherosclerotic propensity, suggesting that the intrinsic nature
of the arterial wall influences vulnerability to arterial disease [42–44]. Segment-specific
distribution of heterogeneous VSMCs likely contributes significantly to aortic disease char-
acteristics. Further support for this view is the fact that the aortic arch, which is composed
of CNC-derived VSMCs, is the segment of the thoracic aorta that is more susceptible to
calcification [45,46]. As VSMCs of different embryonic origins have heterogeneous patterns
in response to environmental cues, genetic mutations that can affect intracellular signaling
could also have heterogeneous effects on them. Patients with genetic defects in focal adhe-
sion mediators or components of the TGF-β signaling cascade are predisposed to thoracic
aortic aneurysms (TAAs) with manifestations of syndromic TAAs such as Marfan syndrome
(MFS), Loeys–Dietz syndrome (LDS), or TAAs alone [47–55]. Importantly, almost all AAs in
LDS and MFS patients occur in the aortic root and ascending arteries, and dissections often
arise in the ascending aorta (Figure 1B), suggesting that heterogeneous lineage plasticity of
VSMCs determines the pathological characteristics of hereditary aneurysms [56,57].

3.1. VSMC Phenotypic Diversity in LDS

LDS is an aneurysm-predisposing disease caused by defects in the canonical positive
regulators of TGF-β, which regulate the differentiation and maturation of VSMCs [58,59].
Heterozygous loss-of-function mutations in genes encoding multiple components of the
TGF-β signaling pathway, including the ligands (TGFB2/3), transforming growth factor-β
receptor types I and II (TGFBR1 and TGFBR2) and downstream effectors (SMAD2/3), cause
abnormalities in the function of VSMCs (Figure 1C).

Approximately 20–25% of patients with LDS have mutations in the TGFBR1 genes [60].
The embryonic background of the VSMCs determines the effect of this genetic defect. SHF-
derived VSMCs, but not CNC-derived VSMCs, exhibited impaired Smad2/3 activation,
increased angiotensin II type 1 receptor (Agtr1a), and TGF-β ligands expression in the
LDS model carrying heterozygous Tgfbr1 inactivation [61]. A human-induced pluripo-
tent stem cell (hiPSC) model derived from an LDS patient family with the TGFBR1A230T

variant also detected disruption of SMAD3 and AKT activation and significantly reduced
contractile transcript and protein levels in SHF-derived VSMCs, but not in CNC-derived
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VSMCs [62]. Single-cell transcriptomic data revealed molecular similarities between SHF-
derived VSMCs with the TGFBR1A230T variant and SHF-derived VSMCs with a loss-of-
function SMAD3 mutation. Additionally, pharmacological activation of the intracellular
SMAD2/3 signaling cascade can rescue contractile gene expression and contractile function
in TGFBR1 mutant SHF-derived VSMCs [62]. The above results indicate that TGFBR1
maintains the contractile phenotype of SHF-derived VSMCs through the activation of
SMAD3. Smad3 interacts with multiple VSMC-specific promoters to facilitate a contrac-
tile phenotype [63]. The deficiency of SMAD3 in SHF-derived VSMCs induced from
hiPSC significantly impaired canonical TGF-β signaling, decreased VSMC key regulators
and markers, and increased collagen expression, suggesting a transition towards a less
contractile phenotype [64]. Disruption of pathways related to ECM organization and down-
regulation of key focal adhesion components, including integrins and anchoring protein,
were also found in Smad3−/− VSMCs derived from SHF [65]. Furthermore, selective knock-
down of Smad3 in VSMC resulted in an up-regulation of pro-pathogenic factors such as
thrombospondin-1, angiotensin-converting enzyme, and pro-inflammatory mediators in
VSMC subsets located in the aortic root (mainly derived from SHF), leading to greater
dilation and histologic abnormalities [65]. Reduced expression levels of contractile genes
and dissociation from ECM components of SHF-derived VSMCs explain the reduction in
vascular wall tone and local dilation in the aortic root [66]. CNC-derived VSMCs, however,
were less affected by impaired Tgfbr1-Smad3 pathway and can always maintain the contrac-
tile phenotype by upregulating p-Smad2, suggesting a bypass might be exploited [61,62,64].
The inconsistency of phenotypic changes of CNC and SHF-VSMCs results in the decreased
intensity of the interface between them in the ascending aorta, making it susceptible to type
A aortic dissection (AD) [67]. Remarkably, although CNC-derived VSMCs retained signifi-
cant VSMC markers in the presence of Tgfbr1-Smad3 dysregulation, elastin expression was
significantly decreased, indicating phenotypic changes at the transcriptome level.

Approximately 55–60% of LDS patients carry Tgfbr2 mutations [60]. The effect of
Tgfbr2-mediated signaling activation on VSMC gene expression depends on the location of
VSMCs in the aorta [68]. Smooth muscle specific Tgfbr2 deficiency significantly enhances
the progression of ascending but not abdominal aortic pathology, including increased
intramural hemorrhage, medial thinning, and epicardial thickening, and damage was
more pronounced outside of the media layer than inside [69,70]. Although rigorous experi-
mental evidence such as lineage-stratified sc-RNAseq and lineage tracing is required, it is
speculated that VSMCs of different embryonic origins respond heterogeneously to Tgfbr2
deficiency. Whether Tgfbr2 exerts a facilitative or inhibitory effect on the differentiation
of neural crest cells (NCCs) into VSMCs remains unclear. TGF-β signaling is involved in
NCCs migration and differentiation and germline knockout of Tgfbr2 in VSMCs leads to
extensive and lethal cardiovascular malformation in mouse embryos [68,71–73]. Tgfbr2
deficiency was found to hinder NCC-to-VSMC differentiation, resulting in a deficiency
of CNC-derived VSMCs in the aorta [73,74]. However, recent studies have shown that
Tgfbr2 deficiency does not impede the VSMC fate of NCCs and may even lead to prema-
ture differentiation of NCCs into VSMCs [68,75,76]. Smad2 is confirmed as an essential
regulator in progenitor-specific VSMC development and physiological differences between
CNC- and mesoderm-derived VSMCs [72,77,78]. Although in vitro studies found Smad2
functionally intact in Tgfbr2-deficient VSMCs, animal models demonstrated reduced p-
Smad2 levels [70,77,79]. Embryonic Smad2 knockdown in NCCs reduces the number of
CNC-derived VSMCs and produces a damaged, fragmented elastin lamina in the media of
the ascending aorta [70,77,80]. Strikingly, postnatal knockdown of Tgfbr2 in VSMCs, while
reducing Tgfb signaling, has little effect on contractile gene expression levels and contractile
function in VSMCs, but rapidly induces elastin fragmentation and ascending thoracic aorta
disruption (ATAD) [70,76]. Although conditional knockout of Tgfbr2 at 11 months of age
failed to induce TAAD, the ascending aorta developed pathological changes similar to
those observed in elastin-deficient (ELN+/−) mice [81,82]. Given that the deposition of the
elastin membrane occurs only during early life and TGFBR2 mutation was associated with
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a significantly higher risk of aortic events with childhood onset [83]. CNC-derived VSMCs
are speculated to involve in the assembly and deposition of elastin lamina during embry-
onic development and are primarily responsible for the maintenance of elastin lamina
integrity in adulthood [84,85]. Since the elastin lamina is a key component in maintaining
the elasticity of the vessel wall, disruption of this structure impairs the absorption and
buffering of kinetic energy from the blood flow by the aortic wall, resulting in a greater and
more direct kinetic energy impact on the aorta. This provides a plausible explanation for
the higher probability of developing ATAD and for the smaller mean arterial diameter at
the time of dissection in LDS patients with Tgfbr2 mutations compared to LDS patients
with Tgfbr1 mutations [86–88].

3.2. VSMC Phenotypic Diversity in MFS

FBN1 gene mutations predispose Marfan syndrome (MFS) patients to TAA at a young
age and premature death from catastrophic aneurysm rupture or dissection [56]. The
FBN1 gene does not directly regulate the contraction-related phenotype of VSMC, but its
coding product fibrillin-1 is an important component of the ECM and acts to mediate the
attachment of VSMCs to elastin laminae [89]. Fibrillin-1, the encoded product of FBN1, is an
important component of the ECM that mediates the attachment of VSMCs to elastin laminae,
the loss of which would disrupt mechanotransduction and result in detached VSMCs with
altered morphology, reduced contractile signatures, and upregulation of several ECM
elements and elastolysis mediators indicating cellular plasticity. (Figure 1C) [90].

MFS VSMCs derived from iPSCs showed a lineage-specific protein profile. Compared
to CNC-derived VSMCs, SHF-derived VSMCs have a proteome with less VSMC identity
(TAGLN), but increased levels of focal adhesion components (integrin αV, fibronectin) and
ECM remodeling molecules (collagen type 1, MMP2) [91]. As a novel protein marker
associated with MFS aneurysms, uPARAP, an endocytic receptor responsible for receptor-
mediated internalization of collagen for degradation, was specifically downregulated
in SHF-derived VSMCs [91,92]. Recent work has shown that uPARAP also acts as an
endocytic receptor for thrombospondin-1 (TSP-1), which has been reported to promote
AAs by increasing aortic inflammation and TGF-β activity [93–97]. Single-cell transcrip-
tomics provides evidence for lineage-specific VSMC plasticity in MFS aortic aneurysms.
Albert and colleagues identified a group of modulated VSMCs (modVSMCs) in aortic
aneurysm tissue from Fbn1C1041G/+ mice with a transcriptome similar to that of VSMC-
lineage-derived fibromyocytes in atheroma [98]. The combination of lineage tracing and
scRNA-seq uncovered that SHF-derived VSMCs and CNC-derived VSMCs contribute
equally to modVSMCs [99]. However, a lineage-stratified perspective reveals heteroge-
neous transcriptomes of VSMCs from different embryologic origins. SHF-derived VSMCs
increased biosynthesis of collagens and small leucine-rich proteoglycans (SLRPs), con-
tributing to the excessive deposition of ECM in MFS aortic aneurysms [98,99]. In contrast,
CNC-derived VSMCs showed an osteochondrogenic phenotype, which is relevant for the
medial calcification of the aorta [45,100]. In particular, few studies suggested that MFS
aortic aneurysms have a hypercontractile phenotype with significant cytoskeletal density,
upregulation of focal adhesions, and some contractile regulators presumably resulting
from overactivation of TGF-β signaling [101,102]. Because the current scRNA-seq analyses
focus on subdividing VSMCs with downregulated contractile markers, the hypercontractile
VSMCs are likely to be buried in the normal contractile VSMC subgroup. Taking into
account the lineage-specific response pattern of VSMCs to TGF-β, hypercontractile VSMCs,
if they exist, are more possible to be derived from CNC-derived VSMCs.

4. VSMC Phenotypic Diversity in Non-Hereditary AAs

Apart from a few that can be explained by causative genetic mutations, most sporadic
patients do not have genetic defects and these AAs are called non-hereditary AAs [103–105].
The etiology of non-hereditary AAs is still enigmatic and previous studies have shown
that risk factors for non-hereditary AAs, such as hypertension, aging, and hyperlipidemia,
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transform contractile VSMCs into synthetic VSMCs [105–110]. However, the definition
of synthetic VSMCs is ambiguous and recent studies demonstrate that they are actually
conglomerates of several VSMC phenotypes with different functions (Figure 2 and Table 1).
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Figure 2. VSMC phenotypic diversity in non-hereditary AAs. VSMCs transform into different
phenotypes and show a high degree of plasticity when exposed to detrimental stimuli. In the thoracic
aorta, secreting VSMCs cause deposition of ECM components. Proliferative VSMCs undergo active
proliferation and immune-related VSMCs will exert immune clearance and immunomodulatory
effects. In the long term, these non-contractile phenotypes can result in pathological remodeling and,
ultimately, to TAAs. In the abdominal aorta, stressed VSMCs are standing at the at the crossroads
of necrosis/apoptosis or compensation. Pro-inflammatory VSMCs maintain and exacerbate vessel
wall inflammation, eventually exhausting proliferative VSMCs and triggering a senescent phenotype,
which leads to VSMC depletion and disruption of aortic wall integrity, triggering AAAs. Arrows
indicates the gene expression changes: the number of arrows indicates the magnitude of expression
change, and the direction of arrows indicates the trend, upward represent upregulation, horizontal
indicate stable expression levels, and downward indicate downregulation1.
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4.1. VSMC Diversity in TAAs
4.1.1. Secreting VSMCs

Although investigators annotate VSMCs differently, several studies have found a
subcluster of VSMCs positioned between VSMCs and fibroblasts in both UMAP and tSNE
projections [111–113,119]. It maintains or moderately reduces the expression of contraction-
related genes, but upregulates genes enriched in cell adhesion and ECM remodeling [15,16].
This subcluster is referred to as fibromyocytes or secreting VSMCs due to their properties
of both contractile VSMCs and fibroblasts. Unlike “synthetic” VSMCs, secreting VSMCs do
not activate cyclin and pro-inflammatory gene expression. Although rare in healthy aortic
walls, secreting VSMCs significantly increased their proportion in aneurysmal aorta, further
reducing VSMC identity markers such as ACTA2 and MYH11 and expressing ECM genes
such as SERPINE1 and FN1 [119]. VCAN, a gene encoding Versican, a chondroitin sulfate
proteoglycan composing the ECM, was identified as a marker of secreting VSMCs. Trajec-
tory analysis of VCAN+ VSMCs further supports the phenotypic transition from contractile
VSMCs to fibroblasts [113,120]. It should be noted that the transition to secreting VSMCs is
common in several aortic diseases. In atheroma, VSMC-traced scRNA-seq confirmed that
the fibromyocytes are derived from contractile VSMCs, and they can be clustered with mod-
VSMCs in MFS [98,121,122]. In addition, secreting VSMCs in hypertension-induced TAAs
also have similar transcriptomes to modVSMCs in MFS [123]. Fibromyocytes contribute
to the formation of the fibrous cap and are regarded as a protective factor in atherosclero-
sis [76,77] A protecting role of secreting VSMCs has also been suggested in TAAs, as they
are associated with an increase in aortic wall thickness [114]. Interestingly, GO analysis
showed that genes enriched in cardiac muscle cell development were highly expressed
in secreting VSMCs which implies that secreting VSMCs may originate from a group of
VSMCs regressed to an embryonic state and that HDAC9 and TGF-β pathways are involved
in this change [119].

4.1.2. Proliferating VSMCs

VSMC proliferation is a hallmark of occlusive aortic diseases such as restenosis after
angioplasty or stenting [124]. Upon injury to the vascular wall, the quiescent, differentiated
VSMCs have been reported to be activated to a proliferative phenotype at low frequencies and
such oligoclonal contribution of VSMCs is a feature of obstructive arterial disease [125–128].
Fate mapping analyses in TAA models induced by disruption of the TGF-β pathway also
revealed oligoclonal expanding of the VSMCs [115,116]. Enhanced VSMC proliferation
was demonstrated in sporadic TAAs [111,112,114]. In human TAA samples, sc-RNAseq
identified a subpopulation of VSMCs characterized by high levels of cyclin expression
and low levels of cell adhesion, which is highly suggestive of ongoing cell proliferation
and was annotated as proliferating VSMCs [111]. Despite expressing some canonical
synthetic marker genes such as MGP, TPM4, and MYH10, the proliferating VSMCs do not
upregulate ECM and inflammatory genes, which is different from synthetic VSMCs [111].
In particular, the moderately reduced expression of contraction-related genes strongly
suggests that this phenotype is activated from quiescent, mature VSMCs [111]. These
results indicate that some mature VSMCs in the aortic wall have proliferative potential
and can be activated to a proliferating state in TAAs. However, the identity of contractile
VSMCs seems to be lost to varying degrees during the initiation of cell proliferation.
Re-analysis of the sc-RNAseq data in reference [112] revealed the presence of mesenchymal-
like VSMCs with a characteristic expression of ACTA2, MYH11, CD34, and PDGFRA
and with a minor role in the communication network [112]. Fate mapping analyses have
observed mesenchymal cells (osteoblasts, chondrocytes, adipocytes, and macrophages)
derived from clone-expanded VSMCs in the adventitia of mice with TAAs, suggesting the
pluripotency of proliferating VSMCs [115,116]. The aforementioned results suggest that the
proliferating VSMCs represent a group of partially dedifferentiated VSMCs. However, it is
still uncertain whether the proliferating VSMCs are the result of phenotypic transformation
or clonal selection.
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4.1.3. Immune-Related VSMCs

In the context of atherosclerosis, VSMCs have been shown to have the potential to
switch to monocyte/macrophage lineages, implicating them in the modulation of inflamma-
tion in the vascular wall [128–131]. Although medial degeneration has been confirmed as
the most common pathological manifestation of TAAs, aortitis, and atherosclerosis remain
the main histopathological substrates in 1/3 of TAA patients [132,133]. The prevalence
of inflammation-related histologic changes underscores the pivotal role of the inflamma-
tory response in the pathophysiology of TAAs. VSMCs that exhibit similar characteristics
of monocyte/macrophage and T-lymphocyte are identified in TAAs and referred to as
immune-related VSMCs [111,112,117]. Additionally, an intermediate state, which expresses
interferon-induced genes, has the potency to switch to T-cell-like VSMCs or macrophage-
like VSMCs, suggesting that VSMCs are activated by inflammation [111]. Bioinformatics
analysis revealed that immune-related VSMCs exert immunomodulatory functions through
rich and strong interactions with immune cells [112]. T-cell-like VSMCs recruit immune
cells mainly through the CXCL12-CXCR4 pair. Macrophage-like VSMCs in TAAs can commu-
nicate with all infiltrating immune cells through PTN and galectin, which are related to the
suppressive immune microenvironment in malignancies [134–136]. The immunosuppressive
function of macrophage-like VSMCs may explain why the inflammatory response in Ang II-
induced TAAs is not as strong as in AAAs. Notably, macrophage-like VSMCs were detected
in the adventitia and pseudolumen, accumulating in thrombotic/hemorrhagic regions and
upregulating phagocytic and lysosomal pathways, which suggests that macrophage-like
VSMCs have vigorous phagocytic activity [116]. In combination with the promotion of
macrophage-mediated efferocytosis for the prevention and treatment of vascular disease,
macrophage-like VSMCs in TAAs are hypothesized to play an immune clearance role by
removing cells and ECM from injured sites in preparation for clones of proliferative VSMCs
and ECM newly synthesized by secreting VSMCs to replace the injured tissue [137,138].
In addition, macrophage-like VSMCs, unlike terminally differentiated peripheral blood-
derived macrophages, were recently found to be plastic and capable of changing their
lineage characteristics toward fibroblasts and pericytes in atheroma, supporting a role for
them in maintaining vessel wall stability by exerting a repair mechanism [131].

4.2. VSMC Diversity in AAAs
4.2.1. Proinflammatory VSMCs

AAA is considered to be a chronic inflammatory disease. Pro-inflammatory VSMCs
defined by their function to promote aortic wall inflammation are identified. They have
a proinflammatory transcriptome characterized by the expression of proinflammatory
cytokines (IL-1ß, IL-6, CCL2, CCL5, and TNFα), chemokines (CXCL10 and ICAM1), and
high expression of ECM-degrading components such as MMP2/9. Aortic wall inflamma-
tion can damage VSMCs, activate the expression of inflammation-related genes through
innate immune pathways, and further promote vascular wall inflammation, forming
a vicious cycle [139–141]. VSMCs expressing macrophage markers are also present in
AAAs. [27,118]. In contrast to their immunomodulatory counterparts in TAAs, macrophage
marker-expressing VSMCs in AAAs play an active role in inflammation and ECM degra-
dation. Studies have shown that not only do these cells have high expression of pro-
inflammatory cytokines and chemokines, but they also have impaired phagocytosis and
efferocytosis and are unable to remove apoptotic VSMCs in a timely manner, perpetuating
the pro-inflammatory effects of injured VSMCs [142–144]. Mechanically, disturbances in
intracellular calcium ion balance drive the conversion of VSMCs into pro-inflammatory
macrophages-like phenotype. Downregulation of the sarcoplasmic reticulum calcium-
pumping ATPase was found in macrophage-like VSMCs in AAAs suggesting impaired
intracellular calcium homeostasis [118]. Consistently, activation of P2Y2 receptors and
TRPV4 channels on VSMCs by Panx1-mediated ATP release from endothelial cells destabi-
lized intracellular Ca2+ homeostasis, stimulated proinflammatory cytokine secretion, and
facilitated increased MMP2 activity [145]. Notably, antibody-dependent adaptive immune
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responses are involved. For example, IgG immune complex can polarize VSMCs from
a contractile phenotype to a pro-inflammatory phenotype expressing M1 macrophage
markers through FcγR in a TLR4-dependent manner [144,146].

4.2.2. Senescent VSMCs

Chronic inflammation of the vessel wall is bound to cause the death of VSMCs, and
the depletion of contractile VSMCs is a hallmark of AAAs. The scRNA-seq analyses failed
to identify any proliferating VSMCs in the AAA specimens, indicating the failure of the
VSMCs to activate into a proliferative phenotype. Nevertheless, a group of VSMCs that
specifically express high levels of GATA6 and undergo glycolytic reprogramming has been
identified [118]. GATA6 plays a multifaceted role in regulating VSMC phenotype. GATA6 has
been implicated in the differentiation of VSMCs, as studies have shown that specific knockout
of GATA6 in VSMCs can activate the expression of synthetic markers [147,148]. Recently,
however, it has been shown that GATA6 overexpression promotes TGF-β and MAPK
signaling, resulting in increased proliferative and migratory capacity in VSMCs [149].
Notably, GATA6 is involved in the aging of mesenchymal stem cells by regulating the
Hedgehog and FOXP1 signaling pathways [150]. Based on the increased expression of
age-related metallothionein proteins, this VSMC subgroup is speculated to be a subset of
senescent dedifferentiated VSMCs [151]. It is reasonable to speculate that senescence and
loss of stemness of VSMCs are critical in the pathogenesis of AAAs, given the therapeutic
efficacy of mesenchymal cell intervention for AAAs in preclinical studies [152]. It is also
notable that He et al. identified a group of sparse VSMCs in patients with ATAD. These
VSMCs simultaneously decreased the levels of VSMC markers, cell adhesion, the calcium-
mediated signaling pathway, the cGMP metabolism, as well as the translation and RNA
metabolism process. Due to the extremely low differentiation potential and the high
expression of metallothionein, we speculate that these are also senescent VSMCs, although
they are not annotated by the author [117].

4.2.3. Stressed VSMCs

Stress events such as oxidative stress, mitochondrial dysfunction, and unfolded pro-
tein response have been shown to alter the VSMC phenotype toward pro-inflammation
and proliferation [153–156]. A group of VSMCs with transcriptomic features similar to
contractile VSMCs, except a characteristically high expression of stress-related genes (FOS,
ATF3, JUN, and HSPB8), were identified in TAAs and annotated as stressed VSMCs [111].
VSMCs with contractile VSMC transcriptome and high FOS, Jun, Klf2, and ATF3 expression
were also identified in elastase-induced AAAs [118]. Due to the relatively high expression
of genes associated with proliferation, they were annotated as proliferative VSMCs by
the other. However, the actual proliferative capacity of this group of cells is uncertain be-
cause they express a high level of mitogen-activated protein kinase phosphatase-1 (Dusp1),
which inhibits proliferation by suppressing MAPK activity. In addition, upon elastase
challenge, this group of cells exhibits an inflammation-activated profile, with significantly
upregulated expression levels of pro-inflammatory cytokines (Cxcl2 and Ccl2). Therefore,
it would be more appropriate to annotate them as stressed VSMCs [118]. Utilization of the
transcription-dependent adaptive response implies that cells are subjected to prolonged
stimuli, suggesting that they are at the crossroads of cell fate: necrosis/apoptosis or adap-
tive compensation. Given the significant reduction of medial VSMCs and the presence
of a senescent phenotype in AAAs, stressed VSMCs in the abdominal aorta tend to go to
extinction compared to their counterparts in the thoracic aorta, but the reasons for this
remain to be elucidated.

5. Role of VSMC Phenotypic Diversity in AAs

In clinical samples from patients with AAs, changes in VSMC phenotype affect
hemostasis of the arterial wall, and VSMC plasticity has been correlated with disease
severity. Such studies, however, represent only the final stage of the disease. Thus, whether

103



Int. J. Mol. Sci. 2023, 24, 11701

VSMC heterogeneity and plasticity play a causative or compensatory role in AAs remains
controversial. Animal models are tools for studying VSMC pathogenesis and phenotypic
disruption of VSMCs can be inferred to cause hereditary aortic aneurysms from genetically
engineered models [62,66,157]. VSMCs of different lineages respond differently to the
same genetic mutation, and SHF-derived VSMCs are more phenotypically vulnerable than
CNC-derived VSMCs. A recent study reported that the spatial specificity of TAAs has
been linked to the downregulation of LRP and TGF-β signaling in SHF-derived VSMCs
in response to Ang II stimulation [158]. Epigenetic mechanisms may account for the phe-
nomenon that VSMCs of different lineages respond heterogeneously to the same signaling
dysregulation. Aneurysmal lesions of MFS are characterized by dysregulated miRNA
networks and gene expression profiles [159]. Epigenetic regulatory networks also have an
impact on the response of VSMCs to pathogenic signals such as Ang II and TGF-β [160–162].
However, studies to date have mainly focused on epigenetic dysregulation in pathological
states, and few have compared differences between VSMCs in different parts of the aorta
in physiological or pathological states from an epigenetic perspective [163].

In contrast to hereditary AA, sporadic AA is a multifactorial disease that poses diffi-
culties in the construction of animal models. At present, no animal model perfectly mimics
human non-genetic AAs [164–166]. Results from non-hereditary models of AA support to
some extent, the compensatory role of VSMC phenotypic transformation. To induce AA in
WT mice, a minimum of two risk factors as well as sufficient challenge time are required.
Challenging the aorta with a single risk factor such as Ang II infusion, hypertension, or hy-
percholesterolemia alone can elicit phenotypic changes of VSMCs but is not insufficient to
induce AAs [105–110]. Extreme agents such as calcium chloride and elastase, which directly
destroy the aortic wall, do induce AAs [167–169]. However, such “one-hit” models failed
to reproduce the progression of human AAs, indicating that a stable adaptive state can be
established [118,165]. Several VSMC subsets are thought to participate in compensatory
responses to maintain aortic wall integrity. Collagen and proteoglycan produced by secret-
ing VSMCs strengthen the aortic wall and prevent it from rupturing. The immune-related
VSMCs suppress the immune response and assist in the removal of damaged cells from
the aortic wall. The proliferative and MSC-like VSMCs are able to replicate and replace
the damaged VSMCs that have been depleted by the immune cells. Even in inherited
AA caused by genetic mutations that damage the “elastin-VSMC contractile unit” repre-
sented by MFS, the compensatory effect of the VSMC was observed [53,66,170]. In MFS
aortic aneurysms, compensatory manifestations of impaired aortic wall force generation
include the transition of contractile VSMCs to modVSMCs with increased ECM production
capabilities and hypercontractile VSMCs and thickened aortic walls.

Despite the potential protective effects of the phenotypic alteration of VSMCs, the
development and progression of sporadic AAs are indicative of maladaptation. We propose
that the sustained presence of noxious stimuli causes a prolonged phenotypic transforma-
tion of VSMCs, which causes pathological remodeling of the aortic wall and eventually
leads to non-hereditary AAs. Proteoglycan and collagen accumulation prevent aortic dis-
section and rupture, however, overaccumulation of proteoglycans and collagen results
in stiffening of the aortic wall which disrupts the phenotypic change of VSMCs [171,172].
Elevated ECM stiffness has been reported to polarize contractile VSMCs toward proin-
flammatory phenotypes through mechanotransduction [173–176]. Chronic vascular wall
inflammation then leads to persistent programmed death of VSMCs, ultimately exhausting
the proliferative potential of VSMCs. Ideally, the transition to proliferative VSMCs is
reversible and proliferative VSMCs can re-differentiate into mature, contractile VSMCs.
Nevertheless, if the stimuli are prolonged, epigenetic changes can occur, making the change
irreversible [16,177,178]. In addition, the precise microenvironment that regulates VSMC
phenotype is perturbed in the pathologically remodeled aortic wall, resulting in disrupted
VSMC differentiation. For example, an aberrant equilibrium between ECM stiffness and
growth factors in aneurysmal tissue will impair the differentiation of MSC-like cells toward
contractile VSMCs [179,180]. Moreover, high levels of TGF-β activation in AAs are thought
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to over-activate nonclassical TGF-β signaling in VSMCs, which breaks the normal physi-
ological balance and results in AAs [181]. Chronic activations of mTOR signaling would
elevate the expression and activity of MMPs derived from VSMCs, resulting in irreversible
destruction of the elastin membrane and VSMC microcalcifications [100,182,183].

6. Conclusions and Future Perspectives

The arterial wall is composed of VSMCs of distinct origins that exhibit different
transcriptomic profiles and dynamic phenotypes to adapt to changing environments. Their
unique distribution and lineage-specific biological behaviors in the presence of AA-causing
gene mutations determine the segmental vulnerability of hereditary AAs. VSMCs are
highly plastic and can transform into cellular phenotypes with distinct functions in non-
hereditary AAs. Reversible phenotypic transformation might play a beneficial role in
maintaining the integrity of the aortic wall. However, chronic exposure to risk factors
leads to irreversible phenotypic changes in VSMCs and to pathological remodeling of the
aortic wall, which contributes to the pathogenesis and development of non-hereditary
aortic aneurysms.

Lineage tracing and sc-RNAseq have allowed detailed phenotyping and revealed a
high degree of diversity of VSMCs in AAs. Specific patterns of modulating key pathways
that regulate contractile phenotypic transformation are observed in VSMCs from different
embryological backgrounds. Heterogeneous responses can be induced by genetic defects
or environmental cues, as long as they can affect any part of the pathway. Thus, part
of the intrinsic nature of aortic segments can be attributed to the lineage-specific VSMC
response to perturbation. For instance, the unique composition of VSMCs derived from
the splanchnic mesoderm contributes, to some extent, to the inflammatory tendency of
the abdominal aorta. However, little is currently known about VSMCs other than those
derived from SHF and CNC, and the importance of lineage stratification needs to be
emphasized. In addition, comprehensive and in-depth studies are needed to depict the
molecular regulatory profiles specific to different lineages of VSMCs.

VSMCs can switch to a variety of functionally distinct phenotypes. How VSMC plas-
ticity contributes to the pathogenesis and progression of AAs remains to be fully elucidated.
It is important to note that the transcriptome level heterogeneity obtained by sc-RNAseq
might be a reflection of transient cell states rather than stable phenotypes. Our conclusions
are mainly based on the results of sc-RNAseq, but technical limitations must be considered
to fully evaluate our results. For example, heterogeneity at the transcriptome level may
reflect only transient cellular states and not necessarily stable cellular phenotypes. To
demonstrate the existence of specific dysfunctional phenotypes, the next step will be to
attempt to isolate and induce stable VSMC subsets revealed by sc-RNAseq and summarize
their ultra-structural features, which are currently not available. Furthermore, sc-RNAseq
can only capture the transcriptome profile of specific developmental stages. Comparison
and evaluation of VSMC phenotypes at different stages of AA development will help us to
understand the pattern of VSMC phenotypic changes and their impact on aortic wall in-
tegrity which we believe that will put an end to the controversy about the causal/successive
relationship between VSMC plasticity and the development of AAs and provide a theoreti-
cal basis for VSMC phenotype modulation as a potential pharmacological intervention.
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Abstract: Extensive research has been conducted to elucidate and substantiate the crucial role of the
Renin-Angiotensin System (RAS) in the pathogenesis of hypertension, cardiovascular disorders, and
renal diseases. Furthermore, the role of oxidative stress in maintaining vascular balance has been well
established. It has been observed that many of the cellular effects induced by Angiotensin II (Ang II)
are facilitated by reactive oxygen species (ROS) produced by nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase. In this paper, we present a comprehensive overview of the role of
ROS in the physiology of human blood vessels, specifically focusing on its interaction with RAS.
Moreover, we delve into the mechanisms by which clinical interventions targeting RAS influence
redox signaling in the vascular wall.

Keywords: redox signaling; oxidative stress; RAS; ACE inhibitors; ARBs

1. Introduction

Reactive oxygen species (ROS) are considered highly reactive molecules that, depend-
ing on the amount produced, can affect cells and vascular functions [1]. Their precise
regulation of production in the endothelium is crucial for controlling various cell func-
tions in the vascular system [2–4]. Otherwise, excessive production of ROS (including
superoxide O2

_, hydroxyl radical _OH, and peroxynitrite anion ONOO_) can cause the
disruption of redox homeostasis, damage the immune system response, and favour the
manifestation of vascular diseases [5,6]. This situation can occur in various circumstances
where there is an imbalance between ROS generation and antioxidant defence mechanisms,
such as chronic inflammation, ischemia-reperfusion injury, aging, and metabolic disorders.
Another important factor is impaired endothelial function (since endothelium is the main
source of ROS), which disrupts the production of protective blood agents and contributes to
cytotoxic effects, cell death, and, inevitably, oxidative stress [7,8]. Interestingly, it is worth
noting that ROS have beneficial effects due to their cytotoxic properties and can serve as a
defence mechanism against infections [9].

As for the overproduction of ROS in the development of cardiovascular disease,
damage to the cardiovascular system caused by oxidative stress favours diseases such as
hypertension, atherosclerosis, and heart failure [10,11]. The renin-angiotensin system (RAS)
interacts with ROS and contributes to these diseases. Angiotensin II (Ang II), as a key
component of the RAS, plays an important role in this interaction as it can stimulate ROS
production through various mechanisms, such as activating nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase through its binding to the AT1 receptor (AT1R) [10].
This overproduction of ROS over Ang II can in turn affect the activity of components of the
RAS, such as increase in the expression of the Angiotensin I to ACE and the production of
renin. In situations where excessive ROS production plays a role in the pathogenesis of
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disease progression, therapeutic interventions may be beneficial [12]. Modulators of this
complex interaction are angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin
receptor blockers (ARBs).

In this review, we aim to explore the intricate relationship between ROS and the
angiotensin system. We will delve into the role of ACEIs and ARBs in modulating the
interplay. By exploring the physiological aspects of ROS in the vasculature and their
interaction with the RAS, we can improve our understanding of the mechanisms that
control redox signaling within the vascular wall. This investigation will provide valuable
insights into the therapeutic implications of modulating RAS for the treatment of vascular
diseases and optimization of vascular homeostasis.

2. Discussion
2.1. Physiology of the RAS in Vascular Regulation

Understanding the physiology of RAS is vital for comprehending the interplay be-
tween ROS and RAS in vascular regulation. Increased levels of Ang II, the main effector
of the RAS molecule, play a crucial role in cardiovascular disease progression when its
production or signaling becomes dysregulated [10,11]. The physiological intricacies of the
RAS have been thoroughly examined and comprehensively expounded upon in previous
scientific investigations [10]. However, in the context of our present research on the influ-
ence of ROS in the progression of cardiovascular diseases, it is imperative to revisit and
restate the fundamental principles of RAS physiology. By revisiting this well-established
foundation, our objective is to establish a cohesive link between the RAS and the role of
ROS in the development and manifestation of cardiovascular disorders.

The release of renin (an enzyme produced by conditions of reduced perfusion such
as low blood pressure, low blood volume, or sympathetic stimulation), will activate a
sequential processing of glycoprotein angiotensinogen (AGT), leading to the production of
the decapeptide Ang I [12]. Subsequently, Ang I is further cleaved by ACE, a membrane-
bound metalloprotease, and converts to Ang II. Once Ang II is formed it binds G-protein-
coupled receptors (AT1-4R) [13–15]. AT1Rs are the prime mediators of Ang II leading to
vasoconstriction, aldosterone and vasopressin secretion, and sodium and water retention.
Because of this, AT1Rs play a crucial role in cardiovascular regulation, inflammation,
fibrosis, endothelial dysfunction, and organ damage like nephrosclerosis [16,17] (Figure 1).

On the other hand, the effects of AT2-4Rs are not fully understood, but they act
differently than AT1Rs. It is believed that AT2Rs, when activated, counteract the short- and
long-term effects of AT1Rs (Figure 1) leading to beneficial antiproliferative and vasodilatory
effects [18]. Other potential effects of AT2Rs include the regulation of cell growth and
processing of the neuronal tissue [19]. AT3Rs were recently discovered and their exact role
has not been elucidated. AT4Rs play a protective role in thrombotic effects as a fibrinolysis
buffer by controlling the production of plasminogen activator inhibitor-1 (PAI-1). The
nature of AT4Rs has been extensively investigated in the past with insulin-regulated
aminopeptidase (IRAP) being the prominent candidate [20]. Angiotensin IV not only
inhibits the peptidase activity of this enzyme but also facilitates IRAP translocation to the
cell surface and enhances insulin-mediated glucose uptake [20]. In addition to the impacts
mediated by G-protein-coupled receptors, recent discoveries of alternative enzyme systems
and novel effector peptides have broadened our conventional understanding [21]. Among
these systems are the receptors for prorenin and the G-protein-coupled receptor MAS [22].
The identification of these systems enhances our understanding of the intricate nature of
the RAS by revealing that prorenin can activate renin and subsequently trigger protein
kinases ERK1 and ERK2 [23,24]. The activation of these receptors introduces additional
proliferative and metabolic effects that are not dependent on Ang II [25]. For blood pressure
regulation, Ang II fast response to vascular changes is important. G protein-depended
pathways enhance smooth muscle cell contraction [26] and trigger molecules that will
contract smooth muscle cells. Moreover, when Ang II activates the G protein, it triggers the
activation of phospholipase C, which leads to the production of inositol-1,4,5-trisphosphate
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(IP3) and diacylglycerol. These molecules then initiate the release of calcium ions (Ca2+)
into the cytoplasm. The binding of Ca2+ to calmodulin activates myosin, a protein involved
in muscle contraction, and enhances its interaction with actin. As a result, smooth muscle
cells contract, contributing to the modulation of blood pressure.
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Figure 1. Interactions of the Renin-Angiotensin System, Kinin System, and Vascular Redox State:
Implications for ACEIs and ARBs. ACE: Angiotensin-converting enzyme; AT1: Angiotensin type 1;
AT2: Angiotensin type 2; ACEIs: ACE inhibitors; ARBs: AT1 receptor blockers; BP: Blood pressure;
DRIs: Direct renin inhibitors; ECM: Extracellular matrix; NADPH: Nicotinamide adenine dinucleotide
phosphate; PAI_1: Plasminogen activator inhibitor_1; PG: prostaglandin; RBF: Renal blood flow;
ROS: Reactive oxygen species; TGF_β: Transforming growth factor_β.

The provided section of physiology elucidates the mechanism behind blood pressure
regulation, which are mainly regulated by the rapid action of Ang II. By activating smooth
muscle cell contraction through the G protein-dependent pathway, Ang II triggers a cascade
of events involving phospholipase C, inositol-1,4,5-trisphosphate (IP3), diacylglycerol,
and calcium ions (Ca2+). This series of molecular interactions ultimately leads to the
contraction of smooth muscle cells. Understanding these intricate processes helps us grasp
the physiological basis of blood pressure adjustments in response to changes in posture.

2.2. Pathological Implications of the RAS and the Involvement of ROS

As established thus far, the pathological manifestations of the RAS (abnormal cel-
lular proliferation, inflammation, disrupted vascular balance) are closely related to the
excessive presence and prolonged exposure of Ang II [27]. ROS, such as O2

•_ (superox-
ide) and H2O2 (hydrogen peroxide), contribute to these pathological processes through
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Ang II signaling [28–31]. In the cardiovascular system, Ang II contributes significantly
to hypertension through its central, vascular, or renal effects. The multimeric enzyme of
NADPH oxidase-derived ROS production is a deleterious equation in the development of
Ang II-induced hypertension. NAPDH oxidase induces Ang II-induced oxidative stress,
due to increased enzymatic activity. This occurs because of the rapid translocation and
phosphorylation of cytosolic subunits of the small GTPase rac1 and p47phox to the cy-
tochrome complex, via protein kinase C (PKC) [32,33]. Thereafter, PKC activates Janus
kinase (JAK), which transduces and activates the JAK/STAT signaling pathway. This
sequence promotes Ang II multiplication processes. Other components in revealing Ang II
adverse effects are the early growth responsive genes and redox-sensitive proteins (c-Src,
epidermal growth factor EGFR) [34–36]. Specifically, EGFR activates the Ras/Raf/ERK
cascade, which subsequently upregulates c-Fos. Together with c-Jun, activated by c-Src via
JNK, c-Fos forms the transcription factor known as activator protein-1 (AP-q1) [33].

Elevated levels of Ang II can have additional consequences on cellular viability and
potentially induce DNA damage. The increased presence of O2

•_ and H2O2 activates
additional redox-sensitive proteins, including p38/MAPK, which in turn stimulates the
pro-survival factor Akt [37,38]. In a cascade of subsequent reactions, Akt inhibits various
pro-apoptotic proteins. Another essential mediator of the RAS is aldosterone, which plays
a crucial role in maintaining sodium and potassium balance, thus influencing extracellular
volume. Aldosterone also exhibits potent pro-fibrotic effects [39]. The release of aldosterone
is triggered by Ang II, and emerging evidence suggests that aldosterone may contribute to
and exacerbate the detrimental effects of Ang II. Through activation of mineralocorticoid
receptors, aldosterone promotes endothelial dysfunction and thrombosis, reduces vascular
compliance and baroreceptor function, and induces fibrosis in both myocardial and vascular
tissues [40]. The resulting increase in blood pressure and circulating volume, caused by
the effects of Ang II and aldosterone on their target organs, establishes a negative feedback
loop that suppresses renin release. The maintenance of this feedback inhibition critically
relies on the Ang II-mediated activation of the AT1R [41].

Understanding the pathological effects of the RAS and the involvement of ROS is crucial
for several reasons. It provides insights into the molecular mechanisms underlying cardio-
vascular diseases associated with RAS dysregulation, aiding in the advancement of precision
therapeutic interventions. The identification of specific proteins and pathways involved
opens opportunities for drug development, enabling the design of medications that selec-
tively target these molecules or their associated receptors. This knowledge also contributes
to personalized medicine approaches, considering individual variability in RAS responses.
Moreover, it drives research advancements by uncovering novel signaling pathways and po-
tential biomarkers, enhancing our understanding of cardiovascular disease pathophysiology.
Overall, comprehending the pathological effects of RAS and ROS has significant implications
for improving patient outcomes and advancing cardiovascular research.

2.3. The Application of ACEIs and ARBs in the Treatment of Cardiovascular Disorders

For a considerable period, the ACE/Ang II/AT1R pathway was recognized as the
primary mechanism through which the RAS influences cardiovascular processes. Various
categories of antihypertensive medications, including ACEIs, ARBs, β blockers (BBs), direct
renin inhibitors (DRIs), and mineralocorticoid receptor antagonists (MRAs), have been
employed to provide cardiorenal protection. ACEIs and ARBs, along with BBs, DRIs, and
MRAs, act by interfering with the signaling pathways within the RAS. They are consid-
ered the first-line treatment options for managing hypertension and other cardiovascular
disorders such as heart failure [42–44]. Furthermore, ACEIs and ARBs have a significant
impact on the cardiovascular system and offer a protective effect against the occurrence
and progression of kidney disease [45].

In addition to the well-established protection that ACEIs offer to the cardiovascular
and renal systems by effectively controlling arterial pressure thresholds, they have also
been associated with additional beneficial effects on the endothelium [46]. This has been
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confirmed in research studies conducted on patients with coronary artery disease or hy-
percholesterolemia, regardless of the effect on blood pressure reduction. These studies
demonstrate that ACEIs and ARBs can additionally improve endothelial and vascular
function in these patients. Furthermore, large studies have shown that ACEIs and ARBs are
effective as monotherapy in managing other conditions such as left ventricular hypertrophy,
systolic dysfunction, heart failure, and myocardial infarction [47]. Additionally, trials like
the HOPE study, ONTARGET, and TRANSCEND have reported the extended benefits
of ACEIs and ARBs to patients with an increased susceptibility to adverse outcomes but
without left ventricular dysfunction [48]. For instance, the HOPE trial showed that ramipril
significantly reduced the incidence of death, myocardial infarction, and stroke in high-risk
patients [49]. Similarly, the EUROPA trial revealed a relative risk reduction in cardiovas-
cular events with perindopril treatment in patients with stable coronary heart disease.
However, the PEACE trial, which focused on stable coronary artery disease patients with
preserved ventricular function, did not find a therapeutic benefit of ACEIs when added to
conventional therapy, potentially because of the minimal occurrence of significant outcome
events in that patient group [47,50].

The findings presented in this section contribute to our understanding of the significant
benefits offered by ACEIs and ARBs in the realm of cardiovascular disease. These medica-
tions not only effectively lower blood pressure but also exhibit additional cardioprotective
and reno-protective effects. The evidence highlights their ability to improve endothelial
function, enhance vascular structure, and ultimately lead to improved cardiovascular out-
comes. ACEIs and ARBs are essential primary therapies for high blood pressure, cardiac
dysfunction, heart attack, and chronic kidney disease. Their therapeutic impact extends to
high-risk patients without left ventricular dysfunction, further underscoring their clinical
relevance. The comprehensive knowledge gained from large-scale randomized clinical
trials supports the utilization of ACEIs and ARBs in the management of cardiovascular
conditions, promoting improved patient outcomes and cardiovascular health.

2.4. Enhancing Endothelial Function and Mitigating Oxidative Stress: Exploring the Effects of
ACEIs and ARBs

Several studies have demonstrated the favourable effects of ACEIs and ARBs on
endothelial function and their ability to control oxidative stress levels in populations
with cardiovascular diseases. As it has already been cleared, Ang II excessive presence
is thought to play a pivotal role in the increased generation of O2

•_ and the impairment
of endothelial function in blood vessels. This effect is achieved through the activation of
NADPH oxidases, triggered by the stimulation of AT1 receptors [51]. Additionally, studies
conducted in laboratory settings have revealed that AT1 receptors can be upregulated
by low-density lipoproteins [52,53]. By augmenting the activity of SOD3 and blocking
NADPH oxidase activation, ACEIs and ARBs provide an indirect mitigation of oxidative
stress [46,54]. In relation to ACEIs, clinical trials have demonstrated favourable outcomes in
terms of improving endothelial function in individuals with hypertension or cardiovascular
history. Yet, there remains a scarcity of research investigating the impact of ACEI treatment
regarding the decrease in C-Reactive Protein (CRP) levels, highlighting a need for further
exploration in this area [55–60] (Table 1). Additionally, while not the primary focus of this
review, it is worth mentioning that research conducted in experimental studies indicates
that ACEIs and ARBs may offer advantages in preventing or slowing down cognitive
decline and dementia [61].
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Table 1. Randomized controlled trials assessing the influence of ACEIs and ARBs on serum CRP
levels and endothelial function.

Author Agents Population Period Outcome

Walczak-Galezewska et al. [54]
Ramipril

vs.
Nebivolol

Hypertension 12 weeks
Ramipril demonstrated

a decrease in CRP levels in
comparison to nebivolol.

Ridker et al. [55]
HCTZ/Valsartan

vs.
Valsartan

Hypertension 6 weeks CRP levels were reduced solely
through treatment with valsartan.

Ghiadoni et al. [56] Lisopril Ventricular
hypertrophy 3 years

Endothelial function showed
improvement with lisinopril
treatment when compared to

the initial baseline.

Ghiadoni et al. [57] Candesartan Hypertension 1 year

Endothelial function demonstrated
improvement with candesartan

treatment when compared to
the initial baseline.

Schiffrin et al. [58] Losartan Hypertension 1 year

Endothelial function showed
improvement with losartan
treatment in comparison to

the initial baseline.

Schmieder et al. [59] Telmisaran Hypertension
and DM 9 weeks

Endothelial function demonstrated
improvement with telmisartan

treatment in comparison to
the initial baseline.

CRP: C-Reactive Protein; HCTZ: Hydrochlorothiazide.

In patients with coronary artery disease, it has been observed that ramipril (ACEI) and
losartan (ARB) improve endothelial function by increasing the availability of nitric oxide
(NO) through the mitigation of oxidative stress within the arterial wall [62]. Additionally,
ARBs offer vascular protective effects [63]. Losartan promotes the phosphorylation of
endothelial NO synthase (eNOS) and suppresses endothelial apoptosis induced by Tissue
Necrosis Factor-α (TNF-α) through the activation of the VEGFR2/PI3K/Akt pathway [61].
Additionally, in diabetic rats, losartan restored glomerular NO production by increasing
GCH1 protein expression and tetrahydrobiopterin (BH4) levels [64]. Furthermore, valsartan
and irbesartan (ARBs) exert effects that counteract the development of atherosclerosis. The
promotion of eNOS Ser117-phosphorylation increases eNOS mRNA stability and this
leads to the reduced NADPH oxidase expression and also to the augmented vascular
BH4 and restored eNOS uncoupling [65,66]. More recent studies have revealed significant
suppression of NADPH oxidase p22(phox) expression in the aortic wall of patients with
thoracic aortic aneurysm following ARB treatment, which the authors attribute to the
pleiotropic effects of ARBs on vascular metabolism [67].

Some of the positive effects of ACEIs may be attributed to their impact on an ACE sig-
naling cascade, resulting in improved endothelial function that appears to be independent
of their effects on vasoactive substances [68]. Another mechanism suggested to beneficially
affect the endothelium is the introduction of ACEIs as a treatment, with potential ACE
signaling cascade involvement. This effect seems unrelated to the impact of ACEIs on
vasoactive substances [69]. Moreover, when ACEI binds to the cell surface ectoenzyme
ACE, it triggers a cascade that ultimately increases ACE and cyclooxygenase-2 expression.
Firstly, ACEI binding activates casein kinase 2, leading to serine residue phosphorylation
at the molecule’s C-terminal end [69]. Secondly, ACE-associated c-Jun N-terminal kinase is
activated, possibly through mitogen-activated protein kinase 7 activation [70]. This cascade
eventually leads to an increase in the expression of ACE and cyclooxygenase-2 (through the
accumulation of phosphorylated c-Jun in the nucleus, enhancing the DNA-binding activity

119



Int. J. Mol. Sci. 2023, 24, 12111

of activator protein-1) [71]. Additionally, the elevated expression of cyclooxygenase-2
benefits endothelial function by promoting the production of prostacyclin, a vasodilator
and antiplatelet agent, by endothelial cells [72].

Fleming et al. [71] have elucidated another aspect of ACE’s outside-in signaling role.
According to their study, when an ACE inhibitor interacts with ACE, it triggers a series
of signaling events that affect the synthesis of multiple proteins. This implies that ACEIs
exert their beneficial effects through the activation of a unique signaling cascade mediated
by ACE, which goes beyond mere alterations in Ang II and bradykinin levels. Another
important signaling of ACEIs is the signaling of kinin B1 and B2 receptors (B1R, B2R).
B2R functions and ACEIs can act similarly as allosteric agonists. B1R and B2R signal-
ing enhancement help ACEIs in promoting the production of NO, a major contributor
to many cardiovascular conditions’ treatments. Additionally, ACEIs have been shown
to decrease CD40L levels, a protein predominantly present in activated T cells, as evi-
denced by well-established research [73,74]. Furthermore, recent studies have demonstrated
that ACEIs also elevate adiponectin levels, a hormone responsible for regulating diverse
metabolic processes [75,76].

Several studies have explored the shared effects of ACEIs in terms of their anti-
hypertensive and anti-inflammatory actions. In one particular study, the ACEI capto-
pril, which contains a sulfhydryl group, was compared to enalapril, an ACEI without a
sulfhydryl group [77]. The findings suggested that ACEIs with a sulfhydryl group, such as
captopril, possess the ability to protect the vascular endothelium against damages induced
by L-methionine. The beneficial effects of captopril were associated with the attenuation in
decreased activity of Paraoxonase-1 and NO levels. Another study investigated the role
of the sulfhydryl group by comparing zofenopril and lisinopril in rats with myocardial
infarction-induced heart failure. The results aligned with the previous study, indicating
that the presence of a sulfhydryl group may offer a potential advantage in improving
endothelial dysfunction through increased NO activity released from the endothelium into
the vessel wall [78].

The concept of achieving more comprehensive inhibition of RAS and overcoming
the “ACE escape” phenomenon led to the development of ARBs. ARBs effectively block
the harmful effects of Ang II at the AT1 receptor, but they may diminish the beneficial
effects of kinins. Interestingly, it was discovered that increased levels of kinins, previously
considered an undesirable consequence of ACEIs, promote vasodilation and offer bene-
fits. ARB therapy can activate the AT2 receptor, which potentially results in favourable
anti-inflammatory, antithrombotic, and antiproliferative effects. Furthermore, losartan
blockade of AT1R increases Ang II metabolism to angiotensin IV, and thus increases AT4R
activation [79]. Some studies have reported relatively lower rates of myocardial infarction
with non-ARB antihypertensive treatments compared to ARB-based treatments, leading to
the “ARB-myocardial infarction paradox”. It has been suggested that this paradox arises
from the unopposed activation of the AT2 receptor [79,80]. Although these receptors are
generally associated with favourable effects, studies in certain animal models have shown
that they can have hypertrophic and pro-inflammatory effects [79]. For instance, mice
lacking the AT2 receptor are protected against cardiac hypertrophy, while overexpres-
sion of the AT2 receptor in isolated human cardiomyocytes is linked to hypertrophy [81].
Moreover, AT2 receptor activation has been found to stimulate the production of matrix
metalloproteinase-1, an enzyme involved in degrading the fibrous cap of atherosclerotic
plaques [82]. Therefore, AT2 receptor activation could contribute to plaque instability and
the formation of blood clots [80].

Furthermore, ACEIs and ARBs contribute to the progression of atherosclerosis and
oxidative stress by decreasing asymmetric dimethylarginine (ADMA) levels through the
stimulation of dimethylarginine dimethylaminohydrolase (DDAH) activity [76,83]. It is
well established that decreased ADMA levels enhance the coupling of eNOS. Nevertheless,
the precise mechanism underlying the influence of RAS inhibitors on ADMA metabolism
remains uncertain. Ang II fosters the generation of ROS via vascular NADPH oxidase [84–87].
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The inactivation of DDAH by ROS suggests that ACEIs and ARBs may improve ADMA
metabolism by reducing oxidative stress. Indeed, certain studies have shown that these drugs
can reduce serum markers of oxidative stress [88,89]. For example, a study where the impacts
of two ACE inhibitors were compared [90] found that zofenopril, which includes reduced
sulfhydryl groups and displays direct antioxidant characteristics, and enalapril, which lacks
-SH groups and does not demonstrate antioxidant activity. Zofenopril was more effective in
reducing ADMA concentration. However, other studies [91] have not observed changes in
serum lipid peroxidation products in patients treated with ACEIs, indicating that additional
mechanisms should be considered.

The decrease in ADMA levels resulting from RAS blockade could be attributed to the
reduction in blood pressure, as shear stress increases ADMA production by endothelial
cells [92]. Therefore, lowering blood pressure through RAS blockade could lead to a
decrease in ADMA [92,93]. Some studies have reported a simultaneous decrease in both
ADMA and blood pressure, supporting this possibility [93]. However, other studies have
shown that ACEIs or ARBs decrease ADMA levels without affecting blood pressure [89].
Additionally, the observation that only perindopril, but not bisoprolol, reduces ADMA
in hypertensive patients despite a similar decrease in blood pressure suggests that the
effect on blood pressure may not be the primary factor. Most studies involving ACEIs or
ARBs have not reported changes in renal function, indicating that the reduction in ADMA
concentration is unlikely to be solely due to improved renal excretion. In fact, in patients
with type 2 diabetes, treatment with perindopril reduced plasma ADMA levels but had no
effect on urinary ADMA levels [91].

To conclude this section, it is evident that ACEIs and ARBs have shown potential in
modulating ADMA metabolism and improving endothelial function. These drugs may
reduce ADMA levels through various mechanisms, including activation of DDAH and
attenuation of oxidative stress. However, further research is required to fully elucidate the
precise mechanisms involved. Understanding the impact of ACEIs and ARBs on ADMA
metabolism contributes to our knowledge of their potential benefits in cardiovascular
health and warrants continued investigation in this field.

3. Clinical Implications

The findings discussed in this paper have significant clinical implications for the use
of ACEIs and ARBs in the management of cardiovascular diseases. The beneficial effects of
ACEIs and ARBs extend beyond their traditional role as blood pressure-lowering agents.
Firstly, ACEIs and ARBs have demonstrated their efficacy in improving endothelial function,
which plays a crucial role in maintaining cardiovascular health. These drugs have been
shown to increase the bioavailability of NO by reducing oxidative stress and enhancing
NO production. Improved endothelial function is associated with vasodilation, anti-
aggregatory effects, and reduced inflammation, ultimately leading to better cardiovascular
outcomes. Therefore, ACEIs and ARBs should be considered as first-line therapies in
patients with hypertension, coronary artery disease, and other cardiovascular disorders
characterized by endothelial dysfunction.

Secondly, ACEIs and ARBs have shown potential in modulating ADMA metabolism.
Elevated levels of ADMA, an endogenous inhibitor of NOS, have been linked to endothelial
dysfunction and increased cardiovascular risk. ACEIs and ARBs may reduce ADMA levels
through various mechanisms, including activation of DDAH and attenuation of oxidative
stress. By improving ADMA metabolism and restoring NOS activity, these drugs can further
enhance endothelial function and mitigate the progression of cardiovascular diseases.

Moreover, the pleiotropic effects of ACEIs and ARBs go beyond their role in blood
pressure control. These drugs exhibit antioxidant properties, inhibit inflammatory path-
ways, and have potential anti-atherosclerotic effects. They may also modulate the RAS
beyond blocking the effects of Ang II, leading to the activation of beneficial pathways such
as the AT2 receptor. These broader effects contribute to their cardioprotective actions and
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suggest their potential utility in a range of cardiovascular disorders, including heart failure,
myocardial infarction, and chronic kidney disease.

4. Limitations

While ACEIs and ARBs have demonstrated significant clinical benefits, it is important
to acknowledge certain limitations associated with their use. These limitations should be
taken into consideration when interpreting the findings and implementing these therapies
in clinical practice.

Firstly, individual patient variability and heterogeneity in response to ACEIs and ARBs
may impact their effectiveness. The response to these drugs can vary based on factors
such as genetic variations, underlying comorbidities, and concomitant medications. Some
patients may experience limited or suboptimal response to ACEIs or ARBs, necessitating
the consideration of alternative treatment strategies or combination therapies. Secondly,
although ACEIs and ARBs have shown promising effects on endothelial function, ADMA
metabolism, and other cardiovascular parameters, the precise mechanisms underlying these
effects are not fully understood. The complex interplay between RAS, oxidative stress,
inflammatory pathways, and other factors involved in cardiovascular pathophysiology re-
quires further investigation. A deeper understanding of these mechanisms could potentially
help refine the use of ACEIs and ARBs and identify patient subgroups who would benefit
the most from these therapies. Thirdly, like any medication, ACEIs and ARBs are associated
with potential adverse effects. Common side effects include hypotension, hyperkalaemia,
and renal dysfunction. Monitoring of blood pressure, electrolyte levels, and renal function is
important during treatment. Additionally, individual patient characteristics and preferences
should be considered when selecting the most appropriate therapy, as some patients may be
more prone to specific side effects or have contraindications for ACEIs or ARBs.

Furthermore, the evidence supporting the clinical use of ACEIs and ARBs is primarily
based on observational studies, randomized controlled trials, and meta-analyses. While
these studies provide valuable insights, they also have inherent limitations, such as the
potential for selection bias, confounding factors, and limited generalizability to diverse
patient populations. Future well-designed clinical trials are needed to further validate
the findings and establish the optimal use of these therapies in specific patient groups.
Recognizing these limitations is crucial for clinicians to make informed treatment decisions
and to individualize therapy for optimal patient outcomes. Further research is needed to
address these limitations and expand our knowledge on the use of ACEIs and ARBs in
diverse patient populations and clinical scenarios.

5. Conclusions

In summary, this paper emphasizes the paramount significance of the RAS in the
genesis and advancement of hypertension, cardiovascular diseases, and renal disorders.
The RAS has been subject to extensive scrutiny and its role in these conditions has been
firmly established. Additionally, this study sheds light on the vital influence of ROS in
maintaining the balance within the blood vessels and their intricate interactions with the
RAS, impacting the course of diseases. Notably, therapeutic interventions aimed at the RAS,
such as ACEIs and ARBs, have demonstrated beneficial effects on endothelial function
and oxidative stress levels. Furthermore, ongoing research is delving into the underlying
mechanisms governing the interplay between the RAS and ROS, offering new insights and
potential innovative therapeutic avenues. Gaining a comprehensive understanding of these
complex interactions is pivotal for the development of targeted and efficacious treatments
for cardiovascular conditions.
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Abstract: Nitric oxide (NO) plays an important and diverse signalling role in the cardiovascular
system, contributing to the regulation of vascular tone, endothelial function, myocardial function,
haemostasis, and thrombosis, amongst many other roles. NO is synthesised through the nitric oxide
synthase (NOS)-dependent L-arginine-NO pathway, as well as the nitrate-nitrite-NO pathway. The
three isoforms of NOS, namely neuronal (NOS1), inducible (NOS2), and endothelial (NOS3), have
different localisation and functions in the human body, and are consequently thought to have differing
pathophysiological roles. Furthermore, as we continue to develop a deepened understanding of
the different roles of NOS isoforms in disease, the possibility of therapeutically modulating NOS
activity has emerged. Indeed, impaired (or dysfunctional), as well as overactive (or dysregulated)
NOS activity are attractive therapeutic targets in cardiovascular disease. This review aims to describe
recent advances in elucidating the physiological role of NOS isoforms within the cardiovascular
system, as well as mechanisms of dysfunctional and dysregulated NOS in cardiovascular disease.
We then discuss the modulation of NO and NOS activity as a target in the development of novel
cardiovascular therapeutics.

Keywords: nitric oxide synthase; endothelial NOS; neuronal NOS; inducible NOS; NOS inhibitor;
cardiovascular disease

1. Introduction

Nitric oxide (NO) plays an important signalling role in multiple organ systems, notably
within the cardiovascular system. Whilst originally described as a vasoactive molecule
that causes the relaxation of smooth muscles and thereby vasodilatation, NO has also been
shown to exert a myriad of other effects, including contributing to endothelial function,
myocardial function [1], and neuronal signalling [2].

The biosynthesis of NO in humans is via two pathways: the L-arginine-NO pathway,
and the nitrate-nitrite-NO pathway. The L-arginine-NO pathway relies on nitric oxide
synthases (NOSs) catalysing the conversion of L-arginine to L-citrulline, yielding NO in the
process. Three isoforms of NOS have been described in humans, namely neuronal (nNOS,
NOS1), inducible (iNOS, NOS2), and endothelial (eNOS, NOS3). The isoforms of NOS have
distinct physiological roles within the human body. Broadly, within the cardiovascular
system, eNOS and nNOS regulate arterial blood flow (with each isoform having varying
effects dependent on the arterial size) and exert direct myocardial effects. nNOS also has a
role in the central nervous system, regulating cerebral blood flow, synaptic plasticity and
functional connectivity [3]. iNOS is primarily considered to be physiologically important
in the host response to infection and inflammation [4].
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An increasing body of evidence has described the physiological role of NOS isoforms
and thus the ramifications of impaired or dysfunctional NOS activity, as well as the potential
therapeutic benefits of NO-based therapies. Recent evidence has also highlighted the
contribution of overactive and dysregulated NOS to a range of cardiovascular diseases,
thus making this pathway a promising target for therapeutic interventions. This review
will summarise the physiological role of NOS in the cardiovascular system, as well as the
pathophysiological effects of dysfunctional and dysregulated NOS and how targeting these
pathways may hold therapeutic potential (Figure 1).
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2. Nitric Oxide Signalling

NO exerts widespread signalling activity, with well-described roles in vascular func-
tion, host defence against pathogens, the mediation of inflammation, redox homeostasis,
and the regulation of metabolism. These varied roles make NO an important physio-
logical molecule in systems throughout the human body, specifically the cardiovascular,
cerebrovascular, respiratory, reproductive system, and many more.

NO primarily acts in a paracrine manner by diffusing into surrounding cells and
binding to the haem moiety of soluble guanylate cyclase (sGC) [5]. This leads to an
increase in cellular concentration of second messenger cyclic guanylate monophosphate
(cGMP), which in turn activates protein kinase G (PKG). PKG subsequently phosphorylates
L-type calcium channels, leading to a reduction in intracellular calcium concentration, the
relaxation of smooth muscle cells, and vasodilatation. PKG also exerts its actions via the
activation of a variety of transcription factors [6].

In addition, NO can exert cGMP-independent effects via the post-translational modifi-
cation of proteins. S-nitrosylation, the process by which NO covalently binds to cysteine
residues of proteins, is the best described mechanism of NO protein modification, and has
been linked to various systems and implicated in pathophysiology of many diseases [7–9].
Given the large number of proteins that can undergo S-nitrosylation, this provides a mech-
anism by which NO can exert its many physiological effects. Other, less well described
forms of NO-mediated post-translational modification include metal nitrosylation and
nitration [7].

3. Structure and Function of Nitric Oxide Synthases

As described above, all NOS isoforms convert L-arginine to L-citrulline and NO.
This process is haem-dependent and occurs in the presence of co-factors tetrahydro-
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biopterin (BH4), nicotinamide adenine dinucleotide phosphate (NADPH), and O2, in-
volving dimerism of the NOS enzyme [10]. All three NOS isoforms depend on calmodulin
binding to the enzyme in the transfer of electrons. For eNOS and nNOS, this process occurs
in the context of high intracellular calcium concentrations (full activity at 500 nmol/L [11]),
whereas iNOS binds to calmodulin very tightly and is therefore fully ‘on’ at resting cal-
cium concentrations. iNOS is therefore considered calcium-independent, enabling it to
produce large amounts of cytotoxic NO, which is important in its physiological function
in the immune system [12]. NO synthesis by NOS is oxygen-dependent, with rates of
synthesis proportional to the oxygen concentration. For nNOS, this occurs over a broad
range, with a KmO2 value (the O2 concentration at which the enzyme is at 50% Vmax) of
~400 µM, saturation at ~800 µM, and a Vmax value for NO synthesis of ~2.6 nmol/min,
with a similar KmO2 for NADPH oxidation (~350 µM), with a corresponding Vmax value
of ~6.0 nmol/min [13]. For purified iNOS, the KmO2 is about three-fold lower, ~120 µM,
but with a three-fold greater, Vmax > 15 nmol/min, for NADPH consumption [14]. By
contrast, eNOS has the weakest activity, with one-sixth and one-tenth the activity of nNOS
and iNOS, respectively (due, at least in part, to a shorter hinge element with a unique
composition that connects to the FMN module in the reductase domain) but with a much
lower KmO2 of ~4 µM [15]. eNOS and nNOS are constitutively expressed and regulated by
transcriptional, post-transcriptional, and post-translational modifications [16], whilst iNOS
is induced primarily by gene transcription [17].

4. Physiological Role of Nitric Oxide Synthases in the Cardiovascular System

Despite their names, the isoforms of NOS are all expressed in various cell types
throughout the body: nNOS is mostly found in neurons, but also in smooth, skeletal,
and cardiac muscle; eNOS is typically expressed in endothelial cells, but is also found in
smooth muscle, myocardium, and platelets; and iNOS is found in macrophages, smooth
muscle, and the liver. Each NOS isoform plays a distinct physiological role within the
cardiovascular system, which will be reviewed in detail below.

4.1. Endothelial NOS

As its name suggests, eNOS is constitutively expressed in the vascular endothelium,
and thus has a crucial role in the regulation of vascular tone and endothelial function.
eNOS-derived NO production is regulated by intracellular calcium concentrations, as
described above, as well as by shear stress and agonist stimulation by acetylcholine and
substance P [11,18–20].

Within the vasculature, the primary function of eNOS-derived NO is to vasodilate
blood vessels via cGMP-dependent mechanisms as described above. eNOS-derived NO
is therefore a significant determinant of tone in multiple vascular beds, contributing to
control of cardiovascular haemodynamics.

eNOS-derived NO also plays an important physiological role in vascular protection
against thrombosis and atherosclerosis [21]. NO inhibits platelet aggregation by a cGMP-
mediated decrease in intracellular calcium flux and resulting in the negative regulation
of glycoprotein IIb-IIIa (GP IIb-IIIa), protecting against thrombosis [22]. NO also inhibits
leukocyte adhesion to the vascular wall by the inhibition of nuclear factor κB (NFκB),
reducing atherosclerosis [23].

NO within the vasculature plays an important but complex role in redox homeostasis.
At low levels, eNOS-derived NO acts as an anti-oxidant, reducing reactive oxygen species
(ROS) production [22,24,25]. However, at higher concentrations, NO combining with
superoxide to form peroxynitrite increases oxidative stress within cells, which has important
pathological implications, as discussed below.

In addition to eNOS-derived NO from endothelial cells, eNOS (and to a lesser ex-
tent iNOS) contributes to platelet-derived NO [26]. Platelet-derived NO inhibits platelet
activation, via cGMP-mediated pathways (decreasing intracellular calcium, inhibiting
thromboxane A2 receptor function, and downregulating GP IIb-IIIa receptors [26,27]), but
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also via cGMP-independent mechanisms (the S-nitrosylation of N-ethylmaleimide-sensitive
factor reducing platelet granule exocytosis [28]). Furthermore, through the inhibition of
platelet adhesion to endothelial cells and leukocytes as well as promoting the disaggrega-
tion of platelets, platelet-derived NO plays an important role in modulating intravascular
thrombus formation [26].

eNOS has an important role in the development of and protection against endothelial
dysfunction, a state of elevated oxidative stress and inflammation within the endothelium
that can lead to the abnormal vasodilatation and vasoconstriction of the vasculature. En-
dothelial dysfunction has been implicated in a multitude of cardiovascular diseases and
diseases of other organ systems [21,29–31]. The role of eNOS and NO in endothelial dys-
function is complex; both a decrease and increase in eNOS function have been implicated
in endothelial dysfunction. A large number of pre-clinical studies have illustrated the car-
dioprotective effects of eNOS and thereby its physiological role within the cardiovascular
system. eNOS deficiency has been shown to cause a predisposition to atherosclerosis and
endothelial dysfunction [32,33], coronary artery disease [32], aortic aneurysm and dissec-
tion [32], and hypertension [30]. In addition to its expression in the endothelium, eNOS has
more recently been localised to adipocytes and the endothelial cells of perivascular adipose
tissue, where it is thought to play a vasculoprotective role [34].

Finally, eNOS is also expressed constitutively in cardiomyocytes, where it primarily
localises to the caveolae and plays an important role in mechanoregulation [35]. The effects
of NO signalling on cardiac function are complex, depending on the balance in eNOS and
nNOS activity within cardiomyocytes and endothelial cells, and also on the influence of
β-adrenergic and cholinergic agonism [36]. Within the myocardium, eNOS and nNOS are
expressed in different subcellular locations and are understood to have distinct physiologi-
cal roles [1,37,38]. eNOS activity within the cardiomyocyte is regulated by β-adrenergic
and cholinergic drive, and is thought to contribute to net negative chronotropic and in-
otropic, and positive lusitropic effects [24,35,38]. It is also implicated in the Anrep effect,
which describes the positive inotropic effect of myocardial stretch caused by an increased
afterload [35]. Beyond its acute effects on cardiac contractility and function, eNOS is also
implicated in longer-term cardiac remodelling, acting under physiological circumstances to
inhibit pro-hypertrophic stimuli [35].

4.2. Neuronal NOS

As implied by its name, nNOS is primarily located in the neurons of the central nervous
system (CNS), but is also found in peripheral nitrergic nerves, endothelium, cardiac and
skeletal muscle and other cell types. nNOS exerts important haemodynamic effects within
the cardiovascular system. The isoform has been localised in the endothelium and/or
smooth muscle of multiple vascular beds, including the coronary arteries [39], carotid
arteries [40], aorta [40,41], kidneys (macula densa, collecting tubules, and neurons) [42]
and microvasculature [19], and has been shown to regulate basal blood flow and vascular
tone through these beds [18,19,43]. This regulation of vascular tone occurs through direct
vasodilatory effects and via parasympathetic nitrergic nerves. Both nNOS and eNOS
contribute to the regulation of arterial tone, with nNOS-derived NO regulating basal
arterial tone and thereby systemic vascular resistance and blood pressure [19,44], whilst
eNOS contributes to responses to changes in flow stimulated by shear stress or agonist
stimulation, as described above [19].

nNOS localised to the cardiomyocyte has been shown to affect both inotropy and
dromotropy via effects on intracellular calcium handling [45]. Within the heart, nNOS is
found in the cardiomyocytes (sarcoplasmic reticulum, mitochondria, and plasma mem-
brane), intrinsic neurons, and coronary arteries [46,47], contrary to the localisation of eNOS
primarily within the caveolae of cardiomyocytes. nNOS regulates cardiac inotropy by
increasing the sarcoplasmic reticulum Ca2+ ATPase (SERCA) reuptake of calcium and by
modulating L-type calcium channel activity, overall reducing contractility and promoting
lusitropy [38,47,48]. Beyond calcium handling, nNOS has a physiological role in the heart
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via its effects on ROS within the cardiomyocyte as well as on mitochondrial proteins (via
the inhibition of the mitochondrial respiratory chain) [47].

In addition to its cardiovascular effects, nNOS also exerts important effects within the
cerebrovascular system. nNOS-derived NO has been implicated in neurovascular coupling
(NVC) [49] and dynamic cerebral autoregulation (dCA), two mechanisms contributing
to regulation of cerebral blood flow. NVC describes the relationship between neuronal
activity and local CNS blood flow, and is a mechanism by which neural activation leads to
an increase in cerebral blood flow (otherwise described as functional hyperaemia). dCA
refers to the ability to maintain stable cerebral blood flow despite variations in cerebral
perfusion pressures. Cerebral blood flow regulation is complex and consists of a multitude
of mechanisms, which act to regulate resistance via large conduit arteries (such as internal
carotid arteries, vertebral arteries) but also at the neurovascular unit [50].

One such mechanism involves glutamate release at the synapse-activating N-methyl-D-
aspartate (NMDA) receptors, leading to an influx of calcium and thereby nNOS activation.
nNOS-derived NO then acts as a vasodilator via the sGC-cGMP-PKG pathway [51], increas-
ing cerebral blood flow. It should be noted that additional nNOS-independent mechanisms
of NVC have been described [51]. nNOS-derived NO has been shown to play a role in cere-
bral blood flow regulation in a variety of physiological and pathological settings, including
functional neural activation [3], hypercapnia [52], and hypoxia [53].

Finally, at a neuronal level, nNOS contributes to synaptic plasticity and is thereby
implicated in the development of memory and learning, but also in the regulation of
neurogenesis [54]. nNOS also has an important role in the cardiovascular response to
mental stress; healthy patients exposed to mental stress show nNOS-mediated coronary
vasodilatation and increased blood flow [55], whilst patients with arterial hypertension
show a blunted nNOS response to mental stress [56].

4.3. Inducible NOS

Initially purified from animal macrophages, iNOS has since been found in diverse cell
types, including hepatocytes, smooth muscle cells, chondrocytes, CNS cells, and cardiac
myocytes [57,58]. As opposed to the constitutively expressed eNOS and nNOS, iNOS has
its expression upregulated by stimuli, usually proinflammatory cytokines and/or bacterial
lipopolysaccharide [4]. Additionally, and in further contrast to the other two isoforms, iNOS
exhibits activity at lower intracellular concentrations of the calcium/calmodulin (CaM)
complex (due to tighter binding of CaM to the hinge region of its dimer) [57,59], thus locking
iNOS in an “always on” position whereby calcium regulation is no longer relevant. This
allows for the high-volume localised production of NO, which is physiologically important
in an infection-initiated inflammatory response against multiple microbial pathogens
(including viral, bacterial, protozoal and fungal infections) [60,61].

However, iNOS upregulation has been touted as both beneficial and detrimental,
with the overproduction of NO via iNOS implicated in disease states such as sepsis [4,12],
neurodegenerative disease and stroke [62,63], diabetes and obesity-induced insulin resis-
tance [64], pain syndromes [4], and cancer [4]. Within the cardiovascular system, iNOS
induced by inflammatory cytokines provides a mechanism by which inflammation con-
tributes to pathophysiological states, such as atherosclerosis (discussed in more detail
below) [65,66].

The inhibition of dysregulated iNOS has been attempted, but studies of in vivo treat-
ment have been met with little success, including in septic shock [12,67] and pain [4].
However, early results in neurodegenerative disease, cancer, obesity-induced insulin resis-
tance/diabetes, and lung disease show promise [4,68].

5. Dysfunctional NOS in Cardiovascular Disease

Dysfunctional NOS has been implicated in a variety of cardiovascular diseases. eNOS
dysfunction in particular, has been demonstrated in various pathophysiological states,
including endothelial dysfunction, atherosclerosis [66], arterial hypertension [30], cardiac
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hypertrophy [38], and heart failure [38]. The mechanism by which dysfunctional NOS
contributes to pathophysiology is generally twofold: a reduction in NOS-derived NO, and
NOS “uncoupling” leading to an increase in ROS and oxidative stress. Uncoupling is a
state in which NOS generates ROS, including superoxide (O2

−) and hydrogen peroxide
(H2O2) [17]. It occurs under conditions of low L-arginine and BH4 concentrations, and
has previously been linked to the dissociation of the eNOS dimer to monomers [69,70],
although this has more recently been disputed [71]. All three isoforms of NOS are prone to
uncoupling, although it is most described in eNOS.

5.1. Hypertension

An abundance of evidence has linked hypertension to disruptions in NOS and NO sig-
nalling, with eNOS dysfunction and uncoupling particularly implicated [30,72,73]. Reduced
vascular eNOS activity and subsequently reduced NO bioavailability leads to impaired va-
sodilatation and increased peripheral vascular resistance. In addition to changes seen in the
regulation of vascular tone, both eNOS and nNOS localised to the myocardium are affected
in hypertension; whilst eNOS activity is reduced in hypertensive hearts, nNOS-derived
NO is increased and thought to play a protective role [74].

5.2. Endothelial Dysfunction

Abnormal eNOS function contributes to endothelial dysfunction, an early hallmark
of atherosclerosis, which has been implicated in a wide variety of cardiovascular diseases,
including hypertension [30], heart failure [31], and coronary artery disease [29], amongst
many others. Endothelial dysfunction is characterised by reduced eNOS-derived NO
within blood vessels leading to an impairment in endothelium-dependent relaxation [21].
The mechanisms impairing eNOS activity in disease are multiple, including inhibition
by oxidised low-density lipoprotein [33,75] and lysophosphatidylcholine [76], as well as
endogenous NOS inhibitors, such as asymmetric dimethylarginine (ADMA) [21,77]. In
addition to the inhibition of eNOS-derived NO, the uncoupling of eNOS from its cofactor or
substrate leads to production of ROS, further contributing to endothelial dysfunction [78].
nNOS has been shown to be protective against endothelial dysfunction and atherosclero-
sis, with studies demonstrating the development of accelerated atherosclerosis in nNOS
knockout mice [79,80].

Elevated concentrations of arginase, which competes with eNOS for the substrate
L-arginine, have been associated with endothelial dysfunction in a number of pathological
states including hypertension, atherosclerosis and ischaemia/reperfusion injury [81]. Addi-
tionally, the S-glutathionylation of eNOS, promoted by a pro-oxidative environment within
the endothelial cell, contributes to eNOS uncoupling [82]. However, eNOS is linked to
endothelial dysfunction beyond the uncoupling phenomenon; proline-rich tyrosine kinase
2 (PYK2), activated by not only oxidative stress but also by angiotensin II and insulin,
phosphorylates eNOS, inhibiting its effect and reducing NO bioavailability [83].

5.3. Myocardial Infarction and Ischaemia/Reperfusion Injury

Evidence has supported a cardioprotective role of both eNOS and nNOS after myocar-
dial infarction (MI) and in ischaemia/reperfusion injury (IRI). Early studies showed that
eNOS-knockout mice subjected to coronary artery ligation exhibited higher rates of car-
diac remodelling, left ventricular dysfunction and death compared to wild-type mice [84].
Similarly, nNOS-knockout mice subjected to MI showed more cardiac remodelling and
higher mortality rates than wild-type mice [85,86]. Furthermore, evidence has pointed
towards a role for NOS-derived NO in ischaemic preconditioning (IPC); whilst eNOS may
contribute to the early phase of IPC [87], iNOS upregulation is thought to contribute to late
IPC [88,89].

A significant evidence base has investigated the use of NO donors in the IRI of
the myocardium, implicating reduced NO bioavailability in its pathophysiology [90,91].
eNOS has been observed to be protective after an IRI, with eNOS-deficient mice showing
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exacerbated IRI compared to wild-type mice [92]. Furthermore, mice overexpressing eNOS
have shown attenuated IRI, with beneficial effects of eNOS overexpression being reversed
by the non-selective NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME) [93].

5.4. Heart Failure

NOS dysfunction has been implicated in myocardial remodelling and heart fail-
ure [17,94], with early animal and human studies demonstrating that myocardial eNOS
expression is decreased in hypertrophic cardiomyopathy [95], ischaemic cardiomyopa-
thy [96], dilated cardiomyopathy [96,97], and diabetic cardiomyopathy [98]. Conversely,
iNOS activity is increased in the failing heart and associated with decreased responsiveness
to β-adrenergic stimulation [94,96]. Similarly, Nanos-derived NO is increased in patients
with dilated cardiomyopathy [97], although the transgenic overexpression of nNOS in
mice has been shown to be protective in IRIs [99]. It remains unclear whether this increase
in nNOS activity is adaptive or maladaptive, although the translocation of nNOS to the
plasma membrane seen under ischaemic conditions and in heart failure [97] has been
postulated to limit myocardial remodelling caused by chronic β-adrenergic stimulation,
implying an adaptive role [17]. Animal models have underlined the deleterious effects
of eNOS dysfunction whilst highlighting the therapeutic potential of eNOS upregulation
in HF. The upregulation of eNOS expression and/or activity in mice has been shown to
be protective against post-MI left ventricular dysfunction and remodelling [24,100–102],
oxidative stress [102] and survival [101], as well as infarct size following IRI [99]. In diabetic
cardiomyopathy, studies have shown not only downregulated eNOS but also evidence of
uncoupled eNOS activity [98,103]. Upregulated iNOS activity and subsequent increased
NO and ROS production has also been associated with diabetic cardiomyopathy [98,103].

More recently, dysfunctional or uncoupled eNOS has been implicated in the patho-
physiology of heart failure with preserved ejection (HFpEF). The currently accepted patho-
physiological model of HFpEF involves co-morbidities driving systemic and arterial inflam-
mation. At the level of the heart, this inflammation drives eNOS uncoupling in the coronary
vasculature, resulting in impaired paracrine NO and cGMP signalling [104], with effects on
the giant cytoskeletal protein titin, resulting in increased myocardial stiffness and cardiac
diastolic dysfunction [105,106]. However, as will be discussed below, the differing effects
of various NOS isoforms must be considered, with evidence of a pathological increase in
myocardial NOS activity also described in HFpEF.

5.5. Therapeutic Potential

Attempts to target the NO signalling pathways in cardiovascular therapeutics are
abundant. Efforts have been made to increase the bioavailability of NO using NO donors,
as well as targeting downstream molecules in the NO signalling cascade (downstream
targets have been reviewed elsewhere [17]). Additionally, the modulation of dysfunc-
tional NOS has been a target of therapies of cardiovascular disease. Indeed, although
not their primary mechanism of action, established cardiovascular drugs, such as those
targeting the renin–angiotensin system [107], statins [108], calcium channel blockers [109],
and β-adrenergic antagonists [110], have been shown to exert some of their cardio- and
vasculoprotective effects via eNOS-dependent mechanisms. Attempts at targeting NO
signalling are discussed below, with a focus on targeting dysfunctional NOS.

5.6. L-Arginine

As discussed above, the endogenous production of NO by NOS enzymes is dependent
on the availability of L-arginine. Consequently, supplementation with L-arginine has been
proposed as a means to increase eNOS-derived NO and reduce eNOS uncoupling, which
could lead to increased NO bioavailability and reduced ROS production. However, clinical
trials investigating L-arginine supplementation in a wide variety of cardiovascular diseases
have failed to consistently demonstrate benefits on markers of endothelial function and on
clinical outcomes, and have even been associated with possible harm [111–113].
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One explanation for the lack of efficacy of L-arginine may be its relationship with the
endogenous NOS inhibitor ADMA, which competes with L-arginine to bind with NOS,
thereby reducing the availability of NOS-derived NO. Studies have shown increased levels
of ADMA in patients with heart failure, but also conditions causing predisposition to
heart failure, including hypertension, coronary artery disease, valvular disease, endothelial
dysfunction, and others [114,115]. Furthermore, L-arginine supplementation may augment
iNOS activity and associated deleterious effects via the overproduction of NO and ROS. Fi-
nally, human studies have shown impaired L-arginine transport in the failing myocardium
and in hypertension, suggesting that the supplementation of L-arginine alone in the context
of impaired transport may not be sufficient to improve the bioavailability of NOS-derived
NO [116].

5.7. BH4

Under physiological conditions, BH4 acts as a cofactor, allowing the NOS enzyme
to remain dimerized and thereby facilitating NOS-derived NO production and prevent-
ing uncoupling [24]. BH4 supplementation has shown promise in preclinical models of
atherosclerosis, inhibiting atherogenesis in apolipoprotein E knockout (ApoE-KO) mice fed
a high-cholesterol diet [117], and reversing severe atherosclerosis in ApoE-KO mice with
partial carotid ligation fed a high-fat diet [118]. Similarly, the oral supplementation of BH4
in mice with transverse aortic constriction-induced heart failure led to recoupled eNOS
activity and reversed hypertrophy and fibrosis [119]. Interestingly, a 2013 study showed
that the co-administration of L-arginine and BH4 was able to protect rats and pigs from
IRI [120]. In ex vivo human coronary arterioles from patients undergoing coronary artery
bypass grafting (CABG), treatment with sepiapterin (a substrate for BH4 synthesis) was
able to improve endothelium-dependent vasodilatation [121].

Despite promising preclinical results, clinical evidence of benefit from BH4 supple-
mentation is limited. One randomised controlled trial (RCT) in patients undergoing CABG
showed that oral BH4 had no effect on vascular redox state or endothelial function, poten-
tially due to the oxidation of BH4 to BH2, which lacks eNOS cofactor activity [122]. This
limitation of oral supplementation of BH4 presents a major obstacle to its therapeutic use.
Similarly, a RCT in patients with CADASIL (cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy) showed no improvement in markers
of endothelium-dependent vasodilatation with sapropterin treatment (a synthetic BH4
analogue) [123].

5.8. NO Donors

NO donors, compounds that release NO and NO-related molecules, have been exten-
sively studied for their potential therapeutic benefits in cardiovascular disease. Glyceryl
trinitrate, isosorbide nitrates, and nicorandil are three common examples of NO donors
used in cardiovascular disease, primarily for angina and acute MI. Similarly, a wealth
of evidence has investigated the therapeutic use of dietary nitrate/nitrite in conditions
including hypertension, heart failure (with reduced and preserved ejection fraction; HFrEF
and HFpEF), as well as ischaemic heart disease [124,125]. These approaches aim to increase
the bioavailability of NO in settings where NOS-derived NO may be deficient [126], as
described above. Numerous ongoing studies are investigating the role of dietary nitrate
and NO donors in various cardiovascular diseases, including in HFrEF, HFpEF, systemic
hypertension, pulmonary hypertension, angina, and stroke [127].

Although the delivery of NO donors is primarily via the oral route in clinical practice,
they can also be delivered sublingually, intranasally, transdermally, or intravenously. NO
itself can be delivered to the lungs through inhalation, such as for the treatment of pul-
monary artery hypertension. Sublingual and immediate-release orally absorbed NO donors
tend to have a shorter duration of action compared to transdermal and slow-release oral
NO donors. Importantly, barriers to therapeutic success for organic nitrates have included
side effects, such as headaches and tolerance, requiring drug-free intervals, as well as en-
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dothelial dysfunction, which may develop with chronic use [128]. Slow-release oral nitrates
are less likely to cause tolerance than fast release preparations. Furthermore, the NEAT-
HFpEF trial found a dose-dependent decrease in daily activity levels in patients taking
isosorbide mononitrate versus placebo, highlighting the limitations of organic nitrates [129].
Nitrite, on the other hand, carries the possible adverse effects of methaemoglobinaemia
and conversion to carcinogenic nitrosamines [128], limiting its clinical use.

5.9. NOS Transcriptional Regulators/Enhancers

In an effort to enhance NOS function in disease states characterised by dysfunctional
NOS, transcriptional regulators of NOS activity have been developed. Preclinical studies
have demonstrated the potential of transcriptional enhancers for eNOS in improving left
ventricular remodelling and contractile dysfunction in rats with experimental MI [130], as
well as in reducing hypertrophy/fibrosis and improving diastolic function in a rat model
of diastolic heart failure [131]. In addition, they have shown efficacy in reducing cardiac
remodelling in mice subjected to aortic banding [132], and reducing platelet activation in
rats with post-MI heart failure [133], amongst others [134,135]. Despite these promising
preclinical results, the translation of these approaches into clinical research and improved
outcomes has yet to be achieved.

5.10. Gene Therapy

NOS gene therapy has provided a platform for the improvement of NO bioavailability
in cardiovascular diseases. For instance, the delivery of the eNOS gene via an adenovirus
vector before MI in rats has been shown to be cardioprotective, reducing infarct size
and improving contractility and left ventricular diastolic function [136]. Similarly, the
adenovirus vector delivery of eNOS after MI protected against myocardial fibrosis and
remodelling as well as apoptosis [102].

Furthermore, adenoviral vectors for the expression of dimethylarginine dimethy-
laminohydrolase (DDAH), an enzyme that degrades ADMA and thereby increases NO,
have shown promise in improving vascular function in mouse carotid arteries [137]. This
approach may offer a potential strategy to target endothelial dysfunction in a range of
disorders. However, further research is needed to evaluate the efficacy and safety of NOS
gene therapy in humans.

6. Dysregulated NOS in Cardiovascular Disease
6.1. Endothelial Dysfunction, Inflammation, and Oxidative Stress

Alongside evidence for dysfunctional eNOS function, preclinical studies have demon-
strated that dysregulated or elevated iNOS activity may also contribute to endothelial
dysfunction. Investigations showed that an iNOS-specific inhibitor reversed the impaired
pressor responsiveness and endothelial function observed in rats with streptozotocin-
induced diabetes, indicating that increased iNOS expression may play a role in diabetes-
associated endothelial dysfunction [98]. Similarly, in mice with lipopolysaccharide-induced
endothelial dysfunction, iNOS protein expression and plasma NOx levels were increased,
whereas iNOS knockout mice exhibited no changes in NOx levels [138], supporting a link
between iNOS activity and endothelial dysfunction. Furthermore, early work showed
elevated macrophage iNOS expression in a rabbit model of post-MI inflammation [139].

Mechanisms linking inflammation and disease states characterised by inflammation
to dysregulated iNOS activity are numerous. Inflammatory cytokines, including IL-1β
and IFN-γ, induce iNOS activity [140], leading to the generation of ROS and reactive
nitrogen species (RNS) [141]. Furthermore, iNOS-derived NO leads to the upregulation of
cyclo-oxygenases (COX), a group of enzymes involved in the generation of prostanoids and
thereby contributing to a pro-inflammatory state [65]. Finally, beyond iNOS, the activation
of the pro-inflammatory cascade will cause the uncoupling of eNOS, further contributing
to reduced NO bioavailability and driving oxidative stress within the cell. These effects
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lead to an unfavourable oxidant versus antioxidant balance, driving apoptosis, contractile
dysfunction, and mitochondrial dysfunction amongst other effects [142].

6.2. NO and Mitochondria

In addition to endothelial function, NO and NOS have important effects on mito-
chondrial health. NO, either from NO donors or produced within the mitochondria itself,
reversibly inhibits the action of cytochrome C oxidase, the last enzyme in the electron
transport chain, thereby modulating mitochondrial oxygen consumption [143,144]. At
higher concentrations, however, NO has harmful effects on the mitochondria. NO causes
the inhibition of the mitochondrial respiratory chain, the generation of peroxynitrite, the ni-
tration of mitochondrial proteins, and the release of cytochrome C into the cytosol [143,145].
Peroxynitrite will oxidise a wide variety of substrates (including proteins, tyrosine residues,
and DNA, amongst others), inhibiting enzymes at multiple sites of the mitochondrial
respiratory chain, and leading to cytochrome C release into the cytosol with subsequent
signalling, leading to apoptosis [144,146].

Dysregulated NOS and subsequent excess NO production, therefore, will have detri-
mental effects on mitochondrial and cell function. iNOS, for example, has been associated
with metabolic remodelling and cytokine production, contributing to the pro-inflammatory
cascades within macrophages [145].

6.3. Heart Failure with Preserved Ejection Fraction (HFpEF)

As described above, inflammation and subsequent eNOS uncoupling within the coro-
nary vasculature has been shown to contribute to the pathophysiology of HFpEF [104,105].
This focus on eNOS function, however, ignores the anatomical compartmentalisation and
differing cardiac effects of the various NOS isoforms. Indeed, recent evidence has identified
that pathological increases in myocardial NOS activity may be implicated in HFpEF patho-
physiology. In a study reporting data from both animal models and human myocardial
tissue in patients with cardiac diastolic dysfunction, upregulated/dysregulated nNOS
function led to the S-nitrosylation of histone deacetylase, an enzyme known to be involved
in the regulation of cardiac hypertrophy [147]. Similarly, animal and human data suggest
that upregulated iNOS activity leads to the S-nitrosylation of proteins involved in the car-
diomyocyte stress response [94]. Furthermore, it remains unclear how nNOS function in the
coronary microvasculature affects myocardial function in a paracrine manner, suggesting
possible mechanisms via cellular crosstalk.

The complexity of the pathophysiological role of the different NOS isoforms in HFpEF,
as well as their anatomical compartmentalisation may explain why treating patients with
NO donors is of limited clinical benefit. Targeting therapy to the dysfunction of specific
isoforms with isoform specific NOS inhibitors may provide greater success.

Interestingly, sodium-glucose cotransporter 2 (SGLT2) inhibitors, recently shown to
reduce cardiovascular death in patients with HFpEF [148], have been shown to improve
NOS coupling [149]—further work will elucidate the extent to which clinical benefits of
SGLT2 inhibitors depend upon the modulation of NO signalling pathways.

6.4. Coronary Microvascular Disease (CMD)

CMD is increasingly recognised as an important cause of angina in patients that were
found to have unobstructed coronary arteries via coronary angiography. Recent work has
classified CMD into two key endotypes: functional and structural [150]. In the functional
endotype, there is elevated resting basal coronary blood flow. Given that nNOS (rather than
eNOS) is responsible for the regulation of basal arterial tone, it has been postulated that the
raised basal coronary flow seen in the functional endotype may be due to dysregulated
nNOS activity, with studies ongoing to investigate this possibility [151].
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6.5. Ischaemia-Reperfusion Injury in the Heart

NOS inhibition has been proposed as a potential therapy for IRI following acute
coronary syndromes. As the myocardium is reperfused following injury, a complex set of
mechanisms, including the generation of free radicals, pro-apoptotic and pro-inflammatory
signalling cascades, and endothelial dysfunction, contribute to myocardial damage/cell
death, arrhythmias, and myocardial stunning [152,153]. The role of NOS isoforms in IRI
is complex: nNOS is upregulated in the myocardium following ischaemia [154] and is
thought to mediate the protective effects of ischaemic post-conditioning against IRI. iNOS
has been implicated in IRI through worse contractile function and increased oxidative stress
via the production of peroxynitrite, but has also been suggested to have a protective role
via iNOS-derived NO increasing TNF-α- and COX-2-dependent prostanoids, protecting
the myocardium [155]. Recently, iNOS expression was seen to be increased in myocardial
tissue from autopsies of patients with acute MI [156], although it is unclear if this is an
adaptive or maladaptive change.

Early work investigated non-selective NOS inhibitors, such as NG-nitro-L-arginine
methyl ester (L-NAME) and NG-monomethyl-L-arginine (L-NMMA), in rabbit and rat mod-
els of IRI, finding improved recovery of mechanical heart function during the reperfusion
period with NOS inhibition [157,158] and reduced infarct size [159]. A subsequent work
using a selective inhibitor of iNOS dimerization found improved contractile performance
and reduced cell death in isolated perfused rat hearts after IRI [160]. A similar study
demonstrated that selective iNOS inhibition and iNOS-knockout mice showed reduced
apoptosis and infarct size after IRI in chronic β-adrenergic stimulation-induced cardiac
damage in mice [161].

To date there are few clinical studies investigating the use of NOS inhibitors in patients
with IRI. A group has investigated NOS inhibition in cardiogenic shock complicating acute
MI, with initial studies suggesting that L-NMMA and L-NAME led to haemodynamic
improvements [162,163]. However, a subsequent placebo-controlled study in 79 patients
showed that L-NMMA resulted only in a modest, short-lived increase in mean arterial
pressure at 15 min which was not sustained at two hours [164], and a larger RCT was
terminated early for futility, finding no difference in mortality in patients with refractory
cardiogenic shock after MI [165].

6.6. Post-Stroke Reperfusion Injury

In ischaemic stroke, a large proportion of the neurological damage comes not just from
the initial ischaemic insult but also from excitotoxicity, i.e., dysregulated glutaminergic
and NO signalling that occurs for several hours/days after the initial ischaemia [166,167].
Current established therapies in ischaemic stroke (e.g., tissue plasminogen activator and
mechanical thrombectomy) are aimed at achieving the successful reperfusion of the is-
chaemic territory but play no direct role in diminishing the inevitable excitotoxicity that
follows. Therefore, there remains a significant clinical need for effective treatments to
reduce the levels of excitotoxicity and minimise infarct volumes and neurological injury
following stroke [168].

Animal data suggest that nNOS contributes significantly to excitotoxicity via cellular
crosstalk [169,170]. nNOS is bound to the glutaminergic NMDA receptor by postsynaptic
density protein 95 (PSD95), creating a death-inducing signalling complex (Figure 2). NMDA
receptor activation in the ischaemic penumbra therefore leads to neurotoxic levels of NO
production [168]. Inhibiting nNOS protects against glutaminergic excitotoxicity in animal
models of non-ischaemic neurological disease, while nNOS knockout mice are resistant to
cerebral ischaemia [171–174].
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leads to an increase in release of the excitatory neurotransmitter glutamate. Glutamate activates the
N-methyl-D-aspartate receptor (NMDA-R), with subsequent influx of calcium (Ca2+) (and sodium,
Na+). Excess Ca2+ within the neuron contributes to the generation of superoxide (•O2
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reacts with nitric oxide (NO) to generate peroxynitrite (ONOO−). Furthermore, neuronal nitric oxide
synthase (nNOS) is bound to the NMDA-R by the postsynaptic density protein 95 (PSD95), forming a
death-inducing signalling complex (DISC). This cascade leads to neuronal cell death via a number of
mechanisms, including increased oxidative stress, mitochondrial dysfunction, and S-nitrosylation.
Selective nNOS inhibition may provide a mechanism to interrupt this detrimental signalling cascade.
Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative
Commons Attribution 3.0 unported license.

Attempts have been made to indirectly interrupt nNOS signalling following acute
stroke using the drug NA-1, which inhibits PSD95. In a phase II study, NA-1 was shown to
reduce the number of ischaemic infarcts versus placebo in patients undergoing endovascu-
lar treatment for intracranial aneurysm [175]. However, in a phase III RCT in patients with
ischaemic stroke, NA-1 did not improve functional outcome compared to placebo [176].

Beyond acute (within minutes) detrimental effects of increased nNOS activity, iNOS ac-
tivity has also been seen to be upregulated in the later stages following stroke (within hours),
where its effects are also suggested to be neurotoxic [177]. Conversely, eNOS-derived NO,
which is acutely upregulated following stroke, is thought to be neuroprotective [177],
underlining the importance of a targeted therapeutic approach.

6.7. Therapeutic Potential of NOS Inhibitors

To date, no assessment has been made of the effect of directly inhibiting nNOS in
ischaemic stroke. This is largely because direct nNOS inhibition has previously been
considered an unfavourable approach, based on behavioural effects seen in murine nNOS
knock-out models [178]. However, direct nNOS inhibition with the synthetic L-arginine
analogue S-methyl-L-thiocitrulline (SMTC) has been employed in a number of human
mechanistic studies without adverse effect [3,18,44,49,55,56], suggesting that the acute
systemic and local intra-arterial dosing of SMTC is safe. SMTC is 17 times more selective
for nNOS in brain tissue than eNOS in vascular endothelium [179] and is also considered
to cross the blood–brain barrier, as demonstrated through use of 11C-labelled SMTC in rat
and primate models [180]. In a human study assessing the effect of nNOS inhibition on
cerebral blood flow responses, changes in functional connectivity between different brain
regions were identified, strongly suggesting that SMTC crosses the blood–brain barrier to
affect neuronal function rather than simply altering perfusion [3].
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Although it may seem counter-intuitive to treat a condition that is primarily one
of insufficient blood flow (i.e., ischaemic stroke) with a drug that acts to decrease brain
perfusion, it is important to consider that (a) nNOS inhibition is being considered as
a potential therapy for post-reperfusion excitotoxicity and would only be given once
adequate reperfusion had been achieved, and (b) nNOS-derived NO is one of a number
of molecules implicated in the regulation of cerebral blood flow and the effect of nNOS
inhibition on cerebral blood flow is modest. In addition, as the interventional management
of stroke becomes more widespread, the catheterisation of the cerebral arteries may afford
the opportunity to deliver more anatomically targeted treatment, thereby improving the
delivery of nNOS inhibitors to the ischaemic brain tissue most at risk of excitotoxicity, and
limiting any systemic side effects.

Previous work has investigated the use of agmatine, a compound with pleiotropic
effects, which include the modulation of NOS function, in ischaemic stroke. Agmatine, an
amine synthesised by the decarboxylation of arginine, acts to inhibit nNOS activity [181,182]
whilst enhancing eNOS activity [182,183]. Preclinical studies of agmatine use following
stroke have shown promise as a neuroprotective strategy [181,184,185].

6.8. Safety Concerns with NOS Inhibitors

The safety profile of NOS inhibitors is critical as their use in conditions with evidence
of dysregulated NOS is suggested. In addition to the aforementioned behavioural concerns
in murine models of nNOS inhibitors, there have been concerns about multi-system effects.
Dose-dependent acute kidney injury was seen in the NOSTRA trial, a study investigat-
ing the use of ronopterin in traumatic brain injury [186]; however, a subsequent RCT
described this effect as only a mild, transient reduction in renal perfusion and glomerular
function [187].

7. Conclusions, Limitations, and Future Directions

The vasoactive properties, and direct cardiac and cerebral effects of NO have long
made it an attractive therapeutic target within these systems. As our understanding of the
roles of NOS and its isoforms within the cardiovascular system has grown, the distinct roles
played by eNOS, nNOS, and iNOS in the pathophysiology of major diseases has become
clearer (Figure 1). Strategies to improve NOS activity and thereby NO signalling continue
to be developed for use in conditions with a pathological lack of NO activity. Furthermore,
disorders causing significant mortality and morbidity, including HFpEF and post-stroke
excitotoxicity, now have evidence supporting distinct roles of the NOS isoforms in their
pathophysiology, implying the possibility of selective NOS modulation. Future, studies
should continue to elucidate the potential of modulating NOS activity, with a particular
focus on deepening our understanding of anatomical and functional differences in NOS
isoforms and harnessing this in the therapeutic approach to cardiovascular disease.

The primary limitation of this review is that we did not perform a systematic review
of the topic. Nevertheless, by basing a non-systematic review of the literature on expertise
of the authors, we were able to identify key articles in this field and synthesise them.
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Abstract: Cardiovascular diseases are the leading cause of death globally. Within cardiovascular aging,
arterial aging holds significant importance, as it involves structural and functional alterations in arteries
that contribute substantially to the overall decline in cardiovascular health during the aging process.
As arteries age, their ability to respond to stress and injury diminishes, while their luminal diameter
increases. Moreover, they experience intimal and medial thickening, endothelial dysfunction, loss of
vascular smooth muscle cells, cellular senescence, extracellular matrix remodeling, and deposition of
collagen and calcium. This aging process also leads to overall arterial stiffening and cellular remodeling.
The process of genomic instability plays a vital role in accelerating vascular aging. Progeria syndromes,
rare genetic disorders causing premature aging, exemplify the impact of genomic instability. Throughout
life, our DNA faces constant challenges from environmental radiation, chemicals, and endogenous
metabolic products, leading to DNA damage and genome instability as we age. The accumulation
of unrepaired damages over time manifests as an aging phenotype. To study vascular aging, various
models are available, ranging from in vivo mouse studies to cell culture options, and there are also
microfluidic in vitro model systems known as vessels-on-a-chip. Together, these models offer valuable
insights into the aging process of blood vessels.

Keywords: vascular aging; genomic instability; mouse models; vessels-on-a-chip

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide, especially
in the elderly [1]. In 2019, CVD affected 523 million people and killed 18.6 million people
globally. Modifiable risk factors for developing CVD include high systolic blood pressure,
high fasting plasma glucose, high low-density lipoprotein cholesterol, and smoking [2].
Blood pressure and pulse wave velocity measurements, which assess arterial stiffness,
are used to predict cardiovascular events and mortality, and increase in prevalence with
age [3–5]. Arterial aging is a fundamental aspect of cardiovascular aging, as the struc-
tural and functional changes in arteries significantly contribute to the overall decline in
cardiovascular health associated with the aging process. Unlike atherosclerosis, arterioscle-
rosis develops spontaneously during aging independently from cardiovascular risk factors
other than age, although it is strongly accelerated by hypertension and hyperglycemia [6].
Arterial aging results in structural and functional changes in the arterial wall (Figure 1).
Which involves chronic, low-grade inflammation, extracellular matrix (ECM) remodeling
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including elastin degradation, medial thickening, endothelial dysfunction, phenotypical
switching of vascular smooth muscle cells (VSMCs), calcification, and fibrosis [7]. Various
molecular and cellular mechanisms contribute to aging of the vasculature (Figure 1). Re-
active oxygen species (ROS) and impaired bioavailability of nitric oxide (NO), together
with reduced antioxidant defense systems, cause oxidative stress, leading to endothelial
dysfunction and inflammation [8]. Vascular inflammation, mitochondrial dysfunction,
cellular senescence, apoptosis, deregulated nutrient sensing, and genomic instability also
play a major role in vascular aging [8]. Accordingly, most of these factors are considered to
be hallmarks of aging [9,10].
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Figure 1. Structural and functional changes in vascular aging. Vascular aging is characterized by
functional decline of the arteries. Structural changes in the arterial wall together with various cellular
and molecular mechanisms contribute to arterial functional decline.

In this review, we describe different parameters of vascular aging and the way that
different model systems are used to investigate the underlying molecular mechanism of
vascular aging. We will focus on the different types of models to study vascular aging,
ranging from in vivo mouse studies to cell culture options and microfluidic in vitro model
systems, also known as vessels-on-a-chip.

2. Structural, Functional, and Pathological Changes in the Aged Vascular System

Aging of arteries is characterized by structural changes (Figure 1); these include
increase in luminal diameter, intimal and medial thickening, loss of VSMCs, senescence,
ECM remodeling, collagen and calcium deposition, and cellular remodeling [11]. These
structural alterations result in functional decline of the vascular system. As a result of
these structural changes, older adults display physiological changes, including endothelial
dysfunction, arterial stiffening, and high blood pressure [12]. Pathological changes can also
occur during aging; these include arteriosclerosis, aneurysms, and heart failure.

Cellular Changes in the Aged Vascular System

Mitochondria, being the primary source of ROS production, play a significant role
in promoting oxidative stress and low-grade inflammation during vascular aging. With
age, there is an increase in ROS production, decreased antioxidant capacity, and impaired
cellular redox signaling. Excessive ROS may lead to endothelial dysfunction, inflamma-
tion, and structural damage to the vascular wall [8]. Chronic low-grade inflammation is a
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characteristic feature of aging. In vascular aging, upregulation of inflammatory markers, in-
creased infiltration of immune cells into the vessel wall, and activation of pro-inflammatory
signaling pathways are observed. Arterial stiffness is a hallmark of vascular aging and
is partially attributed to changes in the elastic fibers and collagen content of the arterial
walls. With aging, there is an accumulation of collagen and other extracellular matrix
proteins in the arterial wall, leading to reduced arterial compliance and increased arterial
stiffness. This contributes to impaired arterial distensibility and elevated systolic blood
pressure. Arterial distensibility is also influenced by endothelial dysfunction, the inability
of arteries to maintain proper vascular tone. The processes of vasodilation and its counter-
part vasoconstriction are essential to regulate blood flow and the supply of oxygen and
nutrients throughout the body. NO-cyclic guanosine monophosphate (cGMP) signaling
is crucial for proper functioning of the vasculature. Endothelial cells produce NO, which
then diffuses to VSMCs and activates soluble guanylyl cyclase (sGC)-mediated production
of cGMP, finally leading to vasodilation, e.g., relaxation and widening of blood vessels
(Figure 2). The eNOS protein, together with cofactor tetrahydrobiopterin (BH4), synthesizes
NO through the oxidization of nicotinamide adenine dinucleotide phosphate (NADPH)
and the conversion of L-Arginine. ROS, which are abundant in the case of oxidative stress,
are capable of scavenging NO, thereby decreasing NO bioavailability. Endothelial dysfunc-
tion occurs when maintenance of vascular tone is impaired (Figure 2). This is caused by
a shortage of endothelium-derived relaxing factors, like NO, or by a decrease in VSMC
responsiveness to NO. A decrease in NO bioavailability likely results from uncoupling
of endothelial nitric oxide synthase (eNOS), which results in decreased production of
NO and increased generation of ROS. Furthermore, it increases NADPH oxidase (NOX)
activity, which results in increased ROS production, or increased production of ROS by
mitochondria. Phosphodiesterase (PDEs) catalyze hydrolysis of cGMP and cAMP, leading
to decreased responsiveness to NO (Figure 2).
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Figure 2. Nitric oxide (NO)-cyclic guanosine monophosphate (cGMP) signaling and vascular
dysfunction. In blue, important mediators of NO-cGMP signaling; in yellow, factors capable of
perturbing NO-cGMP signaling. GTP, guanosine triphosphate. In green, these processes are leading
to vasodilation.

Other vasodilator signaling pathways of the endothelium are endothelium-derived
hyperpolarization (EDHF) and prostaglandins (PG). The faith of EDHF in aging is unknown.
For PG, it is known that in aging there is a switch from dilatory PG, such as prostacyclin,
toward vasoconstrictive PG [13]. However, PG-mediated responses are often not observed
in mouse models, and are, therefore, difficult to study in genetic aging models.
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Furthermore, aging contributes to phenotypical switching of VSMCs. Several VSMC
phenotypes have been described; contractile, synthetic, osteogenic, senescent, macrophage-
like, mesenchymal stem cell-like, fibroblast-like and adipose-like (Figure 3) [14–17]. The
contractile phenotype expresses contractile markers such as SMA, SM22, and MYH11 [18].
These cells can dedifferentiate towards a more proliferative and migrating phenotype, the
synthetic VSMCs which secrete high levels of ECM, and are positive for vimentin, EREG,
and MMP9 [18,19]. Osteogenic VSMCs are characterized by increased levels of RunX2,
OPN, and ALP [20]. These cells contribute to vascular calcification. Macrophage-like
VSMCs are positive for LGALS3, CD68, and VCAM1. These cells are capable of initiating
an immune response and are associated with atherosclerosis [21]. The fibroblast-like
VSMCs are associated with fibrosis of the vascular wall. They express LUM, BGN, and
DCN [16]. Senescence is a hallmark of aging; senescent VSMCs express increased P16, P21,
and senescence-associated secretory phenotype (SASP) markers [14]. Mesenchymal stem
cell-like VSMC express SCA-, CD34, and CD44. The role of mesenchymal stem cell-like
VSMC is not yet known [14]. The adipocyte-VSMCs are only described in single cell RNA-
seq [16]. They express markers such as UCP1, DIO2, and PPARGC1. More research is
needed to unravel the function of this phenotype.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 21 
 

 

perturbing NO-cGMP signaling. GTP, guanosine triphosphate. In green, these processes are leading 

to vasodilation. 

Other vasodilator signaling pathways of the endothelium are endothelium-derived 

hyperpolarization (EDHF) and prostaglandins (PG). The faith of EDHF in aging is 

unknown. For PG, it is known that in aging there is a switch from dilatory PG, such as 

prostacyclin, toward vasoconstrictive PG [13]. However, PG-mediated responses are often 

not observed in mouse models, and are, therefore, difficult to study in genetic aging 

models. 

Furthermore, aging contributes to phenotypical switching of VSMCs. Several VSMC 

phenotypes have been described; contractile, synthetic, osteogenic, senescent, 

macrophage-like, mesenchymal stem cell-like, fibroblast-like and adipose-like (Figure 3) 

[14–17]. The contractile phenotype expresses contractile markers such as SMA, SM22, and 

MYH11 [18]. These cells can dedifferentiate towards a more proliferative and migrating 

phenotype, the synthetic VSMCs which secrete high levels of ECM, and are positive for 

vimentin, EREG, and MMP9 [18,19]. Osteogenic VSMCs are characterized by increased 

levels of RunX2, OPN, and ALP [20]. These cells contribute to vascular calcification. 

Macrophage-like VSMCs are positive for LGALS3, CD68, and VCAM1. These cells are 

capable of initiating an immune response and are associated with atherosclerosis [21]. The 

fibroblast-like VSMCs are associated with fibrosis of the vascular wall. They express LUM, 

BGN, and DCN [16]. Senescence is a hallmark of aging; senescent VSMCs express 

increased P16, P21, and senescence-associated secretory phenotype (SASP) markers [14]. 

Mesenchymal stem cell-like VSMC express SCA-, CD34, and CD44. The role of 

mesenchymal stem cell-like VSMC is not yet known [14]. The adipocyte-VSMCs are only 

described in single cell RNA-seq [16]. They express markers such as UCP1, DIO2, and 

PPARGC1. More research is needed to unravel the function of this phenotype. 

 

Figure 3. Vascular smooth muscle cell phenotypes. These phenotypes are adipose-like, osteogenic, 

contractile, mesenchymal, stem cell-like synthetic, fibroblast-like, senescent, and macrophage-like 

VSMCs. 

The phenotypical switching of VSMCs occurs upon various stimuli. Endothelial 

denudation or atherogenic lesions have been well-studied in this respect. The impact of 

endothelial aging is not as clearly studied directly in aging [22,23]. However, decreased 

NO signaling, a hallmark of endothelial aging, has been studied. ECs synthesize and 

release NO, which induces relaxation in VSMCs while also preserving the quiescent state 

of VSMCs via inhibition of proliferation by cGMP, the main messenger of NO [24–26]. 

Furthermore, NO–cGMP signaling decreases VSMC-mediated fibrosis and prevents 

Figure 3. Vascular smooth muscle cell phenotypes. These phenotypes are adipose-like, osteogenic,
contractile, mesenchymal, stem cell-like synthetic, fibroblast-like, senescent, and macrophage-like
VSMCs.

The phenotypical switching of VSMCs occurs upon various stimuli. Endothelial
denudation or atherogenic lesions have been well-studied in this respect. The impact of
endothelial aging is not as clearly studied directly in aging [22,23]. However, decreased NO
signaling, a hallmark of endothelial aging, has been studied. ECs synthesize and release
NO, which induces relaxation in VSMCs while also preserving the quiescent state of VSMCs
via inhibition of proliferation by cGMP, the main messenger of NO [24–26]. Furthermore,
NO–cGMP signaling decreases VSMC-mediated fibrosis and prevents medial hypertrophy.
Hence, improved NO signaling contributes to vasodilation and maintenance of vascular
compliance, thus sustaining proper tonus and flow regulation via VSMC [27]. Loss of NO is
likely to lead to switching to the pro-fibrotic, osteogenic, and synthetic VSMC phenotypes.

3. Vascular Aging in Human Progeria Syndromes

Genomic instability contributes to accelerated vascular aging in humans. Progeria
syndromes are a group of rare genetic disorders that result in premature aging, with a range of
health problems that are typically associated with advanced age. Cardiovascular disease is a

151



Int. J. Mol. Sci. 2023, 24, 15379

major cause of morbidity and mortality in patients with progeria syndromes, and several types
of progeria syndromes have been identified that manifest juvenile cardiovascular diseases.

Hutchinson–Gilford Progeria Syndrome (HGPS) is the most well-known progeria
syndrome and is caused, in most patients, by a mutation in the LMNA gene, which encodes
for lamin A/C. Lamins play a crucial role in providing structural support to the nucleus,
and their expression levels are directly associated with nuclear stiffness, tissue rigidity, and
plasticity. Furthermore, lamin A contributes to genomic instability. Lamin A participates in
maintaining telomere homeostasis and plays a role in DNA repair processes by silencing
DNA repair proteins like BRCA1 and RAD51 [28,29]. HGPS is characterized by premature
aging, including accelerated cardiovascular disease, which is the leading cause of death
in these patients. HGPS patients typically have loss of VSMCs, arterial stiffness, and
calcification of the arterial walls. Interestingly, they do not develop fully formed plaques,
but the initial phase of atherosclerosis. These pathological alterations can lead to myocardial
infarction, stroke, and premature death, mainly caused by arteriosclerosis [30,31]. The
average age of death for children with HGPS is 13 years [32].

Werner Syndrome (WS) is another progeria syndrome that is associated with increased
risk of cardiovascular disease. WS is caused by a mutation in the WRN gene, which
encodes for Werner syndrome ATP-dependent helicase. WRN is involved in DNA repair
by unwinding 5′ flaps and interacting with base-excision repair proteins [33]. WS patients
often develop atherosclerosis, which increases risk of myocardial infarction and stroke.
Furthermore, these patients show calcification of the aortic valve. WS patients also have
a high incidence of hypertension and heart failure, which further increases their risk of
cardiovascular disease [34].

4. Vascular Aging Mouse Models

The fundamental processes behind aging have also been studied by using invertebrate
animal models systems such as roundworms (Caenorhabditis elegans) or the fruit fly (Drosophila
melanogaster) [35]. While these models are inexpensive and available in great quantity, mam-
malian model organisms better approximate the complexity of human aging. However, while
some long-lived species such as primates are closest to humans, their generational cycles are
so long that it is difficult to use them in research [36]. Mice, specifically genetically modified
fast-aging mice, are therefore currently most often used for aging research.

Genetically engineered mouse models have been established that mimic human proge-
ria syndromes [35]. In these progeroid mice, genes involved in genome maintenance are
genetically manipulated, which leads to accelerated aging and a shortened lifespan. These
accelerated aging models can be divided into different groups: genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, mitochondrial dysfunction, stem cell
exhaustion, and altered intercellular communication. The majority of the gene mutations in
these accelerated aging mouse models result in genomic instability. Furthermore, genomic
instability is linked to all hallmarks of aging, highlighting the importance of DNA damage
repair in aging [9].

Hence, although different types of mouse models are used to study vascular abnor-
malities, in this review, we will specifically focus on mouse models with genome instability
that show accelerated vascular aging (Table 1).

4.1. Nucleotide Excision Repair (NER) Deficient Mouse Models

NER is a DNA repair pathway which eliminates a wide range of DNA lesions including
single strand lesions and helix distorting lesions induced by exogenous sources such
as ultraviolet radiation or by endogenous sources such as reactive metabolites [37,38].
Currently, Ercc1d/− and XpdTTD mice are the only two NER deficient mouse models which
have been described to show characteristics of vascular aging (Durik et al., 2012) [39].
DNA damage detection by NER occurs through two sub pathways: global genome NER
(GG-NER), in which the whole genome is probed for DNA helix distortions, or transcription-
coupled NER (TC-NER), which is activated by polymerase stalling due to lesions in the
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transcribed strand [39]. ERCC excision repair 1 (ERCC1) and Xeroderma Pigmentosum
Group D (XPD) mediate the final part of the NER pathway, after which GG-NER and TC-
NER converge. XPD is a helicase involved in verification of the DNA damage lesion and
unwinding of the DNA around the lesion. The ERCC1 endonuclease forms a heterodimeric
complex with Xeroderma Pigmentosum Group F endonuclease and excises the DNA strand
5′ of the lesion, in combination with Xeroderma Pigmentosum Group G (XPG), which
excises 3′ of the lesion [38]. Ercc1 knockout mice lack expression of Ercc1 and live up
to 38 days. On the other hand, Ercc1d/− mice–hemizygous for an Ercc1 knock-out allele
and a delta -7 allele -resulting in ERCC1 protein with a seven amino acid truncation– live
up to 6 months [40] and show accelerated age-related pathologies which chronologically
follow changes in naturally aging wildtype mice [41]. These include neurodegeneration,
muscular dystrophy, ataxia, brain atrophy, renal tubular degeneration, heart myocardial
degeneration, peripheral nerve vacuolization, and several liver pathologies [42].

Ercc1d/− mice display increased aortic stiffness, blood pressure, aortic senescence,
endothelial dysfunction, and decreased reactive hyperemia [39,41]—which is a measure for
peripheral microvascular function used to predict cardiovascular morbidity and mortality.

Additionally, vascular aging has been studied in two tissue-specific Ercc1 knock-
out mouse models. Endothelial (EC)-specific Ercc1 knockout mice are hemizygous for a
knock-out Ercc1 allele and a floxed Ercc1 allele and express Cre-recombinase under the
Tie2 promoter [43]. Tie2 is expressed in ECs and in monocytes with a pro-angiogenic
function. These EC-specific Ercc1 knockout mice exhibit decreased endothelium-derived
NO, altered vasoconstriction, arterial remodeling, and increased arterial stiffness. Vascular
smooth muscle cell (VSMC)-specific Ercc1 knockout mice are hemizygous for a knock-
out Ercc1 allele and a floxed Ercc1 allele and express Cre-recombinase under the SM22α
promoter [44]. SM22α is involved in SMC contraction. These mice show diminished
NO-mediated vasodilation, decreased reactive hyperemia, and increased arterial stiffness.

Only three patients have been described with an ERCC1 mutation and all three died
before the age of 3 [45–47]. No vascular aging phenotypes were described. However, it is
unknown if these patients were screened for vascular problems at this very young age. As
the Ercc1d/− mouse model shows characteristics of vascular aging, this would suggest that
likewise patients with Ercc1 mutations may experience vascular aging problems with age.

4.2. LMNA

Multiple mouse models exist with mutations in the LMNA gene. The most com-
monly used is the LmnaG609G/G609G with a c.1827C>T;p.Gly609Gly mutation, which mimics
a human c.1824C>T;p.Gly608Gly mutation in exon 11 [48]. The c.1827C>T;p.Gly609Gly mu-
tation causes abnormal splicing, leading to the production of a shortened form of prelamin
A, which serves as the precursor for lamin A/C. This truncated protein is commonly re-
ferred to as progerin. Progerin accumulates in the nuclear lumina, and thereby disrupts the
nuclear architecture [49,50].

One study showed that the stiffness and inward remodeling observed in LmnaG609G/G609G

arteries are primarily due to damage to VSMCs caused by ubiquitous progerin [50]. This
leads to an increase in medial collagen deposition and subsequent changes to elastin struc-
ture [50]. The Ldlr−/−LmnaG609G/G609G mouse aortas showed similar results, including
VSMC depletion, adventitial thickening, and changes to the elastin structure. They further-
more show atherosclerosis and structural abnormalities [51]. Coll-Bonfill et al. showed
that progerin expression in VSMCs results in a phenotypical switch of the VSMCs (char-
acterized by a decrease in contractile markers) towards a synthetic-like phenotype. This
switch increases replication speed, resulting in replication stress, genomic instability and
eventually VSMC depletion [52].

In the LmnaHG mouse model intron 10 and the last 150 nucleotide of intron 11 of
the LMNA gene are deleted, resulting in the production of progerin [53]. Interestingly,
both the LmnaHG/+ (expressing progerin, lamin A/C) and the LmnaHG/HG mouse (ex-
pressing only progerin) do not show vascular aging [54]. This is in contrast with the
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c.1827C>T;p.Gly609Gly mutation, indicating a difference between the progerin protein
resulting from the deletion of exon 10 and partially 11 and the c.1827C>T;p.Gly609Gly
mutation, which mimics the most common human mutation, and gives a smaller deletion
of only 50 amino acids within prelamin A, likely resulting in a differently folded protein.

Additionally, the process of vascular aging has been examined in mouse models that
specifically target tissues of interest. To investigate the effect of VSMCs and ECs on vascular
aging, del Campo et al. generated tissue specific mouse models, showing similar effects for
lamin mutation in a VSMC specific mouse model (LmnaLCS/LCSSM22αCre+/tg) compared to the
full body mutant, but not in the EC-specific mouse model (LmnaLCS/LCSTie2Cre+/tg mice) [50].
To further mimic the characteristics of HGPS, Hamczyk et al. crossed the Apoe−/− mouse
with LmnaG609G/G609G. These mice, when fed a high fat diet, showed medial VSMC loss, lipid
retention, adventitial fibrosis, and accelerated atherosclerosis [55]. Additionally, they showed
a similar phenotype in the VSMC-specific mutant (Apoe−/−LmnaLCS/LCSSM22αCre), but not in
the macrophage-specific mutant (Apoe−/−LmnaLCS/LCSLysMCre) [55].

Taken together, this shows that the LmnaG609G mutation promotes vascular aging in
mice, while the LmnaHG mutant mice do not exhibit signs of vascular aging. The tissue-
specific mouse models highlight the importance of Lmna in VSMCs, but no phenotypes of
vascular aging were observed in the EC and macrophage KO mice.

This could indicate that VSMC dysfunction precedes and might trigger endothelial
and macrophage dysfunction. Overall, defects in the nuclear lamina may generate genomic
instability, and thereby trigger vascular aging. The observed vascular pathology closely
mimics the majority of cardiovascular disease symptoms seen in HGPS patients [55].

4.3. Bub1b

BUB1B is involved in mitotic checkpoint regulation and the DNA damage response.
Mutations in this gene have been associated with premature aging syndromes, such as mo-
saic variegated aneuploidy (MVA) syndrome. MVA is a rare genetic disorder characterized
by abnormal chromosome numbers (aneuploidy) and mosaic patterns of chromosomal
variation within different cells of an individual’s body. It is typically associated with severe
developmental abnormalities, growth retardation, intellectual disability, and an increased
risk of cancer. Studies in the BubR1 (Bub1b) mouse model have demonstrated that these
animals display several features of accelerated aging, including in the vasculature.

Matsumoto et al. showed endothelial dysfunction, decreased levels of elastin, fibrosis,
and thinning of both the arterial wall and the inner diameter, which was associated with a
reduced number of VSMCs [56]. Another study showed increased senescence in the stromal
vascular fraction, in particular, the fat progenitor cells [57]. Furthermore, BubR1 mouse
showed impaired angiogenesis [58]. Overall, these findings suggest a role of Bub1b, and
thereby genomic instability, in vascular aging in mice, leading to endothelial dysfunction,
ECM remodeling, and senescence.

4.4. Telomere Attrition

The Terc mouse is a commonly used model to study the effects of telomerase deficiency
on aging and age-related diseases. Telomerase is an enzyme that maintains the length
of telomeres, the protective caps at the end of chromosomes. Telomere shortening is a
hallmark of cellular aging, and telomerase deficiency has been associated with accelerated
aging and increased susceptibility to age-related diseases in humans. When telomeres
become too short to function, it will trigger a DNA damage response in order to maintain
genome stability.

It is important to mention the difference in telomere length between mice and hu-
mans, with mice having much longer telomeres. The generation and background of the
Terc-deficient mice are crucial for vascular aging research, as phenotypes differ per gen-
eration [59]. The telomeres of the Terc-deficient mice shorten approximately 5 kb per
generation. Most experiments are therefore performed in Terc-deficient mice after several
generations, as older generations show more defects [60].
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Several studies have investigated the effect of telomerase deficiency on vascular
aging in Terc-deficient mice. One study found that Terc-deficient mice exhibit endothelial
dysfunction and senescence, which is restored after antioxidant treatment, indicating a
role for oxidative stress [61]. Another study showed that Terc-deficient mice experience
hypertension as a result of increased endothelin-1 levels [62].

4.5. Epigenetic Alterations

SIRT6 is a protein that plays a crucial role in regulating cellular senescence and age-
related cardiovascular diseases. SIRT6 is a histone deacetylase, and is involved in DNA
repair by promoting the double strand break repair pathway non-homologous end joining
(NHEJ), regulation of the expression of metabolic genes, and maintenance of genomic
stability [63]. Studies have shown that SIRT6-deficient mice exhibit premature aging and
accelerated vascular aging, characterized by endothelial dysfunction, inflammation, and
increased oxidative stress. These mice also display increased susceptibility to age-related
diseases, such as atherosclerosis and heart failure.

SIRT1, another deacetylase, protects against endothelial senescence and is involved in
DNA damage recognition. SIRT1 decreases with aging, which is associated with endothelial
dysfunction. Activators of SIRT1 such as Resveratrol are tested as intervention to prevent
vascular aging [64].

SIRT6 is a key regulator of vasomotor function in conduit vessels, via tonic suppres-
sion of NAD(P)H oxidase expression and activation. It also contributes to endothelial
dysfunction, growth arrest, and senescence. This phenotype can be rescued by overex-
pressing the transcription factor FOXM1, which is critical for cell cycle progression [65,66].
Another study showed that SIRT6 has a protective role in the vascular system, as down-
regulation results in vascular calcification [67]. Furthermore, SIRT6+/−ApoE−/− mice form
atherosclerotic lesions and express the proinflammatory cytokine VCAM-1 [68]. These
findings suggest that Sirt6 plays a critical role in promoting vascular aging as well as in
protecting against age-related cardiovascular diseases.

4.6. Limitations of Mouse Models for Vascular Aging

None of the mouse models perfectly resembles human vascular aging. However,
Table 1 shows an overview of the vascular phenotypes that are observed for each mouse
model and are consistent with human vascular aging. Depending on the research question,
the most suitable mouse model can be chosen. The ERCC1d/− and LMNA mutant mice are
the best characterized models and cell type specific mouse models are designed for both
genes to further study the vascular aging.

Nevado et al. described premature vascular aging phenotypes in Ldlr−/−LmnaG609G/G609G

and Apoe−/−LmnaG609G/G609G mouse models and observed a difference in atherosclerosis in
normal aging and LMNA mice [51]. During normal aging, atheroma plaques start at one point
and grow eccentrically, whereas in progeroid mice plaque formation occurs across almost the
entire intimal surface, thereby making this mouse model less suitable to study atherosclerosis.

Matsumoto et al. describe the vascular phenotypes of BubR1 mice, including en-
dothelial dysfunction and VSMC loss (Table 1); however, only male mice were studied in
detail [56].

A disadvantage of the Terc-deficient mice is that phenotypes differ per generation,
making it more difficult to study vascular aging in this mouse model [59]. Furthermore,
Terc-deficient mice display a shortened lifespan; however, they still live to over 1 year old,
making them more time consuming compared to the other mouse models. On the other
hand, Sirt-6 deficient mice only live to 4 weeks of age, which makes intervention studies
more difficult [69].
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Table 1. Overview of vascular aging phenotypes in accelerated aging mouse models.

Mouse Model Gene Targeted Cell Type Vascular Phenotypes Reference

ERCC1d/− ERCC1 Full body
Increased aortic stiffness, blood pressure, aortic

senescence, endothelial dysfunction, and
decreased reactive hyperemia

[39–41]

ERCC1-Tie2Cre ERCC1 EC
Decreased endothelium-derived NO, altered

vasoconstriction, arterial remodeling, and arterial
stiffness

[43]

ERCC1-SM22 ERCC1 SMCs
Diminished NO-mediated vasodilation,

decreased reactive hyperemia, and arterial
stiffness

[44]

LmnaG609G/G609G LMNA Full body Vascular stiffening, ECM remodeling [48,50]

Ldlr−/−LmnaG609G/G609G LMNA Full body VSMC depletion, adventitial thickening, and
changes to the elastin structure, atherosclerosis [51]

LmnaLCS/LCSSM22αCre+/tg LMNA SMCs Vascular stiffening and ECM remodeling [50]
LmnaLCS/LCSTie2Cre+/tg LMNA EC Unkown [50]

Apoe−/−LmnaG609G/G609G LMNA Full body VSMC depletion, adventitial thickening, and
changes to the elastin structure [55]

Apoe−/−LmnaLCS/LCSSM22αCre LMNA SMCs VSMC depletion, adventitial thickening, and
changes to the elastin structure [55]

Apoe−/−LmnaLCS/LCSLysMCre LMNA Macrophage Unkown [55]

Bub1b Bub1b Full body

Endothelial dysfunction, decreased levels of
elastin, fibrosis, thinning of both the arterial wall
and the inner diameter, VSMC loss, and impaired

angiogenesis

[56,58]

Terc Terc Full body Endothelial dysfunction, senescence, and
hypertension [60–62]

Sirt6 Sirt6 Full body Endothelial dysfunction and vascular calcification [65–67]
SIRT6+/−;ApoE−/− Sirt6 Full body Atherosclerosis and vascular inflammation [68]

5. The Role of Genomic Instability in Molecular and Cellular Mechanisms Underlying
Vascular Aging

Our DNA is constantly challenged by environmental radiation and chemicals, as well
as endogenous metabolic products causing DNA damage resulting in genome instability
as we age. When these damages remain unrepaired and accumulate over time [9,10,70],
they cause an aging phenotype. This damage to the DNA is further exacerbated in com-
bination with oxidative stress which can trigger apoptosis or senescence, leading to the
loss of ECs and VSMCs, thereby resulting in endothelial dysfunction, arterial stiffness,
and arteriosclerosis (Figure 4) [71]. Contributors to vascular stiffening such as phenotype
switching are also triggered by genomic instability as this changes gene expression in the
ECM and vascular cells directly [72].

Genomic instability has been further associated with the dedifferentiation of VSMCs
where they lose their contractile phenotype and shift towards a synthetic and osteogenic
phenotype. The connecting factor here is the loss of expression of smooth muscle-specific
genes, such as alpha-smooth muscle actin (SMA), muscle myosin heavy chain (Myh11),
and calponin (Cnn1) (Figure 4) [73]. Instead, dedifferentiated VSMCs acquire markers
of synthetic cells, like proliferative factors and extracellular matrix remodeling enzymes,
including collagen and fibronectin. An increase in the expression of RUNX2 has also
been linked to vascular aging [74,75]. RunX2 promotes calcification and stiffening of the
arterial wall by inducing the expression of genes that regulate osteogenic differentiation
(mineralization) and extracellular matrix (ECM) remodeling [15]. The ECM is the non-
cellular component of the vessel wall that provides structural support to vascular cells and
regulates vascular function. Changes in gene expression of ECM remodeling enzymes, such
as matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs)
affect the overall composition of the ECM causing a decrease in elastin content and an
increase in collagen deposition, further contributing to vascular stiffness.
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Dedifferentiation of VSMCs and ECM remodeling are interconnected processes. Ded-
ifferentiated VSMCs secrete ECM remodeling enzymes, such as MMPs, that degrade the
ECM and promote its remodeling. In turn, changes in ECM composition, such as collagen
IV and laminin, affect VSMC phenotype and behavior by binding integrin receptors. In-
teraction between VSMCs, collagen IV, and laminin are important to keep the VSMCs in a
quiescent state [76]. Furthermore, the interaction between VSMCs and ECM is affected by
hemodynamic stress. Stiffening of the ECM leads to conformational changes in integrins,
which plays an essential role in the response to pressure [77].

6. Models to Study Vascular Aging In Vitro

As mentioned earlier, mouse models exist with deficiencies in DNA repair mechanisms.
Studying these models aids in comprehending the underlying mechanisms through which
genomic instability leads to vascular aging. In order to gain more detailed insights at a
cellular level and translate murine findings towards the human condition, it is necessary to
utilize human in vitro models. In vitro models offer advantages such as easier scalability
and the possibility to examine multiple parameters at the same time. Various approaches
can be employed, such as utilizing human (patient derived) DNA repair-deficient vascular
cells, as well as introducing endogenous DNA damage to these cells, in order to further
investigate the mechanisms involved.

7. Cell Culture Models to Study Vascular Aging

Tissue-specific mouse models have significantly contributed to our understanding of
vascular aging. These models are often designed to study specific cell types involved in
the vasculature, such as ECs and VSMCs. ECs and VSMCs, in addition to pericytes and
fibroblasts, are also commonly used in simple 2D cell culture assays, and, increasingly, also
in complex 3D microfluidic tissue systems. Studying vascular aging in cell culture is an
important approach to understand the molecular and cellular mechanisms underlying this
complex process. Several parameters are commonly evaluated using (human) cell assays.
Senescence is a hallmark of vascular aging and can be assessed through experiments such as
the SA-β-gal activity assay or by detecting SASP markers [78]. Measuring the proliferation
rate of cells can be useful to determine senescence and to investigate the phenotypical

157



Int. J. Mol. Sci. 2023, 24, 15379

switching of VSMCs in vascular aging. Immunofluorescent staining and western blot
are used to further evaluate the state of VSMCs, including the phenotype of the VSMCs
by detecting, for example, SMA (contractile VSMC), RUNX2 (osteogenic VSMC), MAC2
(macrophage-like VSMC), and SCA1 (mesenchymal-like VSMC).

Structural changes in the ECM are also a hallmark of vascular aging and are studied
in vitro by measuring the expression and activity of MMPs or other ECM components
including collagen and fibronectin. Endothelial dysfunction, another common feature of
vascular aging, is assessed in vitro by measuring the production of NO or endothelin-1
or by monitoring EC migration and proliferation [79]. Chronic low-grade inflammation,
which is a characteristic feature of aging, is assessed in vitro by measuring the production of
cytokines and chemokines by ECs and VSMCs [8]. In vitro models of vascular calcification,
such as culturing VSMCs with calcifying media, are used to study the cellular and molecular
mechanisms underlying this process. Vascular stiffening is evaluated by measuring the
contraction force of VSMCs, displacement of the VSMCs relative to a fluorescent microbead,
or by assessing migration defects in the cytoskeleton. Tube formation assays, where cells
are grown on matrigel to form a tube structure, are used to evaluate EC culture as a model
system of vascular aging [80].

Changes in cellular metabolism are another important hallmark of aging. Mitochondrial
function is typically assessed using the Seahorse XF Analyzer (Agilent, Santa Clara, CA, USA),
which measures cellular respiration and glycolysis in cell culture. Furthermore, gene expression
analysis is often combined with the previously mentioned experiments to identify genes that are
differentially expressed in aged versus young cells in 2D culture. These genes include markers
for senescence, immune infiltration, phenotypical switching of VSMCs, and DNA damage.

Limitations Cell Culture Models to Study Vascular Aging

Overall, cell culture methods provide insight into cellular processes involved in aspects
of vascular aging. However, in vitro culturing of cells can induce chemical and physical
alterations, thereby not fully reflecting all processes that are involved in vascular aging [22].
Moreover, the vasculature comprises diverse cell types that engage in constant interactions
and communication. Restricting studies to a single isolated cell type may oversimplify the
complex nature of vascular aging. To better replicate the intricate dynamics of vascular
aging, advanced microfluidic cell culture systems are employed. These systems offer a more
comprehensive approach to investigate the complex interactions among different cell types
within the vasculature. By integrating multiple cell types and simulating physiological
conditions, microfluidic platforms provide a valuable tool for studying the multifaceted
aspects of vascular aging.

8. Microfluidic Cell Culture Systems and Vascular Aging

The field of microfluidic technology is rapidly advancing, offering increasingly biomimetic
in vitro models to complement animal models. Vascular microfluidic devices, which mimic
blood flow, are highly adaptable in terms of shape, surface coating, and network complexity.
These devices will be a great addition in studying vascular aging where cells with specific
aging related mutations can be used to mimic vascular aging. While traditional in vitro
culture models are comparatively simplistic, microfluidic models do require a certain level of
complexity in their fabrication process. Co-culturing cells of different origins poses a challenge,
especially when combined in a 3D culture setting, but is essential to capture the interactions
between different cell types, especially in the context of the vascular system. The advantages
of microfluidic in vitro systems include their introduction of hemodynamic stimuli (such as
shear stress) and interaction with circulating cells, as well as their compatibility with multiple
analytical techniques and high throughput data generation and processing.

Microfluidic systems aim to recapitulate the mechanical, electrical, chemical, and
structural features of the in vivo microenvironment. Compared to current in vivo or 2D
culture conditions, they allow for more precise control of factors such as blood flow, blood
pressure, and chemical gradients while providing a reproducible system. Microfluidic cell
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culture systems can help generate valuable insights by measuring cellular changes with
age such as proliferation, migration, or differentiation.

In this review, we will describe four different strategies of microfluidic modelling as
depicted in Figure 5, namely, microfabricated channels (a), microfluidic vessel systems (b),
self-assembly networks (c), and cell patterning microfluidics (d).
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8.1. Microfabricated Channels

Microfabricated channels are the most basic form of microfluidic modelling (Figure 5a),
yet they still provide a more physiologically relevant environment for cells compared to
traditional 2D cell culture models. To create artificial vessels that mimic the specific
dimensions and geometries of blood vessels, small channels can be etched or molded into
biocompatible substrates like glass or synthetic polymers. Glass, silicon, and polymers are
substrates that are often used to make a channel surface to replace natural ECM for cell
attachment. These systems are best suited to evaluate the endothelial response to variations
in flow (shear stress) and can be coupled to the analysis of endothelium derived factors
released in the circulating medium.

An example of such a system is the microvascular network of Borenstein et al., who
created circular polystyrene channels with bifurcation in which they seeded ECs to form a
monolayer, with the ECs remaining viable for at least 24 h [81].

Another example is the use of glass etching as shown by Rodriguez et al. In one
of their approaches, they use a polydimethylsiloxane (PDMS) stamp to form the desired
structures on a glass slide [82]. Once the scaffold is complete, ECs are cultured on a
specified membrane, in a designed pattern. However, culture on the stiff surfaces of
synthetic materials could be detrimental to natural vascular cell behavior and function.

8.2. Microfluidic Vessel Models

Recent advances in bio-fabrication techniques allow the engineering of complex vascular
networks in vitro that aims to mimic in vivo vasculature as closely as possible [83]. Microflu-
idic vessel systems (Figure 5b) approximate the structure and function of blood vessels even
closer than microfabricated channels. These systems are generated using materials such as
(fully synthetic or semi synthetic) hydrogels and are designed to have specific dimensions
and geometries that mimic the network structure of blood vessels (Figure 5b) [84]. These
models allow for co-cultures of, e.g., ECs with VSMCs, pericytes, and fibroblasts in a 3D
extracellular matrix environment. An example of such a model is van Dijk et al.’s PDMS
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device with a reservoir for a 3D fibrinogen gel with pericytes. This multi-cell type device
allows the interaction of ECs with pericytes in full bio-matrix encased 3D vessel structures
(neovessels) that can be subjected to continuous, unidirectional flow and perfusion with
circulating immune cells [85]. Another example is presented by the research of Polacheck et al.
in which they designed and fabricated microfluidic channels with dimensions mimicking
small blood vessels. Similar to the van Dijk system, the channel surface provides the ECM
environment for EC attachment and expansion to replicate the vascular endothelium. The
fabricated microchannels are used to investigate the effects of fluid flow and shear stress on
ECs, providing insights into vascular physiology and pathology [86]. Such systems are often
produced as small units that can be flowed in serial or parallel configuration and can be scaled
up to study many conditions in high throughput fashion.

8.3. Microfluidics Combined with Self-Assembly

The self-assembly (Figure 5c) technique differs from the other methods as it does not
require a pre-designed structure to direct the growth of cells. For this approach VSMCs are
seeded into hydrogel, where conditions are optimized to stimulate spontaneous sprouting and
3D vascular network formation, more closely mimicking the in vivo development of vessels.

An example of this system is the microfluidic device of Wang et al. [87], which uses
two microfluidic channels which are coated with laminin and lined with a monolayer
of ECs. These channels (representing artery and vein) are connected by a middle tissue
chamber filled with an ECM-based hydrogel, in which a new capillary network will form
via sprouting of the endothelium in the channels. This system can be perfused with only
minimal leakage. Another self-assembly system is described by Vila Cuenca et al. in
which multiple cell types are seeded in a fibrin hydrogel microenvironment. In this system,
human iPSC-derived EC and VSMCs are used, with cells self-organizing in the fibrin matrix
into lumenized and functional vessels. Notably, the created vessel responds to vasoactive
stimulation, which can be measured [88].

8.4. Cell Patterning

Dependent on the parameters under investigation it can be advantageous to apply
cell patterning rather than self-assembly. In the field of tissue engineering, the strategy
of cell patterning (often) involves material driven solutions that allow predefining cell
organization within an “aggregate” module, with multiple modules constructing the
engineered tissue. On a higher design level, cell patterning can also involve the organization
of either self-assembled cell units or “patterned” modules into a predesigned configuration
to mimic organ structures or to allow more effective self-assembly into higher organization
structures (Figure 5d). An example of this strategy is provided by Garvin et al., who used
an ultrasound standing wave field to induce patterning of cells in an engineered tissue
construct [89]. This technique can determine the speed of formation, density of the cells,
and the morphology of the vascular network [90]. Another example of cell patterning is the
use of a PDMS stamp to induce cell elongation. These stamps contain strips of fibronectin
in a microfluidic channel. Cells are seeded and non-adhesive cells are washed off, resulting
in alignment of the cells in one direction [91].

8.5. Scientific Outcomes Microfluidic Systems

Various applications have emerged for utilizing vasculature-on-a-chip in in vitro dis-
ease studies, particularly focusing on endothelial dysfunction. This vascular condition
involves impaired vasomotion control, linked to increased inflammatory responses and
vascular leakage. While chip systems mainly investigate inflammatory responses, thrombo-
genic reactions, flow disturbances, and endothelial permeability in endothelial dysfunction,
there is a gap in exploring endothelial-dependent vasomotion dysregulation [89,92,93].
This gap is mainly due to the high stiffness of chip materials, limiting the contractile be-
havior of VMSCs. Adjusting substrate stiffness could pave the way for future chip designs
addressing the defining aspect of this vascular disease. Another area of research in which
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vascular chips have proven useful is cancer research. Tumor angiogenesis signifies the
orchestrated development of new blood vessels crucial for supplying nutrients and oxygen
to cancer cells. Integral to tumor progression, it involves the formation of aberrant and
intricate blood vessel networks within and surrounding the tumor tissue. These processes
have been investigated with the use of various chip systems via tumor and vascular cell
co-cultures [94–96]. Similarly, cancer metastasis, representing the spread of tumor cells
from the primary tumor site to distant organs or tissues, has been studied in complex
multi-organ-chip systems incorporating vascular cells to mimic trans-endothelial migra-
tion [97,98]. This multi-organ approach may provide a more representative system for
drug screening, which has, thus far, used less complex microfluidic systems for visualizing
biological and mechanical dynamic processes. These processes include adaptations in
cell–cell junction stability, viability, and proliferation rate, as well as vascular cell response
to altered shear stress when exploring the efficacy of pharmaceutical compounds [99–101].

Future chips should explore the integration of vasomotion regulation, complex per-
fused vessel building, and co-culture with tissue/tumor cells in multi-organ designs, in
combination with an increase in scale and reproducibility. This will allow further imple-
mentation in pharmacological studies and application in wider research fields, including
(vascular) aging.

8.6. Comparison Microfluidic Systems

Microfabricated channels are more straightforward compared to other systems, making
them quicker and easier to use. They often use only one cell type, while the other systems allow
for a co-culture, closely mimicking the in vivo situation. The other three systems allow the
formation of multiple layers of cells in ECM. Microfluidic vessel systems focus on replicating
the structure and function of blood vessels or vascular networks, primarily for vascular biology
studies and tissue engineering applications. This system works very well for co-culturing
larger structures and is, thereby, suitable to study arterioles. The self-assembly microfluidic
system is more suitable for investigating the capillary system. Cell patterning microfluidic
systems, on the other hand, are designed to precisely pattern and arrange cells, enabling the
study of cell behavior, tissue development, and organ-on-a-chip platforms. A disadvantage of
this system is that the majority of these only have a limited throughput [102].

9. Personalized Medicine

The use of cell culture and microfluidic devices also allows for precision medicine, in
which we consider individual differences such as gender, genetics, and lifestyle [103,104].
With precision medicine, a large group of patients can be divided into clusters based on
patient characteristics such as clinical phenotype, environment, and molecular analysis,
and receive specialized treatment. Examples of how cell experiments and microfluidic
devices can be used in future are by identifying new biomarkers, predict clinical outcome,
and determine disease susceptibility.

Disease modelling and prevention based on human cells have the advantage that they
do not require translation from a mammalian model organism to the human situation, and
they can also potentially be personalized for each patient. This personalization of medicine
can be facilitated using human induced pluripotent stem cells (hiPSC) derived from healthy
individuals or patients. These hiPSCs can be utilized to study disease mechanisms and
develop targeted therapies. By using CRISPR Cas9 technology, mutations causing DNA
repair deficiencies can be introduced into control hiPSCs, allowing for the investigation
of different mutations in an isogenic background. By differentiating these iPSCs into
various cell types, such as human ECs, pericytes, and VSMCs, researchers can study
the underlying mechanisms of genomic instability in vascular cells. The mutations of
the previously mentioned mouse models are good candidate genes to target. Once the
necessary cell types are generated, they can be transferred into microfluidic systems to
compare specific drug responses within the controlled environment of a high throughput
system [105,106]. The use of microfluidics systems can also be advantageous to model
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human age-related disorders that may manifest differently in humans compared to model
organisms. Microfluidic systems are already used in preclinical drug testing. Luna et al. use
a microfluidic device to assess blood thrombosis and study anti-thrombotic therapy [107].
They showed blood clotting under flow in tortious arteriolar vessels. Another advantage
of using iPSCs in microfluidic devices is the opportunity to test the effect of a mutation
in a specific cell type. This information can be used to determine which mouse models to
develop. Studying vascular aging in a microfluidic system will be a new and interesting
step forward in the use of microfluidic models. However, limitations exist for the use of
microfluidic systems. A disadvantage of microfluidic systems compared to in vivo systems
is the lack of whole-body integration, such as the lack of hormone circulation, an immune
system, and the influence of the central nerve system. Furthermore, microfluidic systems
are limited scale; the size of microfluidic vessel-on-a-chip systems is much smaller than
actual blood vessels in the human body.

10. Conclusions

In summary, vascular aging is linked to genomic instability, as observed in patients
with progeria. To better understand age-related vascular changes, researchers have devel-
oped mouse models with genome instability that exhibit accelerated vascular aging. These
models offer an efficient experimental system to investigate the mechanisms, pathways,
and interventions associated with vascular aging. They provide time efficiency, facilitate
the discovery of molecular pathways, allow for intervention testing, and offer translational
relevance and biomarker discovery, enhancing our understanding of vascular aging and
potential therapeutic approaches. However, it is important to note that there are prominent
differences between progeroid mice and naturally aged mice or humans. To address this,
human vascular cells can be utilized in cell culture studies and microfluidic systems. High
complexity microfluidic cell culture systems are powerful tools to study vascular aging
as they resemble the structure and function of blood vessels and provide the possibility
to work with human cells of the vessel wall. These systems provide precise control over
the experimental environment and the cells under investigation. Combining research
of microfluidic systems with accelerated aging mouse models offers the opportunity to
uncover the underlying mechanisms of vascular aging, bridging the gap between mouse
models and human.
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Abstract: The aim of the study was directed at studying the sex-specific features of the correlation
between genome-wide association studies (GWAS)-noticeable polymorphisms and hypertension
(HTN). In two groups of European subjects of Russia (n = 1405 in total), such as men (n = 821 in
total: n = 564 HTN, n = 257 control) and women (n = 584 in total: n = 375 HTN, n = 209 control), the
distribution of ten specially selected polymorphisms (they have confirmed associations of GWAS
level with blood pressure (BP) parameters and/or HTN in Europeans) has been considered. The
list of studied loci was as follows: (PLCE1) rs932764 A > G, (AC026703.1) rs1173771 G > A, (CERS5)
rs7302981 G > A, (HFE) rs1799945 C > G, (OBFC1) rs4387287 C > A, (BAG6) rs805303 G > A, (RGL3)
rs167479 T > G, (ARHGAP42) rs633185 C > G, (TBX2) rs8068318 T > C, and (ATP2B1) rs2681472 A > G.
The contribution of individual loci and their inter-locus interactions to the HTN susceptibility with
bioinformatic interpretation of associative links was evaluated separately in men’s and women’s
cohorts. The men–women differences in involvement in the disease of the BP/HTN-associated
GWAS SNPs were detected. Among women, the HTN risk has been associated with HFE rs1799945
C > G (genotype GG was risky; ORGG = 11.15 ppermGG = 0.014) and inter-locus interactions of all
10 examined SNPs as part of 26 intergenic interactions models. In men, the polymorphism BAG6
rs805303 G > A (genotype AA was protective; ORAA = 0.30 ppermAA = 0.0008) and inter-SNPs
interactions of eight loci in only seven models have been founded as HTN-correlated. HTN-linked
loci and strongly linked SNPs were characterized by pronounced polyvector functionality in both
men and women, but at the same time, signaling pathways of HTN-linked genes/SNPs in women
and men were similar and were represented mainly by immune mechanisms. As a result, the present
study has demonstrated a more pronounced contribution of BP/HTN-associated GWAS SNPs to the
HTN susceptibility (due to weightier intergenic interactions) in European women than in men.

Keywords: sex; blood pressure; hypertension; GWAS; SNP; association

1. Introduction

HTN belongs to the group of the most common human diseases, a characteristic
feature of which is high BP [1]. According to statistical reports in the world over the past
decades (from 1990 to 2015), the number of persons with a systolic BP (SBP) of 140 mm
Hg and above rose by 18.59% (from 17,307 to 20,526 per 100 thousand population), and
the mortality and disability-adjusted life-years (DALYs) rates associated with an SBP of
140 mm Hg and higher increased by 8.58% (from 97.9 to 106.3 per 100,000 people) and
49.11% (from 95.9 million to 143.0 million), respectively [2]. A rise in SBP by 10 mm Hg leads
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to an increased risk of coronary heart disease by 45% and ischemic/hemorrhagic stroke
by 63–66% in individuals aged 55–64 years [3]. The problem of HTN is no less important
for the Russian population [4,5], among which the projected number of deaths and DALYs
correlated with SBP ≥ 140 mm Hg increased by 25.6% (from 452.3 to 568.0 thousand) and
49.11% (from 8267.8 to 9672.7 thousand) over the period from 1990 to 2015, respectively [2].
The disease is more often (≈20%) registered in men than in women (age-standardized
prevalence rates of HTN in men and women are 24 and 20%, respectively) [6] and this
pattern is also characteristic of the population of Russia [5]. In men, the indicator DALYs
linked with SBP ≥ 140 mmHg (82.915 million) significantly exceeds (1.38 times) the same
parameter in women (60.122 million) [2]. Even more pronounced differences (by 1.44 times)
between men (125.124 million) and women (86.692 million) are observed in the value for
DALYs correlated with SBP ≥ 110–115 mm Hg [2]. Significant differences in the prevalence
of HTN and its impact on the state of health in men and women may be associated with
both hormonal mechanisms [7] and environmental risk factors [8], which determine the
features of gene–environmental interactions [9,10].

The influence of hereditary factors on the HTN occurrence has been studied for a long
time and, at present, the genetic contribution to the disease formation has been confirmed in
numerous works performed on the basis of twin/family [11–17], GWAS ([9,10,18–34], etc.)
and other associative (based on the candidate genes’ analysis) ([35–48], etc.) studies. The
prevailing value of genetic factors in HTN development is confirmed by the fact that the
presence of a family history burden increases the disease risk by 3.5–3.8 times compared to
the general population [49,50]. Estimates of the heredity contribution to BP vary on average
from 30% to 55% [11,12,14–17], reaching the level of 63–68% in some works [12,13]. At the
same time, the BP heritability indicators, estimated on the basis of currently known GWAS
data (SNP-wide heritability), amount to 19.4–21.3% [51] and only partially “reveal” genetic
factors of HTN predisposition (from 1/3 to 2/3). In general, the currently known loci,
detected by GWAS, explain only 2.87–5.66% of BP variance [51]. The above data indicate
the presence of a problem of “hidden” (unidentified) heredity for BP (and, accordingly,
HTN) [16] and dictate the need for further research aimed at solving it.

So, the available literature materials clearly indicate, on the one hand, a significant
heredity contribution to HTN susceptibility [11,12,14–17]; but, on the other hand, demon-
strate pronounced men–women differences in HTN incidence [4,6]. These facts stipulate the
appropriateness of genetic and epidemiological studies “revealing” the genetic mechanisms
underlying the differences in the genetic determination of HTN in men and women (as
one of the factors determining sex-specific differences in the disorder incidence), including
using genes/polymorphisms with a previously proven strong role (GWAS data) in HTN
predisposition. In some previously performed studies (including the European population
of Russia investigated in this paper), men–women differences in the involvement in the for-
mation of HTN polymorphisms of a number of candidate genes (matrix metalloproteinases,
tumor necrosis factors, etc.) are shown, including the taking into account of the action of
sex-specific risk factors of the disease such as obesity, smoking, etc. [40,45–48] (etc.). In
addition, significant men–women differences in sex hormone genetic traits [52–54], BMI
genetic traits (obesity, waist/hip circumference, etc.) [55–59] and insulin/type 2 diabetes
genetic traits [59,60] have been demonstrated at the GWAS level, which may be remarkable
genetic predictors of sex-specific differences for cardiovascular diseases [61–65].

Our study was directed at studying the sex-specific features of the correlation between
GWAS-noticeable polymorphisms and HTN.

2. Results

The characteristics of generalized participants (men and women) have been given in
the Table 1. In both men (n = 821) and women (n = 584) cohorts, HTN subjects differed from
the HTN-free subjects by higher values of body mass index (BMI), total cholesterol (TC),
triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), blood glucose, smokers
and a lower high-density lipoprotein cholesterol (HDL-C) level (p < 0.05–0.001). Based
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on these results, the aforementioned features were introduced into genetic calculations
as covariates in both men and women (Model 1). There were also differences between
patients and controls (both in men and women) in such parameters as low physical activity
and high fatty food consumption (in patients, these indicators were significantly higher,
p < 0.001). In order to assess the effect of these indicators of lifestyle (physical activity) and
diet (fatty food consumption) on genetic associations, we additionally included them in the
analysis as confounders in Model 2.

The SNPs allele and genotype frequencies in the HTN and HTN-free groups of
men (Table S1) and women (Table S2) have Hardy–Weinberg (H-W) equilibrium state,
pBonferroni ≥ 0.025 (Bonferroni’s correction related to the amount of comparison pairs stud-
ied was accounted for, n = 2 [men and women]).

The men–women differences in involvement in the disease of the BP/HTN-associated
GWAS SNPs were detected (both in Model 1 and Model 2). According to Model 1, among
men, the polymorphism BAG6 rs805303 G > A was founded as HTN-correlated (genotype
AA was protective; ORAA = 0.30; pAA = 0.0008; ppermAA = 0.0008 [recessive model] statistical
power = 98.75%) (Table 2). In women, the HTN risk was associated with HFE rs1799945
C > G (genotype GG was risky; ORGG = 11.15; pGG = 0.011; ppermGG = 0.014 [recessive
model] statistical power = 99.99%) (Table 2). Almost similar results were obtained in Model
2: the SNP BAG6 rs805303 G > A was HTN-associated in men (ORAA = 0.31; pAA = 0.001;
ppermAA = 0.001; statistical power = 98.43% [recessive model]) (Table 2) and locus HFE
rs1799945 C > G was HTN-involved in women (ORGG = 10.96; pGG = 0.012; ppermGG = 0.014;
statistical power = 99.99% [recessive model]) (Table 2). The great similarity in the results
of our evaluation of genetic associations in Model 1 and Model 2 may be due to the fact
that, apparently, the effects of additional confounders included in Model 2 (low physical
activity and high fatty food consumption) have already been “taken into account” in the
HTN effects of confounders of Model 1. For example, the high consumption of fatty foods
(confounder Model 2) obviously directly determines the lipid profile of the body such
as TC, TG, LDL-C and HDL-C levels (confounders Model 1), and low physical activity
(confounder Model 2) will largely correlate with BMI (confounder Model 1). Accordingly,
at the next stage of the work, when analyzing the associations of inter-locus interactions
with HTN, we used a list of confounders of Model 1.

Pronounced sex-specific differences in engagement in the HTN of GWAS-noticeable
polymorphisms were revealed during the evaluation of inter-locus communications. In
the men’s group the inter-SNP interactions of eight loci in only seven models have been
registered as HTN-involved (pperm ≤ 0.022, polymorphic loci of two genes—ARHGAP42
rs633185 C > G, ATP2B1 rs2681472 A > G, not included in these models) (Table 3). Poly-
morphisms of four genes such as CERS5 rs7302981 G > A, AC026703.1 rs1173771 G > A,
HFE rs1799945 C > G and PLCE1 rs932764 A > G were represented in more than 50%
of all models. The best possible genetic model is a four-gene model (PLCE1 rs932764
A > G × CERS5 rs7302981 G > A × HFE rs1799945 C > G × TBX2 rs8068318 T > C)
with Wald stat. = 32.12 (pperm = 0.001). Twenty-three HTN-associated combinations of
genotypes were established in men, practically all of which were disorder-protective (22
out of 23, 95.65%). Only one genotype combination (three SNPs) such as rs805303-GG
(BAG6) × rs1173771-AA (AC026703.1) × rs4387287-AA (OBFC1) increases the HTN risk in
men (beta = 2.29; p = 0.029). Among the HTN-protective combinations of genotypes, the
brightly expressed effect (beta values were maximum) has been demonstrated by rs932764-
GG (PLCE1) × rs8068318-TC (TBX2) × rs805303-GG (BAG6) × rs1173771-GA (AC026703.1)
(beta = −2.63; p = 0.017), rs7302981-GG (CERS5) × rs1799945-CC (HFE) × rs805303-GG
(BAG6) × rs167479-GG (RGL3) (beta = −2.24; p = 0.042), rs932764-GG (PLCE1) × rs7302981-
GA (CERS5) × rs1799945-CG (HFE) × rs8068318-CC (TBX2) (beta = −2.13; p = 0.002),
rs932764-AA (PLCE1) × rs7302981-GG (CERS5) × rs1799945-CC (HFE) × rs1173771-GA
(AC026703.1) (beta = −2.01; p = 0.019) (Table S3).
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In the women’s cohort, the HTN genetic risk was associated with inter-locus interac-
tions of all 10 examined SNPs as part of 26 intergenic interaction models (pperm ≤ 0.016)
(Table 3). Three genes/polymorphisms such as RGL3 rs167479 T > G (it is included in
18 models), TBX2 rs8068318 T > C (16 models), HFE rs1799945 C > G (13 models) make
the prevailing contribution to HTN susceptibility (they were part of 50% of models and
more). The four-gene/locus model, including PLCE1 rs932764 A > G × TBX2 rs8068318 T
> C × AC026703.1 rs1173771 G > A × RGL3 rs167479 T > G, is the top (Wald stat. = 33.53;
pperm < 0.001). Ninety-four different HTN-associated genotypes combinations were mod-
eled (Table S4). Among them, the large majority of genetic combinations (n = 67, 71.28%)
have a protective orientation (beta < 0) and only less than 1/3 combinations (n = 27, 28.72%)
are risky (beta > 0). Genotype combinations with the maximum phenotypic effects in
relation to the HTN risk (characterized by the highest beta indicators) were established
both up-predisposition (risky) [rs932764-AA (PLCE1) × rs8068318-TC (TBX2) × rs167479-
GG (RGL3) (beta = 2.45; p = 0.024)] and down-predisposition (protective) [rs633185-GG
(ARHGAP42) × rs932764-GG (PLCE1) × rs7302981-GA (CERS5) × rs805303-GA (BAG6)
(beta = −3.11; p = 0.003); rs932764-AG (PLCE1) × rs1799945-GG (HFE) × rs8068318-CC
(TBX2) × rs167479-TG (RGL3) (beta = −2.88; p = 0.012); rs932764-AG (PLCE1) × rs1799945-
CG (HFE) × rs8068318-CC (TBX2) (beta = −2.87; p = 0.012), rs932764-AG (PLCE1) ×
rs1799945-GG (HFE) × rs1173771-GA (AC026703.1) × rs167479-TG (RGL3) (beta = −2.79;
p = 0.016)] orientation.

The results of the MDR analysis showed that the greatest contribution to the HTN
susceptibility in men was made by two-gene/locus synergetic interactions HFE (rs1799945)–
TBX2 (rs8068318) (0.76% of HTN entropy), CERS5 (rs7302981)–RGL3 (rs167479) (0.64%),
CERS5 (rs7302981)–BAG6 (rs805303) (0.49%), BAG6 (rs805303)–AC026703.1 (rs1173771)
(0.46%), HFE (rs1799945)–AC026703.1 (rs1173771) (0.46%) (Figure 1). In women, the
HTN predisposition was determined by the strongly pronounced influence of three two-
gene/locus synergetic interactions TBX2 (rs8068318)–RGL3 (rs167479) (2.26%), PLCE1
(rs932764)–CERS5 (rs7302981) (1.31%) and CERS5 (rs7302981)–BAG6 (rs805303) (1.06%)
(Figure 2). Interestingly, the percentage of disorder entropy explained by the HTN-important
pair interactions between genes/loci in women (1.06–2.26%) is significantly higher (2–3 times)
than in men (0.46–0.76%), which indicates a more significant role of intergenic/inter-locus
interactions in the HTN formation in women compared to men.

2.1. Intended Functionality of HTN-Associated SNPs in Men and Women Cohorts

In this section of our work, we evaluated the alleged functionality of all 10 GWAS
loci examined and 125 strongly linked SNPs associated with HTN in women (in total,
information about 135 loci was considered), and 8 GWAS loci and 96 LD SNPs correlated
with HTN in men (data on 104 loci were studied).

2.1.1. Prediction of the Possible SNPs Link with Amino Acid Substitution and Resulting
with Human Protein Structure/Function

Among the HTN-involved loci in both men and women, nucleotide changes [T > G
(rs167479); C > G (rs1799945); G > A (rs7302981); G > A (rs1046089); and C > G (rs1057987)]
in the exons of the five genes (RGL3; HFE; CERS5; PRRC2A; TBX2, respectively) were
non-synonymous and led to certain substitutions of amino acids (P162H; H63D; C9R;
R1740H; S609R, respectively) in five corresponding proteins with potentially different
predictor capability such as “deleterious/probably damaging” (SIFT/PolyPhen categories)
[P162H; R1740H/P162H; H63D; R1740H] and “tolerated/benign” (SIFT/PolyPhen cate-
gories) [H63D; C9R; S609R/C9R; S609R] (Table S5).
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Figure 1. The entropy graph of the SNP×SNP interactions with HTN in men based on the MDR
analysis. Positive values of entropy indicate synergistic interactions while the negative values
indicate redundancy. The red and orange colors denote strong and moderate synergism, respectively,
the brown color denotes the independent effect, the green and blue colors denote moderate and
strong antagonism.
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Figure 2. The entropy graph of the SNP×SNP interactions with HTN in women based on the
MDR analysis. Positive values of entropy indicate synergistic interactions while the negative values
indicate redundancy. The red and orange colors denote strong and moderate synergism, respectively,
the brown color denotes the independent effect, the green and blue colors denote moderate and
strong antagonism.

177



Int. J. Mol. Sci. 2023, 24, 7799

2.1.2. Epigenetic Changes of DNA Determined by HTN-Related Loci

Haploreg epigenomic annotations were used to identify regulatory variants among
HTN-related loci in men (n = 104) and women (n = 135). The proposed functionality
of the enormous proportion of analyzed loci [100/104, 96.15% (men); 130/135, 96.29%
(women)] was found (Table S6), and these loci were located in such functionally active
DNA sequences as enhancers [51/104, 49.04% (men); 69/135, 51.11% (women)], promoters
[30/104, 28.85% (men); 30/135, 22.22% (women)], DNAase hyper-sensitive chromatin
[47/104, 45.19% (men); 64/135, 47.41% (women)], evolutionary conservation nucleotide
sequences [14/104, 13.46% (men); 19/135, 14.07% (women)], sites of DNA binding to
regulatory proteins [23/104, 22.12% (men); 29/135, 21.48% (women)] and transcription
factors [87/104, 83.65% (men); 113/135, 83.70% (women)]. More than half of all estimated
loci were located in introns [62/104, 59.62% (men); 75/135, 55.55% (women)], about 5%
in coding regions of the genome [6/104, 5.77% (men); 6/135, 4.44% (women)], about 4%
in 3′-UTR gene regions [5/104, 4.81% (men); 5/135, 3.70% (women)] and less than 1% in
5′-UTR gene regions of the genome [1/104, 0.96% (men); 1/135, 0.74% (women)] (Table S6).

In aggregate, HTN-significant loci were functional with respect to 25 genes in men
(AC026703.1; BAG6; CERS5; BCAS3; C12orf62; COX14; GPD1; CSNK2B; HIST1H2AC; GPD1;
HFE; HIST1H1T; HIST1H2BC; LIMA1; HIST1H4C; PRRC2A; LY6G5B; RP11-411N4.1 LASS5;
NPR3; PLCE1; RGL3; OBFC1; TBX2; C17orf82) and 30 genes in women (BCAS3; HIST1H1T;
ATP2B1; AC026703.1; BAG6; ARHGAP42; CERS5; C12orf62; CSNK2B; COX14; GPD1; NPR3;
HIST1H2AC; GPD1; LASS5; HFE; HIST1H2BC; LIMA1; HIST1H4C; LOC338758; PLCE1;
RP11-981P6.1; LY6G5B; RGL3; OBFC1; POC1B-GALNT4; PRRC2A; RP11-411N4.1; TBX2;
C17orf82) (Table S6).

The connection of several HTN-causal genes/loci such as AC026703.1 rs1173771 G > A,
CERS5 rs7302981 G > A, OBFC1 rs4387287 C > A, BAG6 rs805303 G > A with the DNA
epigenetic modifications characteristic of promoters (H3K4me3/H3K9ac) and enhancers
(H3K4me1/H3K27ac) in disorder target organs—heart (fetal [rs4387287; rs7302981] and
adult [rs1173771; rs805303; rs4387287; rs7302981]), aorta [rs4387287], is very interesting and
important for understanding the involvement of the investigated polymorphisms in the
HTN pathophysiology.

2.1.3. Expression Quantitative Traits (eQTL) Associated with HTN-Significant SNPs

The materials of the Blood eQTL browser specify the connection of a number of HTN-
significant loci (four causal SNPs [CERS5 rs7302981 G > A, HFE rs1799945 C > G, OBFC1
rs4387287 C > A, BAG6 rs805303 G > A] and 23 LD SNPs in men and five causal SNPs
[CERS5 rs7302981 G > A, HFE rs1799945 C > G, OBFC1 rs4387287 C > A, BAG6 rs805303
G > A, ATP2B1 rs2681472 A > G] and 33 proxies in women) with the mRNA production
of several genes (nine genes in men [LY6G5C, SLK, LIMA1, HCP5, HSPA1B, LASS5, AIF1,
TRIM38, ALAS2,] and ten genes in women [WDR51B, LIMA1, LASS5, LY6G5C, SLK, AIF1,
TRIM38, ALAS2, HCP5, HSPA1B]) in blood (Tables S7 and S8).

The data from a comprehensive public GTEx resource show a tissue-specific link be-
tween HTN-involved SNPs and gene expression in non-diseased tissue. All 8 HTN-causal
SNPs and 88 of 96 coupled loci (91.67%) in men, and all 10 HTN-causal SNPs and 114
out 125 linked loci (91.20%) in women have allele-specific eQTL effects (Tables S9 and S10).
The HTN-impact eQTL-dependent gene list in men and women has considerable simi-
larities. Eighty HTN-associated genes due to the eQTL effects of HTN-related loci are
the same in men and women. These are genes such as NPR3, NEU1, NCR3, MPIG6B,
MIR6891, MICB, LY6G6F, LY6G6E, LY6G6D, CYP21A2, CYP21A1P, CTC-510F12.3, CSNK2B,
LY6G5C, LY6G5B, LIMA1, LARP4, ZNF322, ZBTB12, XXbac-BPG248L24.12, WASF5P, VWA7,
UQCRHP1, U91328.19, TRIM38, TBX2-AS1, TBX2, STN1, STK19B, STK19, SMARCD1,
SLK, SLC17A3, RNF5, SLC17A1, SH3PXD2A-AS1, SH3PXD2A, RP4-605O3.4, RP3-405J10.3,
RP11-541N10.3, RP11-457M11.5, RGL3, PRRC2A, POU5F1, HSPA1A, HLA-S, HLA-DRB6,
HLA-DRB5, HLA-DQB1, HLA-B, HIST1H3E, HFE, HDAC1P1, HCP5, HCG22, GUSBP2,
GSTO1, GPD1, GPANK1, DXO, DIP2B, DDAH2, COX14, CLIC1, CERS5, ATF6B, ATF1,
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ASIC1, AQP5, APOM, AIF1, BAG6, C4B, C4A, CCHCR1, C6orf48, BTN2A3P, ATP6V1G2,
LY6G6C, ABHD16A. Nine genes such as TMEM133, RP11-981P6.1, ARHGAP42, POC1B-AS1,
ATP2B1, GALNT4, ATP2B1-AS1, POC1B, RP11-567C2.1 are added to the HTN-impact genes
list in women due to the eQTL effects of two additional HTN-related polymorphisms
(ARHGAP42 rs633185 C > G, ATP2B1 rs2681472 A > G).

We found interesting SNP-eQTL correlations in organs (heart/aorta/coronary arteries,
etc.) that are targets for HTN. For example, among HTN-causal SNPs with gene transcrip-
tion in the heart have been associated rs1799945 (HIST1H3E), rs805303 (LY6G5B, HLA-DRB5,
DDAH2, CSNK2B, C4A, CYP21A1P), rs633185 (ARHGAP42, TMEM133), rs7302981 (RP4-
605O3.4, CERS5), rs2681472 (RP11-981P6.1), rs8068318 (TBX2-AS1, TBX2) (Table S9). In
another example, SNP-eQTL connections in the aorta demonstrated loci such as rs1799945
(HFE), rs805303 (LY6G5B, HLA-DRB5, BAG6, LY6G5C, ABHD16A, VWA7, C4A, CYP21A1P),
rs633185 (ARHGAP42, TMEM133), rs7302981 (ATF1, RP4-605O3.4, COX14, SMARCD1),
rs2681472 (RP11-981P6.1, ATP2B1), rs8068318 (TBX2-AS1) (Table S9). Another clear exam-
ple of SNP-eQTL correlations significant for the HTN pathophysiology is the connection
of some disease-causal loci with mRNA levels in coronary arteries: rs805303 (LY6G5B,
LY6G5C, BAG6, HLA-DRB5), rs633185 (ARHGAP42, TMEM133), rs7302981 (RP4-605O3.4)
(Table S9).

Strongly coupled loci also have significant eQTL potential in the above-mentioned
HTN target organs (Table S10). Linked SNPs have a special eQTL significance in relation
to 18 genes in the heart (TMEM133; TBX2-AS1; TBX2; STN1; STK19B; RP4-605O3.4; RP11-
981P6.1; NCR3; LY6G5B; HLA-DRB5; HIST1H3E; DDAH2; CYP21A1P; CERS5; CSNK2B;
C4A; ATF6B; ARHGAP42), 21 genes in the aorta (VWA7; TMEM133; TBX2; TBX2-AS1;
SMARCD1; SLK; RP4-605O3.4; RP11-981P6.1; LY6G5C; LY6G5B; HLA-DRB6; HLA-DRB5;
HFE; CYP21A1P; COX14; C4A; BAG6; ATP2B1; ATF1; ARHGAP42; ABHD16A), 7 genes
in coronary arteries (TMEM133; RP4-605O3.4; LY6G5B; HLA-DRB5; BAG6; ARHGAP42;
LY6G5C), 24 genes in other arteries (ZNF322; TMEM133; TBX2-AS1; TBX2; STK19; SLK;
RP4-605O3.4; RP11-981P6.1; POC1B; LY6G5C; LY6G5B; LIMA1; HLA-DRB5; HFE; CYP21A2;
C4A; BAG6; COX14; CYP21A1P; ATP2B1-AS1; ATP2B1; ATF1; ARHGAP42; ABHD16A)
(Table S10).

2.1.4. Splicing Quantitative Traits (sQTL) Associated with HTN-Significant SNPs

The presumable splicing regulation by investigated heritable DNA variations were
detected. The tissue-specific SNP-splicing associations were recognized for five HTN-
causal loci [CERS5 rs7302981 G > A, HFE rs1799945 C > G, OBFC1 rs4387287 C > A, BAG6
rs805303 G > A, TBX2 rs8068318 T > C] and 65 of 96 proxies SNPs (67.71%) in men and
six HTN-causal polymorphisms [CERS5 rs7302981 G > A, HFE rs1799945 C > G, OBFC1
rs4387287 C > A, BAG6 rs805303 G > A, TBX2 rs8068318 T > C, ATP2B1 rs2681472 A > G]
and 67 out 125 linked loci (53.60%) in women (Tables S11 and S12). The HTN-significant
sQTL-dependent gene list in men (78 genes) and women (79 genes) has an impressive
likeness due to the similarity of the sQTL-correlated polymorphism list (five of six loci were
the same). A list of the same sQTL-dependent genes for men and women such as (n = 78)
(VARS; TBX2-AS1; TBX2; STK19B; STK19; SMARCD1; SH3PXD2A-AS1; RP4-605O3.4;
RP11-332H18.9; RP11-332H18.8; RP11-332H18.7; RP11-332H18.6; RP11-332H18.5; RP11-
332H18.47; GPANK1; RP11-332H18.46; RP11-332H18.45; RP11-332H18.44; RP11-332H18.43;
RP11-332H18.42; RP11-332H18.41; RP11-332H18.40; RP11-332H18.39; RP11-332H18.38;
RP11-332H18.37; RP11-332H18.36; RP11-332H18.35; RP11-332H18.34; RP11-332H18.33;
RP11-332H18.32; RP11-332H18.31; RP11-332H18.30; RP11-332H18.29; RP11-332H18.28;
RP11-332H18.27; RP11-332H18.26; RP11-332H18.25; RP11-332H18.24; RP11-332H18.23;
RP11-332H18.22; RP11-332H18.21; RP11-332H18.20; RP11-332H18.19; RP11-332H18.18;
RP11-332H18.17; RP11-332H18.16; RP11-332H18.15; RP11-332H18.14; RP11-332H18.13;
RP11-332H18.12; RP11-332H18.11; RP11-332H18.10; PRRC2A; MICA; LY6G6C; LY6G5C;
LY6G5B; LST1; LSM2; HLA-DRB6; HLA-DRB5; HLA-DRB1; HLA-DQA1; HFE; FLOT1;
FAM186A; DDX39B; COX14; CYP21A2; CYP21A1P; CERS5; CCHCR1; C6orf48; BCAS3;
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BAG6; ATF6B; ATF1; AIF1) (Tables S11 and S12). In women, only one additional sQTL
dependent gene (POC1B-AS1) was added to this list.

Multiple SNP-sQTL connections, which are quite essential for HTN pathophysiology,
were identified by us as they manifest themselves in organs that are targeted for HTN,
such as the heart (rs805303 [GPANK1; HLA-DRB1; STK19B; HLA-DRB5; LY6G5C; HLA-
DRB6; LY6G5C], rs7302981 [CERS5], rs8068318 [RP11-332H18.13; RP11-332H18.14; RP11-
332H18.19; RP11-332H18.20; RP11-332H18.44]), aorta (rs805303 [LSM2; BAG6; HLA-DRB1;
STK19B; HLA-DRB5; HLA-DRB6], rs7302981 [CERS5; COX14; RP4-605O3.4], rs8068318
[RP11-332H18.5; RP11-332H18.6]), coronary artery (rs805303 [BAG6; HLA-DRB1; HLA-
DRB5; HLA-DRB6], rs7302981 [CERS5; COX14; RP4-605O3.4], rs8068318 [RP11-332H18.11;
RP11-332H18.12]), other arterial vessels (rs805303 [ATF6B; BAG6, GPANK1; HLA-DRB1;
HLA-DRB5; HLA-DRB6], rs7302981 [CERS5]), rs8068318 [RP11-332H18.5; TBX2-AS1]) (Table
S11). More than 60 linked loci also exhibit their sQTL effects in target organs: the heart (ten
genes such as TBX2-AS1; TBX2; STK19B; RP11-332H18.5; LY6G5C; HLA-DRB6; HLA-DRB5;
HLA-DRB1; GPANK1; CERS5), aorta (twelve genes such as TBX2-AS1; TBX2; STK19B;
RP4-605O3.4; RP11-332H18.5; LSM2; HLA-DRB6; HLA-DRB5; BAG6; HLA-DRB1; COX14;
CERS5;), coronary artery (nine genes such as TBX2-AS1; RP4-605O3.4; RP11-332H18.5; HLA-
DRB6; HLA-DRB5; HLA-DRB1; COX14; CERS5; BAG6), and other arterial vessels (thirteen
genes such as TBX2-AS1; TBX2; RP4-605O3.4; RP11-332H18.5; HLA-DRB6; HLA-DRB5;
HLA-DRB1; GPANK1; COX14; CERS5; CCHCR1; BAG6; ATF6B) (Table S12).

2.1.5. HTN-Associated Gene Pathways

As a result of the evaluation of the functionality at HTN-correlated loci (135 SNPs
in women [10 causal loci and 125 strongly linked SNPs] and 104 SNPs in men [8 causal
loci and 96 LD SNPs]), 159 genes were found to be involved in the HTN susceptibility
in women and 147 genes in men. The substantial similarity in the HTN-involved genes
list in men and women determines the almost identical biological pathways in them [in
total, using Gene Ontology enrichment analysis tools, more than 140 different pathways
were identified in both men (n = 145, Table S13) and women (n = 141, Table S14)] and
were largely represented by pathways associated with the involvement of many different
immune reactions/processes. Among both men and women, two biological pathways had
the highest rates of statistical significance: MHC (major histocompatibility complex) protein
(PANTHER Protein Class ID 00149) (p(fdr) equal 5.30 × 10−11 in men and 8.33 × 10−11 in
women) and antigen processing & presentation (PANTHER Slim Biological Process ID
0019882) (p(fdr) equal 6.00× 10−10 in men and 9.44× 10−10 in women) (Tables S13 and S14).

The estimates of the mechanisms of intergenic interactions of HTN-significant genes
in men and women, derived with help from the Genemania bioinformatic resource, also
turned out to be almost the same. In both men (Figure 3) and women (Figure 4), the
main biological mechanisms of the influence of HTN-significant genes on the disease
development were co-expression [49.29% (men); 48.28% (women)], physical interactions
[29.93% (men); 31.09% (women)], common protein domains [7.68% (men); 7.69% (women)],
co-localization [7.33% (men); 7.10% (women)], predicted interactions [5.77% (men); 5.84%
(women)]. Cooperation between genes such as HLA-DQB1—HLA-DQA1, CSNK2A1—
CSNK2B, LSM3—LSM2, demonstrated the very strong contribution (their weight coefficient
was maximum and equal to 1) to the HTN susceptibility in both men (Table S15) and
women (Table S16).
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3. Discussion

The present study identified the men–women differences in Europe in the HTN
involvement of the BP/HTN-associated GWAS SNPs. Among women, the HTN risk was
determined by HFE rs1799945 C > G and inter-locus interactions of all 10 examined SNPs as
part of 26 intergenic interactions models, whereas in men, the locus BAG6 rs805303 G > A
and inter-SNPs interactions of eight loci in only seven models were correlated with HTN.
The strongly pronounced functionality of HTN-correlated loci (135 SNPs in women [10
causal loci and 125 strongly related SNPs] and 104 SNPs in men [8 causal loci and 96 LD
SNPs]) determines the involvement of 159 genes in women and 147 genes in men in the
disease susceptibility architecture. A significant similarity in the list of genes involved in
HTN in men and women determines almost identical signaling pathways (mainly due to
immune mechanisms) in them.

The results of our study showed that the presence of the GG genotype (rs1799945
HFE) in a woman substantially increases the chance of HTN developing by more than
10 times (OR-11.15). The HTN-dangerous (high BP) effect of allele G and HTN-safe value
(low BP) of allele C polymorphism HFE rs1799945 C > G have been detected in earlier
studies (GWAS and etc.) [9,18,66–70], which is undividedly compatible with our data in
the women’s cohorts.

The polymorphism HFE rs1799945 C > G and the seven proxy loci exhibit pro-
nounced functionality in relation to fifteen genes (U91328.19; RP11-457M11.5; HIST1H4C;
ALAS2; SLC17A3; HIST1H1T; BTN2A3P; SLC17A1; HIST1H2AC; GUSBP2; ZNF322; HFE;
HIST1H3E; TRIM38; HIST1H2BC) (our in silico data) and are of paramount importance in
the regulation of iron metabolism (serum concentration of such iron status biomarkers as
iron/transferrin/ferritin/transferrin saturation, total iron binding capacity) (literary GWAS
data [71,72]) and related metabolic pathways which are HTN-important (hemoglobin
concentration, red cells parameters, glucose homeostasis, glycated hemoglobin levels,
etc.) [72–79]. SNP HFE rs1799945 C > G has been correlated with medication agents acting
on the renin–angiotensin system [80]. Importantly, Gill et al. used a Mendelian random-
ization analysis of GWAS (48, 972 European/Genetics of Iron Status Consortium) and
PheWAS (424, 439 European/UK Biobank) summary data and founded a causal link be-
tween genetically determined levels of serum iron and a hazard of hypercholesterolemia
and anemia [81]. The risk value of hypercholesterolemia for HTN (and in common for
cardiovascular diseases) is well-known [6,82] and it is also revealed in the sample stud-
ied in this work. So, data from the literature and this study material displayed visible
HTN-impact pleiotropic effects of HFE rs1799945 C > G.

In the studied men, the genotype AA of BAG6 rs805303 G > A dramatically reduced the
danger of HTN (OR = 0.30). In two early GWAS allele G rs805303 was HTN/high BP-risky
and allele A was linked with low BP [18,76]. The higher systolic/diastolic BP in Ugandan
adolescents having allele G rs805303 was detected by Lule et al. [83]. So, it can be noted that
the same orientation of allelic variants BAG6 rs805303 G > A is associated with HTN/BP in
our study and previously performed works. According to the in silico study results, the
locus (with ten proxy SNPs) is the major regulator (the so—called “master regulator”) of
epigenetic/expression/splicing traits at fifty-five genes, including immune system genes
(e.g., HLA, LY6, HSP gene clusters) which strongly correlated with HTN [84–88] (detailed
information about the connection of the immunity-importance above-mentioned genes
with HTN is given below).

Large-scale epidemiological studies indicate the presence of visible men–women differ-
ences in BP [2,6,8,82,89,90]. At that, these differences were more noticeable in high-income
countries and those in Central/Eastern Europe than in the countries of other regions [89]. It
is believed that the incidence of HTN in men is 1.2 times higher in comparison with women
and the DALYs linked with SBP ≥ 140 mmHg (1.38 times) and SBP ≥ 110–115 mmHg
(1.44 times) are greater by1.4 times [2,6]. One of the reasons determining the higher inci-
dence of HTN in men (in comparison with women) may be the prevalence of such risk
factors for cardiovascular diseases (including HTN) in them as a diet high in sodium and
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low in fruit, smoking, alcohol and drug use, and high fasting blood glucose levels [8]. Thus,
a more pronounced exposure of environmental risk factors in men than in women, on
the one hand, may have an independent HTN risk value, while on the other hand have a
significant modifying effect on the realization of hereditary predisposition to the disease.
The significant role of gene–environment interactions (SNPs with smoking, alcohol intake)
in the nature of candidate gene polymorphism associations with HTN, including those
considered in this work ARHGAP42 rs633185 C > G, HFE rs1799945 C > G, AC026703.1
rs1173771 G > A was shown in previously conducted GWAS [9,10,65]. It should be noted
that a number of the above-mentioned HTN risk factors involved in SNP-environment
interactions significant for the disease (in accordance with the GWAS data) were also reg-
istered in the studied sample of patients, both men and women (higher values of blood
glucose, smokers, hypercholesterolemia, etc.).

Together with this, an important value in the HTN susceptibility is played by sex
hormones, which, firstly, are directly involved in the process regulation of vasoconstric-
tion/vasodilation [90–93]; secondly, they have a pronounced influence on a number of
cardiovascular/HTN risk factors (distribution of adipose tissue in the body, the develop-
ment of obesity and metabolic syndrome, the formation of obesity-dependent/independent
insulin resistance, etc.) [7]; thirdly, they can be significant “modifiers” in the phenotypic
manifestation of potential genetic determinants of HTN by modulating various nuclear and
extra-nuclear pathways that control the expression of multiple genes, post-translational
modifications of protein molecules, various HTN-impact signaling pathways, etc. [94,95].
Obviously, estrogens cause a BP decrease in premenopausal women and, accordingly, have
a protective effect on HTN development [90–93]. Estrogens realize their HTN-protective
phenotypic effects through vasoconstriction/vasodilation mechanisms due to the regu-
lation of the renin–angiotensin–aldosterone system, the production of catecholamines,
endothelins and angiotensin II [91–93]. After the menopause, the HTN-protective effects
of estrogen in women decrease and the risk of raised BP increases [90]. It is assumed
that testosterone, by increasing the activity of the renin–angiotensin–aldosterone system,
promotes the development of oxidative stress, leading to the increased production of vaso-
constrictors and a decrease in the effects of vasodilators (nitric oxide), which predetermines
a higher blood pressure level and, accordingly, a higher HTN risk in men [92]. With age,
testosterone levels in men decrease; however, the HTN risk does not decrease as expected,
but rather increases due to a decrease in the regulatory effect of testosterone on adipose
tissue (such as the suppression of adipocyte proliferation, decreased stromal vascular
growth, androgen receptor deficiency, etc.) [7,96]), which, in turn, determines an increased
risk of abdominal (visceral) obesity in men [7,97,98]. Thus, an age-dependent decrease
in testosterone levels in men increases the risk of visceral obesity and thereby increases
the HTN risk [7]. The data on the effect of testosterone on the development of obesity in
women are ambiguous; there is evidence of a connection between high testosterone levels
and both low visceral fat [99] and high fat content [100].

There is convincing evidence of correlations of sex-specific differences in the function-
ing of the autonomic nervous system and related features of the immune status/reactions
of the body with the HTN risk [90,101]. It has been recorded that, in women compared
with men, with age and also with obesity, the activity of the sympathetic nervous sys-
tem is increased [90]. A change in the activity of the sympathetic nervous system has
a direct regulatory effect on T cells, which in turn activates various signaling pathways
of innate and adaptive immunity (production of various cytokines of pro-inflammatory
action, pro-/anti- inflammatory cytokines signaling, interferon-γ-mediated reactions, acti-
vation of natural killer cells and monocytes, vascular inflammation, etc.) [85,87,101,102].
Along with the sympathetic nervous system, sex hormones are also involved in the reg-
ulation of the innate/adaptive immune system molecular mechanisms (estrogens have
an immunostimulating effect while androgens have an immunosuppressive effect) [95].
Interestingly, the materials derived by us from data bioinformatic analysis indicate the
paramount importance of immune mechanisms/processes (such as MHC proteins, antigen
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processing and presentation, and more than 100 other different immune pathways) in the
HTN susceptibility in both men and women.

Our in silico data indicate a connection of HTN with a number of genes that control
the organism’s immune responses. These are genes such as HLA system (HLA-DRB6; HLA-
DRB5; HLA-DRB1; HLA-DQA1; HLA-S; HLA-B), HSP (heat shock protein:HSPA1A; HCP5;
HSPA1B), LY6 (lymphocyte antigen 6:LY6G5C; LY6G5B; LY6G6C; LY6G6E; LY6G6D; LY6G6F),
etc., the expression/splicing of which is regulated by HTN-associated polymorphisms
in various organs, including those that are targets for disease (heart/aorta/coronary and
other arteries). It is believed that the HLA background shapes the T cell receptor (TCR)
repertoire by neglecting/favoring specific T cell subgroups represented by T cell receptor
variable beta chain (TCRBV) usage [84]. Different HLAs present auto-/foreign antigens
to TCRBV-specific subpopulations of T cells in different ways (better/worse), which de-
termines the individual specific features of interactions in the HLA–TCR system and is
important in the formation of susceptibility to various immuno-significant diseases, includ-
ing hypertension [84,85]. It seems important to point out the presence of clearly expressed
differences between men and women regarding the effect of HLA genes on TCRBV tran-
scripts (CD8-T cells in men affected by autoimmune disorders had the ability to multiply
in the absence of TCR expression with similarities in key HLA-binding regions), which
are supposed to be based on hormone-mediated mechanisms [84]. HSPs act as regulators
of the organism’s immune responses, and they are produced when the body is exposed
to various damaging/stressful factors (mechanical/oxidative stress, cytokine influences,
etc.) and they are the “protective” response of the cells (including cells of the arterial wall)
to these effects [86,87]. T cells, interacting with HSPs (primarily HSP60, HSP70), form a
regulatory T-cell response of anti-inflammatory directivity [88]. So, momentary effects of
HSPs in HTN are protective due to suppression of the NF-κB pathway and improve the
BP reply to angiotensin II [88]. Nonetheless chronic hyperexpression of HSP70 probably
has prohypertensive value due to its capacity to evoke autoimmune processes [88]. Data
from the literature on the increased formation of some HSPs (HSP70, HSP72) in HTN
patients (including arteries (adventitial areas) and kidney) are presented [87]. In the work
by Li et al., the relationship of a number of polymorphisms of three HSP70 genes (HSPA1A;
HSPA1B; HSPA1L) both independently and as part of individual haplotypes with HTN,
was shown in Uygur [86]. Of importance, the involvement of two of these genes (such as
HSPA1A and HSPA1B) in the disease was also established by our in silico analysis. LY6
protein family members (including those considered in our work; gene products such as
LY6G5C; LY6G5B; LY6G6C; LY6G6E; LY6G6D; LY6G6F) interacting with various endogenic
regulatory factors (interferon-γ, type I and II interferons, retinoic acid,β2-integrins, matrix
metalloproteinases, lymphotoxin alpha, etc.) affect immunity-significant cellular functions
(T cell activation/proliferation, CD8+ T cell migration, cell adhesion, B cell specification,
neutrophil recruitment, etc.) which are essential for the wide range of HTN-involved
processes such as inflammation progression, activity of complement, neuronal activity,
angiogenesis, etc. [103]. Despite the presence of certain sex-specific features of the immune
pathways involved in HTN biology, as indicated in the literature (women, in comparison
with men, are more likely to have inflammatory/autoimmune disorders that increase the
HTN risk; have greater numbers of circulating IgM and more CD4 T cells; higher infiltration
of the kidneys by T cells with an increase in the number of Th17 cells; an increase in the
content of regulatory T cells in adipose with weight gain in women, and a pattern of reverse
orientation in men; differences in HLA-mediated T-cell selection/expansion, predestining
the beta chain of the determining the features of the beta chain of the T cell receptor, differ-
ences in the pro-/anti- inflammatory cytokines signaling, etc.) [84,85,102], according to our
bioinformatic data, almost all of the detected HTN-significant immune pathways were the
same in men and women (due to the almost identical HTN susceptibility gene list in men
[147 genes] and women [159 genes], determined by us on the basis of in silico data).

Importantly, all of the above-described HTN-important environmental risk factors,
biological processes/mechanisms (state of the autonomic nervous system, immune status,
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hormonal background, etc.) are closely correlated with each other and represent a sophis-
ticated multi-level, multi-stage and multi-directional sex-specific system of regulation of
BP-related traits (phenotypes) in HTN. There is no doubt that all these factors discussed
above can be powerful epigenetic modifiers of the phenotypic manifestation of HTN pre-
disposition genes and determine men–women differences in the involvement of genetic
determinants in susceptibility to the disease. This study shows differences in the nature of
the HTN genetic determination in men and women both within the framework of the main
effects of BP/HTN-associated GWAS SNPs and their intergenic interactions: in women,
susceptibility to the disease is determined by the polymorphism HFE rs1799945 C > G
and strongly pronounced inter-locus interactions of all 10 examined SNPs (26 intergenic
interactions were identified models), whereas in men, predisposition to the disease was
associated with BAG6 rs805303 G > A polymorphism and significantly less pronounced
interactions between only 8 considered loci (just 7 models were founded).

It is quite interesting that the data of this work are largely consistent with our pre-
viously published materials in which, during an associative study of a women sample
with pre-eclampsia/without pre-eclampsia from the identical population of Europeans in
Central Russia (the list of studied loci was analogous), it was found that the HFE rs1799945
C > G increased the pre-eclampsia risk (for allele G OR = 2.24) and BAG6 rs805303 G
> A decreased the pre-eclampsia risk (for allele A OR = 0.55–0.78) [104] including this
pregnancy complication risk in women with BMI ≥ 25 (for allele A OR = 0.36–0.66) [105].
So, the polymorphic variant G rs1799945 HFE increases both the HTN risk in women
(data from this work, OR = 11.15 for genotype GG) and the pre-eclampsia risk in women
(a specific symptom of this complication of pregnancy is increased BP (OR= 2.24 [104])),
which may indicate the “universality” of this genetic marker as a risk factor for the de-
velopment of hypertensive conditions in European women in Central Russia, and allows
us to recommend its use in practical medicine in order to distinguish women with a high
risk of developing elevated BP. Concurrently, there are some discrepancies in the results of
these studies: SNP BAG6 rs805303 G > A has a protective value for HTN in men (not in
women!) (OR = 0.30), but in parallel, this polymorphism marks a low risk of developing
pre-eclampsia in pregnant women as a whole (OR = 0.55–0.78) [104] and among women
with a BMI ≥ 25 (OR = 0.36–0.66) [105]. One of the possible reasons for these sex-specific
differences in the value of the BAG6 rs805303 G > A locus in the development of pathology
with elevated BP may be the modifying effect on the phenotypic manifestation of this
polymorphism of an unequal confounder factor list taken into account in these studies
(BMI, TC, TG, HDL-C, LDL-C, blood glucose, smokers—present study; age, family history
of PE, pre-pregnancy BMI, obesity, number of gravidities, spontaneous/induced abortions,
stillbirths, smokers—previous study [104]). At the same time, there is an obvious need to
continue studies on the association of SNP BAG6 rs805303 G > A with diseases associated
with elevated BP in the studied population, in order to finally establish its predictive
potential (including their sex-specific features).

This study has a number of limitations. Firstly, experimental confirmations of the
functional effects of HTN-significant GWAS loci identified in silico by us (influence on
expression, splicing, epigenetic modifications of genes) are needed. Secondly, it is necessary
to confirm (in silico and experimentally) men–women differences in the functional effects
of GWAS-significant loci. Thirdly, an increase in the number of samples of men and women
under consideration would allow the identification of phenotypic effects (association with
the disease) and others which were “weaker” for this population of GWAS loci. Fourthly,
the expansion of the panel of studied GWAS loci would allow to expand the data on men–
women features of the genetic determination of HTN. It should be noted that conducting
similar studies in other ethno-territorial groups of the population can apparently “show”
other patterns (different from our results) since these studies (as well as our work) will be
replicative and their results will be largely determined by various features (the structure
of the gene pool and the associated features of the “main” effects of genes and the nature
of intergenic interactions, the spectrum and severity of environmental risk factors and
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the associated features of gene–environmental interactions, etc.) of those ethno-territorial
groups of the population that will be studied.

4. Materials and Methods
4.1. Study Subjects

Two groups of European subjects of Russia (n = 1405 in total, all participants were born
in Central Russia and have Russian origin (self-reported) [106,107], such as men (n = 821
in total: n = 564 HTN, n = 257 control) and women (n = 584 in total: n = 375 HTN, n = 209
control) were included in this “case-control” association study. The clinical examination of
participants was performed during the 2013–2016 period in the “cardiology department”
at the “St. Joasaph Belgorod Regional Clinical Hospital”. Diagnosis of HTN (or absence
of HTN) was carried out by qualified cardiologists according to the standards set out
in the WHO methodological guidelines [1] (information about this has been presented
previously [42]). BP indicators were confirmed by Korotkov (auscultative method using
a sphygmomanometer) [108]. BP was measured at least twice within a few days. Thirty
minutes before the procedure, the subjects did not consume caffeine/smoke/exercise. The
measurement was carried out in the patient’s sitting position after a five-minute rest. BP
was measured on both hands; at least two measurements were taken with an interval of one
to two minutes between measurements. As an indicator of an individual’s BP, the average
value for two measurements taken at least twice was taken. The HTN group was formed
from the clinic’s (cardiology department) patients. All HTN patients had a clinical history
of disorder for one year or more and 81.79% (82.80% men and 80.27% women) received
antihypertensive drugs. The absence of HTN (parameters BP were lower than 140mmHg
for SBP and lower than 90mmHg for DBP), coronary artery disease and type 2 diabetes
mellitus were the basis for inclusion in the control group. Persons who do not suffer
from HTN (control group) were recruited during regular (annual) medical examinations
at the aforementioned clinical hospital (these examinations were carried out by doctors of
various specialties, including qualified cardiologists). All of the participants (HTN and
HTN-free) did not have severe chronic allergic/autoimmune/hematological/oncological
pathology [109]. Blood specimens of the subjects for defining TC, TG, LDL-C, HDL-C and
blood glucose were obtained in the morning (7–9 h) after an eight-hour fast. The imple-
mentation of this study was supervised by the Ethics Committee (Human Investigation
Committee) at “Belgorod State University” and was accompanied by the written consent of
all the subjects.

Information about lifestyle and diet was collected for each subject (patient/control).
The consumption of vegetables and fruits in an amount of less than 400 g daily (exclud-
ing salted/pickled vegetables, and starchy vegetables (potatoes)) was considered “low
fruit/vegetable consumption” [110]. The average weekly physical activity at work and
at home related to transport and recreation (including walking, running, fitness club
classes, etc.) less than 150 min of moderate-intensity physical activity (for example, brisk
walking) for 30 min or longer, at least five times a week) was considered “low physical ac-
tivity”. [111,112]. The average daily intake of fatty foods of more than 10% of the total food
consumed (daily energy consumption due to fatty foods in the total amount of daily energy)
was considered “high fatty food consumption” [110]. Daily salt intake (sodium chloride) of
5 g (teaspoon) or more per day was considered “high sodium consumption” [110].

4.2. Laboratory DNA Testing

We gathered peripheral blood (leukocytes) to extract genomic DNA [113] (the phe-
nol/chloroform DNA extraction methodology was presented earlier [114]). The ten
specially selected polymorphisms (confirmed associations of GWAS level with blood
pressure (BP) parameters and/or HTN in European (Table S17) and assumed functional
ability [104,105,115] (HaploReg information was regarded [116]) (Table S18)) were con-
sidered. The list of studied loci was as follows: (PLCE1) rs932764 A > G, (AC026703.1)
rs1173771 G > A, (CERS5) rs7302981 G > A, (HFE) rs1799945 C > G, (OBFC1) rs4387287
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C > A, (BAG6) rs805303 G > A, (RGL3) rs167479 T > G, (ARHGAP42) rs633185 C > G, (TBX2)
rs8068318 T > C and (ATP2B1) rs2681472 A > G. All ten loci were correlated with BP in
Europeans and all ten SNPs were associated with HTN: eight SNPs were HTN-linked in Eu-
ropeans and two loci (rs4387287 OBFC1 and rs2681472 ATP2B1) were disorder-associated
in the sample with a predominance (>85%) of Europeans (Table S17). Nine loci out of
ten (excluding rs4387287 OBFC1) were associated with HTN/BP in two or more GWAS
(Table S17). All selected ten SNPs have significant functionality (Table S18). One of the
generally accepted methods of genotyping (the allelic discrimination method) and the
CFX96 RT System device (Bio-Rad Laboratories, Hercules, CA, USA) were used for labora-
tory genetic studies [117]. The participants case/control status was masked throughout
the laboratory genetic analysis. Genotyping of a random duplicated sample (near 4–6%
from all sample) was utilized as an independent internal control to provide the individual
genotyping data quality assurance [118,119]. No genotyping errors were registered.

4.3. Association Statistical Analysis

The genotypes of the examined 10 loci were tested for H–W equilibrium [120,121].
The sex-specific disorder-impact genetic association of individual polymorphisms [ad-
ditive/recessive/dominant/allelic common model was calculated [122]] and interaction
between SNPs [123] and HTN was appreciated based on the results (OR with 95%CI was
evaluated [124,125]) obtained in the gPLINK [126], MDR [127,128], MB-MDR [129,130]
genetic programs. In the logistic regression calculations, we took into account covariates
(BMI, TC, TG, LDL-C, HDL-C, blood glucose, smokers (Model 1) and BMI, TC, TG, LDL-C,
HDL-C, blood glucose, smokers, low physical activity, high fatty food consumption (Model
2) in both men and women (Table 1)), performed permutation procedures (in order to
minimize the probability of false positive results [131,132]) and the results’ analysis was
carried out on the basis of a stronger level of statistical significance, pperm-Bonferroni ≤ 0.025
(Bonferroni’s correction related to the amount of comparison pairs studied was accounted,
n = 2 [men and women]). For individual SNPs statistical power was estimated by Quanto
(v.1.2.4) [133].

4.4. Definition of the Alleged Functional Ability of HTN-Related Polymorphisms and Genes

For the purpose of biological interpretation of the identified associations (establish-
ing the mechanisms underlying these associations), we used in silico information on the
assumed functional ability of HTN-related polymorphisms (taking into account strongly
coupled loci with a coupling strength of at least 0.80 [134,135]) and genes. We used such
seven bioinformatics databases as (1) HaploReg [116] (determination of the regulatory
potential of polymorphisms: location in putative promoters/enhancers, association with
transcription factors/regulatory proteins, localization in regions of open chromatin and evo-
lutionarily conservative DNA sites), (2) SIFT [136] and (3) PolyPhen-2 [137] (identification
and evaluation of predictive potential of non-synonymous SNPs), (4) GTEx [138] (correla-
tion of loci with gene expression and alternative splicing in 54 different organs/tissues), (5)
Blood eQTL browser [139] (the relationship of SNPs with gene expression in peripheral
blood), (6) Gene Ontology [140] (identification of HTN-associated genes pathways), (7) Gen-
eMANIA [141] (estimation and visualization of the mechanisms of intergenic interactions
of HTN-significant genes).

5. Conclusions

This study showed a more strongly pronounced contribution of BP/HTN-associated
GWAS SNPs to HTN susceptibility (due to weightier intergenic interactions) in European
women than in men.
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Abstract: The SERBP1 gene is a well-known regulator of SERPINE1 mRNA stability and progesterone
signaling. However, the chaperone-like properties of SERBP1 have recently been discovered. The
present pilot study investigated whether SERBP1 SNPs are associated with the risk and clinical
manifestations of ischemic stroke (IS). DNA samples from 2060 unrelated Russian subjects (869 IS
patients and 1191 healthy controls) were genotyped for 5 common SNPs—rs4655707, rs1058074,
rs12561767, rs12566098, and rs6702742 SERBP1—using probe-based PCR. The association of SNP
rs12566098 with an increased risk of IS (risk allele C; p = 0.001) was observed regardless of gender
or physical activity level and was modified by smoking, fruit and vegetable intake, and body mass
index. SNP rs1058074 (risk allele C) was associated with an increased risk of IS exclusively in women
(p = 0.02), non-smokers (p = 0.003), patients with low physical activity (p = 0.04), patients with low
fruit and vegetable consumption (p = 0.04), and BMI ≥25 (p = 0.007). SNPs rs1058074 (p = 0.04),
rs12561767 (p = 0.01), rs12566098 (p = 0.02), rs6702742 (p = 0.036), and rs4655707 (p = 0.04) were
associated with shortening of activated partial thromboplastin time. Thus, SERBP1 SNPs represent
novel genetic markers of IS. Further studies are required to confirm the relationship between SERBP1
polymorphism and IS risk.

Keywords: ischemic stroke; hero; heat-resistant obscure; chaperones; SERPINE1 mRNA binding pro-
tein 1; SERBP1; SNP; activated partial thromboplastin time; body mass index; gene-environmental in-
teraction

1. Introduction

Ischemic stroke (IS), which accounts for ~80% of the total cases of stroke [1], is the
second leading cause of death and the third leading cause of disability worldwide [2]. IS is
caused by an interruption in cerebral blood flow, induced by thrombosis or embolism [3].
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In this regard, the main factors contributing to IS are atherogenesis, instability of atheroscle-
rotic plaque, and increased platelet aggregation. Accordingly, genetic studies revealed
numerous IS-associated polymorphisms among the genes related to lipids turnover, in-
flammatory response, oxidative stress, and platelets activity [4–7]. Nevertheless, further
genetic studies may help to reveal other molecular contributors, shedding light on the
pathogenesis of IS.

Brain damage during acute ischemia is a very multifaceted and complex process.
However, among the major diversity of molecular events, the following scenario can be
distinguished as key: unbalanced functioning of the mitochondrion and reduced ATP
production cause the accumulation of H+ and Ca2+ ions as well as free radicals. These
toxic molecules directly damage cellular structure and provoke pathological responses
displayed as excessive glutamate release and a switch to an inflammatory phenotype [8,9].
Finally, reaching the point of no return, the cell launches the “suicide programme” or worse,
perishes via necrosis [10–12].

Under ischemia as well as under other pathological conditions, the cell utilizes all
accessible resources to resist before it dies. One of the most powerful tools to decrease
cellular damage is chaperone machinery. Chaperones refer to a functionally related group
of proteins that provide proper folding of newly synthesized and unfolded proteins. The
biological tasks of chaperones include providing correct protein folding, translocation
of proteins across the membranes, helping in the assembly and disassembly of protein
complexes, and participating in their degradation [13,14]. Obviously, the tremendously
important role of chaperones determines their crucial significance for the course of brain
ischemia. Moreover, being widely involved in the regulation of cellular proteostasis, the
chaperones are important players in the development of IS [15].

SERPINE1 mRNA binding protein 1 (SERBP1) has first been identified as a protein
bound to plasminogen activator inhibitor type 1 (PAI-1) mRNA [16] and which regulates
the stability of the transcript. A significant role of PAI-1 in the increased risk of thrombosis
and IS has been shown by a lot of studies [17–19]. Subsequent studies discovered that
SERBP1 is involved in progesterone signaling via interactions with progesterone receptor
membrane component 1 (PGRMC1) [20].

In 2020, Tsuboyama K et al. revealed SERBP1 among other small heat-resistant
proteins in drosophila cell culture lysate that display chaperone-like activity even after
being boiled [21]. As well as the other members, SERBP1 was named “heat-resistant
obscure”, or, acronymically, “Hero”. The authors have also found mammalian orthologs of
all the Hero-proteins and confirmed their chaperone-like properties. Our previous study
has already shown an association of one of the “Hero” genes with the risk of IS [22].

Summarizing the biological roles of SERBP1 may suggest its probable link with IS.
Indeed, the involvement of SERBP1 in the regulation of PAI-1, one of the main drivers of
atherothrombosis, as well as the recently discovered “chaperone” properties of SERBP1,
make this gene very attractive in determining the factors leading to the risk of IS. As far as
such studies have not been previously carried out, we aimed to analyze the associations of
functionally significant SERBP1 genetic variants with the risk and clinical manifestations of
IS.

2. Results
2.1. Associations of SERBP1 SNPs with the Risk of Ischemic Stroke

The genotype frequencies of rs4655707, rs1058074, rs12561767, rs12566098, and rs6702742
SERBP1 in study groups are presented in Table S1. The distribution of genotype frequencies
of all studied SNPs corresponded to the Hardy–Weinberg equilibrium in both the control
and case groups (p > 0.05).

The analysis of the total sample revealed a significant association between SNP
rs12566098 SERBP1 and IS risk (OR = 1.28, 95% CI 1.10–1.49, p = 0.001) (Table 1).
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Table 1. Results of the analysis of associations between SERBP1 gene SNPs and ischemic stroke risk.

Genetic
Variant Effect Allele Other Allele N OR (95% CI) 1 p 2

rs4655707 T C 1883 1.07 [0.93; 1.23] 0.35

rs1058074 C T 1915 1.15 [0.99; 1.35] 0.071

rs12561767 * G A 1857 1.11 [0.96; 1.27] 0.16

rs12566098 * C G 2060 1.28 [1.10; 1.49] 0.001

rs6702742 A G 1898 1.04 [0.91; 1.20] 0.54
All calculations were performed relative to the minor alleles (Effect allele) with adjustment for sex, age, smoking;
1—odds ratio and 95% confidence interval; 2—p-value; tag SNPs are marked with an asterisk; statistically
significant differences are marked in bold.

Owing to a potential sex difference in the associations of genetic variations with the
risk of IS, the relationship between SERBP1 polymorphisms and the emergence of IS was
examined separately in males and females. The genetic variant rs12566098 was found to
affect the risk of the disease in both males (OR = 1.25; 95% CI = 1.02–1.53; p = 0.03) and
females (OR = 1.39; 95% CI = 1.14–1.71; p = 0.002) (Table 2). Meanwhile, rs1058074 was
associated with the increased risk of IS exclusively in females (OR = 1.29, 95% CI 1.05–1.58,
p = 0.02) (Table 2).

The analysis of relationships between SERBP1 SNPs and the risk of IS depending on
the smoking status revealed that rs1058074 (OR = 1.32, 95%CI 1.10–1.59, p = 0.003) and
rs12566098 (OR = 1.43, 95%CI 1.20–1.72, p = 1 × 10−4) were associated with an increased
risk of IS only in non-smokers (Table 2). Since revealed association between the genetic
polymorphism and smoking-status may be biased by the disequilibrial proportion of
smokers between males and females, we further performed separated analysis accounting
both factors. The analysis has confirmed that smoking status has its own impact because
we found that the association of rs1058074 and rs12566098 with the higher risk of IS in
non-smokers still took place even after the exclusion of males (Table S2). Moreover, we
found that two other SERBP1 SNPs, rs12561767 and rs6702742, were associated with a
higher risk of IS in non-smoking men (OR = 1.36, 95% CI 1.05–1.77, p = 0.02, and OR = 1.33,
95% CI 1.03–1.73, p = 0.03, respectively) (Table S3).

The influence of other environmental factors that may have a substantial impact on
the development of IS, such as physical activity and dietary intake of fresh fruits and
vegetables, was also taken into account for evaluating associations. Yet, independent of the
effect of these factors, rs12566098 SERBP1 was found to be related with the development
of IS. (Table 2). Meanwhile, rs1058074 SERBP1 showed associations with an increased
risk of IS in patients who indicated a low level of physical activity before cerebrovascular
events (OR = 1.26, 95% CI 1.04–1.54, p = 0.02, Pbonf = 0.04) (Table 2) and in patients who
noted insufficient consumption of fresh vegetables and fruits (OR = 1.24, 95% CI 1.04–1.48,
p = 0.02, Pbonf = 0.04) (Table 2), suggesting that these environmental risk factors, along
with smoking, modify the association of rs1058074 with IS risk.

Moreover, we examined how the body mass index (BMI) of IS patients affected the link
between the researched SNPs and the emergence of the condition. It was found that the
carriage of the minor allele C rs1058074 was associated with a 1.5-fold increase in the risk
of IS in a patient with a BMI ≥ 25 (OR = 1.47, 95% CI 1.14–1.89, p = 0.0045, Pbonf = 0.007).
Similar data were obtained in the analysis of rs12566098: OR = 1.52, 95% CI 1.19–1.95,
p = 0.001, Pbonf = 0.002 (Table 2).
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Table 2. Subgroups analysis of associations between SERBP1 SNPs and IS risk depending on sex,
smoking status, body mass index, physical activity level, and fruit and vegetable intake.

Genetic
Variant

Effect
Allele

Other
Allele N OR (95% CI) 1 p 2 (Pbonf) N OR (95% CI) 1 p 2 (Pbonf)

Males Females

rs4655707 T C 929 1.08 [0.90; 1.31] 0.39 954 1.07 [0.88; 1.29] 0.51

rs1058074 C T 950 1.12 [0.91; 1.38] 0.29 965 1.29 [1.05; 1.58] 0.02

rs12561767 * G A 918 1.12 [0.93; 1.35] 0.23 939 1.09 [0.90; 1.32] 0.39

rs12566098 * C G 1026 1.25 [1.02; 1.53] 0.03 1124 1.39 [1.14; 1.71] 0.002

rs6702742 A G 939 1.10 [0.92; 1.32] 0.29 959 1.00 [0.82; 1.20] 0.97

Nonsmokers Smokers

rs4655707 T C 1281 1.11 [0.94; 1.31] 0.22 602 0.93 [0.73; 1.20] 0.59

rs1058074 C T 1317 1.32 [1.10; 1.59] 0.003 598 0.87 [0.67; 1.14] 0.32

rs12561767 * G A 1277 1.18 [1.00; 1.39] 0.054 580 0.94 [0.73; 1.21] 0.62

rs12566098 * C G 1400 1.43 [1.20; 1.72] 1 × 10−4 660 1.02 [0.79; 1.32] 0.89

rs6702742 A G 1305 1.09 [0.93; 1.29] 0.29 593 0.92 [0.72; 0.72] 0.49

Low physical activity (f+) Normal physical activity level (f-)

rs4655707 T C 1387 1.07 [0.89; 1.28] 0.46 (0.92) 1546 1.06 [0.90; 1.24] 0.48 (0.96)

rs1058074 C T 1400 1.26 [1.04; 1.54] 0.02 (0.04) 1567 1.14 [0.96; 1.36] 0.14 (0.28)

rs12561767 * G A 1364 1.17 [0.98; 1.40] 0.086 (0.172) 1526 1.05 [0.90; 1.23] 0.54 (1.0)

rs12566098 * C G 1525 1.39 [1.15; 1.68] 9 × 10−4 (0.002) 1692 1.26 [1.06; 1.49] 0.009 (0.02)

rs6702742 A G 1411 1.10 [0.93; 1.31] 0.3 (0.6) 1564 1.00 [0.85; 1.17] 0.99 (1.0)

Low fruit/vegetable intake (f+) Normal fruit/vegetable intake (f-)

rs4655707 T C 1492 1.08 [0.92; 1.28] 0.32 (0.64) 1441 1.04 [0.87; 1.23] 0.68 (1.0)

rs1058074 C T 1514 1.24 [1.04; 1.48] 0.02 (0.04) 1453 1.13 [0.93; 1.37] 0.21 (0.42)

rs12561767 * G A 1468 1.08 [0.92; 1.28] 0.33 (0.66) 1422 1.11 [0.94; 1.32] 0.22 (0.44)

rs12566098* C G 1638 1.37 [1.15; 1.63] 4 × 10−4

(8 × 10−4) 1579 1.24 [1.02; 1.49] 0.03 (0.06)

rs6702742 A G 1510 1.04 [0.89; 1.22] 0.62 (1.0) 1465 1.04 [0.87; 1.23] 0.67 (1.0)

BMI ≥ 25 BMI < 25

rs4655707 T C 1234 1.20 [0.95; 1.53] 0.13 (0.26) 1443 1.01 [0.85; 1.20] 0.91 (1.0)

rs1058074 C T 1252 1.47 [1.14; 1.89] 0.0045 (0.007) 1456 1.03 [0.85; 1.25] 0.74 (1.0)

rs12561767 * G A 1213 1.25 [0.98; 1.59] 0.071 (0.142) 1430 1.03 [0.87; 1.22] 0.71 (1.0)

rs12566098 * C G 1366 1.52 [1.19; 1.95] 0.001 (0.002) 1579 1.17 [0.97; 1.41] 0.096 (0.192)

rs6702742 A G 1272 1.22 [0.97; 1.54] 0.091 (0.182) 1478 1.00 [0.84; 1.18] 0.99 (1.0)

1—odds ratio and 95% confidence interval; 2—p-value (p-value with Bonferroni correction). All calculations were
performed relative to the minor allele (Effect allele). Statistically significant differences are marked in bold; tag
SNPs are marked with an asterisk.

2.2. Associations of SERBP1 with the Clinical Features of IS

All of the tested SNPs showed associations with the Activated Partial Thromboplastin
Time (APTT). Interestingly, homozygotes for major alleles (protective against IS) had
the highest APTT rates, while heterozygotes were characterized by intermediate APTT
indicators. Homozygotes for minor alleles (risk alleles) had the lowest APTT values,
suggesting that coagulation has been stimulated and that these patients had a tendency
towards thrombosis. It is significant that consumption of fresh vegetables and fruits affects
the relationship between rs1058074, rs12561767, rs12566098, and rs6702742 and the APTT
(Table S3, Figure 1).
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values for rs12561767 in the group of patients with BMI < 25 (p = 0.0023).

An analysis of the influence of the studied SERBP1 genotypes on body mass index
established a relationship between rs4655707, rs12561767, and rs6702742 with this indicator
only in patients with normal BMI, suggesting that SERBP1 genetic variants lose their
regulatory effects on BMI in patients with overweight. It is noteworthy that the association
of rs4655707 with BMI was also observed in the group of patients with normal fruit and
vegetable intake (Table S3, Figure 1).

2.3. Bioinformatics Analysis

GTEx Portal claims that the SERBP1 gene is expressed in brain tissues, blood vessels,
and whole blood. In brain tissues, SERBP1 expression levels measured as median TPM
(Transcripts Per Million) vary from 18.16 to 43.22; in blood vessels, from 70.52 to 246.5; and

199



Int. J. Mol. Sci. 2023, 24, 8716

in whole blood, MeTPM = 79.88 (https://gtexportal.org/home/gene/SERBP1 (accessed
on 21 January 2023)).

2.3.1. QTL-Effects

The results of the eQTL analysis for the studied SERBP1 SNPs are shown in Table 3.
According to the GTEx Portal browser, all studied SNPs are associated with expression
of the SERBP1 gene in the arteries (with cis-eQTL-mediated up-regulating effects of risk
alleles) (Table 3). In the meantime, SERBP1 SNPs exhibit bidirectional effects on the cis-
eQTL-mediated IL12RB2 level; they have a positive correlation with IL12RB2 expression in
the arteries and aorta and a negative correlation with IL12RB2 expression in whole blood
(Table 3).

Table 3. Relationship between SERBP1 SNPs and cis-eQTL-mediated expression levels of genes in
IS-related tissues (blood vessels, brain, whole blood) (according to browsers’ GTEx Portal, eQTLGene).

SNP
GTEx Portal Data

(https://gtexportal.org (Accessed on 21 January 2023))
eQTLGene Browser Data (https://www.eqtlgen.org/ (Accessed

on 21 January 2023))

Effect Allele Gene
Expressed p-Value Effect (NES) Tissue Effect Allele Gene

Expressed Z-Score p-Value

rs4655707
SERBP1

(T/C)
C

IL12RB2 6.2 × 10−10 ↑(0.28) Artery—
Tibial

T IL12RB2 ↑(25.93) 2.93 × 10−148
SERBP1 1.8 × 10−6 ↓(−0.091) Artery—

Tibial

IL12RB2 3.8 × 10−8 ↓(−0.13) Whole Blood

rs1058074
SERBP1

(C/T)
T

IL12RB2 1.5 × 10−11 ↑(0.30) Artery—
Tibial

C IL12RB2 ↑(16.31) 9.01 × 10−60SERBP1 8.7 × 10−10 ↓(−0.12) Artery—
Tibial

IL12RB2 5.6 × 10−7 ↓(−0.12) Whole Blood

IL12RB2 3.6 × 10−5 ↑(0.25) Artery—
Aorta

rs12561767 *
SERBP1

(G/A)
A

IL12RB2 2.8 × 10−10 ↑(0.28) Artery—
Tibial

G IL12RB2 ↑(26.20) 2.92 × 10−151IL12RB2 9.1 × 10−9 ↓(−0.14) Whole Blood

SERBP1 2.3 × 10−6 ↓(−0.09) Artery—
Tibial

rs12566098 *
SERBP1

(C/G)
G

SERBP1 1.3 × 10−9 ↓(−0.12) Artery—
Tibial

C IL12RB2 ↑(17.40) 8.60 × 10−68IL12RB2 3.7 × 10−7 ↓(−0.13) Whole Blood

IL12RB2 2.3 × 10−11 ↑(0.30) Artery—
Tibial

rs6702742
SERBP1

(A/G)
G

IL12RB2 3.9 × 10−10 ↑(0.27) Artery—
Tibial

A IL12RB2 ↑(26.29) 2.42 × 10−152IL12RB2 1.0 × 10−9 ↓(−0.14) Whole Blood

SERBP1 9.5 × 10−7 ↓(−0.092) Artery—
Tibial

tag SNPs are marked with an asterisk.

Similar data were obtained in the analysis of eQTL effects using the eQTLGene browser
data resource, which presents the results of the analysis of cis-eQTL effects in the blood:
risk alleles of SERBP1 SNPs are associated with a cis-eQTL-mediated increase in IL12RB2
expression in blood (Table 3). Thus, the minor alleles of the studied SERBP1 SNPs (risk
alleles) affect the increase in SERBP1 expression in the artery-tibial, the decrease in the
expression of IL12RB2 in the artery-tibial, and the increase in the expression of IL12RB2 in
the blood.

Analysis of cis-mQTL effects established a cis-mQTL-mediated effect of the risk alleles
C rs1058074 and C rs12566098 on the decrease in methylation of cg24364144 (chr1:68102479)
in the brain prefrontal cortex. At the same time, protective alleles C rs4655707 and G
rs6702742 influenced the increase in methylation of cg24364144 (chr1:68102479) in the brain
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prefrontal cortex (Table 4). Given the fact that a decrease in methylation leads to an increase
in gene expression, it can be concluded that the risk alleles of all IS-linked SERBP1 SNPs
are associated with a decrease in cg24364144 (chr1:68102479) methylation and, accordingly,
an increase in SERBP1 expression in the brain prefrontal cortex.

Table 4. Established associations of the studied SERBP1 SNPs with the cis-mQTL-mediated effect on
the level of methylation of CpG-sites.

Trait Effect Allele Tissue Effect Size
(Beta) FDR

rs4655707 SERBP1

cg24364144
(chr1:68102479) C Brain-Prefrontal

Cortex 0.02 9.5 × 10−14

rs1058074 SERBP1

cg24364144
(chr1:68102479) C Brain-Prefrontal

Cortex −0.01 1.6 × 10−10

rs12561767 SERBP1 *

cg24364144
(chr1:68102479) A Brain-Prefrontal

Cortex 0.02 9.5 × 10−14

rs12566098 SERBP1 *

cg24364144
(chr1:68102479) C Brain-Prefrontal

Cortex −0.01 5.1 × 10−11

rs6702742 SERBP1

cg24364144
(chr1:68102479) G Brain-Prefrontal

Cortex 0.01 6.5 × 10−13

Note: mQTL with an undetermined effect allele was excluded from the analysis. tag SNPs are marked with an
asterisk.

2.3.2. Analysis of Transcription Factors

The analysis of transcription factors revealed that the protective allele C rs4655707
SERBP1 creates DNA-binding sites for 60 TFs, co-controlling positive regulation of cysteine-
type endopeptidase activity involved in the apoptotic signaling pathway (GO:0006919), re-
sponse to hypoxia (GO:0001666), and cellular response to growth factor stimulus (GO:0071363)
(Table S4).

Protective allele T rs1058074 SERBP1 creates DNA-binding sites for 127 TFs that are
jointly involved in 24 overrepresented GO controlling neurogenesis, cardio- and vasculo-
genesis, apoptosis, and cell signaling: cerebral cortex GABAergic interneuron fate com-
mitment (GO:0021892); neurogenesis (GO:0022008); regulation of cell death (GO:0010941);
cardiac muscle tissue regeneration (GO:0061026); forebrain dorsal/ventral pattern forma-
tion (GO:0021798); BMP signaling pathway involved in heart development (GO:0061312);
cellular response to growth factor stimulus (GO:0071363); forebrain neuron fate commit-
ment (GO:0021877); hypothalamus development (GO:0021854); neuroblast differentiation
(GO:0014016); forebrain morphogenesis (GO:0048853); cardiac pacemaker cell develop-
ment (GO:0060926); negative regulation of oligodendrocyte differentiation (GO:0048715);
negative regulation of neurogenesis (GO:0050768); ventricular cardiac muscle cell develop-
ment (GO:0055015); cardiac atrium morphogenesis (GO:0003209); neuron fate specification
(GO:0048665); oligodendrocyte differentiation (GO:0048709); neural precursor cell prolifera-
tion (GO:0061351); heart valve development (GO:0003170); neuron migration (GO:0001764);
hippocampus development (GO:0021766); regulation of neural precursor cell proliferation
(GO:2000177); and blood vessel morphogenesis (GO:0048514) (Table S5). Meanwhile, the
risk allele C rs1058074 SERBP1 creates DNA-binding sites for 18 TFs jointly involved in the
regulation of protein stability (GO:0031647), neurogenesis processes such as forebrain neu-
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ron development (GO:0021884), neuron fate commitment (GO:0048663), neuron migration
(GO:0001764) (Table S5).

Protective allele A rs12561767 SERBP1 creates DNA-binding sites for 38 TFs charac-
terized by the following overrepresented GO involved in cell signaling, apoptosis, and
neurogenesis: steroid hormone mediated signaling pathway (GO:0043401); apoptotic pro-
cess (GO:0006915); programmed cell death (GO:0012501); cell death (GO:0008219); neuron
migration (GO:0001764); nervous system development (GO:0007399); and the generation of
neurons (GO:0048699) (Table S6). Risk allele G rs12561767 SERBP1 creates DNA-binding
sites for 15 TFs involved in the processes of programmed cell death: regulation of the
apoptotic process (GO:0042981); and regulation of programmed cell death (GO:0043067)
(Table S6).

Risk allele C rs12566098 SERBP1 creates DNA-binding sites for 62 TFs, co-controlling
cellular response to growth factor stimulus (GO:0071363) and positive regulation of cytokine
production (GO:0001819). At once, no IS-specific GO was found for nine TFs, binding to
the protective allele G rs12566098 SERBP1 (Table S7).

Risk allele A rs6702742 SERBP1 creates DNA-binding sites for 41 TFs that jointly
involved in the positive regulation of neuron apoptotic process (GO:0043525), positive
regulation of cytokine production (GO:0001819), and negative regulation of apoptotic
process (GO:0043066). Meanwhile, protective allele G rs6702742 SERBP1 creates DNA-
binding sites for 23 TFs characterized by the following overrepresented GO: positive
regulation of neuron death (GO:1901216); and regulation of neurogenesis (GO:0050767)
(Table S8).

2.3.3. Bioinformatic Analysis of the Associations of SERBP1 SNPs with Cerebral Stroke and
Intermediate Phenotypes

According to the bioinformatic resources, the Cerebrovascular Disease Knowledge
Portal (CDKP) and the Cardiovascular Disease Knowledge Portal (CVDKP), which combine
and analyze the results of genetic associations of the largest consortiums for the study
of cardio- and cerebrovascular diseases, the IS-related SERBP1 SNPs are associated with
stroke and a number of stroke-related intermediate phenotypes (Table 5).

Table 5. Results of aggregated bioinformatic analyses of associations between SNPs in SERBP1 gene
cerebrovascular diseases and their intermediate phenotypes.

№ SNPs Phenotype p-Value Beta (OR) Sample Size

1.

rs4655707 (T/C)

1 TOAST other undetermined 0.01 ORH 0.7757 9487

2.
1 TOAST cardio-aortic

embolism
0.02 ORH 0.7946 9470

3. 1 Lacunar stroke 0.043 ORH 0.9611 28,530

4. 2 LDL cholesterol 0.015 BetaH −0.0031 2,028,070

5. 2 Leptin 0.038 BetaN 0.0097 36,525

6.

rs1058074 (C/T)

1 Lacunar stroke 0.020 ORH 0.9546 28,530

7. 1 TOAST other undetermined 0.021 ORH 0.9546 9487

8. 2 Arm fat ratio 0.007 BetaH −0.0013 232,276

9. 2 Dyslipidemia 0.020 ORN 1.0322 56,375

10. 2 LDL cholesterol 0.020 BetaH −0.0029 2,010,200

11. 2 Leptin 0.037 BetaN 0.0108 32,169

12. 2 Non-HDL cholesterol 0.042 BetaH −0.0032 1,096,010

13. 2 Total cholesterol 0.049 BetaH −0.0026 1,921,240
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Table 5. Cont.

№ SNPs Phenotype p-Value Beta (OR) Sample Size

14.

rs12561767 * (G/A)

1 TOAST other undetermined 0.010 ORH 0.7775 9487

15. 2 LDL cholesterol 0.010 BetaH −0.0032 2,014,850

16. 2 Dyslipidemia 0.040 ORN 1.0264 56,375

17. 2 Leptin 0.036 BetaN 0.0098 36,521

18.

rs12566098 * (C/G)

1 TOAST small artery
occlusion

0.047 ORN 2.5943 254,558

19. 2 LDL cholesterol 0.010 BetaH −0.0032 2,021,740

20. 2 Arm fat ratio 0.010 BetaH −0.0112 232,276

21. 2 Dyslipidemia 0.020 ORN 1.0315 56,375

22. 2 Leptin 0.020 BetaN 0.0118 34,005

23. 2 Non-HDL cholesterol 0.030 BetaH −0.0035 1,108,320

24.

rs6702742 (A/G)

1 TOAST other undetermined 0.009 ORH 0.7726 9487

25.
1 TOAST cardio-aortic

embolism
0.025 ORH 0.7952 9470

26. 2 Leptin 0.002 BetaN 0.0188 29,651

27. 2 HDL3 cholesterol 0.021 BetaN 0.0336 10,984

28. 2 LDL cholesterol 0.024 BetaH −0.0027 2,144,190

29. 2 Leptin adj BMI 0.028 BetaN 0.0170 22,924

30. 2 Dyslipidemia 0.044 ORN 1.0264 56,375
1—data obtained using the bioinformatic resource Cerebrovascular Disease Knowledge Portal (https://cd.
hugeamp.org/ (accessed on 24 January 2023)); 2—data obtained using the bioinformatic resource Cardiovascular
Disease Knowledge Portal (https://cvd.hugeamp.org/ (accessed on 24 January 2023)). Effect alleles are marked
in bold; tag SNPs are marked with an asterisk.

2.3.4. Protein–Protein Interactions

Using the STRING database, we identified 10 proteins characterized by the most
pronounced interactions with SERBP1 (proteins of the first shell of interactors): PGRMC1,
RPL21, RPL23, RPL5, RPL8, RPS19, RPS24, RPS25, RPS29, and RPS6 (PPI enrichment
p-value = 1.54 × 10−10) (Figure 2). These proteins are characterized predominantly by co-
expression. Moreover, the interactions between these genes were established experimentally
and using the textmining approaches. It is noteworthy that most of the main interaction
partners of SERBP1 (RPS29, RPS24, RPL21, RPL5, RPS6, RPL23, RPS25, RPL8, RPS19) are
directly involved in protein synthesis since they are structural components of ribosomes
(Table S9). The role of the PGRMC1 protein in the most significant interactions with SERBP1
should also be noted, since it is involved in the metabolism of progesterone and may play
an essential role in the manifestation of the sex-specific effects of SERBP1 (Table S9).

Together, SERBP1 and its main interaction partners are involved in 14 biological
processes and 6 molecular functions, reflecting not only the regulation of protein synthesis
but also cotranslation, transport, ubiquitination, regulation of gene expression, the nitrogen
compound biosynthetic process, and organic cyclic compound metabolism (Table S10).
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3. Discussion

The present study shows for the first time that polymorphisms in the gene encoding
SERPINE1 mRNA-binding protein 1 (SERBP1) are associated with the risk and clinical
features of IS. In particular, tag SNP rs12566098 (risk allele C) was found to be associated
with an elevated risk of IS in the total study population, in the group of males and in the
group of females, regardless of the level of physical activity (both in patients with low
physical activity and in patients with a normal level of physical activity). Nonetheless,
we noticed that cigarette smoking and consumption of fresh vegetables and fruits act as
modifiers of the associations of rs12566098 with IS: this genetic variant is associated with
IS only in non-smokers and individuals with low fruit and vegetable consumption. In
addition, the analysis based on the BMI revealed that rs12566098 correlates with IS among
overweight individuals (BMI ≥ 25). Most likely, this genetic variant imparts more risk as
compared to other SNPs linked to it; their risk effects were modified by all the studied
environmental factors, sex and the BMI. In particular, rs1058074 (risk allele C) is associated
with an increased risk of IS exclusively in women, non-smokers, individuals with low
physical activity, individuals with low fruit and vegetable consumption, and individuals
with the BMI ≥ 25. SNPs rs12561767 (risk allele G) and rs6702742 (risk allele A) proved to
be associated with an elevated risk of IS only among non-smoking males.

3.1. SERBP1 SNPs and the IS Risk: Underlying Mechanisms

SERBP1 is expressed in vessels, brain tissues, and blood. SERBP1 regulates mRNA
degradation and formation of RNA–protein complexes, affects mRNA stability, and controls
the mRNA levels of target genes [16]. According to GTex Portal data, risk alleles of all IS-
associated SNPs (rs12561767, rs12566098, rs6702742, and rs1058074) are linked to cis-eQTL-
mediated up-regulation of SERBP1. Further evidence of associations between risk alleles
and SERBP1 overexpression comes from the finding that risk alleles of all IS-related SNPs
are associated with mQTLs, thus contributing to low methylation of CpG site cg24364144
(chr1:68102479) in the prefrontal cortex.

Because it binds to an AU-rich element in the 3′-untranslated region of PAI-1 mRNA
and controls its stability, SERBP1 causes PAI-1 protein levels to increase. Accordingly, it
has been previously known as PAI-1 mRNA-binding protein 1 [16]. Plasminogen activator
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inhibitor 1 (PAI-1), which is a SERPIN inhibitor, is well known as a regulator of fibrinolysis.
A high serum level of PAI-1 correlates with enhanced thrombosis by reducing fibrin degra-
dation [23] and is seen in stroke patients [24]. Moreover, PAI-1 is involved in mechanisms
of atherosclerotic plaque formation [25] and stabilization [26]. J.H. Heaton and co-authors
have proposed that nuclear SERBP1 stabilizes PAI-1 mRNA and that cytoplasmic SERBP1
destabilizes it [27]. Most likely, the carriage of risk alleles associated with higher SERBP1
expression contributes to the up-regulation of PAI-1. This notion is partially confirmed by
our finding of the lowest APTT values in homozygotes for risk alleles of all the studied
SNPs. It has been previously shown that hypofibrinolytic conditions are associated with
shorter APTT and greater PAI-1 expression [28,29] and that PAI-1 overexpression correlates
with a decrease in APTT [30]. Thus, our study indicates that risk alleles of SERBP1 SNPs
may be risk factors for excessive thrombosis. Nonetheless, their role in the PAI-1–mediated
mechanisms of thrombosis in IS remains incompletely understood, and to assess the influ-
ence of SERBP1 genotypes on the level of PAI-1 expression, functional studies are required:
an analysis of the magnitude of PAI-1 expression depending on SERBP1 genotypes.

Because, to date, there have been no studies evaluating an association of SERBP1
SNPs with the IS risk, a bioinformatic analysis was carried out here to interpret the
functional effects of genetic variants. First, it should be noted that protective alleles
of SNPs that correlated with IS in our study also showed an association with a reduced
risk of lacunar stroke (rs1058074), small artery occlusion (rs12566098), and cardio-aortic
embolism (rs6702742), according to the Cerebrovascular Disease Knowledge Portal, which
provides comprehensive genetic data on large numbers of patients with stroke from across
the world (https://cd.hugeamp.org/ (accessed on 24 January 2023)). Second, data ob-
tained using the bioinformatic resource, the Cardiovascular Disease Knowledge Portal
(https://cvd.hugeamp.org/ (accessed on 24 January 2023)), showed that protective alleles
of IS-associated SNPs reduce LDL cholesterol (rs1058074, rs12561767, rs12566098, and
rs6702742), non-HDL cholesterol (rs12566098), and total cholesterol (rs1058074) levels and
increase HDL3 cholesterol levels, thus pointing to the potentially significant participation of
SERBP1 polymorphic variants in the development of atherosclerosis and thrombosis. Third,
all IS-associated SNPs seem to contribute to the expression of IL12RB2 in the blood and
arteries through cis-eQTL effects. IL12RB2 is involved in IL-35 control, which is important
for atherosclerosis and inflammation [31] and has been shown to inhibit ischemia/hypoxia-
induced angiogenesis, suggesting that this anti-inflammatory cytokine plays new roles at
the recovery stage of angiogenesis [32].

Fourth, IS-associated SNPs affect transcriptional modulation by TFs and exert pro-
nounced actions such as a loss or gain of function. For instance, carriage of the risk allele
C rs1058074 leads to loss of DNA binding to the TFs that are predominantly involved
in neurogenesis, cardio- and vasculogenesis, apoptosis, and cell signaling and creates
binding sites for the TFs that jointly regulate “neuron migration”, “neuron fate commit-
ment” and “regulation of protein stability”. The risk allele G rs12561767 causes a loss of
binding to the TFs involved in the steroid hormone signaling pathway and neurogenesis
(such as “neuron migration” and “formation of neurons”) and creates binding sites for
the TFs driving processes of programmed cell death. Risk allele C rs12566098 SERBP1
creates binding sites for the TFs, which co-control the “cellular response to a growth factor
stimulus” and “positive regulation of cytokine production”. The rs6702742 SERBP1 risk
allele A generates binding sites for TFs that promote neuronal apoptosis and cytokine
production. Allele C of SNP rs4655707 provides binding sites for TFs taking part in posi-
tive regulation of “cysteine-type endopeptidase activity involved in apoptotic signaling
pathways”, “response to hypoxia”, and “cellular response to growth factor stimulus”. The
above-mentioned biological processes may be implicated both in the risk of IS and in
processes of ischemia-reperfusion.
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3.2. Sex-Specific Correlates of SERBP1

Our study revealed that rs1058074 is associated with IS only in females. Other research
has already shown that genetic markers have well-pronounced sexual dimorphism in their
correlations with stroke [33–36]. First, sex hormones progesterone and 17β-estradiol both
regulate SERBP1 mRNA levels [37]. On the other hand, according to the STRING database,
one of the most important interaction partners of SERBP1 is PGRMC1 (progesterone
receptor membrane component 1), which mediates the anti-apoptotic action of progesterone
and whose mRNA is a target of SERBP1 [38]. Thus, SERBP1 is both involved in the
metabolism of female sex hormones and subject to regulation by these hormones, which
may mediate sex-specific effects in the association of rs1058074 (in SERBP1) with the IS risk.

3.3. Smoking-Associated Correlates of SERBP1

Our study indicates that rs1058074 and rs12566098 (in SERBP1) are associated with an
increased risk of IS only among non-smokers. On the one hand, smoking is a substantial
environmental risk factor for the IS, and may contribute more significantly to the disease’s
onset than SERBP1 genetic variants. As a result, the link between SNPs and the IS risk
is clearly shown in non-smokers. On the other hand, smoking can have a major impact
on SERBP1 expression. By means of the bioinformatics resource, the Comparative Tox-
igenomic Database, it has been found that tobacco smoke pollution affects the expression
of the SERBP1 protein in humans [39]. Nevertheless, the direction of this influence re-
mains unclear. To further understand how SERBP1 interacts with various components of
cigarette smoke, more research on SERBP1 expression levels in response to smoking status
is required.

3.4. Low-Physical-Activity–Associated Correlates of SERBP1

We observed that rs1058074 is associated with an increased risk of IS only among
individuals with low physical activity. The latter is a known risk factor for IS and may
affect inflammatory, thrombotic, and oxidative markers [40], whose levels are modulated by
chaperones [41]. Evidence for this is an observation that aerobic exercise training decreases
plasma SERPINE1 levels in humans [42]. This lifestyle intervention may help to reduce the
pathological effects of SERBP1 risk alleles potentially associated with elevated SERPINE1
(PAI-1) levels. Moreover, the level of SERPINE1, which is regulated by SERBP1, can be
modulated by the magnitude of physical activity [43].

3.5. Low Fruit/Vegetable Intake–Related Correlates of SERBP1

The association of SNP rs1058074 with IS was found to be modified by a low intake
of fresh vegetables and fruits. Nonetheless, the most important finding is that four SNPs
showed an association with APTT in the presence of a risk factor such as low consumption
of fresh vegetables and fruits, suggesting that the prothrombotic effects of SERBP1 risk
alleles are significantly modified by this risk factor. Low consumption of fresh vegeta-
bles and fruits primarily correlates with oxidative stress [44,45], the role of which in the
risk of IS and IS-related phenotypes has been demonstrated in a substantial number of
studies [6,46–50]. Plant-based diets usually contain phenolic acids, flavonoids, and
carotenoids, which have strong antioxidant properties and therefore eliminate an excess of
active oxygen from the body and protect cells from damage, thereby reducing the risk of
cardiovascular diseases [51]. It should be pointed out that the vasculo-protective influence
of polyphenols (the main contributors to the antioxidant capacity of fruits and vegetables)
may be linked to their antithrombotic action [52]. Antithrombotic mechanisms may be
related to inhibition of platelet aggregation [53] and lower plasma homocysteine levels [54].
We believe that the manifestation of the risk effects of SERBP1 during low consumption
of vegetables and fruits is primarily due to oxidative-stress–induced thrombosis, which is
enhanced by the pro-thrombotic effects of risk alleles of SERBP1.
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3.6. SERBP1 SNPs and the BMI

We noticed that rs1058074 and rs12566098 SERBP1 were associated with higher IS risk
exclusively in individuals with a BMI of 25 or more. By contrast, no such correlations were
found among individuals with a normal BMI. Moreover, SERBP1 SNPs were associated
with a higher BMI among patients with a BMI < 25. This relation can be explained in terms
of connections between obesity, leptin and the level of SERBP1 expression.

Leptin is a relevant adipokine that is involved in the regulation of food intake [55] and
manifests its physiological actions by inhibiting food intake via actions on certain receptors
in the brain [56]. In particular, considerable evidence implicates leptin in the conveying of
satiety signals to the feeding center [57,58]. A bioinformatic analysis showed that the risk
alleles of all the IS-linked SNPs contribute to lower leptin levels and hence weaker inhibitory
effects of leptin on appetite, thereby increasing body weight. Nonetheless, these regulatory
effects may only be seen in patients of normal body weight. In overweight individuals,
leptin resistance (due to mutations in the genes encoding leptin or its receptors [59])
represents an inability of leptin to exert its anorexigenic actions [60]. Naturally, SERBP1-
mediated regulation of the BMI was observed in a patient with a normal BMI who does not
have leptin resistance.

In addition, obesity promotes this propensity for thrombosis. PAI-1 levels, regulated
by SERBP1, positively correlate with obesity [61] and are significantly reduced by weight
loss in obese individuals [62].

4. Materials and Methods

The outline of the study design is shown in Figure 3.
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The study was carried out on an ethnically homogeneous sample of unrelated residents
of Central Russia (mainly natives of the Kursk region) of Russian nationality, with a
total number of 2060 (869 patients with IS and 1191 healthy individuals). The Ethical
Review Committee of Kursk State Medical University approved the study protocol. All the
participants gave written informed consent before their enrollment in this study, subject to
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the following inclusion criteria: self-declared Russian descent, with a birthplace inside of
Central Russia [63].

Baseline and clinical characteristics of the study population are listed in Table 6.

Table 6. Baseline and clinical characteristics of the studied groups.

Baseline and Clinical Characteristics IS Patients (n = 869) Controls (n = 1191) p-Value

Age, Me [Q1; Q3] 62 [55; 70] 59 [53; 66] <0.001

Gender
Males, N (%) 482 (55.5%) 544 (45.7%)

<0.001
Females, N (%) 387 (44.5%) 647 (54.3%)

Smoking
Yes, N (%) 419 (48.2%) 241 (20.2%)

<0.001
No, N (%) 450 (51.8%) 950 (79.8%)

Low physical activity
Yes, N (%) 334 (40.0%)

ND
No, N (%) 501 (60.0%)

Low fruit/vegetable
consumption

Yes, N (%) 447 (53.53%)
ND

No, N (%) 388 (46.47%)

Coronary artery disease
Yes, N (%) 264 (26.72%) -

No, N (%) 724 (73.28%) -

Type 2 diabetes mellitus
Yes, N (%) 101 (12.11%) -

No, N (%) 733 (87.89%) -

Body mass index, Me [Q1; Q3] 23 [22; 26] (n = 563) -

Overweight

Normal weight
(BMI = 18.5–24.9), N (%) 388 (68.92%)

NDOverweight (BMI of 25–29.9),
N (%) 118 (20.96%)

Obesity (BMI of 30 or greater),
N (%) 57 (10.12%)

Family history of
cerebrovascular diseases

Yes, N (%) 311 (34.44%) ND

No, N (%) 592 (65.56%) ND

Age at onset of stroke, Me [Q1; Q3] 61 [53; 69] (n = 851) -

Number of strokes including
event in question

1, N (%) 751 (88.35%) -

2, N (%) 86 (10.12%) -

3, N (%) 13 (1.53%) -

Type of stroke

Atherothrombotic, N (%) 616 (70.89%) -

Cardioembolic, N (%) 160 (18.41%) -

Unspecified, N (%) 93 (10.70%) -

Stroke localization
Right/left middle cerebral

artery basin, N (%) 705 (83.04%) -

Vertebrobasilar basin, N (%) 144 (16.96%) -

Area of lesion in stroke, mm2, Me [Q1; Q3] 99.50 [30; 461] (n = 776) -

Total cholesterol, mmol/L, Me [Q1; Q3] 5.2 [4.4; 5.8] (n = 577) ND

Triglycerides, mmol/L, Me [Q1; Q3] 1.3 [1.09; 1.80] (n = 571) ND

Glucose level, mmol/L, Me [Q1; Q3] 4.8 [4.3; 5.5] (n = 840) ND

Prothrombin time, seconds, Me [Q1; Q3] 10.79 [10.14; 11.70]
(n = 827) ND

International normalized ratio, Me [Q1; Q3] 1 [0.93; 1.09] (n = 566) ND

Activated partial thromboplastin time, seconds, Me [Q1; Q3] 32.6 [29; 37] (n = 569) ND

Alanin aminotransferase, IU/L 21.9 [18; 31.2] (n = 646) ND

Aspartate aminotransferase, IU/L 28.2 [20.5; 37.4] (n = 646) ND

Statistically significant differences between groups are indicated in bold; ND—no data.
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The patients were enrolled in the study in two periods: at the Regional Vascular
Center of Kursk Regional Clinical Hospital between 2015 and 2017 and at the Neurology
Clinics of Kursk Emergency Medicine Hospital between 2010 and 2012 [64]. All the patients
were examined by qualified neurologists. The results of the brain computed tomography
and/or magnetic resonance imaging were used to make the diagnosis of IS during the acute
phase of stroke. The patients were recruited consecutively. The IS patients were enrolled
under the following exclusion criteria: hepatic or renal failure; endocrine, autoimmune,
oncological, or other diseases that can cause an acute cerebrovascular event; intracerebral
hemorrhage; hemodynamic or dissection-related stroke; and traumatic brain injury. All the
patients with IS had a history of hypertension and received antihypertensive therapy.

According to the WHO recommendations, low fruit and vegetable consumption was
defined as an intake of less than 400 g per day (excluding potatoes and other starchy
tubers) [65]. Insufficient physical activity was defined as less than 180 min per week of
physical activities of moderate to vigorous intensity. We included both physical activities
performed in leisure time (for example, walking and running) and fitness club activities
(for example, running on a treadmill, aerobics, or resistance training). It is this level of
physical activity that is considered protective against the development of cardiovascular
diseases by most authors [66–68]. According to the WHO criteria, overweight is defined as
patients with a body mass index of 25 or over [69].

Healthy volunteers who had normal blood pressure without receiving antihyperten-
sive treatment and no clinical signs of cardiovascular, cerebrovascular, or other serious
illnesses comprised the control group. A healthy person met the criteria for inclusion
in the control group if their systolic blood pressure was less than 130 mm Hg and their
diastolic blood pressure was less than 85 mm Hg on at least three separate measurements.
Control subjects were enrolled from Kursk hospitals during periodic medical examinations
at public institutions and industrial enterprises of Kursk region [70,71]. This group was
recruited from the same population and during the same period.

The selection of SNPs was based on the following criteria: the SNP must have a
minor allele frequency of at least 0.05 in the European population and be characterized
by a high regulatory potential. According to the bioinformatic tools SNPinfo Web Server
(https://snpinfo.niehs.nih.gov/ (accessed on 19 March 2022)) and LD TAG SNP Selection
(TagSNP), which were used to select SNPs based on the reference haplotypic structure of
the Caucasian population (CEU) of the project HapMap, the SERBP1 (SERPINE1 MRNA
Binding Protein 1, ID:26135) gene contains five SNPs (rs4655707, rs1058074, rs12561767,
rs12566098, rs6702742). SNPs rs4655707 and rs1058074 are located in three prime UTR;
rs12561767, rs12566098, and rs6702742 are located in introns.

The regulatory potential of these SNPs was evaluated using a variety of bioinformatic
tools. RegulomeDB tool showed that rs4655707, rs1058074, and rs6702742 SERBP1 are
characterized by a regulatory coefficient of 5 (TF binding or DNase peak); rs12566098, by a
regulatory coefficient of 4 (TF binding + DNase peak); rs12561767, by a regulatory coefficient
of 1f (eQTL + TF binding / DNase peak) (http://regulome.stanford.edu/ (accessed on 20
March 2022)) [72]. HaploReg (v4.1) database showed that this SNPs are characterized by
enhancer histone marks in different tissues (rs4655707, rs12561767, rs12566098, rs6702742),
regions of hypersensitivity for DNAse 1 (rs12561767, rs12566098, rs6702742), binding site
for regulatory proteins (rs4655707, rs12561767), and DNA regulatory motifs (rs1058074,
rs12561767, rs6702742) (http://archive.broadinstitute.org/mammals/haploreg/haploreg.
php (accessed on March 20, 2022)) [73].

According to the data presented by the NCBI source (https://www.ncbi.nlm.nih.
gov/snp/ (accessed on 20 January 2023)), these genetic variants are characterized by an
average frequency of the minor alleles in European populations of 0.30 (rs12566098) to 0.46
(rs4655707) (https://www.ensembl.org/ (on 20 March 2022)). Thus, all five SNPs were
selected for our research, which meets the necessary criteria for inclusion in the study.
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4.1. Genetic Analysis

DNA analysis was carried out at the Laboratory of Genomic Research of Research
Institute for Genetic and Molecular Epidemiology of Kursk State Medical University (Kursk,
Russia). Approximately 5 mL of venous blood from the cubital vein of each participant was
collected into EDTA-coated tubes and maintained at−20 ◦C until processed. Genomic DNA
was extracted from thawed blood samples by the standard procedure of phenol/chloroform
extraction and ethanol precipitation. A NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to evaluate the extracted DNA solution’s purity,
quality, and concentration.

Genotyping of the SNPs was conducted using allele-specific probe-based real-time
polymerase chain reaction assays according to the protocols designed in the Laboratory of
Genomic Research, Research Institute for Genetic and Molecular Epidemiology. Primers
and probes were designed using the Primer3 program online (http://primer3.ut.ee/ (ac-
cessed on 30 March 2022)) [74], selected, and then synthesized by the Syntol company
(Moscow, Russia).

The primers and probes used for genotyping the polymorphisms are presented in
Table S. 11. A real-time PCR was conducted in a 25-mL reaction mixture containing 1.5 U
of Hot Start Taq DNA polymerase (Biolabmix, Novosibirsk, Russia), about 1 µg of DNA,
0.25 µM each primer, 250 µM dNTPs, 3.0 mM MgCl2 (for rs4655707), 2.5 mM MgCl2 (for
rs1058074, rs12566098, rs6702742), 1.5 mM MgCl2 (for rs12561767), and 1xPCR buffer
(67 mM Tris-HCl, pH 8.8, 16.6 mM (NH4)2SO4, 0.01% Tween-20). The amplification reaction
consisted of an initial denaturation for 10 min at 95 ◦C, followed by 39 cycles of 92 ◦C for
30 s and 64 ◦C, 49 ◦C, 64 ◦C, 56 ◦C, 53 ◦C for 1 min (for rs4655707, rs1058074, rs12561767,
rs12566098, and rs6702742, respectively). To ensure quality control, 10% of DNA samples
were genotyped in duplicates, blinded to the case-control status. The concordance rate was
>99%.

4.2. Statistical and Bioinformatics Analysis

The genetic association study power calculator, accessible online at http://csg.sph.
umich.edu/abecasis/gas_power_calculator/ (accessed on 15 January 2023), was used to
calculate the statistical power for the study. Association analysis between the SERBP1 gene
polymorphisms and IS risk could detect the genotype relative risk of 1.19–1.45 assuming
0.80 power and a 5% type-I error (α = 0.05) on the sample size of 869 cases and 1191 controls.

All statistical analyses were performed using the STATISTICA software (v13.3, USA).
The distribution of quantitative data was tested for normality using Shapiro–Wilk’s test.
Since the biochemical parameters and BMI showed a deviation from normal distribution,
they were expressed as the median (Me) and first and third quartiles (Q1 and Q3). The
Kruskal–Wallis test was used to compare quantitative variables among three independent
groups. Following that, groups were contrasted pairwise using the Mann–Whitney test
with FDR adjustment [75]. For categorical variables, the statistical significance of differences
was evaluated by Pearson’s chi-squared test with Yates’s correction for continuity.

Compliance of the genotypes’ distributions with Hardy–Weinberg equilibrium was
assessed using Fisher’s exact test. Genotype frequencies in the study groups and their
associations with the disease risk were analyzed using SNPStats software (https://www.
snpstats.net/start.htm (accessed on 15 January 2023)) [76]. For the analysis of associations
among genotypes, additive models were considered. Associations in the entire group of IS
patients/controls were adjusted for age, gender, and smoking status. In cases where there
was no information about the environmental risk factor in the control group, associations
were analyzed depending on the presence or absence of the risk factor in the group of
patients, compared with the total control group. In this case, the Bonferroni correction was
additionally introduced [77].

The following bioinformatics resources were used to analyze the functional effects of
SERBP1 SNPs:
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• The bioinformatic tool GTExportal (http://www.gtexportal.org/ (accessed on 21
January 2023)) was used to analyze the expression levels of the studied genes in the
brain, whole blood, and blood vessels, as well as to analyze expression quantitative
trait loci (eQTLs) (The GTEx Consortium, 2020). Additionally, the eQTLGene browser
(https://www.eqtlgen.org/ (accessed on 21 January 2023)) was used to analyze the
cis-eQTL-mediated effects of SERBP1 SNPs in blood [78];

• The methylation quantitative trait loci (mQTLs) in the brain, whole blood, and blood
vessels were examined using QTLbase (http://www.mulinlab.org/qtlbase/index.
html (accessed on 21 January 2023)) [79];

• Bioinformatic tools of the STRING database (https://string-db.org/ (accessed on
22 January 2023)) were used for the analysis of the main interaction partners of
SERBP1 [80]. Analysis of biological processes and molecular functions reflecting
interactions with main functionally related proteins also was carried out in STRING
database;

• The atSNP Function Prediction online tool (http://atsnp.biostat.wisc.edu/search
(accessed on 22 January 2023)) was used to evaluate the impact of SERBP1 SNPs on
the binding of transcription factors (TFs) to DNA depending on the carriage of the
reference/alternative alleles [81]. TFs were included based on the degree of influence
of SNPs on the interaction of TFs with DNA, calculated on the basis of a positional
weight matrix;

• Using the Gene Ontology online tool (http://geneontology.org/ (accessed on 23
January 2023)), it was feasible to analyze the joint involvement of TFs linked to
the reference/SNP alleles in overrepresented biological processes directly related to
the pathogenesis of IS [82]. Biological functions controlled by transcription factors
associated with SERBP1 SNPs were used as functional groups;

• The Comparative Toxicogenomics Database (CTD) resource (http://ctdbase.org (ac-
cessed on 24 January 2023)) was used for the interpretation of environment-associated
correlates of SERBP1. CTD provides the ability to analyze specific interactions between
genes and chemicals in vertebrates and invertebrates based on data obtained from
published scientific studies worldwide [83]. This tool was used to analyze binary
interactions involving one chemical and one gene or protein;

• The Cerebrovascular Disease Knowledge Portal (CDKP) (https://cd.hugeamp.org/
(accessed on 24 January 2023)) and Cardiovascular Disease Knowledge Portal (https:
//cvd.hugeamp.org/ (accessed on 24 January 2023)) online tools were used for bioin-
formatic analyses of the associations of SERBP1 SNPs with atherosclerosis-associated
diseases, intermediate phenotypes, and risk factors for IS (such as total cholesterol,
LDL, BMI, etc.).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24108716/s1, Table S1: Distribution of SERBP1 genotypes
in ischemic stroke patients/healthy controls and their correspondence to the Hardy—Weinberg
equilibrium; Table S2: Results of the analysis of associations between SERBP1 gene SNPs and ischemic
stroke risk depending on sex and smoking status; Table S3: Established statistically significant
associations of SERBP1 genotypes with clinical and biological characteristics of IS patients; Table S4:
Analysis of the effect of rs4655707 SERBP1 on the binding of DNA to transcription factors; Table S5:
Analysis of the effect of rs1058074 SERBP1 on the binding of DNA to transcription factors; Table S6:
Analysis of the effect of rs12561767 SERBP1 on the binding of DNA to transcription factors; Table S7:
Analysis of the effect of rs12566098 SERBP1 on the binding of DNA to transcription factors. Table S8:
Analysis of the effect of rs6702742 SERBP1 on the binding of DNA to transcription factors; Table S9:
Main functional characteristics of predicted functional partners of SERBP1 (STRING database); Table
S10: Functional enrichments of SERBP1 network; Table S11: Primers and probes were designed for
this study.
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Study Limitations: Our study has several limitations. First, we did not study the level of SERBP1
expression, which does not allow us to establish the effect of the studied SNPs on the level of
SERBP1 mRNA. Secondly, no analysis of PAI-1 expression was performed; therefore, it is impossible
to establish the influence of SERBP1 SNPs on PAI-1 expression. Thirdly, we did not conduct a
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Abstract: Night shift work has been found to be associated with a higher risk of cardiovascular and
cerebrovascular disease. One of the underlying mechanisms seems to be that shift work promotes
hypertension, but results have been variable. This cross-sectional study was carried out in a group of
internists with the aim of performing a paired analysis of 24 h blood pressure in the same physicians
working a day shift and then a night shift, and a paired analysis of clock gene expression after a night
of rest and a night of work. Each participant wore an ambulatory blood pressure monitor (ABPM)
twice. The first time was for a 24 h period that included a 12 h day shift (08.00–20.00) and a night of
rest. The second time was for a 30 h period that included a day of rest, a night shift (20.00–08.00),
and a subsequent period of rest (08.00–14.00). Subjects underwent fasting blood sampling twice:
after the night of rest and after the night shift. Night shift work significantly increased night systolic
blood pressure (SBP), night diastolic blood pressure (DBP), and heart rate (HR) and decreased their
respective nocturnal decline. Clock gene expression increased after the night shift. There was a
direct association between night blood pressure and clock gene expression. Night shifts lead to an
increase in blood pressure, non-dipping status, and circadian rhythm misalignment. Blood pressure
is associated with clock genes and circadian rhythm misalignement.

Keywords: night shift; clock genes; circadian rhythm; blood pressure; ABPM; dipping; physician;
internal medicine

1. Introduction

Shift work has been found to be associated with a higher risk of cardiovascular and
cerebrovascular disease [1,2]. The mechanisms underlying this association include the fact
that rotating night shifts seem to promote cardiovascular risk factors, such as hypertension,
diabetes, and obesity, although results have been variable [3].

The negative effects of night shifts on health seem to be due to the disruption of
the normal 24 h circadian rhythm. This rhythm is based on a master clock that resides
in the suprachiasmatic nucleus of the hypothalamus, which is entrained by light, and
on peripheral clocks that integrate signals coming from the master clock as well as the
periphery, such as light and food [4,5]. The clocks regulating circadian rhythm rely on
cellular networks of transcription factors (core clock genes) that control circadian variations
in cellular gene expression, which in turn regulate most physiological functions over
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24 h, such as respiration, metabolism, endocrine and immune function, body temperature,
and blood pressure. Blood pressure circadian rhythm, for example, is characterized by a
morning surge at wake, a plateau during the day, and a nocturnal decline of 10–20% as
compared to the average daytime blood pressure, which is known as dipping [6,7].

A person working at night and sleeping during the day suffers from a state of desyn-
chrony, being unable to undergo complete adaptation because of the many external stimuli
promoting a day-oriented schedule, as evidenced by the lack of complete adaptation of the
core body temperature, melatonin levels, and cortisol rhythm [8]. Desynchrony or circadian
misalignment, which might occur as a result of shift work or significant activity at night,
has been associated with an increase in blood pressure, and non-dipping blood pressure
status [9], and it can also contribute to organ dysfunction and development of disease [10].

This observational study was carried out in a group of internists with the aim of
performing a paired analysis of 24 h blood pressure in the same physicians working a day
shift and then a night shift, and a paired analysis of clock gene expression after a night of
rest or a night of work.

2. Results
2.1. Population Characteristics

The general characteristics of the 25 internists on shift work are reported in Table 1.
The median age was 33 years. There were 15 women (60%) and 10 men (40%), and the
average body mass index (BMI) was 22.6. Only one physician was obese. Half of them
had a sedentary lifestyle (52%). Only three physicians reported suffering from medical
conditions (hypertension, asthma, and Hashimoto’s thyroiditis), and five of them were
taking medication (olmesartan, on-demand salbutamol inhalation, levothyroxine, and in
two cases oral contraceptive pill). Among these physicians, 12 were resident physicians
(48%) and 13 were attending physicians (52%). Overall, the average working age was
7 years. During the day shift, physicians took an average of 7720 steps. During the night
shift, on average, physicians received 17.5 calls, took care of 8.5 admitted patients, and took
6660 steps.

Table 1. Population characteristics.

Variable n = 25

Age 33 (29–37)
Sex Female (%) 15 (60%)

Male (%) 10 (40%)
BMI 22.6 (20.8–24.54)
Physical activity
(Recreational activity)

Yes (%) 12 (48%)
No (%) 13 (52%)

Medical conditions Yes (%) 3 (12%)
No (%) 22 (88%)

Medication Yes (%) 5 (20%)
No (%) 20 (80%)

Years of work 7 (2–10)
Working position Attending physician (%) 13 (52%)

Resident physician (%) 12 (48%)
Day shift steps 7720 (6504–11,062)
Night shift calls 17.5 (13–20)
Night shift admissions 8.5 (6–10)
Night shift steps 6660 (5785–7822)

Data are expressed as median (1st Qu–3rd-Qu).

2.2. 24 h Ambulatory Blood Pressure Measurements

Figure 1a,b show 24 h blood pressure and Figure 1c,d show heart rates as assessed
by two consecutive ambulatory blood pressure (BP) monitors (ABPMs), worn by all
25 internists. The first ABPM (Figure 1a,c; control = cnt) was worn on a day with a day shift
at work (8–20) and a night of rest, and the second one (Figure 1b,d, night shift = ns) was
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worn on a day with a day off from work, a night shift (20–08), and a subsequent period of
rest (recovery time).
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Figure 1. Participants’ 24 h blood pressure and heart rate (HR). (a) Blood pressure during control (cnt)
day; (b) blood pressure during night shift (ns) day; (c) heart rate during cnt day; (d) heart rate during
ns day. Gray areas correspond to the sleep hours on cnt day. Data are presented as mean ± SD.

The paired analysis of ABPM results showed that day diastolic blood pressure (DBP)
and day heart rate (HR) were higher when physicians were at work (Figure 2b,c). Night
systolic blood pressure (SBP), night DBP, and night HR increased during the night shift as
compared to the night of rest. DBP decreased during the recovery time, while SBP and HR
did not. A repeated-measures ANOVA model was performed to compare SBP, DBP, and
their respective dippings during the night of rest, the night shift, and the recovery time after
the night shift (Table 2). During the night shift, SBP increased by an average of 10.3 mmHg
and DBP increased by an average of 12.1 mmHg as compared to the night of rest. During
the recovery time, SBP was reduced by an average of 6.1 mmHg, and DBP was reduced by
an average of 9.1 mmHg. In addition, the paired analysis of ABPM results showed that
the night shift significantly reduced SBP, DBP, and HR dipping (Figure 2d), corresponding
to the nocturnal decline in SBP, DBP, and HR [6]. SBP dipping was 12% (10.5; 14%) on a
day with a night of rest, while it was 1.4% (−1.4; 3.7%) on a day with a night of work. DBP
dipping was 20.5% (18; 24%) on a day with a night of rest, while it was −0.4% (−2.5; 2.2%)
on a day with a night of work. HR dipping was 19% (12; 22%) on a day with a night of
rest, while it was 7% (−1.9; 9.6%) on a day with a night of work. In the recovery time after
the night shift, dipping remained significantly lower as compared to the dipping during a
night of rest (Figure 2d). These data were confirmed by the repeated-measures ANOVA
model (Table 2), showing that SBP dipping failed to normalize during the recovery time, as
in the recovery time it remained significantly lower as compared to the SBP dipping during
the night of rest.
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Figure 2. Paired analysis of SBP, DBP, HR, and dippings. (a) SBP; (b) DBP; (c) HR (d) dipping. Control
(cnt) represents 24 h ABPM worn during the day with a day at work and a night of rest; night shift
(ns) represents 24 h ABPM worn during the day with a day off and a night shift; RCVR represents
the recovery time after the night shift. Data are presented as median (top of the histogram) with
interquartile ranges in (a–c) and standard box plots in (d).

Table 2. Comparison of night SBP, DBP, and dipping with ANOVA.

NIGHT cnt
(t1)

NIGHT ns
(t2)

RCVR ns
(t3) ANOVA t1 vs. t2 t2 vs. t3 t1 vs. t3

SBP
(mmHg) 106.08 ± 14.82 116.38 ± 12.15 110.24 ± 11.66

F = 10.98
p < 0.001
ηg

2 = 0.1
p < 0.001 p = 0.006 p = 0.28

DBP
(mmHg) 61.85 ± 8.57 73.96 ± 7.12 64.87 ± 6.64

F = 30.72
p < 0.001
ηg

2 = 0.33
p < 0.001 p < 0.001 p = 0.23

SBP
dipping (%) 12.6 ± 4.82 1.49 ± 3.69 5.01 ± 7.51

F = 27.56
p < 0.001
ηg

2 = 0.42
p < 0.001 p = 0.17 p < 0.001

DBP
dipping (%) 20.7 ± 6.58 0.47 ± 4.67 11.7 ± 10.6

F = 42.42
p < 0.001
ηg

2 = 0.55
p < 0.001 p < 0.001 p < 0.001

“NIGHT cnt” represents the night of rest during the control day (t1); “NIGHT ns” represents the night during
the night shift (t2); “RCVR ns” represents the recovery time after the night shift (t3). Data are presented as
mean ± SD.
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2.3. Biochemical Parameters and Circadian Rhythm Gene Expression

All subjects underwent blood sampling after fasting twice: after a night of rest and
after a night of work. Overall, we found no differences in the levels of glucose, cortisol,
melatonin, C-reactive protein (CRP), interleukin (IL)-1β, IL-6, and tumor-necrosis factor
(TNF)-α after a night of rest as compared to a night of work (Table 3). On the other hand,
after a night shift, we found that there was a significant increase in the expression of most
circadian rhythm genes, i.e., BMAL, CLOCK, PER1, PER2, and PER3 (Figure 3a–e), whereas
the gene expression of CRY1, CRY2, IL-6, and TNF-α did not change (Figure 3f–i).

Table 3. Biochemical parameters after a night of rest and after a night of work.

Variable After Night of Rest After a Night Shift p-Value

Glucose (mg/dL) 88.5 (80–91) 86 (80–96) p = 0.35
Cortisol (nmol/L) 303 (260.5–362) 331 (269–413) p = 0.11
Melatonin (pg/mL) 108.1 (98–158) 127.8 (99–138) p = 0.58
CRP (mg/L) 0.85 (0.4–1.5) 0.7 (0.6–1.4) p = 0.11
IL-1β (pg/mL) 12.08 (0–69) 12.89 (0–72) p = 0.41
IL-6 (pg/mL) 28.81 (3–117.5) 30.77 (2–156) p = 0.15
TNF-α (pg/mL) 5.13 (0–82.5) 3.20 (0–76) p = 1.00

Data are expressed as median (1st Qu–3rd Qu).
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Figure 3. Clock gene expression after a night of rest and after a night shift. Paired analysis of gene
expression after a night of rest (cnt) vs. after a night shift (ns). (a) BMAL; (b) CLOCK; (c) PER1;
(d) PER2; (e) PER3; (f) CRY1; (g) CRY2; (h) IL-6; (i) TNF-α; (j) GAPDH. Data are presented as median
(top of the histogram) with interquartile ranges. In addition, each individual value is plotted as a
point superimposed on the graph.

2.4. Correlation Coefficients and Linear Regression Analysis

Focusing on night blood pressure, night SBP and night DBP were related to sex
(Figure 4) and BMI (Table 4), while age and workload, as assessed by the number of calls,
admissions, and steps, were not associated with them. On the cnt day, there was a direct
correlation between night SBP and PER3 gene expression on the morning after. On the
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night shift day, there was a direct correlation between night SBP and night DBP and PER2
gene expression on the morning after. In addition, PER2 gene expression on the morning
after the night shift was related to the dipping during the recovery period. Otherwise,
dippings were not related to age, sex, BMI, or workload.
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Figure 4. SBP and DBP differences between females and males: (a) SBP, systolic blood pressure;
(b) DBP, diastolic blood pressure. Cnt represents the control day (day with a night of rest), ns
represents the night shift day (day with the night shift), RCVR represents the recovery period after
the night shift. Data are presented as median (top of the histogram) with interquartile ranges. In
addition, each individual value is plotted as a point superimposed on the graph.

Table 4. Correlation coefficients of night SBP and DBP values.

Variable

Cnt Day Night Shift Day

Night SBP Night DBP Night SBP Night DBP

rho p rho p rho p rho p
Age 0.01 0.96 0.10 0.65 −0.23 0.28 0.18 0.37
BMI 0.42 0.04 * 0.49 0.01 * 0.40 0.05 * 0.40 0.045 *

BMAL 0.18 0.43 0.09 0.70 −0.22 0.35 −0.09 0.69
CLOCK 0.30 0.20 0.05 0.83 0.36 0.12 0.33 0.15

PER1 −0.02 0.94 −0.09 0.71 −0.17 0.46 −0.05 0.82
PER2 0.23 0.33 0.04 0.87 0.40 0.08 * 0.45 0.04 *
PER3 0.51 0.02 * 0.27 0.25 0.37 0.11 0.35 0.13
CRY1 0.22 0.35 0.09 0.71 0.13 0.58 0.17 0.47
CRY2 0.32 0.17 0.30 0.20 0.23 0.34 0.29 0.22

Night calls NA NA NA NA 0.15 0.63 0.20 0.54
Night admissions NA NA NA NA 0.01 0.96 0.07 0.74

Night steps NA NA NA NA −0.10 0.66 −0.01 0.96

* Statistically significant variables at a p-value of <0.10 level were selected for multivariate linear regression. NA
represents not applicable.

Multivariate linear regression analysis showed the presence of independent associ-
ations between night SBP and PER3 gene expression on the cnt day and the associations
between night SBP and DBP and PER2 gene expression on the night shift day (Table 5).
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Table 5. Multivariate linear regression.

Dependent Variable: Night SBP (cnt Day)
Predictive Variable β-Estimate SE p-Value Multiple R-Squared

Sex 9.33 3.96 0.03
BMI 1.69 0.60 0.01 0.72
PER3 18.84 5.36 0.003

Dependent Variable: Night SBP (Night Shift Day)
Predictive Variable β-Estimate SE p-Value Multiple R-Squared

Sex 10.52 5.15 0.06
BMI 0.85 0.77 0.28 0.41
PER2 17.48 8.06 0.045

Dependent Variable: Night DBP (Night Shift Day)
Predictive Variable β-Estimate SE p-Value Multiple R-Squared

Sex 4.34 3.19 0.19
BMI 0.50 0.48 0.31 0.48
PER2 11.70 4.99 0.03

2.5. Random Forest and Linear Regression Analysis

To further explore the relationship between night blood pressure and clock gene
expression, because of the large set of covariates and the small sample size, we used the
random forest (RF) as a technique to identify predictors of blood pressure, as shown in
the variance importance plots (Figures 5 and 6). The main advantage of selecting relevant
variables through this algorithmic modeling technique is that it is independent of any
assumptions about the relationships among variables and about the distribution of errors.
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Consistent with our previous results, the RF showed that the best predictors of night
SBP and DBP during the cnt day were BMI, PER3, and sex (Figure 5). The best predictors
of night SBP during the night shift day were PER3, age, and sex, while the best predictors
of night DBP during the night shift day were PER3, years of work, and sex (Figure 6).
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Multivariate linear regression analysis confirmed that sex, BMI, and PER3 gene ex-
pression were independently associated with night SBP on the cnt day. BMI and PER3 gene
expression were independently associated with night DBP on the cnt day. Sex and PER3
gene expression were independently associated with SBP and DBP on the night shift day
(Table 6).

Table 6. Multivariate linear regression after random forest selection of predictive variables.

Dependent Variable: Night SBP (cnt Day)
Predictive Variable β-Estimate SE p-Value Multiple R-Squared

Sex −10.36 3.38 0.007
BMI 1.74 0.52 0.004 0.76
PER3 19.08 4.93 0.001

Dependent Variable: Night DBP (cnt Day)
Predictive Variable β-Estimate SE p-Value Multiple R-Squared

Sex −3.5 2.12 0.12
BMI 0.99 0.33 0.008 0.61
PER3 6.79 3.10 0.04

Dependent Variable: Night SBP (Night Shift Day)
Predictive Variable β-Estimate SE p-Value Multiple R-Squared

Age −0.11 0.35 0.75
Sex −18.37 4.11 <0.001 0.63

PER3 25.34 7.23 0.003
Dependent Variable: Night DBP (Night Shift Day)

Predictive Variable β-Estimate SE p-Value Multiple R-Squared

Sex −8.50 2.81 0.008
Years of work −0.23 0.25 0.37 0.51

PER3 12.38 4.99 0.02
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3. Discussion

Here, we show that in a group of internists with a median age of 33 years, the night
shift was associated with a significant increase in SBP, DBP, and HR values and a significant
reduction in blood pressure and heart rate nocturnal decline (dipping), such that partic-
ipants had a blood pressure and heart rate non-dipping profile during their night shift.
Blood pressure has a circadian rhythm, and, at night, it generally decreases by 10–20%,
which is known as dipping. The loss of this blood pressure nocturnal decline is known as
non-dipping and it is associated with metabolic and cardiovascular disease [6,11–14]. In
our study, night shifts reduced SBP dipping from 12.6% to 1.49% and DBP dipping to 20.7%
to 0.47%. These findings are consistent with the work of Yamasaki et al., who found an
association between the night shift and non-dipping blood pressure status [9], which could
indicate a mechanism whereby rotating night shifts lead to a higher risk of cardiovascular
and cerebrovascular disease [1,2,15].

Our data show that during the night shift, SBP increased by an average of 10.3 mmHg
and DBP increased by an average of 12.1 mmHg, which is consistent with previous work
demonstrating an association between shift work and blood pressure. In general, shift
workers seem to be more likely to have hypertension (OR 1.31, 95% CI 1.07–1.6) [16].
In addition, shift workers have a 2.1-fold-increased odds ratio of new antihypertensive
medication use as compared to non-shift workers [17], and average sleep duration is
inversely associated with blood pressure [18]. The association between shift work and
blood pressure has been documented in healthcare workers as well. For example, in a
group of physicians working in an emergency department with an age range from 28 to
40 years, DBP was significantly higher during night shift activity, as compared to non-shift
awake or sleep [19]. Among female nurses, there was an additive interaction between age
and the number of night shifts per month on hypertension prevalence [20]. In particular, the
number of night shifts was associated with the prevalence of hypertension in participants
in the age range of 36–45 years [20].

Our study also showed that after a night shift, there was a significant increase in the
expression of most clock genes, namely BMAL, CLOCK, PER1, PER2, and PER3, which
is consistent with circadian rhythm misalignment. The human 24 h circadian rhythm is
controlled by a master clock in the suprachiasmatic nucleus (SNC) and by peripheral clocks
that integrate signals coming from the master clock as well as the periphery, such as light
and food [4,5]. These inner clocks rely on cellular transcriptional–translational feedback
loops whereby BMAL1 heterodimerizes with CLOCK to promote the transcription of two
repressor genes, Period (Per homologs PER1, PER2, and PER3) and Cryptochrome (Cry
homologs CRY1 and CRY2). Once they are translated, PER and CRY form a heterodimer
that stops the transcription of BMAL1 and CLOCK. Once PER and CRY are degraded,
BMAL1 and CLOCK transcription begins again. In normal conditions, PER1, PER2, and
PER3 transcripts peak during the biological night, while BMAL1 transcripts peak during the
biological day [21]. It has been shown that sleep deprivation leads to circadian disruption
and misalignment with changes in the clock gene expression in human blood cells, such
as PER2 upregulation in a different time period [21]. Additionally, in a mouse model of
shift work, two weeks of sleep restriction was associated with changes in core clock gene
expression, i.e., an upregulation of Bmal1 and Per1 between 0 and 6 am, while overall
rhythmicity was preserved [22].

It has been argued that circadian misalignment has an impact on some physiological
parameters, such as blood pressure, which is one of the mechanisms whereby shift work
can have negative health consequences [3]. In our study, correlation coefficients as well as
random forests pointed to an association between circadian rhythm and blood pressure.
Although there is a lack of consensus on the appropriate sample size for multiple regression,
linear regression analyses confirmed the existence of independent significant associations
between night SBP and DBP and clock gene expression, particularly PER3 expression both
on the cnt and night shift day. By contrast, night workload as assessed by steps, the number
of calls, and admissions was not related to the blood pressure level, possibly because light
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exposure (which is experienced during night shifts) may be a sufficient suppressor of
circadian rhythm [23,24], which ultimately affects blood pressure. Animal studies have
demonstrated an important role for the clock genes—and PER homologs—in the regulation
of blood pressure [25]. Deletion of Per1 in hypertensive male mice resulted in lower blood
pressure as compared to wild-type mice, suggesting that loss of Per1 was protective in
the setting of hypertension [26]. Cell culture experiments show that Per1 is a positive
regulator of sodium reabsorption genes [27,28]. Additionally, human studies have shown
that PER1 was upregulated in the kidneys of hypertensive subjects [29]. In addition, it
has been shown that clock gene variants explained 7.1% of the variance in SBP, following
adjustments for age, sex, BMI, medication, and social characteristics in a non-Hispanic
white population [30], and significant associations were found between SBP and CLOCK,
PER1, PER3, and CRY1 [30]. Other studies have shown associations between CRY1 and
CRY2 polymorphisms and blood pressure in patients with metabolic syndrome [31], or
associations between PER2 and BMAL1 polymorphisms and the non-dipper phenotype
in 372 young hypertensive patients [32]. A genetic association study designed to test the
relevance of 19 polymorphisms of BMAL1 in 1304 individuals showed that two BMAL1
haplotypes were associated with type 2 diabetes and hypertension [33].

Going back to our study, and its strengths and limitations, its strengths include recruit-
ment of physicians working night shifts in the same setting/hospital and the possibility to
perform paired analyses (as the same physicians were tested twice). On the other hand,
limitations include the age of physicians (median age was 33), as it is possible that results
would differ in older cohorts; the lack of blood sampling and biochemical measurements
at night; and the small sample size. The number of physicians recruited did not allow
us to assess the impact of other variables on blood pressure in the model for repeated
measures, so larger studies are needed to confirm and extend our findings. In particular, we
believe that, in future studies, it would be useful to add gene expression and biochemistries
at midnight to gain more information on circadian rhythm misalignment and possible
hormonal changes during night shifts.

In conclusion, in line with previous work, our study shows that night shift increased
blood pressure leading to a non-dipping blood pressure status, which is a cardiovascular
disease risk factor. Night shifts increased clock gene expression on the morning after,
consistent with circadian misalignment, and there was an independent association between
blood pressure during the night shift and PER2-3 expression. Our data provide further
evidence on the negative impact of night work on cardiovascular health as well as on
the association between circadian clock misalignment and blood pressure control. These
data support interventions aiming to improve sleep and recovery and reduce fatigue,
contributing to the sustainable employability of healthcare workers [34].

4. Materials and Methods
4.1. Study Design and Population

This is an observational cross-sectional study, whose aims were (i) to perform a paired
analysis of 24 h blood pressure in the same physicians working a day shift and then a night
shift; (ii) to perform a paired analysis of clock gene expression after a night of rest or a night
of work.

Participants were consecutively recruited among physicians working in the Depart-
ment of Internal Medicine (Dipartimento di Medicina of Cattinara Teaching Hospital,
ASUGI, Trieste, Italy). Inclusion criteria were aged between 25 and 60 years; working
night shifts in the same Department of Internal Medicine; consent to take part in the study.
Exclusion criteria were history of cardiovascular or endocrine disorders; children with
age <2 years; return to work after holidays in the 3 weeks before enrollment; shifts in
COVID-19 wards.
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After providing the informed consent, each participant wore an ambulatory BP mon-
itor (ABPM) twice. The first time (control, cnt day) was for a 24 h period (from 09.00 to
09.00) that included a 12 h day shift (08.00–20.00) and a night of rest. The second time (night
shift, ns day) was for a 30 h period (from 09.00 to 13.00) that included a day off, a night
shift (20.00–08.00), and a period of rest (08.00–13.00) the following day. The ABPM was a
SpaceLabs Oscillometric Model 90207 (Redmon, WA, USA). The ABPM was applied by a
resident physician, who evaluated and calibrated the readings at time of placement and at
removal. Before its placement, we measured anthropometric parameters and collected the
history of each participant. Participants were also asked to keep a diary of their activities,
write down when they slept on the CNT day, and to provide details of their activity during
the night shift. In particular, participants were asked to write down the number of steps,
the number of calls they received, and admissions they had to take care of during the night
shift. In addition, they were asked to fast from 24.00 to 09.00 on both the cnt and ns days.
When the ABPM was removed, participants underwent blood sampling after fasting to
measure glucose, cortisol, melatonin, CRP, IL-1β, IL-6, and TNF-α and to evaluate clock
gene expression.

Dipping was calculated as follows: (mean wake hours BP −mean sleep BP divided
by mean wake hours BP) × 100. Non-dipping status was defined as sleep hours BP or HR
dipping of less than 10% [35].

This study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Institutional Review Board and Ethics Committee (CEUR
107_2020H).

4.2. Biochemical Parameters and ELISA

Glucose, CRP, and cortisol were measured using an autoanalyzer. Melatonin (E-EL-
H2016, Elabscience, Houston, TX, USA), IL-1β (DY201-05, R&D Systems, Minneapolis,
MN, USA), IL-6 (DY206-05, R&D Systems), and TNF-α (DY210-05, R&D Systems) were
measured using ELISA, according to the manufacturer’s instructions. The intra-assay
coefficients of variations were 5.28% for melatonin, 3.51% for IL-1β, 5.37% for IL-6, and
3.72% for TNF-α. The inter-assay coefficients of variations were 5.02% for melatonin, 9.91%
for IL-1β, 11.40% for IL-6, and 8.74% for TNF-α, as already described [36,37].

4.3. Peripheral Blood Mononuclear Cell Isolation and Gene Expression Analysis

To isolate peripheral blood mononuclear cells (PBMCs), blood samples were collected
in EDTA tubes, layered onto the Ficoll-PaqueTM Plus (Cytiva Sweden AB, Uppsala, Sweden)
solution, and then centrifuged at 2400 rpm for 30 min at room temperature. The mononu-
clear cell layer that was obtained was used to extract RNA, as already described [38,39].

RNA extraction was performed with the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. A total of 700 ng of RNA was
subsequently used to synthesize cDNA with the Superscript First-Strand Synthesis System
for RT-PCR (Gibco BRL, Thermo Fisher Scientific, Waltham, MA, USA). The expression
of genes related to circadian rhythm (BMAL, CLOCK, PER1, PER2, PER3, CRY1, CRY2)
and inflammation (IL-6 and TNF-α) was analyzed via RT-qPCR using the SYBR Green
system (Thermo Fisher Scientific). Primer sequences used with the SYBR Green system
are reported in Table 7. Fluorescence for each cycle was quantitatively analyzed using the
StepOnePlus Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific). The
PCR was started with a holding stage at 50 ◦C for 2 min and 95 ◦C for 2 min, followed by
40 cycles at 95 ◦C for 3 s and 60 ◦C for 30 s. A final dissociation step at 95 ◦C for 15 s, 60 ◦C
for 1 min, and 95 ◦C for 15 s completed the program. Gene expression was normalized to
GAPDH and reported as a ratio compared with the level of expression in controls, which
were given an arbitrary value of 1.
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Table 7. Primer sequences.

Target (GenBank Accession Number) Primer Pair Mature Transcript Amplicon Size (bp)

BMAL1
(NM_001297719)

(F) 5′-TTACTGTGCTAAGGATGGCTG-3′

(R) 5′-GCCCTGAGAATGAGGTGTTTC-3′
(F) 731–751
(R) 857–837 127

CLOCK
(NM_004898)

(F) 5’-CTACATTCACTCAGGACAGGC-3’
(R) 5’-GGCCCATAAGCATAGTACTAGG-3’

(F) 2495–2515
(R) 2614–2593 120

PER1
(NM_002616)

(F) 5′-CCTCCAGTGATAGCAACGG-3′

(R) 5′-ACCAGATGCACATCCTTACAG-3′
(F) 1784–1802
(R) 1874–1854 91

PER2
(NM_022817)

(F) 5′-GCCAGAGTCCAGATACCTTTAG-3′

(R) 5′-TGTGTCCACTTTCGAAGACTG-3′
(F) 505–526
(R) 602–582 98

PER3
(NM_001377275)

(F) 5′-CTGTCTCACTGTGGTTGAAAAG-3′

(R) 5′-TAGGTAACCCAGCAAAGGC-3′
(F) 1063–1084
(R) 1207–1189 145

CRY1
(NM_004075)

(F) 5’-TCCCGTCTGTTTGTGATTCG-3’
(R) 5’-TTAATAGCTGCGTCTCGTTCC-3’

(F) 799–818
(R) 929–909 131

CRY2
(NM_021117)

(F) 5′-TGGATAAGCACTTGGAACGG-3′

(R) 5′-AGAGACAACCAAAGCGCAG-3′
(F) 735–754
(R) 854–836 120

TNF-α
(NM_000594)

(F) 5′-ACTTTGGAGTGATCGGCC-3′

(R) 5′-GCTTGAGGGTTTGCTACAAC-3′
(F) 332–349
(R) 470–451 139

IL-6
(NM_000600)

(F) 5′-CCACTCACCTCTTCAGAACG-3′

(R) 5′-CATCTTTGGAAGGTTCAGGTTG-3′
(F) 199–218
(R) 348–327 150

GAPDH
(NM_002046)

(F) 5’-CATCCATGACAACTTTGGTATCGT-3’
(R) 5’-CCATCACGCCACAGTTTCC-3’

(F) 565–588
(R) 672–654 108

4.4. Statistical Analyses

Sample size was calculated with openepi.com (https://www.openepi.com/SampleSize/
SSMean.htm, accessed on 12 April 2023). To detect a mean difference in blood pressure
of 4.6 mmHg [19], with a two-sided significance level of 5% and power of 80%, a paired
t-test would require 19 subjects. Based on this estimate, we decided to include all the
internists working in the department who consented to participate in this study. All
statistical analyses were carried out in R system for statistical computing (Version 4.0.2;
R development Core Team, 2020, Vienna, Austria). Statistical significance was set at
p < 0.05. A Shapiro–Wilk test was applied to continuous variables to check for distribution
normality. Quantitative variables were reported as median with range (1st Qu–3rd Qu)
or mean ± standard deviation, depending on distribution. Categorical variables were
reported as absolute frequencies and/or percentages. Continuous variables were compared
using a Mann–Whitney test (and Kruskal–Wallis test) or Student’s t-test (and ANOVA),
depending on data distribution and number of groups. A repeated-measures ANOVA
model was performed to compare the effect of time on SBP, DBP, SBP dipping, and DBP
dipping during the night of rest (t1), the night shift (t2), and the recovery time after the
night shift (t3). For every ANOVA model, normality checks were carried out on the
dependent variables by group (three different time points), which were approximately
normally distributed. If Mauchly’s test of sphericity was not met (only for the dipping
DBP model) Greenhouse–Geisser sphericity correction was applied. Post hoc analyses
were performed with a Bonferroni adjustment. Correlation coefficients were calculated
based on data distribution. Associations with a p-value below 0.10 were considered for
multivariate linear regression to evaluate factors influencing blood pressure. In addition,
in order to identify covariates related to blood pressure, we used random forest regression
(RF), which is used when there are several covariates and small sample sizes to select a
smaller number of relevant predictors. We retained the top 3 predictors based on mean
square error (MSE) decrease in accuracy for each feature removal (%IncMSE), and we
applied a linear multivariate regression model to estimate the β-regression coefficient of
each predictor. Statistical analyses were performed with the randomForest package in R.
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Abstract: Hypertension is one of the most significant risk factors for many cardiovascular diseases. At
different stages of hypertension development, various pathophysiological processes can play a key
role in the manifestation of the hypertensive phenotype and of comorbid conditions. Accordingly,
it is thought that when diagnosing and choosing a strategy for treating hypertension, it is necessary
to take into account age, the stage of disorder development, comorbidities, and effects of emotional–
psychosocial factors. Nonetheless, such an approach to choosing a treatment strategy is hampered by
incomplete knowledge about details of age-related associations between the numerous features that
may contribute to the manifestation of the hypertensive phenotype. Here, we used two groups of male
F2(ISIAHxWAG) hybrids of different ages, obtained by crossing hypertensive ISIAH rats (simulating
stress-sensitive arterial hypertension) and normotensive WAG rats. By principal component analysis,
the relationships among 21 morphological, physiological, and behavioral traits were examined. It was
shown that the development of stress-sensitive hypertension in ISIAH rats is accompanied not only by
an age-dependent (FDR < 5%) persistent increase in basal blood pressure but also by a decrease in the
response to stress and by an increase in anxiety. The plasma corticosterone concentration at rest and
its increase during short-term restraint stress in a group of young rats did not have a straightforward
relationship with the other analyzed traits. Nonetheless, in older animals, such associations were
found. Thus, the study revealed age-dependent relationships between the key features that determine
hypertension manifestation in ISIAH rats. Our results may be useful for designing therapeutic strategies
against stress-sensitive hypertension, taking into account the patients’ age.

Keywords: principle component analysis; hypertension; stress reactivity; age-related difference;
ISIAH rat strain

1. Introduction

Arterial hypertension is a polygenic disorder, the development of which is affected by
numerous environmental and endogenous factors. Many risk factors and comorbidities
of hypertension are known. The most common are diabetes mellitus, overweight, obesity,
and chronic kidney diseases [1–3]. It is believed that some of these pathologies, such as
chronic kidney disease, can be either a cause of a hypertensive state or a complication of
uncontrolled hypertension [2]. Hypertension is possibly the most powerful modifiable
risk factor of heart failure and other cardiovascular complications including myocardial
infarction (and cerebrovascular diseases such as stroke). Chronic hypertension drives
myocardial remodeling, resulting in hypertensive heart disease [4,5].

Despite major efforts of researchers and physicians to control hypertension, including
treatment of hypertension in patients with comorbid conditions, numerous questions about
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the diagnosis, patient evaluation and monitoring, and the choice of a treatment strategy for
hypertension remain highly relevant and not fully resolved [6,7].

By now, it is recognized that it is necessary to take into account different stages of
the development of the disorder when diagnosing and choosing a strategy for treating
hypertension [6]. It is assumed that at different stages of hypertension progression, various
pathophysiological processes may play a key role in the manifestation of the hypertensive
phenotype [8]. This notion raises questions about strategies for prescribing antihypertensive
drugs depending on age, the disorder stage, and the presence of comorbidities [6,9–11].
It has been emphasized that strategies for the treatment of arterial hypertension in the
elderly should take into consideration not only concomitant diseases but also the effects of
emotiogenic psychosocial factors [12].

Understanding the importance of the assessment of age-related differences in func-
tional expression of stressor-related negative affect [13,14] is undoubtedly important but is
hampered by incomplete knowledge about the details of age-related associations between
the numerous features that may contribute to the manifestation of the hypertensive pheno-
type. Conducting studies on the age-dependent component of stressor-related negative
affect in human populations is difficult due to differences in study designs, populations,
measurement, in the operational definition, and in the analytic approach, which lead to
heterogeneity of findings [13]. Animal strains that model human diseases are often a
successful alternative to population studies.

ISIAH (inherited stress-induced arterial hypertension) rats are a proven model of a
stress-sensitive form of hypertension and make it possible to investigate the physiologi-
cal and molecular genetic mechanisms behind the development of a hypertensive state
associated with increased stress reactivity under conditions of emotional stress [15–18].

Principal component analysis, which is based on correlation analysis, allows the
assessment of the relationships between many traits and the identification of a set of
main factors (principal components) that can contribute to the manifestation of certain
phenotypic characteristics [19]. Previously, we have used principal component analysis to
examine relationships among phenotypic characteristics in a group of 3-month-old male
F2(ISIAHxWAG) hybrids obtained by crossing hypertensive ISIAH rats and normotensive
WAG rats [20]. The use of the group of hybrid rats enabled us to obtain a full range
of variation between normal and hypertensive phenotypes. In that paper, we analyzed
21 morphological, physiological, and behavioral traits, many of which show interstrain
differences and are usually considered key features of the development of the hypertensive
phenotype. Behavior was assessed in the open field test, which helps researchers to
evaluate basic psychophysiological characteristics: the severity of fear and anxiety reactions,
locomotor activity, and levels of exploratory and displacement activities [21]. In that
research article, the first principal component was found to be associated with behavioral
traits of F2(ISIAHxWAG) rats in the open field test. The basal blood pressure (BP) level
contributed to the second and fourth principal components with the opposite sign. At the
same time, the contribution to the second principal component was also made by weight
traits: body weight and weights of peripheral organs that are targets of hypertension
(kidneys, heart, and adrenal glands). The contribution to the fourth principal component,
in addition to the basal level of BP, was made by all traits that are related to the stress-
induced state of rats: BP under stress, adrenal weight, plasma corticosterone concentration
under stress, and the defecation score in the open field test [20].

The purpose of the present work was to determine the relationships between the same
traits in a group of older (six-month-old) males of F2(ISIAHxWAG) rat hybrids and to
identify possible changes in these relationships during maturation of the animals, i.e., with
the progression of the disorder.
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2. Results
2.1. Age-Dependent Differences in Phenotypic Traits between Two Groups of F2(ISIAHxWAG)
Hybrid Rats of Different Ages

A comparison of the phenotypic traits of F2(ISIAHxWAG) rats between age groups of
3–4 and 6–7 months (Table 1) uncovered many significant differences. Table 1 shows that
as rats grow older, there is a statistically significant increase in the basal level of BP, but
the increase in BP under restraint stress in the group of older rats is significantly weaker.
Taking into account that the increase in plasma corticosterone concentration in the group of
rats aged 6–7 months is also smaller as compared to 3–4-month-old animals, we propose
that there is a decrease in stress responsiveness when the rats grow up.

Table 1. Phenotypic traits (mean ± SE) in the two groups of F2(ISIAHxWAG) hybrid rats of different ages.

Trait
F2(ISIAHxWAG)
(3–4 Months Old)

n = 101

F2(ISIAHxWAG)
(6–7 Months Old)

n = 118

Basal BP, mmHg 158.6 ± 1.6 ** xxx 164.3 ± 1.7 xx

BP under stress, mmHg 189.9 ± 1.8 *** 172.2 ± 1.8

Increase in BP during stress, mmHg 31.3 ± 2.0 *** 7.9 ± 1.9

Plasma corticosterone concentration at rest, µg/100 mL 3.38 ± 0.35 ** xxx 1.92 ± 0.17 xxx

Plasma corticosterone concentration during stress, µg/100 mL 31.6 ± 0.53 *** 25.5 ± 0.93

Increase in plasma corticosterone concentration under stress, µg/100 mL 28.2 ± 0.64 *** 23.7 ± 0.95

Body weight, g 253.9 ± 3.52 *** 297.4 ± 3.9

Adrenal weight, mg 36.0 ± 0.47 *** 39.5 ± 0.54

Adrenal weight/body weight, mg/100 g body weight 14.4 ± 0.23 ** 13.4 ± 0.2

Kidney weight, g 1.52 ± 0.02 *** 1.87 ± 0.03

Kidney weight/body weight, g/100 g body weight 0.60 ± 0.006 0.63 ± 0.005

Heart weight, g 0.95 ± 0.016 *** 1.09 ± 0.01

Heart weight/body weight, g/100 g body weight 0.38 ± 0.0035 0.37 ± 0.003

Locomotor activity in the first minute of the first trial of the test, crossed squares 51.4 ± 2.3 47.4 ± 1.9

Locomotor activity on the periphery of the open-field area, crossed squares 319 ± 14.9 *** 241.3 ± 10.1

Grooming at the periphery of the open-field area 3.2 ± 0.36 *** 5.4 ± 0.5

Time of grooming at the periphery of the open-field area, s 43.4 ±0.52 *** 94.0 ±10.2

Rearings at the periphery of the open-field area 19.0 ± 1.2 19.2 ± 0.9

Time of rearing at the periphery of the open-field area, s 57.2 ± 3.8 *** 75.7 ± 4.0

Defecation 13.0 ± 0.76 13.2 ± 0.6

Latency period, s 40.0 ± 2.1 *** 84.5 ± 6.2

** p < 0.01 and *** p < 0.001 for the comparison between F2(ISIAHxWAG) rats at the age of 3–4 months and
F2(ISIAHxWAG) rats at the age of 6–7 months; xx p < 0.01 and xxx p < 0.001 as compared to the stress group
(Student’s t test).

Because body weight increases with age and absolute weight values of a target organ
are expected to increase, only relative weights of the kidneys, heart, and adrenal glands
were used in the further analysis. Such traits as BP under stress and the increase in
BP under stress as well as the plasma corticosterone concentration under stress and the
increase in plasma corticosterone concentration under stress are interdependent. Therefore,
only traits representing stress-induced changes in their values were employed in the
subsequent analysis because they reflect stress responsiveness in rats. The increase in
corticosterone concentration under the influence of stressors is regarded as one of the
key signs of adaptation of the body to the stressful conditions [22]; consequently, the
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relationships between plasma corticosterone concentration at rest (and its increase under
stress) and both morphometric traits and behavioral traits were studied here.

2.2. Analysis of Associations of BP Traits and of Weight Parameters with Plasma
Corticosterone Concentration

Figure 1 shows the results of the examination of eight traits (measured in rats of both
ages) by principal component analysis. The traits characterizing the weight characteristics
of organs are mainly projected onto the horizontal axis (principal component 1); the vector
of the absolute body weight and vectors of the relative weights of the adrenal glands,
kidneys, and heart have opposite orientations. This finding has a natural explanation: the
greater the body weight, the lower the relative weight of the organs. The body weight (a
significant negative correlation) and relative weight of the heart and adrenal glands (signif-
icant positive correlations) produce the highest loading on the first principal component.
Accordingly, the horizontal axis can be described as the axis associated with the weight
characteristics of the experimental rats.
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As for the second principal component, the main loadings on it are given by BP
values: the basal-BP vector has a significant negative correlation with the second principal
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component, and the BP increase under stress (∆BP) vector has the opposite direction and
a positive correlation with the second principal component. Thus, the second principal
component can be characterized as a factor that determines BP stress reactivity, and an
increase in this factor is characteristic of the ISIAH rat strain.

Graphical representation of the contributions of traits to the principal components in
the combined group of F2(ISIAHxWAG) hybrid male rats of different ages (Figure 1) clearly
indicated the presence of a significant negative correlation between the second principal
component and the age factor. The table of correlations of traits with principal components
(Table 2) shows that the second principal component explains 19.32% of the variance of
traits associated with age. Overall, the first two principal components account for almost
45% of the variance of the traits presented in Table 2.

Table 2. The table of correlations of traits with principal components in the combined group of male
F2(ISIAHxWAG) hybrid rats of different ages.

Trait PC 1 PC 2 PC 3 PC 4 PC 5

BP_basal 0.313 −0.765 0.029 −0.339 0.184

BP_delta −0.047 0.865 0.178 0.114 0.213

Ln_cort_basal 0.136 0.208 −0.808 −0.193 0.269

Ln_cort_delta 0.177 0.166 0.723 −0.482 0.274

body_weight −0.813 −0.243 0.216 0.103 0.188

rel_adr_weight 0.793 0.139 0.163 −0.058 −0.428

rel_kid_weight 0.270 −0.250 0.222 0.800 0.116

rel_heart_weight 0.729 −0.025 −0.045 0.189 0.450

age_indicator −0.287 −0.559 −0.003 0.311 −0.094

% of variance 25.55 19.33 16.65 13.58 8.26
Significant Pearson correlation coefficients (false discovery rate (FDR) < 5%) are boldfaced.

Accordingly, the performed analysis suggests that it is the development of the hyperten-
sive status that is the main age-dependent parameter in which the groups of F2(ISIAHxWAG)
males differ. A positive correlation of age with the basal level of BP and a negative correlation
of age with an increase in BP under stress indicate a decline in stress reactivity in the group of
male hybrids aged 6–7 months compared with the young group of the animals.

For a more detailed assessment of the influence of the age factor on the variance
of the studied parameters, an additional analysis was performed on each age group of
rats separately.

The results from comparing the relationships of traits in each age group (Table 3)
showed the same contribution of three weight parameters (body weight and relative
weights of the heart and adrenal glands) to the first principal component. In both groups,
the body weight inversely correlated with the relative weights of the adrenals and heart. The
plasma corticosterone concentration in both groups of rats makes the greatest contribution
to the second principal component, and both traits of BP make the largest contribution to
the third principal component. Nevertheless, we were able to identify some age-dependent
differences. The analysis suggested that in the young group of F2(ISIAHxWAG) hybrid
rats, the assessed traits of BP, body weight, and relative weights of the target organs are not
associated with the plasma corticosterone concentration and its increase under short-term
restraint stress.

In comparison to the young group of rats, in male F2(ISIAHxWAG) hybrids at the age
of 6–7 months, the contribution of the basal BP level to the first principal component is
weaker (Table 3). In the second principal component, a contribution of two traits (plasma
corticosterone concentration and the relative weight of the kidneys) emerged. In contrast
to the young group of rats, in older rats, we in older rats a contribution of the increase in
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plasma corticosterone concentration under restraint stress (along with both traits of BP)
to the third principal component and to the fourth principal component (along with the
relative kidney weight). Therefore, in the adult group of the animals, in contrast to the
young group, the trait “the increase in the plasma concentration of corticosterone under
restraint stress” manifested an interdependence with both traits of BP and with the relative
weight of the kidneys. It should be noted that the contribution of the trait “relative weight
of the kidneys” to the second and fourth principal components was opposite.

Table 3. The table of correlations of traits with principal components in groups of F2(ISIAHxWAG)
hybrid males at ages 3–4 and 6–7 months.

3–4 Months Old

Trait PC 1 PC 2 PC 3 PC 4 PC 5

BP_basal 0.606 −0.227 −0.540 −0.006 0.081

BP_delta −0.416 0.284 0.713 −0.143 −0.151

Ln_cort_basal 0.041 −0.814 0.313 −0.241 0.087

Ln_cort_delta 0.091 0.867 −0.188 0.042 −0.083

body_weight −0.869 −0.026 −0.126 0.135 0.104

rel_adr_weight 0.709 0.260 0.212 −0.516 −0.147

rel_kid_weight 0.454 0.230 0.426 0.256 0.701

rel_heart_weight 0.526 −0.191 0.332 0.603 −0.440

% of variance 28.64 21.31 16.07 9.91 9.51

6–7 Months Old

Trait PC 1 PC 2 PC 3 PC 4 PC 5

BP_basal 0.411 0.044 0.761 −0.246 0.117

BP_delta −0.400 0.370 −0.643 0.272 0.243

Ln_cort_basal 0.043 −0.830 −0.058 0.095 0.486

Ln_cort_delta 0.027 0.539 0.499 0.503 0.379

body_weight −0.758 0.394 0.288 −0.155 −0.030

rel_adr_weight 0.756 0.187 −0.154 0.335 −0.290

rel_kid_weight 0.320 0.466 −0.351 −0.618 0.300

rel_heart_weight 0.801 0.200 −0.167 0.024 0.148

% of variance 27.77 19.58 18.78 11.43 8.12
Significant Pearson correlation coefficients (FDR < 5%) are highlighted in bold.

Graphical representation of the data revealed that in the group of 3–4-month-old
F2(ISIAHxWAG) rats, orientations of the vectors of plasma corticosterone concentrations
and weight traits are almost orthogonal (Figure 2a). This state of affairs changed signifi-
cantly by age 6–7 months, when almost all traits began to interact negatively with basal
plasma corticosterone levels and positively with corticosterone gains (Figure 2b).

2.3. Analysis of the Associations of Behavior in the Open Field Test with BP and Hormonal Parameters

The analysis of behavior, BP, and hormonal parameters in the combined group of rats
of both age ranges showed that six out of seven behavioral characteristics of rats in the open
field test make a significant positive contribution to the first principal component, which
is responsible for 27% of the total variance of the traits measured in this group (Figure 3,
Table 4). A negative contribution to the first principal component was made by the latency
period. Neither BP traits nor hormonal characteristics contributed significantly to the first
principal component. Also unrelated to the first principal component is the defecation
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score in the open field test. Thus, the first principal component characterized the behavioral
(largely exploratory) activity. The overall level of activity of rats in the open field test did
not show a significant association with the age factor, with parameters of hypertensive
status, or with glucocorticoid adrenal function.
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Table 4. The table of correlations between behavioral traits and principal components in the combined
group of male F2(ISIAHxWAG) hybrid rats of different ages.

Trait PC 1 PC 2 PC 3 PC 4 PC 5

BP_basal 0.131 0.581 −0.376 −0.214 0.539

BP_delta −0.207 −0.680 0.150 0.428 −0.240

Ln_cort_basal −0.019 −0.089 0.594 −0.303 0.316

Ln_cort_delta −0.155 −0.091 −0.553 0.629 0.259

LA_1_min 0.545 −0.398 0.110 −0.031 0.308

LA_per 0.649 −0.470 −0.239 −0.207 −0.003

Ln_G_per 0.689 0.426 0.280 0.439 −0.047

Ln_R_per 0.862 −0.132 −0.197 −0.179 −0.207

Ln_time_G_per 0.618 0.467 0.320 0.468 −0.040

Ln_time_R_per 0.797 0.050 −0.229 −0.192 −0.344

Ln_Def 0.124 −0.045 0.435 −0.042 0.127

Ln_Lat −0.448 0.475 −0.020 −0.179 −0.566

age_indicator 0.086 0.577 0.039 −0.181 −0.280

% of variance 27.11 15.36 11.28 10.62 9.26
Significant Pearson correlation coefficients (FDR < 5%) are boldfaced.

The characteristics of the hypertensive status made the main contribution to the
second principal component, which accounted for 15.4% of the total variance, with a
positive contribution from basal BP and a negative contribution from the increase in BP
under stress. Apparently, the higher the basal BP, the lower the amplitude of the increase
in BP under stress. This pattern is possibly due to the tension of the depressor baroreflex
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with elevated basal pressure. Some characteristics of behavior also correlated with the
second principal component: a negative contribution was noted for locomotor activity, and
a positive contribution was noted for such parameters as displaced activity (grooming) and
the latency period (Table 4). That is, in this case, we are dealing with parameters of behavior
that characterize a conflict of several motivations: anxiety, fear, and exploration. “Age
indicator” positively and significantly correlated only with the second principal component.
Consequently, the second component, associated with the age of rats, can be characterized
as a factor of behavioral caution (indecisiveness) and anxiety, which increases with age and
with the development of persistent hypertension.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 3. Principal component analysis (of behavioral traits) performed on the combined group of 
F2(ISIAHxWAG) hybrid males of the two age ranges. Blue dots: 3–4-month-old rats; red dots: 6–7-
month-old rats. 

Table 4. The table of correlations between behavioral traits and principal components in the com-
bined group of male F2(ISIAHxWAG) hybrid rats of different ages. 

Trait PC 1 PC 2 PC 3 PC 4 PC 5 
BP_basal 0.131 0.581 −0.376 −0.214 0.539 
BP_delta −0.207 −0.680 0.150 0.428 −0.240 
Ln_cort_basal −0.019 −0.089 0.594 −0.303 0.316 
Ln_cort_delta −0.155 −0.091 −0.553 0.629 0.259 
LA_1_min 0.545 −0.398 0.110 −0.031 0.308 
LA_per 0.649 −0.470 −0.239 −0.207 −0.003 
Ln_G_per 0.689 0.426 0.280 0.439 −0.047 
Ln_R_per 0.862 −0.132 −0.197 −0.179 −0.207 
Ln_time_G_per 0.618 0.467 0.320 0.468 −0.040 
Ln_time_R_per 0.797 0.050 −0.229 −0.192 −0.344 

Figure 3. Principal component analysis (of behavioral traits) performed on the combined group
of F2(ISIAHxWAG) hybrid males of the two age ranges. Blue dots: 3–4-month-old rats; red dots:
6–7-month-old rats.

Characteristics of hormonal function—the basal plasma corticosterone level and its
increase under stress—were found to make a significant contribution to the third principal
component (11.28% of the total variance). By analogy with the basal and stress-induced
rise in BP, the vectors of the basal and stress-induced increase in plasma corticosterone
levels have mutually opposite directions: positive for the basal level and negative for
the increase in plasma corticosterone under stress. Overall, the reciprocity between basal
and stress-induced levels of corticosterone can be explained by negative feedback in the
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hypothalamic–pituitary–adrenal axis, and elevation of the basal level of the hormone
should reduce the hormonal response to stress. It is possible that the negative feedback
mechanism works more efficiently in young rats, although this hypothesis needs additional
evidence. In addition, a significant positive contribution to the third principal component
was detected for the defecation score. The association of this parameter in the coordinates
of the third principal component with hormonal characteristics gives grounds to regard
the defecation score as an indicator of emotionality and to describe the third principal
component as a component associated with the magnitude of autonomic hormonal tension
or stress.

The fourth principal component was also of interest. It proved to be positively loaded
by such traits as increases in BP and plasma corticosterone under stress and by grooming
(its frequency and duration) at the periphery of the open-field area. These data allowed us
to associate this principal component with anxiety related to stress reactivity (Table 4).

A separate analysis of rats of different ages almost did not alter the structure of the first
principal component. In both young and adult rats, the main loading on this component
was provided by behavioral traits. The only difference was that in young rats, the negative
contribution of the latency period did not reach statistical significance. Therefore, the first
principal component in both age groups, just as in the combined group, is a factor of the
overall behavioral activity of rats (Table 5). Meanwhile, the set of features associated with
subsequent principal components changed rather strongly. Thus, the second principal
component in young rats is essentially defined by parameters of the hormonal status: there
is a significant positive correlation with the basal level of plasma corticosterone and a
negative correlation with the upregulation of corticosterone under stress. On the other
hand, reciprocity of the variances of these parameters persisted. In adult rats, the basal
level of corticosterone did not contribute to the second principal component, but there
remained a significant contribution from the increase in the level of plasma corticosterone
under stress. This result confirms the abovementioned hypothesis about the weakening of
the negative feedback in the hypothalamic–pituitary–adrenal axis in adult rats compared
with young ones.

Furthermore, in adult rats, a significant positive contribution to the second principal
component was made by basal BP together with the frequency and total duration of groom-
ing in the open-field area. In young rats, no such correlations were detectable. Obviously,
in adult rats, along with an increase in basal BP, the level of behavioral manifestations of
anxiety goes up.

The structure of the third principal component is virtually the same between young
and adult rats. In both age groups, the third principal component was found to be loaded
with BP traits and could be characterized as a principal component associated with stress-
dependent enhancement of BP. Moreover, in young and adult rats, the third principal
component included grooming parameters, thereby revealing an association of the BP
response to stress with behavioral status of the rats.

The fourth principal component indicated that in young rats, anxiety behavior might
be somewhat unrelated to BP or plasma corticosterone levels. In adult rats, other traits
contributed to the fourth principal component: a positively correlating increase in BP under
stress and rearing duration and a negatively relating basal plasma corticosterone level.

The fifth principal component in both groups was shown to be represented by the
defecation score in the open field test; this parameter had a very large and significant
contribution only to this principal component, thereby enabling us to define the defecation
score as a scale of “emotionality”. In contrast to the adult group of rats, in young rats,
the latency period also made a significant contribution to the fifth principal component.
Both traits in young rats did not depend on the level of BP or glucocorticoid function of
the adrenal glands. In adult rats, however, there was an inverse relationship between the
defecation score and the basal level of corticosterone.

238



Int. J. Mol. Sci. 2023, 24, 10984

Table 5. The table of correlations of behavioral traits with principal components in groups of
F2(ISIAHxWAG) hybrid males at ages 3–4 and 6–7 months.

3–4 Months Old

Trait PC 1 PC 2 PC 3 PC 4 PC 5

BP_basal 0.139 0.318 −0.632 0.439 0.182

BP_delta −0.071 −0.316 0.719 −0.330 0.013

Ln_cort_basal −0.221 0.801 0.153 −0.201 0.101

Ln_cort_delta 0.035 −0.785 −0.071 0.397 −0.127

LA_1_min 0.480 −0.232 0.059 −0.207 0.128

LA_per 0.733 −0.041 −0.139 −0.411 −0.031

Ln_G_per 0.681 0.209 0.365 0.515 −0.168

Ln_R_per 0.873 0.077 −0.117 −0.249 0.011

Ln_time_G_per 0.580 0.239 0.495 0.512 −0.144

Ln_time_R_per 0.852 0.076 −0.092 −0.242 −0.007

Ln_Def −0.057 0.032 0.388 0.149 0.790

Ln_Lat −0.404 0.323 0.208 −0.106 −0.502

% of variance 27.48 14.45 13.02 11.61 8.35

6–7 Months Old

Trait PC 1 PC 2 PC 3 PC 4 PC 5

BP_basal 0.069 0.676 −0.534 −0.207 −0.081

BP_delta −0.288 −0.421 0.548 0.474 −0.058

Ln_cort_basal 0.254 −0.097 0.216 −0.628 −0.465

Ln_cort_delta −0.233 0.591 −0.063 0.355 0.063

LA_1_min 0.675 −0.288 0.025 −0.257 −0.082

LA_per 0.723 −0.298 −0.368 0.181 −0.007

Ln_G_per 0.645 0.471 0.516 0.020 0.079

Ln_R_per 0.837 −0.108 −0.179 0.340 −0.100

Ln_time_G_per 0.596 0.526 0.521 0.016 0.101

Ln_time_R_per 0.718 −0.022 −0.213 0.469 −0.099

Ln_Def 0.290 −0.221 −0.048 −0.303 0.822

Ln_Lat −0.679 0.065 −0.069 0.176 0.017

% of variance 30.97 14.40 11.62 11.21 7.90
Significant Pearson correlation coefficients (FDR < 5%) are highlighted in bold.

Thus, this analysis allows us to conclude that in the young group of F2(ISIAHxWAG)
hybrid male rats, the behavioral traits assessed in the open field test do not explicitly
depend on the plasma corticosterone concentration and on its increase under short-term
restraint stress. In rats of the older group, the glucocorticoid function of the adrenal glands
can modulate a number of behavioral traits related to emotionality. It is apparent that in
contrast to young rats—where only one principal component is loaded with both traits
of BP—in rats of the adult group, several principal components that reflect behavior are
loaded with BP parameters in different combinations. A graphical representation of the
contributions of behavioral traits to the first two principal components in groups of male
F2(ISIAHxWAG) hybrids of different ages is presented in Figure 4.
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3. Discussion

The development of hypertension is accompanied by alterations to the functioning of
numerous physiological systems. In this study, we examined age-dependent changes in
the relationships between traits associated with the pathogenesis of stress-sensitive arterial
hypertension as well as with the behavioral traits of F2(ISIAHxWAG) male rats in the open
field test. In our work, the use of F2 hybrids obtained by crossing hypertensive ISIAH
rats with normotensive WAG rats can be considered a population model in which the
diversity of phenotypes is provided by different combinations of alleles associated with
both hypertension and high stress reactivity, as assessed after short-term restraint stress,
which can be regarded as emotional stress. The analysis of two groups of rats of different
ages made it possible to identify age-dependent phenotypic characteristics associated with
the development of stress-sensitive hypertension as well as to evaluate alterations of associ-
ations between traits as the animals grew older. In both series of analyses performed on two
distinct sets of traits (Tables 2 and 4), a significant (FDR < 5%) relationship with age was
found only for the second principal component. In both cases, it was demonstrated that the
development of a hypertensive status is the main age-dependent parameter in which the
groups of F2(ISIAHxWAG) males differ. This result indicates the adequacy of the chosen
model for identifying associations related specifically to the hypertensive phenotype. The
observed increase in BP with age is well known and points to aggravation of the devel-
opment of hypertension. The vascular resistance to blood flow is enhanced due to many
factors changing over time [23]. Our experiment showed that the presence of a positive rela-
tionship between age and basal BP is accompanied by a negative relationship between age
and the increase in BP under stress. These results suggest that there was a significant decline
of stress reactivity in the group of male F2 (ISIAHxWAG) hybrids at the age of 6–7 months
compared with the group of rats aged 3–4 months. These data are in good agreement
with research on the age-dependent differences in stress responsiveness among sponta-
neously hypertensive rats (SHRs). The hypothalamic–pituitary–adrenocortical response to
acute stress is markedly enhanced in SHRs during early development of hypertension and
does not differ in older SHRs from that in normotensive Wistar–Kyoto (WKY) and Wistar
rats [24]. A decrease in stress reactivity of the cardiovascular function with ageing has
been associated with a decline in β-adrenergic responsiveness with age [25]. Additionally,
an impaired ability to recover from exposure to stressful stimuli in the elderly may be a
consequence of chronically elevated glucocorticoid levels, which are characteristic of many
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age-related disorders, including hypertension [26]. The results of our experiment are in
good agreement with these notions and indicate in both age groups of rats the presence of
a negative correlation between the concentration of corticosterone in the blood plasma at
rest and its increase under restraint stress.

Cortisol (corticosterone in rats) is a major stress-related glucocorticoid hormone. Its
activation under stress contributes to the restoration of homeostasis and exerts effects
on cardiovascular function, metabolism, muscle function, behavior, and the immune sys-
tem [22]. Elevation of the cortisol level during stress helps to restore the functioning of
various organ systems. Cortisol concentration in bodily fluids is considered a reliable
indicator of stress. Cortisol reactivity is regarded as one of possible mechanisms through
which psychosocial stress may influence the risk of hypertension [27].

According to our principal component analysis, in the young group of animals in our
experiment, the traits of plasma corticosterone were not directly related to any of the traits
being analyzed (Tables 3 and 5). These findings are consistent with a report that in infants,
the cortisol level, its reactivity to stress, and behavior are unrelated [28].

By contrast, in our group of rats aged 6–7 months, straightforward relationships were
detected between traits of plasma corticosterone concentration and other assessed traits.
Moreover, the increase in corticosterone concentration contributed to the third principal
component, in addition to the positive contribution of the basal level of BP and the negative
contribution of the increase in BP under stress (Table 3).

There is an opinion that low reactivity of BP to stress indicates the presence of an
existing disease or disorder. The blunted cardiovascular and cortisol reactions to acute
psychological stress have been linked to depression, obesity, behavioral disorders, and
poorer cognitive ability, as reviewed in refs. [14,29]. It has been hypothesized that the
detection of a blunted stress response may be informative for identifying patients who
require closer medical attention [29]. One of the reasons for the blunted stress reactivity is
genetic polymorphisms [30,31]. Because the ISIAH rat strain has been created by selection
for a sharp increase in BP under short-term restraint (emotional) stress, we can theorize
that genetic features of ISIAH rats may contribute to a decline in stress reactivity during
the progression of the disorder in question. This supposition is supported by a report
that many genes whose transcription differs between ISIAH and normotensive control
rats are associated with the stress response [32–36]. This observation suggests that ISIAH
rats—even at rest—are in a state of chronic functional stress.

We have previously shown that in adult ISIAH rats (4–5 months old), just as in
normotensive WAG rats, significant elevation of the plasma corticosterone concentration
takes place 15 min after the onset of restraint stress. During the next 15 min, however,
the level of corticosterone in normotensive rats does not increase, while in hypertensive
ISIAH rats, it continues to rise sharply and becomes significantly higher than that in control
rats [17]. These differences signify an exaggerated stress response in hypertensive ISIAH
rats compared to normotensive control WAG rats.

This phenomenon may be not only be characteristic of ISIAH and WAG rats, as
evidenced by results of studies on the activation of immediate early genes described below.
A number of studies on the hypothalamus of hypertensive and normotensive rats show
differences in kinetics of transcription of the Fos gene, which is a marker of neuronal
activation under stress. In normotensive Sprague–Dawley rats exposed to restraint stress,
the peak of Fos gene activation in the paraventricular nucleus of the hypothalamus is
observed 15 min after the onset of stress, and after 1 h, it returns to the control level [37].
In the research on Fos gene activation in the hypothalamus under the action of short-term
restraint stress in hypertensive rats, somewhat different results were obtained. The peak
of transient upregulation of Fos gene transcription in the hypothalamus of borderline
hypertensive male rats occurred after 30 min of immobilization stress and returned to
baseline only after 3 h [38]. Another report, on Fos gene activation in the paraventricular
nucleus of the hypothalamus of male hypertensive SHRSP (spontaneously hypertensive,
stroke-prone) rats under restraint stress, has also shown a peak of Fos gene activity at
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30 min after the onset of stress [39]. As the hypertensive SHRSP rats mature and the
pathophysiological state worsens, the Fos gene is activated under short-term (30 min)
stress to a greater extent than in normotensive control animals [40]. Accordingly, those
researchers proposed that the prolonged activation of the Fos gene may be a consequence
of the pathophysiological state of rats associated with features of the manifestation of
hypertensive status.

In the pathophysiological state of the body, a prolonged stress response, including
prolonged elevation of BP following stress, is linked with the inability to shut off stress
responses essential for adaptation, homeostasis, and survival, even under conditions in
which these responses are no longer required (e.g., when a stressor is removed or a stressful
situation is over) [14,41]. The impaired recovery from stress (magnitude and/or duration of
a stress response) is connected with the development or worsening of a disease [14]. Based
on the foregoing, it can be hypothesized that the processes of hypertension progression in
ISIAH rats and the increase in the duration of recovery from stress may be related.

In our experiment, we also revealed age-related correlations with other traits asso-
ciated with the manifestation of hypertensive status. In contrast to the young group of
F2(ISIAHxWAG) hybrid rats, in which all the assessed parameters do not explicitly depend
on the concentration of plasma corticosterone and its increase under short-term restraint
stress, in adult rats, both plasma corticosterone traits (along with other features) contribute
to several principal components (Tables 3 and 5). These results support the notion that
during aging, there are alterations to the activity of various endocrine systems, including
changes in hormonal secretion and modulation of feedback sensitivity [42]. Our findings
are in good agreement with the known concept that there are several stages in the develop-
ment of hypertension [8] as well as with the reports that the outcome of pharmacotherapy
of hypertension may depend on age, i.e., on the stage of disorder development [43]. The
fact that a phenotype controlled by many genes can be influenced by different genetic loci at
different ages has been demonstrated both in research on the molecular genetic mechanisms
of the development of the pathology in ISIAH rats [44–46] and in articles on rats that are
models of other types of hypertension [47–49] as well as in a study on anthropometric
parameters (height, weight, body mass index, and systolic BP) in humans [50].

One of the advantages of the approach to data analysis presented here is that it reveals
a dual nature of features by revealing a set of features involved in direct and inverse
relationships. This information may be useful for interpreting genetic mapping data on
these traits and for identifying candidate genes at common genetic loci involved in the
control over these traits.

Our analysis suggests that the development of a hypertensive status in ISIAH rats
is accompanied by an increase in anxiety (Table 4). Furthermore (Table 5), one can see
that in the young group of rats of F2(ISIAHxWAG) hybrids, the basal value of BP and
the BP increase under short-term restraint stress contribute only to one (second) principal
component. By contrast, in adult rats, the BP traits (along with other traits) contribute
to several principal components; these other traits include basal levels and an increase
in the corticosterone concentration, thereby pointing to the emergence of a relationship
between behavior and hormonal and hypertensive status in rats with age. This result
is in good agreement with conclusions from an analysis of population data suggesting
that the elderly with hypertension are more likely to have depression and anxiety [51].
These mental problems are associated with a lower quality of life, a lower rate of treatment
compliance, and higher mortality among elderly individuals [51]. The relevance of this
problem is also emphasized by the fact that hypertension is also considered a risk factor for
dementia [52].

Although some results of our study and the conclusions drawn are consistent with the
data obtained earlier both in studies on other strains of hypertensive rats and in human
population studies, we report some age-dependent associations for the first time. Our work
confirms the complex nature of associations between key hypertension-related traits and
identifies combinations of positive and negative relationships between some of them. Our
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findings suggest that ISIAH rats are an adequate model for identifying molecular genetic
mechanisms linked with the development of anxiety during aging and the exacerbation of
the pathogenesis of the stress-sensitive form of hypertension.

As with any experimental work, our study has several limitations. Certainly, one
limitation is that we analyzed only males. In addition, it should be mentioned that the
patterns observed on model animals cannot be considered an exact replica of the processes
in the human body; nevertheless, no one doubts that the molecular and physiological
mechanisms and their regulation are largely similar between humans and rodents.

Our paper does not contain real clinical evidence but does offer avenues and clear
guidelines for further research because we determined the parameters that should be exam-
ined in human population studies on the nature of the stress-sensitive form of hypertension
and on age-dependent features of its manifestation.

4. Materials and Methods
4.1. Animals

We used two groups of F2(ISIAHxWAG) hybrid males at ages 3–4 (n = 103) and
6–7 months (n = 126). The hybrids were obtained by crossing ISIAH/Icgn rats, which are a
breeding model for inherited stress-induced hypertension, with normotensive WAG/GSto-
Icgn rats (Wistar Albino Glaxo). The rats were kept under standard conditions in a vivarium
at the Institute of Cytology and Genetics SB RAS (Novosibirsk, Russia), with free access
to feed and water. Experiments were conducted in accordance with the International
Standards for the Care and Use of Laboratory Animals and were approved by the Bioethics
Committee of the Institute of Cytology and Genetics for the work with experimental
animals (protocol No. 69 of 20 January 2021).

4.2. Measurements of BP and Other Traits

Interstrain differences in the evaluated traits of ISIAH and WAG rats and of their
F1(ISIAHxWAG) hybrids and F2(ISIAHxWAG) hybrids at the age of 3–4 months are given
in ref. [20]. A graphical abstract summarizing the time course of the experimental data
collection is presented in Figure 5.
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Figure 5. An outline of experimental data collection. BP: blood pressure; Cort.: corticosterone.
Days 1–4: open field test; day 8: basal BP measurement; day 15: BP measurement under stress and
blood collection for corticosterone quantification under stress; day 22: decapitation, blood collection
for basal corticosterone quantification, and body and organ weight measurement.

BP measurements in rats were performed by the tail-cuff method (described in detail
elsewhere [17]). Briefly, basal values of BP were measured in anesthetized rats to exclude
the stress associated with the tail-cuff procedure. To measure the stress-induced BP and
plasma corticosterone response, rats were placed in a small wire-mesh cylinder cage for
0.5 h. BP after stress was measured without anesthesia. Blood was collected from the
tail vein immediately after restraint. Then, the rats were returned to their home cages.
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One week later, the animals were rapidly decapitated. Samples of plasma were assayed
for the basal corticosterone level. The target organs of hypertension (heart, kidneys, and
adrenals) were excised and weighed. Plasma corticosterone levels were assayed by the
competitive protein-binding radioassay technique [53]. Procedures for measuring BP and
blood sampling for measuring the concentration of corticosterone in plasma were carried
out at the same time of day, namely from 13:00 to 15:00 h local time.

4.3. Parameters of Rat Behavior

The parameters of rat behavior analyzed in the open field test were selected on
the basis of previous studies because these parameters were the most informative [19].
Behavioral characteristics were evaluated in an open-field arena with automatic registration
as described earlier [46]. The test lasted 6 min. The following behavioral characteristics
of rats were analyzed: (1) locomotor activity in the first minute of the first trial of the
open field test (number of crossed squares); (2) locomotor activity on the periphery of the
open-field area (the sum of crossed squares for four trials); (3) grooming on the periphery of
the open-field area (number of grooming acts in four trials); (4) grooming time, s (sum over
four trials); (5) standing up on the hind legs (rearing) on the periphery of the open-field area
(number of rearings in four trials); (6) rearing time, s (sum over four trials); (7) defecation
(number of boluses in four trials); (8) latency period, s (time from placement on the platform
to the start of locomotion, total for four trials). Rats were tested on 4 consecutive days (four
trials). The sum of values from the four trials gave an integral assessment of behavior, which
largely eliminated the influence of random factors on such a labile indicator as behavior.
The locomotor activity in the first minute of the first trial was analyzed separately from
the general locomotor activity because the locomotor activity of the rat in the first minute
mainly corresponds to the reaction of avoiding an unfamiliar environment, in contrast to
the locomotor activity at the end of the first and subsequent trials, which contributes mostly
to the principal component associated with exploratory behavior [19].

4.4. Statistical Analysis

Statistical analysis was performed using PAST software version 4.03 (PAST 4.03) [54].
Several traits were log-transformed by taking the natural logarithm to eliminate the skew-
ness and kurtosis. Results of our previous study have shown that behavioral traits of
rats in the open field test and morphometric traits contribute to different principal com-
ponents [20]. Taking this into account, in the present work, the analyses of behavioral
and morphometric traits were carried out separately. Principal component analysis was
performed in two versions: (1) separately for 3–4- and 6−7-month-old rats; (2) jointly for
the two age groups, where the parameter “age indicator” served as an independent cate-
gorical (dummy) variable in the calculation of correlations with principal components. The
calculation of the significance of the Pearson correlation coefficient (r) was conducted via
the Benjamini–Hochberg correction for multiple comparisons. The data were considered
significant at FDR < 5%.

5. Conclusions

BP and an increase in BP under stress are the traits that we consider the main endpoints
in this paper. Nonetheless, they are formed by combined action of many endogenous and
exogenous factors. In turn, high BP may have an impact on the same factors (a feedback
loop). Elevation of BP and an increase in the concentration of plasma corticosterone during
stress are traits that characterize the response to stress. Weakening of the response to stress
may be due to self-regulation of stress response systems: an increase in basal function
automatically reduces the response to an additional stimulus, thereby leading to a state
of chronic stress that is characterized by a persistent increase in basal BP and a rise of
basal plasma corticosterone concentration. In our work, the use of the ISIAH rat strain,
which simulates the stress-sensitive form of arterial hypertension, enabled us to analyze
the traits of emotionality that rats exhibit in the open field test. Our data clearly show that
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the development of hypertensive status in F2(ISIAHxWAG) rats is accompanied by the
enhancement of anxiety. The study revealed age-dependent relationships between key
features and their changes with age and worsening of the hypertensive state. In particular,
it was demonstrated that the concentration of plasma corticosterone at rest and its increase
under short-term restraint stress in a young group of rats does not have a straightforward
relationship with other assessed traits. By contrast, in older animals, such associations
were found. Because emotion-related brain activity has been reported to be an important
factor for the development of hypertension in humans [55], we hope that our analysis
of relationships between the investigated traits (which are associated with a genetically
determined hypertensive phenotype and high stress reactivity under conditions of short-
term restraint (emotional) stress) will be useful for the design of strategies for the treatment
of hypertension, taking into account the age of the patients.
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Abstract: Circulating monocytes have different subsets, including classical (CD14++CD16−), interme-
diate (CD14++CD16+), and nonclassical (CD14+CD16++), which play different roles in cardiovascular
physiology and disease progression. The predictive value of each subset for adverse clinical outcomes
in patients with coronary artery disease is not fully understood. We sought to evaluate the prognostic
efficacy of each monocyte subset in patients with ST-elevation myocardial infarction (STEMI). We
recruited 100 patients with STEMI who underwent primary percutaneous coronary intervention
(PCI). Blood samples were collected at the time of presentation to the hospital (within 6 h from onset
of symptoms, baseline (BL)) and then at 3, 6, 12, and 24 h after presentation. Monocytes were defined
as CD45+/HLA-DR+ and then subdivided based on the expression of CD14, CD16, CCR2, CD11b,
and CD42. The primary endpoint was a composite of all-cause death, hospitalization for heart failure,
stent thrombosis, in-stent restenosis, and recurrent myocardial infarction. Univariate and multivariate
Cox proportional hazards models, including baseline comorbidities, were performed. The mean age
of our cohort was 58.9 years and 25% of our patients were females. Patients with high levels (above
the median) of CD14+CD16++ monocytes showed an increased risk for the primary endpoint in
comparison to patients with low levels; adjusted hazard ratio (aHR) for CD14+/CD16++ cells was 4.3
(95% confidence interval (95% CI) 1.2–14.8, p = 0.02), for CD14+/CD16++/CCR2+ cells was 3.82 (95%
CI 1.06–13.7, p = 0.04), for CD14+/CD16++/CD42b+ cells was 3.37 (95% CI 1.07–10.6, p = 0.03), for
CD14+/CD16++/CD11b+ was 5.17 (95% CI 1.4–18.0, p = 0.009), and for CD14+ HLA-DR+ was 7.5
(95% CI 2.0–28.5, p = 0.002). CD14++CD16−, CD14++CD16+, and their CD11b+, CCR2+, and CD42b+
aggregates were not significantly predictive for our composite endpoint. Our study shows that
CD14+ CD16++ monocytes and their subsets expressing CCR2, CD42, and CD11b could be important
predictors of clinical outcomes in patients with STEMI. Further studies with a larger sample size and
different coronary artery disease phenotypes are needed to verify the findings.

Keywords: myocardial infarction; human; inflammation; clinical outcomes

1. Introduction

Cardiovascular diseases are the leading cause of mortality and morbidity world-
wide [1]. ST-segment elevation myocardial infarction (STEMI) has the worst prognosis
among cardiovascular diseases. STEMI is caused by the rupture of atherosclerotic plaque
in the coronary arteries. The incidence of STEMI comprises around 40% of myocardial
infarction (MI) presentations [2]. Despite significant advances in timely revascularization
and medical therapy, 1-year mortality of STEMI can be as high as 20% [3]. Although
the mortality rate for STEMI has significantly improved in the last decade, the risk of
adverse clinical outcomes widely differs among various subgroups of STEMI patients [4].
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Therefore, risk stratification of individual patients with STEMI is of paramount importance
for individualized management strategies and allocating health care resources. Acute
myocardial infarction (AMI) triggers a systemic and local inflammatory response, which
initiates the mobilization and recruitment of a wide variety of inflammatory cells, including
monocytes [5,6]. Monocytes have different subsets; classical (CD14++CD16−), interme-
diate (CD14++CD16+), and nonclassical (CD14+CD16++), which play different roles in
cardiovascular physiology and cardiovascular disease progression [7]. CD14++CD16−
monocytes play a significant role in triggering the inflammatory response after myocardial
injury in STEMI and contribute to atherosclerosis [8]. Although previous clinical studies
have shown that CD14++CD16− can predict adverse clinical outcomes in patients with
coronary artery disease [8], other studies have shown that CD14++CD16− monocytes
do not change after ischemic events, such as stroke [9]. CD14+CD16++ cells can have
pro-inflammatory functions by secreting tumor necrosis alpha (TNF-α) and interleukin-1
(IL-1), which enhance the immune cell recruitment [10,11]. Moreover, they can have athero-
protective properties by enhancing efferocytosis [7]. Similarly, CD14++CD16+ monocytes
have mixed functions and can be both pro-inflammatory and anti-inflammatory [9,12–14].
In this study, we provide a comprehensive temporal analysis of the dynamic changes in
circulating innate immune cells, including monocytes and inflammatory markers, and their
prognostic values in patients with STEMI.

2. Results
2.1. Baseline Characteristics

This prospective study included 100 patients with STEMI enrolled between August
2017 and July 2020. The baseline characteristics of the cohort are shown in Table 1. The study
population was predominantly male (75%), and the mean age was 58.9 years (interquartile
range-IQR 1.03). The median BMI of the study population was 28.8 (IQR 0.62), and the
study population was predominantly white (92%). The right coronary artery was the culprit
artery in 50% of patients, followed by the left anterior descending artery (31%) and the left
circumflex artery (15%). In this study, 31% of our patients had DM, 67% had hypertension,
35% had hyperlipidemia, and 55% were current smokers. The mean follow-up of enrolled
patients was 1.3 years.

Table 1. Baseline characteristics of study population.

Demographic and Clinical Variables N (%), Mean (SD), or
Median (IQR)

Age 58.9 (1.03)
Sex, female 25 (25%)

BMI 28.8 (0.62)
Diabetes mellitus 31 (31%)

Hypertension 67 (67%)
Hyperlipidaemia 35 (35%)
Current smoker 55 (55%)

Congestive heart failure 1 (1%)
Baseline LVEF 46.07 (13.8)

Previous myocardial infarction 14 (14%)
Previous coronary revascularization 24 (24%)
Previous coronary bypass surgery 1 (1%)

Previous stroke 4 (4%)
Peripheral vascular disease 2 (2%)

Chronic kidney disease 1 (1%)
Door to balloon time in minutes * 33.5 (28.4)

Race
White 92 (92%)
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Table 1. Cont.

Demographic and Clinical Variables N (%), Mean (SD), or
Median (IQR)

African American 5 (5%)
Culprit artery

Left anterior descending 31 (31%)
Left circumflex 15 (15%)

Right coronary artery 50 (50%)
Medications at discharge

Statins 97 (97%)
Angiotensin converting enzyme 63 (63%)

Angiotensin receptor blocker 10 (10%)
Beta blocker 93 (93%)

Aspirin 96 (96%)
P2Y12 inhibitors 100 (100%)

Ticagrelor 85 (85%)
Clopidogrel 11 (11%)

Prasugrel 4 (4%)
BMI, body mass index; LVEF, left ventricular ejection fraction. * Door to balloon time was available in only
41 patients.

2.2. Mobilization of Inflammatory Cells

We assessed the number of circulating inflammatory cells in an attempt to characterize
their dynamic mobilization after STEMI in humans. We characterized monocyte popula-
tions based on the expression of CD14 and CD16 into classical monocytes (CD14++CD16−),
non-classical monocytes (CD14+CD16++), and intermediate monocytes (CD14++CD16+).
CD14++CD16− monocytes peaked at 12 h and returned to nadir levels at 24 h after injury
(Figure 1). Similarly, CD14+CD16++ monocytes peaked at 6 h after STEMI (Figure 2).
However, CD14++CD16+ monocytes reached their peak 24 h after injury (Figure 3).
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Figure 1. Classical monocytes expressing CD14++/CD16− are mobilized after myocardial infarction
in humans. Bar graphs showing the number of circulating CD14++/CD16− monocytes in the
peripheral blood after STEMI. The data demonstrate a peak of classical monocytes in the peripheral
blood at 6 h after STEMI. The subset of classical monocytes expressing the activation markers CCR2,
CD11b, and CD42 (monocyte–platelet aggregates) also peaked within 12–24 h after STEMI (data
shown as mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to 24 h value).
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Figure 2. Non-classical monocytes expressing CD14+/CD16++ are mobilized after myocardial
infarction in humans. Bar graphs showing the number of circulating CD14+/CD16++ monocytes in
the peripheral blood after STEMI. The data demonstrate a peak of non-classical monocytes in the
peripheral blood at 6 h after STEMI. The subset of non-classical monocytes expressing the activation
markers CCR2, CD11b, and CD42 (monocyte–platelet aggregates) also peaked within 6–12 h after
STEMI (data shown as mean ± SEM, * p < 0.05, *** p < 0.001 compared to 24 h value).
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Figure 3. Intermediate monocytes expressing CD14++/CD16+ are mobilized after myocardial infarc-
tion in humans. Bar graphs showing the number of circulating CD14++/CD16+ monocytes in the
peripheral blood after STEMI. The data demonstrate a bimodal peak of intermediate monocytes in
the peripheral blood at 3 and 24 h after STEMI. The subset of intermediate monocytes expressing the
activation markers CCR2 and CD11b also peaked within 24 h after STEMI. However, intermediate
monocytes expressing CD42 (monocyte–platelet aggregates) peaked at 6 h after STEMI (data shown
as mean ± SEM, * p < 0.05, *** p < 0.001 compared to 24 h value).
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C-C Motif Chemokine Receptor 2 (CCR2) plays a critical role in immune cell chemo-
taxis to monocyte chemoattractant protein-1 (MCP-1), a chemokine that specifically me-
diates monocyte chemotaxis. MCP-1 is upregulated in tissue injury such as myocardial
infarction and directs the mobilization of monocytes and their influx into the injured my-
ocardium. We noticed a peak in CD14+CD16−/CCR2+ at 24 h after injury (Figure 1).
However, we observed a dip in CD14+CD16++/CCR2+ counts at 3 h after injury, which
then peaked at 6 h after injury (Figure 2). Similarly, CD14++CD16+/CCR2+ increased
progressively to its maximum level at 24 h after STEMI (Figure 3). The expression of
CD11b is a marker of immune cell activation/inflammation. CD14+CD16− monocytes
expressing CD11b peaked at 12 h after injury and returned to nadir levels by 24 h after
STEMI (Figure 2). The expression of CD11b on the surface of CD14+CD16++ peaked at
6 h (Figure 2) but at 24 h on CD14++CD16+ monocytes (Figure 3). Platelet–leukocyte
aggregates are indicative of monocyte activation and have been linked to adverse clinical
events. Our data indicate that platelet–monocyte aggregates peaked early after STEMI
among most monocyte subpopulations. This is consistent with the early peak inflammatory
response as represented by the cytokine data.

2.3. Changes in Plasma Cytokines after STEMI in Humans

Chemokines and cytokines play an important role in the communication between
injured tissue and hematopoietic cells and their progenitors in the bone marrow and spleen
to regulate immune cell production and their mobilization to areas of need. We have
recently shown that PB levels of markers of neutrophil activation such as myeloperoxidase
(MPO) and S100A8/A9 are upregulated early after STEMI [15,16]. We assessed the plasma
levels of classical chemokines/cytokines involved in myelopoiesis and monocytosis, such
as IL-1β, IL-6, GM-CSF, and RANTES. Plasma levels of IL-1β, GM-CSF, and RANTES
peaked early after STEMI, while the level of IL-6 peaked within 6–12 h after acute injury
(Figure 4).
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Figure 4. Plasma levels of pro-inflammatory cytokines show dynamic changes after STEMI. Bar
graphs showing the plasma levels of the pro-inflammatory cytokines: interleukin-1 beta, interleukin-
6, granulocyte-macrophage colony-stimulating factor, and RANTES (Regulated upon Activation,
Normal T Cell Expressed and Presumably Secreted) cytokines. These data show dynamic changes
in the plasma level with an early peak that precedes the mobilization of activated monocytes (data
shown as mean ± SEM, * p < 0.05, ** p < 0.01, compared to 24 h value).
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2.4. Correlation between Circulating Monocytes and Clinical Outcomes

We assessed the relationship between the number of circulating inflammatory cells,
inflammatory cytokines, and clinical outcomes in our patient cohort. Patients were fol-
lowed up for a median of 470 days. Overall, we observed 17 major adverse cardiac events
during the follow-up period. Most of these clinical events were in the form of unplanned
recurrent revascularization. Patients were divided based on the median number of cir-
culating inflammatory cells at their peak into high level (above median) and low level
(below median). In the univariate cox proportional hazards model, among all baseline
characteristics, only age (HR = 1.06, 95% CI 1.01–1.11, p = 0.01), congestive heart fail-
ure (HR = 10.22, 95% CI 1.29–80.68, p = 0.02), and stroke (HR = 9.20, 95% CI 1.94–43.43,
p = 0.005) significantly predicted the composite endpoint (Supplemental Table S1). In the
univariate cox proportional hazards model, only total monocytes (CD14+/HLA-DR+)
(3.80, 95% CI 1.19–12.13, p = 0.02), CD14+CD16++ monocytes (3.48, 95% CI 1.08–11.26,
p = 0.03), and CD14+CD16++ monocytes expressing CD11b (4.99, 95% CI 1.46–7.06, p = 0.01)
significantly predicted the clinical composite endpoint (Figure 5). Other monocyte pop-
ulations such as CD14+CD16++/CD42b+ monocytes (2.86, 95% CI 0.95–8.55, p = 0.05)
and CD14+CD16++/CCR2+ monocytes (2.73, 95% CI 0.91–8.11, p = 0.07) showed border-
line significance towards predicting our composite endpoint (Supplemental Table S2). A
close observation of the survival curves shows an early separation of the curves for all
outcomes measured.

Figure 5. Elevated numbers of CD14+/CD16++ monocytes correlate with long-term adverse clinical
events in STEMI patients. Survival curves for the probability of developing all-cause mortality, heart
failure hospitalization, recurrent myocardial infarction, and stent thrombosis. These curves show a
strong correlation between elevated numbers of circulating non-classical monocytes and their subsets
expressing CD11b, CCR2, and their aggregates with platelets, and clinical events during long-term
follow-up in STEMI patients.
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In the multivariate cox proportional hazards model, after adjusting for age, stroke,
and congestive heart failure, CD14+CD16++ monocytes (adjusted HR (aHR) = 4.30, 95% CI
1.25–14.81, p = 0.02), CD14+CD16++/CCR2+ monocytes (aHR = 3.82, 95% CI = 1.06–13.76,
p = 0.04), CD14+CD16++/CD42b+ monocytes (aHR = 3.37, 95% CI = 1.07–10.64, p = 0.03),
and CD14+CD16++/CD11b+ monocytes (aHR = 5.17, 95% CI = 1.48–18.06, p = 0.009)
remained significantly predictive of the clinical composite endpoint (Table 2).

Table 2. Multivariate cox proportional hazards model for a composite endpoint of all-cause death,
myocardial infarction, recurrent hospitalization for heart failure, stent thrombosis, or in-stent restenosis.

Models Hazardous Ratio 95% Confidence Interval p Value

Model 1
CD14+CD16++

monocytes 4.30 1.25–14.81 0.02

Age 1.06 1.01–1.11 0.007
Stroke 14.03 2.61–75.31 0.002

Congestive heart failure 18.41 1.92–176.40 0.01

Model 2
CD14+CD16++/CCR2+ 3.82 1.06–13.76 0.04

Age 1.05 1.01–1.11 0.01
Stroke 17.89 2.77–115.24 0.002

Congestive heart failure 16.52 1.69–161.28 0.01

Model 3
CD14+CD16++/CD42b+ 3.37 1.07–10.64 0.03

Age 1.06 1.01–1.11 0.007
Stroke 12.02 2.29–63.12 0.003

Congestive heart failure 18.04 1.87–174.13 0.01

Model 4
CD14+CD16++/CD11b+ 5.17 1.48–18.06 0.009

Age 1.05 1.01–1.10 0.01
Stroke 14.58 2.76–76.94 0.001

Congestive heart failure 15.64 1.62–150.95 0.01

Model 5
CD14+ HLA-DR+ 7.57 2.00–28.57 0.002

Age 1.09 1.03–1.16 0.001
Stroke 14.86 2.68–82.30 0.001

Congestive heart failure 23.59 2.38–233.17 0.006

3. Discussion

Myocardial infarction and the resulting heart failure are leading causes of morbidity
and mortality worldwide. Several risk prediction models are available for risk stratification
after STEMI, including the TIMI risk score and GRACE risk model. Recent studies as well
as clinical guidelines have demonstrated the value of risk stratification for personalized
medical care in the setting of myocardial infarction [17–19]. However, risk stratification
models that incorporate biological variables, such as the immune response and markers
of inflammation, are scarce. Changes in the epidemiological characteristics of MI and
the availability of new biomarkers warrant an assessment of the performance of these
scores in contemporary practice. We propose the addition of inflammatory and immune
parameters to clinical predictive models to enhance their accuracy. Post-myocardial in-
farction inflammation is a major risk factor for adverse cardiac remodeling, heart failure,
and major adverse cardiac events in short- and long-term follow-up. In this study, we
systematically characterize innate immune cell mobilization and inflammatory cytokines in
patients presenting with STEMI. Our data demonstrate dynamic changes in the number of
circulating monocytes and their subsets as well as plasma cytokine levels. Peak numbers of
monocytes followed cytokine levels suggesting a well-orchestrated immune response. The
peak number of circulating monocytes and their subsets significantly predicted clinical out-
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comes in STEMI patients. Our results provide justification for incorporating inflammatory
immune parameters in clinical risk stratification models.

Myocardial injury triggers a series of signaling events to communicate with periph-
eral blood cells (PBCs) and bone marrow (BM) through processes that are just now being
elucidated [20]. Monocytosis after AMI is a poor prognostic indicator, in part because
monocytes may contribute to infarct expansion and impair cardiac remodeling, thereby
promoting the progression to HF [21,22]. In the first wave of PBC response to AMI, classi-
cal (CD14++CD16−) monocytes and neutrophils aid in the clean-up after tissue damage
through phagocytosis and the release of proteolytic enzymes. However, this initial injury
response may actually confer long-term harm because the reduction in the initial recruit-
ment of monocytes can reduce infarct size and prevent cardiac remodeling after AMI [23].
In addition to effects on the myocardium, monocytosis following AMI accelerates experi-
mental atherosclerosis in animal models, thus initiating a vicious cycle; indeed, this type
of cycle may contribute to recurrent coronary events in humans [24]. Our comprehensive
study provides additional information regarding the prognostic value of specific monocyte
subsets after STEMI. While the CD14++/CD16− cells have been traditionally described as
the pro-inflammatory subset associated with adverse clinical events, our study suggests
that other monocyte populations such as CD14+/CD16++ monocytes and their subsets
were associated with adverse clinical events [8,13,21]. This can be explained by our specific
monocyte markers that further defined certain populations of activated monocytes that
express CD11b, CCR2, and the platelet marker CD42, which delineates platelet–monocyte
complexes, a strong predictor of clinical events in coronary artery disease patients. We
also examined the dynamics of circulating monocyte populations while other studies fo-
cused on one timepoint. These differences could explain the discrepancy between our
results and others and provide additional markers for clinical risk stratifying in STEMI
patients. Overall, we noticed that most of the monocyte populations tested peak within
12–24 h after STEMI and therefore, these timepoints represent the optimal timepoint in the
clinical setting.

Circulating monocyte infiltration into the heart after myocardial infarction is largely
considered a maladaptive response to sterile injury leading to scar expansion and cardiac
dysfunction. Circulating monocytes are a heterogeneous population of immune cells that
play a role in inflammation and tissue repair. In patients with STEMI, monocyte subsets
have been associated with different aspects of prognosis [8,25–29]. Elevated monocyte lev-
els upon hospital admission have been associated with adverse clinical outcomes in STEMI
patients, such as recurrent infarction, heart failure, and increased mortality [28,30]. Further-
more, specific monocyte subsets have demonstrated differential prognostic implications in
the context of STEMI. The pro-inflammatory CD14++CD16+ monocyte subset, in particular,
has been linked to higher rates of cardiovascular events and poor clinical outcomes [13].
Additionally, a heightened CD14++CD16− monocyte count has been shown to indepen-
dently predict future cardiovascular events [8]. These findings underscore the potential
of circulating monocyte levels as a valuable prognostic tool in STEMI patients. In recent
studies, monocyte–platelet aggregates have been found to correlate with poor outcomes in
patients with acute myocardial infarction, suggesting a possible synergistic role between
monocytes and platelets in driving the inflammatory response post-infarction [31,32]. This
interaction is hypothesized to contribute to the initiation and propagation of inflamma-
tion and thrombosis, further aggravating the inflammatory response in the myocardium.
Consequently, monitoring circulating monocyte levels and their subtypes could improve
risk stratification and help tailor personalized therapeutic strategies for STEMI patients,
potentially reducing the burden of adverse outcomes in this population. Our findings
corroborate the available literature and provide additional insights into the monocyte
subsets and their dynamic changes after STEMI and in relation to circulating inflammatory
cytokines. Our study suggests that CD14+/CD16++ monocytes that express activation
markers such as CD11b and CCR2 peak late after STEMI and are associated with adverse
clinical events in STEMI patients.

255



Int. J. Mol. Sci. 2023, 24, 11342

Our study highlights the prognostic value of circulating immune cells and inflamma-
tory markers in STEMI patients. However, our study has multiple limitations. Given our
cohort’s relatively small number, it is impossible to directly compare the prognostic value
of circulatory monocytes with other models verified in large datasets, such as the TIMI and
GRACE scores. Hence, future large cohort studies powered to examine these prognostic
scores, either independently or in combination, are warranted. We conducted a stringent
statistical analysis to account for the confounding factors on measured outcomes; however,
there may be unmeasured or uncontrolled confounding factors that could influence the
relationship between monocyte subsets and clinical outcomes in patients with STEMI that
have not been assessed in our cohort. The study enrolled patients with revascularized
STEMI; hence, the results may not be generalizable to other patient populations such as
those with other forms of myocardial injury such as non-ST elevation myocardial infarction
or patients undergoing elective percutaneous coronary interventions. Along the same
lines, patients with non-revascularized STEMI, a rare occurrence in contemporary clinical
practice, may have different patterns of circulating immune cells and inflammation, and
accordingly, different outcomes.

In conclusion, our study demonstrates that circulating activated monocytes are associ-
ated with adverse clinical outcomes in patients with STEMI. This data provide evidence that
incorporating biological markers of inflammation can enhance risk stratification models for
STEMI patients and guide physicians to allocate more aggressive therapies to patients who
need them the most. Future large, randomized studies utilizing biological parameters such
as monocyte subsets are needed for risk stratification, the development of novel therapies,
and long-term coronary artery disease monitoring.

4. Materials and Methods
4.1. Patient Enrollment

The study population consists of 100 patients with acute STEMI enrolled at the Uni-
versity of Kentucky hospitals between August 2017 and July 2020. STEMI was diagnosed
based on EKG findings of new (or increased) and persistent ST-segment elevation in at least
two contiguous leads of ≥1 mm in all leads other than leads V2–V3 where the following
cut-off points apply: ≥2.5 mm in men <40 years old ≥2 mm in men >40 years old. Samples
were collected at the time of presentation to the hospital (0 h; within 6 h from onset of
symptoms; baseline (BL)) and then at 3, 6, 12, and 24 h after presentation. Five matched
controls with similar comorbidities, but no active myocardial ischemia/infarction, were
included in the analysis. Supposing momentarily that there is a single timepoint with a
significance level of 5%, we estimate that a sample size of 67 patients will provide 80%
or better power to detect an expected 15% change in circulating monocyte counts after
STEMI based on published reports. The study protocol complies with the Declaration of
Helsinki and was approved by the University of Kentucky’s Institutional Review Board
and Ethics Committees [33]. All patients provided written informed consent at enrollment.
Our primary outcome was a clinical composite endpoint of all-cause death (death from any
cause as assessed by examining the hospital medical records and national social security
death index), hospitalization for heart failure (hospital admissions with heart failure as
the primary discharge diagnosis), stent thrombosis (recurrent myocardial infraction with
confirmation of probable or definite stent thrombosis in the discharge summary), in-stent
restenosis (confirmed stent restenosis on a coronary angiogram), and recurrent myocardial
infarction (defined as rehospitalization of myocardial infarction that is diagnosed based on
the STEMI EKG criteria detailed above or a significant rise and fall in cardiac biomarkers
which is more than 5-fold the upper level of normal in the setting of symptoms and clinical
criteria of myocardial injury). The clinical outcomes were assessed by a member of the
research team (M.A-A.) and adjudicated by the senior author (A.AL.)
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4.2. Flow Cytometry

For human peripheral blood inflammatory monocytes’ quantification, peripheral
blood (PB) samples were stained against CD14 PE (Biolegend, San Diego, CA, USA), CD16
FITC (Biolegend, San Diego, CA, USA), HLA DR APC/Cy7 (Biolegend, San Diego, CA,
USA), CD 42b PE/Cy7 (Biolegend, San Diego, CA, USA), CCR2 PerCP/Cy5.5 (Biolegend,
San Diego, CA, USA), and CD11b APC (Biolegend, San Diego, CA, USA). Monocytes were
defined as CD45+/HLA-DR+ and then subdivided based on the expression of CD14 and
CD16 into classical (CD14++/CD16−), intermediate (CD14++/CD16+), and non-classical
(CD14+/CD16++) (Supplemental Figure S1). Monocyte subpopulations were then classified
based on their expression of CCR2, CD11b, and CD42. All samples were stained after lysis
of the red blood cells and staining buffers included FC blocking to reduce nonspecific
staining. Samples were acquired using an LSR II (Becton Dickinson, Mountainview, CA,
USA) system and analyzed using FlowJo (version 7) software to generate dot plots and
analyze the data.

4.3. Luminex Assay

At the pre-defined timepoints, plasma was collected using the PB collection proto-
col detailed earlier. Inflammatory biomarkers, such as interleukin-1 beta (IL-1β), IL-6,
granulocyte-macrophage colony-stimulating factor (GM-CSF), and Chemokine ligand 5,
known as Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted
(RANTES), were quantified using the Milliplex cytokine magnetic kit (MILLIPLEX MAP
for Luminex xMap Technology, Millipore, Burlington, MA, USA) according to the manufac-
turer’s protocol.

4.4. Statistical Analysis

Baseline demographic characteristics were presented as mean with standard error (SE),
median with interquartile range, or frequencies with percentages as appropriate. Patients
were divided based on the median number of monocyte subpopulations. Patients who
were above the median were considered the high-level group, and patients who were below
the median were considered the low-level group. A univariate Cox proportional hazards
model was performed to estimate the hazard ratio of our composite clinical endpoint
in the high- compared to low-level groups for these parameters. Another univariate
Cox proportional hazards model, including age, sex, body mass index, diabetes mellitus,
hypertension, congestive heart failure, troponin-I, previous MI, stroke, chronic kidney
disease, and peripheral vascular disease, was performed to estimate the hazards ratio of
the same composite endpoint. Inflammatory cells that were significantly predictable to the
composite endpoint in the univariate Cox proportional hazards model were entered in a
multivariate Cox proportional hazards model with the baseline characteristic variables that
were significantly predictable to the composite endpoint in the univariate Cox proportional
hazards model. The dynamics of inflammatory cells over time were compared using
repeated measure ANOVA or the Friedman test as appropriate. Because the hospital
changed the troponin assay in the middle of the study, the numerical values of troponin-1
ranged from single digits to four digits. To overcome this irregularity in the data, we
divided troponin-1 in each assay separately into quartiles, and each quartile received the
same code in both assays. Hence, troponin-1 was analyzed as an ordinal variable rather
than a numerical variable in our study. All statistical analyses were performed using R
studio, version 1.4.1106 (R Foundation for Statistical Computing) and IBM SPSS Statistics,
version 28.0, Armonk, NY, USA: IBM Corp.
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Abstract: The expression of the myristoylated alanine-rich C-kinase substrate (MARCKS) family of
proteins in the kidneys plays an important role in the regulation of the renal epithelial sodium channel
(ENaC) and hence overall blood pressure regulation. The function of MARCKS is regulated by post-
translational modifications including myristoylation, phosphorylation, and proteolysis. Proteases
known to cleave both ENaC and MARCKS have been shown to contribute to the development of
high blood pressure, or hypertension. Here, we investigated protein expression and proteolysis of
MARCKS, protein expression of multiple protein kinase C (PKC) isoforms, and protein expression
and activity of several different proteases in the kidneys of diabetic db/db mice compared to wild-
type littermate mice. In addition, MARCKS protein expression was assessed in cultured mouse
cortical collecting duct (mpkCCD) cells treated with normal glucose and high glucose concentrations.
Western blot and densitometric analysis showed less abundance of the unprocessed form of MARCKS
and increased expression of a proteolytically cleaved form of MARCKS in the kidneys of diabetic
db/db mice compared to wild-type mice. The protein expression levels of PKC delta and PKC epsilon
were increased, while cathepsin B, cathepsin S, and cathepsin D were augmented in diabetic db/db
kidneys compared to those of wild-type mice. An increase in the cleaved form of MARCKS was
observed in mpkCCD cells cultured in high glucose compared to normal glucose concentrations.
Taken together, these results suggest that high glucose may contribute to an increase in the proteolysis
of renal MARCKS, while the upregulation of the cathepsin proteolytic pathway positively correlates
with increased proteolysis of MARCKS in diabetic kidneys, where PKC expression is augmented.

Keywords: MARCKS; PKC; cathepsin; proteolysis; kidney

1. Introduction

Several studies have shown protein kinase C (PKC) activation in kidney cells cul-
tured in high glucose [1,2] and in kidney tissue of diabetic animal models [3,4]. PKC
activation in response to hyperglycemic conditions leads to production of the profibrotic
cytokine transforming growth factor β (TGF-β1) and expansion of the extracellular matrix,
which contributes to pathophysiological features of diabetic nephropathy [5]. The activa-
tion of PKC in diabetic kidneys plays an important role in pathophysiology, since PKC
phosphorylates and regulates a myriad of proteins including those that regulate the actin
cytoskeleton.

The myristoylated alanine-rich C-kinase substrate (MARCKS) family of proteins in-
cludes MARCKS and MARCKS-like protein 1 (MLP1); these proteins are among the most
prominent substrates of PKC. In the kidneys, MARCKS and MLP1 have been shown to
play an important role in maintaining the integrity of the actin cytoskeleton and regulating
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the function of epithelial transport mechanisms at the luminal plasma membrane. MAR-
CKS [6–8] and MLP1 [9,10] both interact with epithelial sodium channels (ENaC) in renal
epithelial cells. These proteins increase the density of ENaC at the membrane and its open
probability by sequestering and increasing the local concentration of phosphatidylinositol
4,5-bisphosphate (PIP2) in close proximity to ENaC [6]. PIP2 stabilizes ENaC in an open
confirmation at the membrane [10,11]. Phospholipase C (PLC) hydrolyses PIP2 and reduces
its concentration at the membrane [12]. The interaction between MARCKS and ENaC in
the kidneys is regulated by post-translational modifications, proteases, and protease in-
hibitors [7]. A previous study by our group showed a strong association between MARCKS
and ENaC in diabetic db/db kidneys, which was attenuated by human alpha-1 antitrypsin
treatment [13].

Although the regulation of MARCKS expression and function by PKC has been studied
in various cells [14,15], its regulation in diabetic kidneys is not well understood. In order to
address these knowledge gaps, the goals of this study were to (1) investigate the proteolysis
and expression of MARCKS in diabetic db/db kidneys, (2) investigate changes in the
expression and activity of multiple proteases, including different isoforms of cathepsins in
diabetic kidneys, (3) investigate changes in PLC protein expression in diabetic kidneys, and
(4) investigate whether acute high glucose treatment of ENaC expressing renal epithelial
cells itself induces proteolysis of MARCKS.

2. Results
2.1. Increased Proteolysis of MARCKS Proteins in Diabetic db/db Kidneys

First, to confirm these animals were diabetics, we measured their blood glucose
concentrations as shown in Table 1. The mean blood glucose concentration for the wild-
type mice was 115.14 ± 14.84 mg/dL and for the db/db mice was 536.14 ± 12.7 mg/dL.
Furthermore, urinary albumen and creatinine were comparable between the groups as
shown in Table 1.

Table 1. Characteristics between groups of mice.

Group Wild-Type db/db p-Value

Urinary albumin (mg/dL) 0.0588 ± 0.0114 0.0669 ± 0.0253 0.77
Urinary creatinine (mg/dL) 9.187 ± 2.206 8.327 ± 1.771 0.76
Body weight (gm) 23.484 ± 0.513 34.624 ± 2.653 0.0053
Blood glucose (mg/dL) 115.143 ± 14.838 536.143 ± 12.695 8.581 × 10−11

The subcellular localization of MARCKS is known to be regulated by phosphorylation
and proteolysis. Therefore, we investigated changes in the cleaved form of MARCKS
in the kidneys of diabetic db/db mice and wild-type littermate mice. There was more
MARCKS proteolysis, indicated by an increase in the 37 kDa band in diabetic db/db
kidneys compared to those of wild-type mice, as shown in a Western blot that was probed
for various forms of MARCKS using a recombinant antibody against the MARCKS protein
(Figure 1). Additionally, there was less abundance of a 75–80 kDa form of MARCKS in
the diabetic db/db kidneys, while the 100 kDa immunoreactive band did not show an
appreciable difference between the two groups (Figure 1).
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Figure 1. Western blot and densitometric analysis of myristoylated alanine-rich C-kinase substrate 
(MARCKS) protein expression in the kidneys of healthy wild-type and diabetic db/db mice. (A) 
Western blot for MARCKS protein. Arrows indicate immunoreactive bands corresponding to the 
uncleaved and cleaved forms of MARCKS protein. Ponceau stain was used to assess lane loading. 
(B) Densitometric analysis of the immunoreactive bands in panel A indicated by an arrow. N = 7 
mice in each group. * represents a p-value of < 0.05. 
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high glucose causes activation of PKC-alpha and PKC-epsilon isoforms in whole kidney 
lysates of a streptozotocin-induced rat model of type 1 diabetes [16]. Here, we investigated 
whether PKC isoforms are increased in the kidney cortex of db/db mice representing a 
model of type 2 diabetes. Protein expression of PKC-alpha in the kidneys did not show an 
appreciable difference between diabetic db/db mice and wild-type littermate mice (Figure 
2). 

Next, we investigated changes in the protein expression of PKC-delta in the diabetic 
db/db kidneys compared to those of wild-type littermate mice. Western blot and densito-
metric analysis showed a greater amount of PKC-delta protein being expressed in the di-
abetic db/db kidneys compared to the healthy wild-type kidneys (Figure 3). 

PKC epsilon is also expressed in the mouse kidneys. Similar to PKC delta, Western 
blot and densitometric analysis showed greater levels of PKC epsilon protein being ex-
pressed in the kidneys of diabetic db/db mice compared to those of healthy wild-type 
control mice (Figure 4) 

Figure 1. Western blot and densitometric analysis of myristoylated alanine-rich C-kinase substrate
(MARCKS) protein expression in the kidneys of healthy wild-type and diabetic db/db mice. (A) West-
ern blot for MARCKS protein. Arrows indicate immunoreactive bands corresponding to the un-
cleaved and cleaved forms of MARCKS protein. Ponceau stain was used to assess lane loading.
(B) Densitometric analysis of the immunoreactive bands in panel A indicated by an arrow. N = 7 mice
in each group. * represents a p-value of <0.05.

2.2. Increased PKC Isoform Expression in Diabetic db/db Kidneys

PKC activation in diabetic kidneys is known. For example, it has been reported that
high glucose causes activation of PKC-alpha and PKC-epsilon isoforms in whole kidney
lysates of a streptozotocin-induced rat model of type 1 diabetes [16]. Here, we investigated
whether PKC isoforms are increased in the kidney cortex of db/db mice representing a
model of type 2 diabetes. Protein expression of PKC-alpha in the kidneys did not show
an appreciable difference between diabetic db/db mice and wild-type littermate mice
(Figure 2).

Next, we investigated changes in the protein expression of PKC-delta in the diabetic
db/db kidneys compared to those of wild-type littermate mice. Western blot and densit-
ometric analysis showed a greater amount of PKC-delta protein being expressed in the
diabetic db/db kidneys compared to the healthy wild-type kidneys (Figure 3).

PKC epsilon is also expressed in the mouse kidneys. Similar to PKC delta, Western blot
and densitometric analysis showed greater levels of PKC epsilon protein being expressed
in the kidneys of diabetic db/db mice compared to those of healthy wild-type control mice
(Figure 4).

262



Int. J. Mol. Sci. 2023, 24, 12484Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Western blot and densitometric analysis of PKC alpha protein expression in the kidneys 
of healthy wild-type and diabetic db/db mice. (A) Western blot for PKC alpha protein. Arrow 
indicates the immunoreactive band corresponding to PKC alpha protein. Ponceau stain was used to 
assess lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by 
an arrow. N = 7 mice in each group. 

 
Figure 3. Western blot and densitometric analysis of PKC delta protein expression in the kidneys of 
healthy wild-type and diabetic db/db mice. (A) Western blot for PKC delta protein. Arrow indicates 
the immunoreactive band corresponding to PKC delta protein. Ponceau stain was used to assess 
lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by an 
arrow. N = 7 mice in each group. * represents a p-value of <0.05. 

 
Figure 4. Western blot and densitometric analysis of PKC epsilon protein expression in the kidneys 
of healthy wild-type and diabetic db/db mice. (A) Western blot for PKC epsilon protein. Arrow 
indicates the immunoreactive band corresponding to PKC epsilon protein. Ponceau stain was used 

Figure 2. Western blot and densitometric analysis of PKC alpha protein expression in the kidneys of
healthy wild-type and diabetic db/db mice. (A) Western blot for PKC alpha protein. Arrow indicates
the immunoreactive band corresponding to PKC alpha protein. Ponceau stain was used to assess lane
loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by an arrow.
N = 7 mice in each group.
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Figure 3. Western blot and densitometric analysis of PKC delta protein expression in the kidneys of
healthy wild-type and diabetic db/db mice. (A) Western blot for PKC delta protein. Arrow indicates
the immunoreactive band corresponding to PKC delta protein. Ponceau stain was used to assess lane
loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by an arrow.
N = 7 mice in each group. * represents a p-value of <0.05.

2.3. Expression Levels of Proteases in Diabetic db/db Kidneys Compared to Kidneys of Wild-Type
Control Mice

In addition to being regulated by PKC phosphorylation, the function of MARCKS
is regulated by proteolysis. Our group previously investigated the role of MARCKS and
ENaC proteolysis in the kidneys [8]. Calpain-1 and calpain-2 protein expression and activity
in cardiac mitochondria is known to be increased in diabetes leading to myocardial injury
and dysfunction [17]. The expression and activities of other proteases, including cathepsins,
in diabetic kidneys compared to healthy kidneys have not been fully investigated. Here,
we focused on investigating changes in expression and activity of specific proteases within
the kidneys of diabetic and healthy mice that are known to cleave MARCKS and/or ENaC.
First, we investigated changes in kidney kallikrein 1 (KLK1) protease expression between
the two groups. Western blot and densitometric analysis did not show an appreciable
change in KLK1 between the two groups (Figure 5).

263



Int. J. Mol. Sci. 2023, 24, 12484

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Western blot and densitometric analysis of PKC alpha protein expression in the kidneys 
of healthy wild-type and diabetic db/db mice. (A) Western blot for PKC alpha protein. Arrow 
indicates the immunoreactive band corresponding to PKC alpha protein. Ponceau stain was used to 
assess lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by 
an arrow. N = 7 mice in each group. 

 
Figure 3. Western blot and densitometric analysis of PKC delta protein expression in the kidneys of 
healthy wild-type and diabetic db/db mice. (A) Western blot for PKC delta protein. Arrow indicates 
the immunoreactive band corresponding to PKC delta protein. Ponceau stain was used to assess 
lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by an 
arrow. N = 7 mice in each group. * represents a p-value of <0.05. 

 
Figure 4. Western blot and densitometric analysis of PKC epsilon protein expression in the kidneys 
of healthy wild-type and diabetic db/db mice. (A) Western blot for PKC epsilon protein. Arrow 
indicates the immunoreactive band corresponding to PKC epsilon protein. Ponceau stain was used 

Figure 4. Western blot and densitometric analysis of PKC epsilon protein expression in the kidneys
of healthy wild-type and diabetic db/db mice. (A) Western blot for PKC epsilon protein. Arrow
indicates the immunoreactive band corresponding to PKC epsilon protein. Ponceau stain was used
to assess lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated
by an arrow. N = 7 mice in each group. ** represents a p-value of <0.01.
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groups. There were significantly lower levels of furin activity in the diabetic db/db 
kidneys compared to the kidneys of wild-type mice (Figure 6). 

It is well established that MARCKS is cleaved by cathepsins. However, protein 
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Western blot and densitometric analysis showed greater basal levels of cathepsin B protein 
expression in the kidneys of diabetic db/db mice compared to the control group (Figure 
7A,B). Consistent with the changes in cathepsin B protein expression, there was greater 
cathepsin B activity in the diabetic db/db kidneys compared to those of wild-type 
littermate mice (Figure 7C). 

Cathepsin D is another abundantly expressed member of the cathepsin family that is 
expressed in the kidneys. Similar to cathepsin B, Western blot and densitometric analysis 
showed greater basal levels of cathepsin D protein expression in the diabetic db/db 
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Figure 5. Western blot and densitometric analysis of Kallikrein 1 (KLK1) protein expression in the
kidneys of healthy wild-type and diabetic db/db mice. (A) Western blot for KLK1 protein. Arrow
indicates the immunoreactive band corresponding to kallikrein 1 protein. Ponceau stain was used to
assess lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by
an arrow. N = 7 mice in each group.

Next, we investigated changes in the protein expression of furin between the two
groups. There were significantly lower levels of furin activity in the diabetic db/db kidneys
compared to the kidneys of wild-type mice (Figure 6).

It is well established that MARCKS is cleaved by cathepsins. However, protein expres-
sion and activity of various members of the cathepsin family has not been investigated in
diabetic db/db kidneys compared to those of healthy wild-type mice. Western blot and
densitometric analysis showed greater basal levels of cathepsin B protein expression in the
kidneys of diabetic db/db mice compared to the control group (Figure 7A,B). Consistent
with the changes in cathepsin B protein expression, there was greater cathepsin B activity
in the diabetic db/db kidneys compared to those of wild-type littermate mice (Figure 7C).
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Figure 6. Western blot and densitometric analysis of furin protein expression in the kidneys of
healthy wild-type and diabetic db/db mice. (A) Western blot for furin protein. Arrow indicates the
immunoreactive band corresponding to furin protein. Ponceau stain was used to assess lane loading.
(B) Densitometric analysis of the immunoreactive bands in panel A indicated by an arrow. (C) Furin
activity (shown as relative fluorescence) in kidney lysates from diabetic db/db mice compared to
wild-type mice. N = 7 mice in each group. * represents a p-value of <0.05.
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Figure 7. Western blot and densitometric analysis of cathepsin B protein expression in the kidneys
of healthy wild-type and diabetic db/db mice. (A) Western blot for cathepsin B protein. Arrow
indicates the immunoreactive band corresponding to cathepsin B protein. Ponceau stain was used to
assess lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by
an arrow. (C) Cathepsin B activity (shown as relative fluorescence) in kidney lysates from diabetic
db/db mice compared to wild-type mice. N = 7 mice in each group. * represents a p-value of <0.05.
** represents a p-value of <0.01.
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Cathepsin D is another abundantly expressed member of the cathepsin family that is
expressed in the kidneys. Similar to cathepsin B, Western blot and densitometric analysis
showed greater basal levels of cathepsin D protein expression in the diabetic db/db kidneys
compared to those of healthy wild-type littermate mice (Figure 8).
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Figure 8. Western blot and densitometric analysis of cathepsin D protein expression in kidneys of
healthy wild-type and diabetic db/db mice. (A) Western blot for cathepsin D protein. Arrow indicates
the immunoreactive band corresponding to cathepsin D protein. Ponceau stain was used to assess
lane loading. (B) Densitometric analysis of the immunoreactive bands in panel A indicated by an
arrow. N = 7 mice in each group. * represents a p-value of <0.05.

Next, we examined the expression of another prominent cathepsin family member in
the mouse kidneys. Similar to cathepsin B and cathepsin D, Western blot and densitometric
analysis showed greater basal levels of cathepsin S protein expression in the diabetic db/db
kidneys compared to the kidneys of healthy wild-type mice (Figure 9A,B). The activity
levels of cathepsin S was shown to be comparable between the two groups (Figure 9C).

Next, we compared the expression of prostasin in the kidneys of diabetic db/db mice
compared to healthy wild-type mice. As shown in Figure 10, the levels of prostasin were
comparable between the two groups.

2.4. Expression Levels of Phospholipases in Diabetic db/db Kidneys Compared to Kidneys of
Wild-Type Control Mice

In addition to PKC-mediated phosphorylation of serine residues within the effector
domain of MARCKS and proteolysis of the protein by various proteases, the interaction
between basic amino acids within the effector domain of MARCKS and anionic phospho-
lipid phosphates (e.g., PIP2) within the plasma membrane plays a role in MARCKS being
associated with the inner leaflet of the lipid bilayer. Therefore, we investigated changes
in the expression of two different members of the phospholipase C family of proteins that
are responsible for hydrolyzing PIP2 and regulating their availability at the membrane. As
shown in Figure 11, basal protein expression levels of phospholipase C beta 3 were lower
in the diabetic db/db kidneys compared to those of healthy wild-type littermate mice.

266



Int. J. Mol. Sci. 2023, 24, 12484

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 17 
 

 

indicates the immunoreactive band corresponding to cathepsin B protein. Ponceau stain was used 
to assess lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated 
by an arrow. (C) Cathepsin B activity (shown as relative fluorescence) in kidney lysates from diabetic 
db/db mice compared to wild-type mice. N = 7 mice in each group. * represents a p-value of <0.05. 
** represents a p-value of <0.01. 

 
Figure 8. Western blot and densitometric analysis of cathepsin D protein expression in kidneys of 
healthy wild-type and diabetic db/db mice. (A) Western blot for cathepsin D protein. Arrow 
indicates the immunoreactive band corresponding to cathepsin D protein. Ponceau stain was used 
to assess lane loading. (B) Densitometric analysis of the immunoreactive bands in panel A indicated 
by an arrow. N = 7 mice in each group. * represents a p-value of < 0.05. 

 
Figure 9. Western blot and densitometric analysis of cathepsin S protein expression in the kidneys 
of healthy wild-type and diabetic db/db mice. (A) Western blot for cathepsin S protein. Arrow 
Figure 9. Western blot and densitometric analysis of cathepsin S protein expression in the kidneys of
healthy wild-type and diabetic db/db mice. (A) Western blot for cathepsin S protein. Arrow indicates
the immunoreactive band corresponding to cathepsin S protein. Ponceau stain was used to assess
lane loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by an
arrow. (C) Cathepsin S activity (shown as relative fluorescence) in kidney lysates from diabetic db/db
mice compared to wild-type mice. N = 7 mice in each group. * represents a p-value of <0.05.
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Figure 10. Western blot and densitometric analysis of prostasin protein expression in the kidneys of
healthy wild-type and diabetic db/db mice. (A) Western blot for Prostasin protein. Arrow indicates
the immunoreactive band corresponding to Prostasin protein. Ponceau stain was used to assess lane
loading. (B) Densitometric analysis of the immunoreactive band in panel A indicated by an arrow.
N = 7 mice in each group.
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Figure 11. Western blot and densitometric analysis of phospholipase C beta 3 protein expression in
the kidneys of healthy wild-type and diabetic db/db mice. (A) Western blot for phospholipase C beta
3 protein. Arrow indicates the immunoreactive band corresponding to phospholipase C beta 3 protein.
Ponceau stain used to assess lane loading. (B) Densitometric analysis of the immunoreactive band in
panel A indicated by an arrow. N = 7 mice in each group. * represents a p-value of <0.05.

Next, we investigated protein expression of phospholipase C gamma 1 in the two
groups. Converse to phospholipase beta 3, basal protein expression levels of phospholipase
C gamma 1 were greater in the kidneys of diabetic db/db mice compared to wild-type mice
(Figure 12).
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Figure 12. Western blot and densitometric analysis of phospholipase C gamma 1 protein expression
in the kidneys of healthy wild-type and diabetic db/db mice. (A) Western blot for phospholipase
C gamma 1 protein. Arrow indicates the immunoreactive band corresponding to phospholipase
C gamma 1 protein. Ponceau stain used to assess lane loading. (B) Densitometric analysis of the
immunoreactive band in panel A indicated by an arrow. N = 7 mice in each group. ** represents a
p-value of <0.01.

2.5. Expression and Proteolysis of MARCKS Protein in Mouse Cortical Collecting Duct Cells
Cultured in Normal Glucose Compared to High Glucose Conditions

To investigate whether the increase in MARCKS expression and proteolysis could
be due to high glucose, we cultured mpkCCD cells in normal and high concentrations
of glucose before harvesting the cells for protein and then probing for MARCKS protein
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expression by Western blot and assessing the immunoreactive bands by densitometric
analysis. As shown in Figure 13, MARCKS protein was augmented in mpkCCD cells
cultured in high glucose conditions compared to normal glucose conditions (Figure 13).
Another group of cells was treated with mannitol as an osmotic control. The expression
and proteolysis of MARCKS protein were comparable in cells treated with normal glucose
and mannitol (Figure 13).
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Figure 13. Western blot and densitometric analysis of MARCKS protein expression in mpkCCD
cells. (A) Western blot for MARCKS protein in mpkCCD cells treated with normal glucose (5.5 mM),
high glucose conditions (25 mM), or mannitol (25 mM). Western blot for actin was used to assess
lane loading. Arrows indicate the immunoreactive bands for the uncleaved and cleaved forms of
MARCKS protein. (B) Densitometric analysis of the immunoreactive bands in panel A normalized
to actin. N = 6 independent experiments for the normal glucose and high glucose groups and N = 3
independent experiments for the mannitol control group. The top arrow indicates the uncleaved
form (75 kDa) of MARCKS protein and the bottom arrow indicates the cleaved form (37 kDa) of
MARCKS protein. ** represents a p-value of <0.01.

To corroborate the changes in protein expression of MARCKS and specific proteases,
kinases, and phospholipases observed by Western blot and densitometric analysis, we
performed immunohistochemistry. As shown in Figure 14, MARCKS protein expression
was elevated in the diabetic db/db kidneys compared to the healthy wild-type kidneys.
Similarly, PLC gamma 1, PKC delta, PKC epsilon, and cathepsin B, S, and D isoforms were
elevated in the diabetic db/db kidneys compared to the control group (Figure 14).

To further demonstrate that cathepsin B regulates MARCKS protein in the mouse
collecting duct, we transfected mpkCCD cells with non-targeting (NT) control siRNA
or cathepsin B specific siRNA. Western blot and densitometric analysis showed MAR-
CKS protein was reduced in cells with an siRNA-mediated knockdown of cathepsin B.
(Figure 15).
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Figure 14. Immunohistochemistry of MARCKS, furin, prostasin, PKC and cathepsin isoforms in the
diabetic and healthy mouse kidneys. N = 4 mice in each group. The scale bar represents 200 µm
for each image. Cat B represents cathepsin B, Cat S represents cathepsin S, and Cat D represents
cathepsin D.
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Figure 15. Representative Western blot of cathepsin B and MARCKS proteins after siRNA-mediated
knockdown in mpkCCD cells. (A) Representative Western blot showing protein expression of
cathepsin B (Cat. B) protein (top) and MARCKS protein (middle) from mpkCCD cells transfected
with non-targeting (NT) siRNA or cathepsin B siRNA. Arrows indicate the immunoreactive bands
for cathepsin B protein and MARCKS protein. Ponceau staining (bottom) was used to assess lane
loading. (B) Densitometric analysis of the immunoreactive cathepsin B band in panel A normalized
to Ponceau staining. (C) Densitometric analysis of the MARCKS bands in panel A normalized to
Ponceau staining. N = 3 representing 3 independent siRNA experiments. ** represents a p-value
of <0.01.

3. Discussion

We previously investigated renal MARCKS protein expression and proteolysis in
salt-loaded hypertensive diabetic db/db mice [13]. To our knowledge this is the first study
showing greater basal expression and activity of various proteases, and proteolysis of
MARCKS protein, in diabetic db/db kidneys compared to the kidneys of healthy wild-type
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littermate mice. Here we show that a 75–80 kDa immunoreactive band corresponding to
the uncleaved form of MARCKS is decreased, while a 37 kDa cleaved form of MARCKS
is increased in the diabetic db/db kidneys compared to those of wild-type mice. We also
show that the protein expression and activity of cathepsin B, cathepsin D, and cathepsin
S are augmented in the diabetic db/db kidneys compared to those of healthy wild-type
mice. These results suggest that hallmarks associated with diabetes may play a role in
the upregulation of specific members of the cathepsin family of proteases and proteolysis
of renal MARCKS. To investigate whether the increase in MARCKS proteolysis could at
least in part be due to high glucose conditions, as in the hyperglycemic environment of the
diabetic db/db kidneys, we placed mouse cortical collecting duct cells in either normal
or high glucose and then measured MARCKS proteolysis by Western blotting. These
experiments suggested that the cleavage of renal MARCKS may be due to high glucose
conditions.

Since MARCKS is a prominent substrate of PKC, we also investigated changes in pro-
tein expression of various PKC isoforms in this study. PKC is a family of serine/threonine
protein kinases that are crucial in regulating many biological processes, such as cell division,
growth, and apoptosis, as well as cellular responses to environmental stressors. PKC is
made up of a family of at least 12 isoforms that are divided into three groups based on
how they respond to calcium and phospholipids [18]. Each PKC isoform may have distinct
activities, but they have not yet been fully characterized due to the lack of specific inhibitors
for each isoform and its distinct tissue distribution and subcellular localization [18]. PKC
alpha, PKC delta, and PKC epsilon were reported to be activated in rat glomeruli 2 weeks
after streptozotocin treatment [19]. Here, we investigated basal protein expression levels of
PKC alpha, delta, and epsilon in the diabetic db/db kidneys compared to those of wild-type
mice. Western blot and densitometric analyses showed that PKC delta and PKC epsilon, but
not PKC alpha, were elevated in the diabetic db/db kidneys compared to the control group.
The increase in protein expression of various PKC isoforms in the kidneys of diabetic db/db
mice that was observed in this study is consistent with other published studies.

This is also the first study to show differential protein expression of PLC isoforms in
diabetic and healthy kidneys. PIP2 plays an essential role in stabilizing ENaC at the luminal
membrane through the interaction with MARCKS protein. PIP2 levels in the kidneys would
presumably be elevated when PLC expression and activity are low since this enzyme
hydrolyses PIP2 to yield the second messengers DAG and IP3. Although DAGs activate
PKC, it is generated from either various intracellular lipid species or synthesized during
de novo lipid biosynthesis of triacylglycerols and phospholipids and during catabolism
of triacylglycerols stored in the endoplasmic reticulum or cytoplasmic associated lipid
droplets [20]. The results presented here for the differential expression of PLCβ3 and
PLCγ1 protein expression in the diabetic db/db kidneys compared to the healthy wild-type
kidneys show that there is a need to further investigate the role of PLC isoforms in diabetic
kidneys to better understand the interplay between PIP2 availability at the membrane and
subcellular localization of MARCKS protein in diabetic kidneys.

Although this study presents novel findings on the regulation of MARCK protein
in diabetic kidneys in a putative mechanism involving increased protein expression and
activity of multiple cathepsins and differential protein expression of PLC isoforms, there
are some limitations. First, we did not investigate whether the increased proteolysis of
MARCKS by cathepsins prevents PKC mediated phosphorylation in diabetic kidneys.
Our previous study suggests calpain-2 mediated cleavage of the carboxy terminal tail of
MARCKS prevents its phosphorylation by PKC and translocation from the membrane [8].
Another limitation is that we did not investigate whether increased MARCKS proteolysis
in diabetic db/db kidneys increases the risk of developing diabetic nephropathy. In this
study we used young adult 8-week-old diabetic db/db mice, and diabetic nephropathy
is typically studied several weeks later in these mice [21–23]. Finally, this study did not
investigate how altered proteolysis of MARCKS affects the dynamics and organization of
the actin cytoskeleton in the diabetic db/db kidney.
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Collectively, these results suggest that MARCKS cleavage and association with the
plasma membrane is augmented in diabetic kidneys, presumably by increased protein
expression and activity of multiple cathepsin family members and decreased PLC beta 3
protein expression (Figure 16). Although high glucose appears to increase renal MARCKS
proteolysis in vitro, the subcellular localization of renal MARCKS and its function at the
plasma membrane warrant additional investigation.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 16. Proposed model for the regulation of MARCKS in diabetic db/db kidneys. The expression 
of protein kinase C (PKC) delta and epsilon isoforms is augmented in diabetic kidneys. Additionally, 
the expression and activity of cathepsin B, D and S isoforms are increased in diabetic kidneys. 
MARCKS proteolysis is greater in diabetic kidneys compared to the kidneys of healthy wild-type 
littermate mice. There are lower basal levels of phospholipase C β3 (PLCβ3) protein expression and 
greater basal levels of PLCγ1 protein expression in the kidneys of diabetic db/db mice compared to 
wild-type littermate mice. The proteolysis of MARCKS increases the density of the protein at the 
apical plasma membrane, presumably, by preventing PKC from accessing and phosphorylating 
serine residues within the effector domain of the protein. At the apical plasma membrane, MARCKS 
plays an essential role in maintaining the organization of the actin cytoskeleton and stabilizing 
ENaC in an open confirmation.  

4. Materials and Methods 
4.1. Animal Studies 

Seven 8-week-old male db/db mice (BKS.Cg-Dock7 m +/+ Leprdb 116/J; Stock No: 
000642) and seven age-matched wild-type littermate male mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME, USA). The mice were individually placed in 
metabolic cages for 24 h urine collection for one week. These animal studies were 
performed under an approved University of Florida Institutional Animal Care and Use 
Committees protocol and National Institutes of Health “Guide for the Care and Use of 
Laboratory Animals” guidelines. 

4.2. Tail Bleeds for Measuring Blood Glucose 
Blood glucose was measured in each group of mice using a digital glucometer (CVS 

Health, Woonsocket, SD, USA). 

4.3. Measurement of Urinary Albumin 
Albumin concentration was measured using an albumin assay kit (Proteintech; 

Rosemont, IL, USA) (Table 2) according to the manufacturer’s instructions. 

4.4. Measurement of Urinary Creatinine 
Creatinine concentration was measured using a creatinine assay kit (Abcam; 

Waltham, MA, USA) (Table 2) according to the manufacturer’s instructions. 
 
 
 

Figure 16. Proposed model for the regulation of MARCKS in diabetic db/db kidneys. The expression
of protein kinase C (PKC) delta and epsilon isoforms is augmented in diabetic kidneys. Additionally,
the expression and activity of cathepsin B, D and S isoforms are increased in diabetic kidneys.
MARCKS proteolysis is greater in diabetic kidneys compared to the kidneys of healthy wild-type
littermate mice. There are lower basal levels of phospholipase C β3 (PLCβ3) protein expression and
greater basal levels of PLCγ1 protein expression in the kidneys of diabetic db/db mice compared
to wild-type littermate mice. The proteolysis of MARCKS increases the density of the protein at
the apical plasma membrane, presumably, by preventing PKC from accessing and phosphorylating
serine residues within the effector domain of the protein. At the apical plasma membrane, MARCKS
plays an essential role in maintaining the organization of the actin cytoskeleton and stabilizing ENaC
in an open confirmation.

4. Materials and Methods
4.1. Animal Studies

Seven 8-week-old male db/db mice (BKS.Cg-Dock7 m +/+ Leprdb 116/J; Stock No:
000642) and seven age-matched wild-type littermate male mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA). The mice were individually placed in metabolic
cages for 24 h urine collection for one week. These animal studies were performed under
an approved University of Florida Institutional Animal Care and Use Committees protocol
and National Institutes of Health “Guide for the Care and Use of Laboratory Animals”
guidelines.

4.2. Tail Bleeds for Measuring Blood Glucose

Blood glucose was measured in each group of mice using a digital glucometer (CVS
Health, Woonsocket, SD, USA).
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4.3. Measurement of Urinary Albumin

Albumin concentration was measured using an albumin assay kit (Proteintech; Rose-
mont, IL, USA) (Table 2) according to the manufacturer’s instructions.

Table 2. Sources of assays used in this study. Assay kits were purchased from Abcam (Waltham, MA,
USA), BPS Bioscience (San Diego, CA, USA), and Proteintech (Rosemont, IL, USA).

Assay Manufacturer Catalog Number

Cathepsin B Abcam ab65300
Cathepsin S Abcam ab65307
Furin BPS Bioscience 78040
Albumin Proteintech KE00076
Creatinine Abcam ab204537

4.4. Measurement of Urinary Creatinine

Creatinine concentration was measured using a creatinine assay kit (Abcam; Waltham,
MA, USA) (Table 2) according to the manufacturer’s instructions.

4.5. Cathepsin Activity Assays

Cathepsin B and S activities from soluble fraction kidney cortex lysates were deter-
mined by performing cathepsin activity assays (Table 2) while following the manufactures
instructions.

4.6. Furin Activity Assay

Furin activity in soluble fraction kidney cortex lysates was determined after perform-
ing a furin activity assay (Table 2) while following the manufactures instructions.

4.7. Tissue Homogenization and BCA Assay

Fifty milligrams of kidney cortex tissue were homogenized in 500 µL of tissue protein
extraction reagent (TPER; Thermo Fisher Scientific, Waltham, MA, USA) using an Omni
TH homogenizer (Warrenton, VA, USA) after being washed in 1× PBS (prepared from
a 10× PBS solution. The tissue lysates were centrifuged at 13,000 rpm for 10 min at
room temperature in a micromax benchtop centrifuge (Thermo IEC) before 450 µL of the
supernatant was subject to ultracentrifugation at 34,000 rpm for 30 min at 4 ◦C using an
optima L-90K ultracentrifuge (Beckman Coulter; Schaumburg, IL, USA) and an SW55 rotor
(Beckman Coulter; Schaumburg, IL, USA). The pellets were resuspended in 200 µL TPER
before being sonicated twice for 3 s at a time while on ice. A bicinchoninic acid protein
assay (BCA) (Thermo Fisher Scientific) was used to determine the protein concentrations.

4.8. Western Blot and Densitometric Analysis

Total protein in the amount of 50µg per sample was separated on 4–20% tris HCl
polyacrylamide gels at 200 V for 50 min at room temperature using a Criterion electrophore-
sis machine (BioRad, Hercules, CA, USA). The separated proteins were transferred onto
nitrocellulose membranes (Thermo Fisher Scientific) in Towbin buffer (25 mM tris, 192 mM
glycine, 20% methanol (vol/vol) using a Criterion transfer apparatus (BioRad). The mem-
branes were blocked in 5% nonfat dry milk (prepared in 1× tris-buffered saline (TBS))
(Bio-Rad) (w/v) for 1 h at room temperature. Next, the blots were incubated in a 1:1000
dilution of primary antibody (Table 3) while rocking overnight at 4 ◦C. Afterwards, the
membranes were rinsed three times for five minutes in 1× TBS, and then incubated with
horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (BioRad) (diluted
1:3000 in blocking solution) for 1 h at room temperature. The membranes were developed
on an imager (Bio-Rad) after being washed four times with 1× TBS for 4 min and then
incubated with ECL reagent (BioRad) for 7 min at room temperature. Image J software (IJ
1.46r) was used for the densitometric analysis.
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Table 3. Sources of antibodies used in this study. Antibodies were purchased from Abcam (Waltham,
MA, USA), Cell Signaling Technologies (Danvers, MA, USA), ThermoFisher Scientific Invitrogen,
(Waltham, MA, USA), Boster Biological Technology (Pleasanton, CA, USA), and Santa Cruz Biotech-
nologies (Dallas, TX, USA).

Antibody Application Manufacturer Catalog Number

MARCKS WB Abcam ab72459
Cathepsin B WB, IHC Cell Signaling Technologies 31718
Cathepsin D WB Cell Signaling Technologies 69854
Cathepsin S WB Abcam ab232740
Prostasin WB, IHC ThermoFisher Scientific Invitrogen PA5-27977
Furin WB Cell Signaling Technologies 64709
PKC alpha WB Cell Signaling Technologies 2056
PKC delta WB Cell Signaling Technologies 9616
PKC epsilon WB Cell Signaling Technologies 2683
KLK1 WB Boster Biological Technology PA1709
PLCβ3 WB Cell Signaling Technologies 14247
PLCγ1 WB, IHC Cell Signaling Technologies 5690
MARCKS IHC Santa Cruz Biotechnologies sc-100777
Furin IHC Santa Cruz Biotechnologies sc-133142
Cathepsin S IHC Santa Cruz Biotechnologies sc-271619
Cathepsin D IHC Santa Cruz Biotechnologies sc-377299
PKC delta IHC Santa Cruz Biotechnologies sc-8402
PKC epsilon IHC Santa Cruz Biotechnologies sc-1681

4.9. Immunohistochemistry

The left kidney from each mouse was fixed in formalin for 24 h, rinsed with 1×
phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4), placed in 70% ethanol, and then cut into 4-micrometer sections for immunohis-
tochemistry. Paraffin-embedded kidney tissue sections were subjected to two exchanges
of xylene (Fisher Scientific, Pittsburgh, PA, USA), two exchanges of 100% ethanol, one
exchange of 95% ethanol, one exchange of 70% ethanol, one exchange of 50% ethanol, and
finally one exchange of type-1 water for intervals of three minutes each. Next, the slides
were boiled in citrate buffer (Vector Labs, Inc., Burlingame, CA, USA) for 20 min and then
washed in type-1 water for three minutes. The slides were washed with 1× PBS for a
period of five minutes and then blocked with normal horse serum at a concentration of
2.5% (Vector laboratories, Inc.) for 20 min in a humidified chamber. Afterwards, 200 uL of
primary antibody (Table 3) was applied to each tissue section and incubated for 60 min in a
humidified environment. The slides were washed three times with 1× PBS for a total of
two minutes each time. After adding one drop of VectaFluor Duet Reagent (Vector labs,
Inc.), the tissue was placed in a humidified chamber and allowed to incubate for 30 min at
room temperature. The tissue was then washed three times for two minutes each with 1×
PBS. One drop of Vectashield anti-fade mounting solution (Vector Labs, Inc.) was added
and a 22 × 22-1 glass coverslip (Fisher Scientific) was applied before the slides were imaged
on an Olympus BX41 microscope equipped with a 40× objective.

4.10. Culture and Treatment of mpkCCD Cells

Mouse mpkCCD cells were maintained in a 1:1 mixture of DMEM and Ham’s F-12
medium (GIBCO; Grand Island, NY, USA) supplemented with 20 mM HEPES, 2 mM
l-glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 1× penicillin-streptomycin,
and 2% fetal bovine serum (Corning-Mediatech; Woodland, CA, USA). The cells were
maintained in a humidified incubation at 5% CO2 and at 37 ◦C. The amount of glucose
present in the complete growth media was 5.5 mM, which was considered a normal glucose
level. A separate batch of mpkCCD cell media was supplemented with additional glucose
(25 mM final concentration), which was considered a high glucose level.
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4.11. siRNA Transfection

Non-targeting control siRNA or cathepsin B (Ctsb) siRNA siGENOME SMARTpool
was purchased from Horizon Discovery Biosciences (Waterbeach, Cambridge, UK), and
mpkCCD cells were seeded in 6 well plates and transected with DharmaFECT reagent
(Horizon Discovery Biosciences) when 70 percent confluent according to the manufacturer’s
instructions.

4.12. Statistical Analysis

The data presented here are shown as mean values ± SEM. A Student’s t-test was
performed to determine whether there was a statistically significant difference between the
two groups. A one-way ANOVA was used to compare more than two groups. SigmaPlot
software (Jandel Scientific, Corte Madera, CA, USA) was used to plot the data. A p value of
<0.05 between the groups was considered to be statistically significant.
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Abstract: The interplay between heart failure and cancer represents a double-edged sword. Whereas
cardiac remodeling promotes cancer progression, tumor growth suppresses cardiac hypertrophy
and reduces fibrosis deposition. Whether these two opposing interactions are connected awaits
to be determined. In addition, it is not known whether cancer affects solely the heart, or if other
organs are affected as well. To explore the dual interaction between heart failure and cancer, we
studied the human genetic disease Duchenne Muscular Dystrophy (DMD) using the MDX mouse
model. We analyzed fibrosis and cardiac function as well as molecular parameters by multiple
methods in the heart, diaphragm, lungs, skeletal muscles, and tumors derived from MDX and
control mice. Surprisingly, cardiac dysfunction in MDX mice failed to promote murine cancer cell
growth. In contrast, tumor-bearing MDX mice displayed reduced fibrosis in the heart and skeletal
and diaphragm muscles, resulting in improved cardiac function. The latter is at least partially
mediated via M2 macrophage recruitment to the heart and diaphragm muscles. Collectively, our data
support the notion that the effect of heart failure on tumor promotion is independent of the improved
cardiac function in tumor-bearing mice. Reduced fibrosis in tumor-bearing MDX mice stems from
the suppression of new fibrosis synthesis and the removal of existing fibrosis. These findings offer
potential therapeutic strategies for DMD patients, fibrotic diseases, and cardiac dysfunction.

Keywords: Duchenne Muscular Dystrophy; fibrosis; cardiac remodeling; cardiac dysfunction; tumor;
macrophage recruitment

1. Introduction

Fibrosis, the thickening or scarring of a tissue, is part of the wound-healing process [1,2].
Pathophysiological fibrosis is observed in several diseases, including ones involving the
liver [3], heart [4,5], skeletal muscles [6], kidneys [7], and lungs [8]. Collectively, fibrotic
diseases account for up to half of deaths in the developed world and are clearly an unmet
clinical need [9]. We have previously shown that heart failure in tumor-bearing mice results
in an altered gene expression program in the heart, tumor, and other organs [10,11]. These
changes lead to the secretion of multiple factors that promote tumor growth and metastasis
spread [10–12]. Yet, we have also found that tumor growth suppresses cardiac remodeling,
reduces cardiac hypertrophy, and inhibits de novo synthesis of fibrosis in mice with cardiac
dysfunction [13]. Whether the interplay between heart failure and tumor growth is connected
to cardiac dysfunction amelioration in tumor-bearing mice is yet to be determined. It is also
unknown whether the tumor-dependent effects on cardiac function are specific to the failing
heart or represent a systemic effect. In order to investigate these inquiries within the context
of a human disease with clinical relevance, we utilized the MDX mouse model for Duchenne
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Muscular Dystrophy (DMD). DMD is a muscular disorder that impacts approximately one
in 3500 males, resulting from an X-linked loss-of-function mutation in the dystrophin gene.
Individuals affected by DMD experience muscle fibrosis in skeletal, cardiac, and diaphragm
muscles, as well as lung complications [14,15]. Additionally, DMD patients commonly exhibit
cardiomyopathy and muscle pathologies. By subcutaneously implanting cancer cells into
C57Bl/10 (control) and MDX mice, we were able to monitor tumor growth, fibrosis, and
cardiac contractile function. Although MDX mice displayed clear cardiac dysfunction, no
potentiation of tumor growth was observed. Nevertheless, tumor growth did, however,
significantly suppress de novo synthesis of fibrosis deposition and significantly reduce existing
fibrosis in the heart and skeletal and diaphragm muscles, resulting in improved cardiac
contractile function. This occurred, at least in part, via macrophage M2 recruitment to the
heart. These cancer paradigms may provide novel therapeutic strategies towards the treatment
of human fibrotic diseases.

2. Results
2.1. Tumor Growth Significantly Improved the Contractile Function of MDX Heart and
Diaphragm Muscles

To examine how cardiac dysfunction affects tumor growth in the DMD mouse model,
breast cancer PyMT cells were implanted into the flanks of six-month-old MDX male
mice. As the MDX mouse strain is under a C57Bl/10 background, C57Bl/10 mice served
as a disease-free control. Tumor growth was monitored over time, and cardiac function
was assessed using echocardiography prior to sacrifice, after which fractional shortening
(FS) was calculated (Figure 1A). MDX male mice displayed significantly lower contractile
function than C57Bl/10 mice, with the former reaching a FS of 20% compared to 25%
in the latter (Figure 1B and Supplemental Table S1). Nevertheless, tumor volume was
similar in the two cohorts and throughout the experiment (Figure 1C), and the tumor
weight was similar at the endpoint (Figure 1D). Interestingly, cardiac dysfunction was not
accompanied by heart hypertrophy, as ventricular weight to body weight ratio (VW/BW)
was similar in both C57Bl/10 and MDX mice (Figure 1E). Similar results were obtained
when MDX and C57Bl/10 male mice were implanted with Lewis lung carcinoma cells
(LLC) (Supplemental Figure S1A–D, Supplemental Table S2). These findings suggest that
the cardiac dysfunction observed in MDX mice occurs independent of cardiac hypertro-
phy and is not sufficient to promote tumor growth in this model. In addition, though
the FS in C57Bl/10 tumor-bearing mice is unchanged as compared with C57Bl/10 non-
tumor-bearing, in the tumor-bearing MDX mice (PyMT and LLC), cardiac function was
significantly improved (Figures 1B and S1D).

Reduced cardiac contractile function in the MDX mouse model is typically associated
with fibrosis in the heart. Therefore, we examined the extent of fibrosis in heart sections
derived from C57Bl/10 (B10), PyMT tumor-bearing, and non-tumor-bearing MDX mice by
staining them with Masson’s Trichrome. Indeed, tumor-bearing MDX mice displayed much
lower fibrosis staining compared to aged-matched MDX mice with no tumor (Figure 2A).
Diaphragms of tumor-bearing MDX mice were also stained with Masson’s Trichome in
order to evaluate the extent of fibrosis. Similar to the heart, diaphragms of tumor-bearing
MDX mice displayed much lower fibrosis staining compared to aged-matched MDX mice
with no tumor (Figure 2B). These reductions were accompanied by reduced levels of fibrosis
hallmark gene markers, as evaluated by qRT-PCR using mRNA derived from the heart,
diaphragm muscles, and skeletal muscles (Figure 2C–E). Interestingly, tumors derived
from MDX mice exhibited elevated transcription levels of fibrosis hallmark gene markers
compared to tumors of a similar size derived from C57Bl/10 mice (Figure 2F). These results
suggest that tumors display increased fibrosis gene programming in MDX mice compared
to C57Bl/10 mice, and the heart, diaphragm muscles, and skeletal muscles exhibit reduced
fibrosis.
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Figure 1. Cardiac dysfunction fails to promote tumor growth, but tumor growth is accompanied by 
improved cardiac contractile function. (A) Schematic representation of the experimental timeline. 
C57Bl/10 and MDX male mice (6 months old) were injected in the flanks with PyMT cells (106 cells 
per mouse) or left untreated (control). Echocardiography (US) was performed 8 days prior to sacri-
fice. (B) The measured fractional shortening (FS) in C57Bl/10 (B10), MDX, and tumor-bearing mouse 
groups (B10+C and MDX+C). FS was assessed by echocardiography and calculated using the for-
mula: FS (%) = [(LVDd- LVDs)/LVDd]. (C) Tumor volume (width2X length X 0.5) was monitored 
over time in tumor-bearing C57Bl/10 and MDX mice (D) Tumor weight at the endpoint in C57Bl/10 
and MDX mice cohorts. (E) Ventricular weight to body weight ratio (VW/BW). Data are presented 
as mean ±SE. One-way ANOVA followed by Tukey post-test (B,E); two-way ANOVA with Bonfer-
roni repeated measure (C) or Student’s t-test (D). **** p < 0.0001. Each dot represents one mouse. 

 

Figure 1. Cardiac dysfunction fails to promote tumor growth, but tumor growth is accompanied by
improved cardiac contractile function. (A) Schematic representation of the experimental timeline.
C57Bl/10 and MDX male mice (6 months old) were injected in the flanks with PyMT cells (106 cells
per mouse) or left untreated (control). Echocardiography (US) was performed 8 days prior to sacrifice.
(B) The measured fractional shortening (FS) in C57Bl/10 (B10), MDX, and tumor-bearing mouse
groups (B10+C and MDX+C). FS was assessed by echocardiography and calculated using the formula:
FS (%) = [(LVDd- LVDs)/LVDd]. (C) Tumor volume (width2 × length × 0.5) was monitored over
time in tumor-bearing C57Bl/10 and MDX mice (D) Tumor weight at the endpoint in C57Bl/10 and
MDX mice cohorts. (E) Ventricular weight to body weight ratio (VW/BW). Data are presented as
mean ± SE. One-way ANOVA followed by Tukey post-test (B,E); two-way ANOVA with Bonferroni
repeated measure (C) or Student’s t-test (D). **** p < 0.0001. Each dot represents one mouse.

Similar experiments were repeated in an orthotopic cancer model. Namely, PyMT cells
were implanted into the mammary fat pad of MDX and C57Bl/10 female mice (Supple-
mental Figure S2A). Consistent with the MDX male mice, tumor-bearing MDX female mice
exhibited improved cardiac contractile function, as observed by elevated FS (Supplemental
Figure S2B, Supplemental Table S3) and a reduction in fibrosis hallmark gene markers
in heart and diaphragm muscles following tumor implantation, as assessed by qRT-PCR
(Supplemental Figure S2C,D). In addition, the lung weight to body weight ratio was lower
in MDX female mice as compared with C57Bl/10 female mice. The LW/BW ratio was
elevated in tumor-bearing female MDX mice (Supplemental Figure S3A). This increase in
lung weight in tumor-bearing mice was accompanied by a reduction in fibrosis hallmark
gene markers compared to the MDX female mouse cohort (Supplemental Figure S3B).
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Figure 2. Tumor growth suppresses fibrosis hallmark gene markers transcription in MDX mice.
(A,B) Left panel: Representative image of heart (A) and diaphragm (B) sections of B10, (left), MDX
mouse (middle) and tumor-bearing MDX mouse (right) stained for Masson’s trichrome. Scale bar:
500 µm (top) and 50 µm (bottom). Right panel: Percent of interstitial fibrosis, quantified using
ImageJ software, based on at least five fields from each individual mouse in each cohort (n = 5).
(C–E) Transcription levels of fibrosis hallmark gene markers CTGF, αSMA, TIMP, ACTA2, TGFβ3,
Col1α1, and FN (in skeletal muscles) in the heart (C), diaphragm (D), and skeletal muscles (E) of non-
tumor-bearing and tumor-bearing MDX mice, measured using qRT-PCR normalized to Hsp90 (heart)
mb2m (diaphragms and skeletal muscles). (F) Transcription levels of fibrosis hallmark gene markers
CTGF, αSMA, TIMP, ACTA2, and Col1α1 in the tumors of C57Bl/10 and MDX mice, measured using
qRT-PCR normalized to β-actin. Data are presented as the relative expression compared to C57/Bl/10
mice (determined as 1) in the hearts, diaphragms, and tumors and compared to MDX (determined
as 1) in skeletal muscles. Results are presented as mean ± SE; one-way repeated measures ANOVA
followed by Tukey posttests (A–D) or Student’s t-test (E,F). * p < 0.05; ** p < 0.01; *** p < 0.001,
**** p < 0.0001. Each dot represents one mouse.

2.2. Improved Contractile Function and Reduction in Fibrosis in Tumor-Bearing Mice Is Mediated
by M2 Macrophage Recruitment to the Heart

A previous study suggested that innate immune cells are involved in tumor-dependent
cardiac dysfunction amelioration [13]. Therefore, we sought to examine their role in
global fibrosis reduction in the MDX mice model. Towards this end, we used qRT-PCR
analysis of mRNA derived from PyMT tumors, hearts, diaphragms, and spleens of the male
mice cohorts. We first compared the level of F4/80, a gene marker representing the total
macrophage population, in the tumors derived from C57Bl/10 and MDX mice (Figure 3A).
In general, we observed reduced F4/80 expression levels in tumors derived from MDX
mice as compared with C57Bl/10 tumors. We then compared F4/80 expression levels in
tissues derived from MDX mice in the absence and presence of tumors. F4/80 expression
levels were higher in the heart and the diaphragm muscles of PyMT tumor-bearing MDX
mice compared to non-tumor-bearing mice (Figure 3B,C). In contrast, F4/80 expression
levels were lower in the spleens of tumor-bearing MDX mice (Figure 3D).
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ing (FACS) of hearts of non-tumor-bearing vs. tumor-bearing MDX mice. In the hearts, a 
significant elevation in the macrophage population (F480+, CD64+) was observed in tu-
mor-bearing MDX mice compared with non-tumor-bearing mice (Figure 4A,B), even 
though M2 macrophage polarization occurred already in naive MDX mice, and no further 
elevation in M2 macrophage population occurred in tumor-bearing MDX mice as shown 
by RT-PCR using M1/M2 markers (Figure 4D–F, supplemental Figure S4A,B). Nonethe-
less, the percent (%) of macrophages in the hearts of tumor-bearing mice was significantly 
elevated compared with the hearts of naïve MDX mice. Collectively, these results support 
the systemic alteration in the macrophage cell population towards M2 polarization, which 
is prominent in the heart. 
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Figure 3. Tumor growth in MDX mice induces the expression of M2-polarizing hallmark gene
markers. (A–D) qRT-PCR measuring transcription levels of macrophage hallmark gene markers in
the tumors as compared with C57Bl/10 (A) in the hearts (B), diaphragm muscles (C), and spleens
(D). Gene expression compares non-tumor-bearing and PyMT-tumor-bearing MDX male mice (same
experimental cohort as in Figure 1). Measurements were obtained using qRT-PCR, normalized to
housekeeping gene Hsp90. Results are presented as mean ± SE, Student’s t-test. * p < 0.05; ** p < 0.01.
Each dot represents one mouse.

Macrophages are largely divided into two main functionally distinct forms, pro-
inflammatory (M1) and anti-inflammatory (M2) [16,17]. To distinguish between the two
macrophage populations, we examined the expression levels of specific M1 (iNOS, TNFα,
IFN-γ) and M2 macrophage gene markers (ARG-1, CD206, CCL2, and IL-13) [16,17]. In
tumors derived from MDX mice, we observed higher levels of M1 gene markers, whereas
there were lower levels in the M2 gene markers as compared with tumors derived from
C57Bl/10 (Figure 3A). We then compared the levels of M1-M2 hallmark gene markers in
various tissues derived from tumor-bearing and non-tumor-bearing MDX mice. In the heart
and diaphragm muscles of tumor-bearing MDX mice, we observed higher levels of M2
gene markers and lower levels of M1 gene markers (Figure 3B,C). In contrast, we observed
a significant reduction in M1 gene markers in the spleens of tumor-bearing mice, whereas
inconsistent changes were observed for the M2 markers (higher levels of Arg1 and lower
levels of CCL2 and CD163) (Figure 3D). These results suggest that M1-to-M2 polarization
occurs in the hearts and diaphragms of tumor-bearing MDX mice compared with MDX
mice. This polarization is only partially observed in the spleens of tumor-bearing MDX
mice.

Macrophage recruitment was further supported by fluorescence-activated cell sorting
(FACS) of hearts of non-tumor-bearing vs. tumor-bearing MDX mice. In the hearts, a
significant elevation in the macrophage population (F480+, CD64+) was observed in tumor-
bearing MDX mice compared with non-tumor-bearing mice (Figure 4A,B), even though M2
macrophage polarization occurred already in naive MDX mice, and no further elevation
in M2 macrophage population occurred in tumor-bearing MDX mice as shown by RT-
PCR using M1/M2 markers (Figure 4D–F, Supplemental Figure S4A,B). Nonetheless, the
percent (%) of macrophages in the hearts of tumor-bearing mice was significantly elevated
compared with the hearts of naïve MDX mice. Collectively, these results support the
systemic alteration in the macrophage cell population towards M2 polarization, which is
prominent in the heart.
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Macrophage recruitment was further supported by fluorescence-activated cell sorting
(FACS) of hearts of non-tumor-bearing vs. tumor-bearing MDX mice. In the hearts, a
significant elevation in the macrophage population (F480+, CD64+) was observed in tumor-
bearing MDX mice compared with non-tumor-bearing mice (Figure 4A,B), even though M2
macrophage recruitment occurred already in naive MDX mice, and the total macrophage
population was significantly increased. Collectively, these results support the systemic
alteration in the macrophage cell population towards M2 recruitment, which is prominent
in the heart.

We next examined two master regulatory factors associated with M1-M2 macrophages’
switch, G-CSF [18] and IL-13 [19] in the serum derived from MDX mice and tumor-bearing
MDX mice. Significantly higher levels of both G-CSF and IL-13 were observed in the
serum of tumor-bearing MDX mice as compared to MDX mice (Figure 5). This observation
implies that these secreted factors could potentially play a pivotal role in promoting M2
macrophage recruitment to the heart.

Collectively, our findings indicate that the MDX mice display reduced cardiac con-
tractile function and massive fibrosis. Surprisingly, tumor-bearing MDX mice feature M2
macrophage recruitment to the heart. M2 macrophages are associated with significant
muscle repair functions, as demonstrated by reduced matrix deposition and a reduction in
the presence of fibrosis, which leads to the amelioration of cardiac contractile function and
an overall beneficial phenotype. A schematic summary of the main manuscript findings
and conclusions is provided in Figure 6.
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Figure 6. Graphical abstract describing the manuscript’s main findings. Tumor growth reduces
fibrosis in the heart and diaphragm muscles and ameliorates cardiac contractile function. This occurs
at least partially via M2 macrophage recruitment.

3. Discussion

Fibrosis is an unmet clinical need in various diseases involving skeletal and cardiac
muscles, lungs, liver, and kidneys [9]. One such disease is DMD, an X-linked genetic disease
that involves cardiac, diaphragm, and skeletal muscle fibrosis [14]. Whereas previous
studies have demonstrated that heart failure [10,11,20,21] promotes cancer progression,
we found no promotion of cancer growth in the MDX mouse model for DMD, despite
the fact that MDX mice demonstrate apparent cardiac dysfunction (FS 20%). Yet the
tumor promotion phenotype was identified in multiple other mice models, such as those
reflecting myocardial infarction (MI) [20–22], pressure overload (TAC) [10], and heart
hypertrophy (ATF3 transgene) [11]. In addition, a chronic hypertension mouse model with
heart hypertrophy lacking cardiac dysfunction resulted in enhanced tumor growth [12].
The MDX mouse model displayed reduced cardiac contractile function in the absence of
cardiac hypertrophy. Therefore, we can conclude that the tumor promotion phenotype is
dependent on cardiac hypertrophy and not a direct result of cardiac dysfunction.

To study the effect of tumor growth on cardiac function and fibrosis in the MDX mouse
model, we analyzed the heart contractile function of MDX mice in the presence and absence
of tumors. Cardiac contractile function was improved in tumor-bearing MDX mice and was
comparable to the levels found in naïve C57Bl/10 mice. Naïve C57Bl/10 mice displayed
reduced basal cardiac contractile function as compared to naïve C57Bl/6 tumor growth.
Nevertheless, in tumor-bearing C57Bl/10, no improvement of cardiac contractile function
was observed as compared with non-tumor-bearing C57Bl/10 mice.

The transcription of fibrosis hallmark gene markers in the lungs, heart, and skeletal
and diaphragm muscles of MDX mice was suppressed significantly, the fibrosis staining
revealed a considerable reduction in fibrosis both in the heart and diaphragm. This finding
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strongly indicates that tumor growth not only inhibited the development of new fibrosis
hallmark gene markers but also promoted the dissolution of existing fibrotic scars. More-
over, the observation of decreased expression of fibrosis hallmark gene markers in the
skeletal and diaphragm muscles and lungs suggests that the suppression of fibrosis due
to tumor growth is not limited to specific tissues but is rather a widespread phenomenon.
These results may have broader implications and relevance for other fibrotic disease models,
suggesting potential systemic effects of tumor-induced fibrosis suppression.

Our findings indicate that these beneficial tumor effects on fibrosis are mediated
via macrophage recruitment. In the tumor, the M1 macrophage population is increased,
whereas in the heart and diaphragm muscles, there was an increase mostly in the total M2
macrophage population. This was demonstrated by qRT-PCR, FACS analysis, and ELISA
using M2-polarizing secreted factors in the serum. Specifically, in the heart and diaphragm
muscles, the local synthesis of the M2-polarizing cytokine CCL2 was elevated. Notably,
CCL2 has been shown to play an important role in the prevention of LV dysfunction and
remodeling after MI [23]. Similarly, M2 macrophages are thought to accelerate cardiac and
tissue repair processes [17,24,25]. In contrast, in the tumor, the M1-polarizing cytokines
iNOS, TNF-α, and INFγ are prominent [17]. Importantly, M2 macrophages’ contribution to
reducing fibrosis in various organs strongly indicates their therapeutic side effect under
the scenario of a growing tumor. The noted reduction in the spleen in M1 hallmark
gene markers and the elevation in M2 gene markers may indicate that spleen-derived
macrophages initiate the polarization of classically activated (M1) to alternatively activated
(M2) macrophages. The final macrophage polarization occurs upon their recruitment to
the fibrotic site, such as in the lungs, heart, and diaphragm muscles [26]. The recruitment
of the F480+/CD64+ cell population in the heart in tumor-bearing MDX mice was further
supported by FACS analysis. Furthermore, the M2-polarizing factors G-CSF and IL-13
were shown by ELISA to be elevated in tumor-bearing MDX mice as compared with non-
tumor-bearing MDX mice. A previous study showed that IL-13 induces M2 polarization,
leading to improved cardiac function and reduced heart injury in a viral myocarditis mouse
model [19]. G-CSF was shown to induce macrophage polarization and mobilization in
previous studies [27]. Furthermore, G-CSF has been shown to decrease inflammatory
processes and to act positively on the process of peripheral nerve regeneration during
the course of muscular dystrophy [18]. It was shown that already in four-week-old MDX
mice, the M2 macrophage population dominates skeletal muscles [28]. Nonetheless, the M2
population supports fibrosis, whereas the increase in the M2 population in tumor-bearing
MDX mice appears to be associated with repair and improvement in cardiac function.

In summary, in the MDX mouse model for DMD, cardiac dysfunction in the absence
of heart hypertrophy fails to promote tumor growth. On the other hand, tumor growth
in MDX mice reduces fibrosis in the lungs, heart, and skeletal and diaphragm muscles.
The tumor paradigms identified here could serve as novel therapeutic strategies for the
treatment of the devastating DMD disease. They may also have a beneficial systemic
outcome for other fibrotic diseases.

Limitations: The study is limited to concluding the effect of cancer growth on cardiac
fibrosis and function in MDX mice. In DMD human patients, fibrosis treatment is limited,
and cancer is not considered an optional treatment. The identification of factors that are
responsible for the beneficial effects here may be used as a potential therapeutic treatment.

Clinical perspectives: The manuscript describes, for the first time, a beneficial effect
of cancer on cardiac dysfunction and fibrosis in a clinically relevant mouse model. Tumor
growth ameliorates cardiac dysfunction and reduces overall fibrosis. Fibrosis diseases
account for more than half deaths worldwide and represent an unmet need. Harnessing
tumor paradigms may serve as a novel strategy to improve cardiac function and fibrosis
diseases.
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4. Materials and Methods
4.1. Animals

The C57BL/10ScSn-Dmd (MDX) and C57BL/10J (B10) mice were acquired from the
Jackson Laboratory. They were bred and raised from birth at the Pre-Clinical Research
Authority, located at the Ruth and Bruce Rappaport Faculty of Medicine, Technion. The
mice were kept in mating cages with regular access to food and water. At three weeks of
age, they were weaned into individual cages.

4.2. Cell Culture

Polyoma Middle T (PyMT) murine breast carcinoma cells were derived from primary
tumor-bearing transgenic mice expressing PyMT under the control of the murine mammary
tumor virus promoter [29]. The PyMT cells were kindly provided by Prof. Tsonwin Hai
(Ohio State University, Columbus, OH, USA). The LLC cancer cell line was purchased
from the American Type Culture Collection ATCC. Both cell lines were tested by IDEXX
BioAnalytics and found to be free of Mycoplasma and viral contaminations. Cells were
cultured in DMEM containing 10% FBS, 1% streptomycin and penicillin, 1% l-glutamine,
and 1% sodium pyruvate at 37 ◦C in a humidified atmosphere containing 5% CO2. Cancer
cell implantation was conducted at maximal passage number five.

4.3. Cancer Cell Implantation

PyMT cancer cells and LLC cancer cells were injected into the mammary fat pad
of female mice (106 cells per mouse) and into the back flanks of mice. The tumor size
was measured using a caliper, and the tumor volume was calculated using the formula:
Width2 × Length × 0.5. The humane endpoint is considered to be when a tumor reaches a
size of 1500 mm3, according to the Institutional Animal Care and Use Committee.

4.4. Echocardiography

Mice were anesthetized with 1% isoflurane and kept on a 37 ◦C heated plate through-
out the procedure. Echocardiography was performed with a Vevo3100 micro-ultrasound
imaging system (VisualSonics, Fujifilm, Tokyo, Japan) equipped with 13–38 MHz (MS 400)
and 22–55 MHz (MS550D) linear array transducers. Cardiac size, shape, and function were
analyzed using conventional two-dimensional imaging and M-mode recordings. Maximal
left ventricular end-diastolic (LVDd) and end-systolic (LVDs) dimensions were measured
in short-axis M-mode images. Fractional shortening (FS) was calculated with the following
formula: FS% = [(LVDd − LVDs)/LVIDd] × 100. FS values are based on the average of at
least three measurements for each mouse.

4.5. RNA Extraction

RNA was extracted from lungs, hearts, diaphragms, and tumors using an Aurum total
RNA fatty or fibrous tissue kit (no. 732–6830, Bio-Rad, Hercules, CA, USA), according to
the manufacturer’s instructions. cDNA was synthesized from 1000 ng purified mRNA with
an iScript cDNA Synthesis Kit (no. 170–8891, Bio-Rad), according to the manufacturer’s
instructions.

4.6. Quantitative Real-Time PCR

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed with a
QuantStudio3 (Thermofisher Scientific, 5823 Newton drive, Carlsbad, CA 92008, USA).
Serial dilutions of a standard sample were included for each gene to generate a standard
curve. Values were normalized to Hsp90, β-actin, and mb2M expression levels for the heart,
diaphragm, tumor tissue, and lungs, respectively. All the oligonucleotide sequences that
were used are listed in Supplementary Table S4.
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4.7. Fibrosis Staining

Heart tissues and diaphragms were fixed in 4% formaldehyde overnight, embedded
in paraffin, serially sectioned at 10 µm intervals, and then mounted on slides. Masson
trichrome staining was performed according to the standard protocol. Images were ac-
quired using a 3DHistech Pannoramic 250 Flash III (3DHISTECH Ltd, H-1141 Budapest,
Öv u. 3., Hungary). Each section was fully scanned. The percent of interstitial fibrosis was
determined as the ratio of the fibrosis area to the total area of the section using Image Pro
Plus software. Each dot represents the mean of the values taken from at least five fields,
derived from a single mouse.

4.8. Heart Single-Cell Suspension and Flow Cytometry

Heart single-cell suspension and flow cytometry was prepared as previously de-
scribed [30]. Briefly, hearts were perfused, extracted, finely minced, and then incubated
with digestive enzymes at 37 ◦C on a rocking shaker at 50 rpm for 45–60 min. Sam-
ples were homogenized with a 40 µm cell strainer. Red blood cells were lysed using
ammonium-chloride-potassium (ACK) lysis buffer. Next, samples were centrifuged at
400× g for 5 min at 4 ◦C, and the pellet was then suspended with FACS buffer. Cells
were immune-stained with the following anti-mouse antibodies: CD45-Alexa Fluor®®

700 (BioLegend, 103128, San Diego, CA, USA), CD11b-PerCP (BioLegend, 101228, CA,
USA), F480-PE (BioLegend, 123110, CA, USA), CD206-BV421 (BioLegend, 141717, CA,
USA), CD64-APC (BioLegend, 161006, CA, USA), Ly-6G- Brilliant Violet 510™ (BioLegend,
127633, CA, USA), Ly-6C-PE/Cyanine7 (BioLegend, 128018, CA, USA), Propidium iodide
(Sigma, 25535-16-4, Darmstadt, Germany). Cells were incubated (30 min, 4 ◦C) with the
antibody mixture in a staining buffer (PBS containing 1% bovine serum albumin and 0.05%
sodium azide) and then washed twice with a staining buffer. Cells were acquired using
a LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The data were
analyzed using FlowJo V.10 software (FlowJo, Ashland, OR, USA).

4.9. ELISA

ELISA quantification of candidate secreted factors’ protein levels in the blood was
performed with a granulocyte-colony stimulating factor (G-CSF) mouse ELISA Kit (MCS00,
R&D Systems, Minneapolis, MN, USA) and a Mouse IL-13 ELISA Kit (M1300CB, R&D
systems), according to the manufacturer’s instructions.

4.10. Statistical Analysis

The data are presented as mean ± standard error (SE). All mice were included in each
statistical analysis, unless they were euthanized for humane reasons before reaching the
experimental endpoint. During data collection, the experimental groups were blinded to
the researchers. The mice for each group were selected randomly. Each experimental group
consisted of at least n = 5 mice.

To determine the statistical significance of tumor volume, a two-way repeated-measures
ANOVA followed by the Bonferroni posttest was used. For comparisons between several
means, a one-way ANOVA followed by the Tukey posttest was performed. For compar-
isons between two means, either a two-tailed Student’s t-test or Mann–Whitney U test was
utilized.

All statistical analyses were conducted using GraphPad Prism 10 software. A signifi-
cance level of p < 0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241612595/s1.
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Abstract: The rupture of an abdominal aortic aneurysm (AAA) causes about 200,000 deaths world-
wide each year. However, there are currently no effective drug therapies to prevent AAA formation
or, when present, to decrease progression and rupture, highlighting an urgent need for more research
in this field. Increased vascular inflammation and enhanced apoptosis of vascular smooth muscle
cells (VSMCs) are implicated in AAA formation. Here, we investigated whether hydralazine, which
has anti-inflammatory and anti-apoptotic properties, inhibited AAA formation and pathological
hallmarks. In cultured VSMCs, hydralazine (100 µM) inhibited the increase in inflammatory gene
expression and apoptosis induced by acrolein and hydrogen peroxide, two oxidants that may play a
role in AAA pathogenesis. The anti-apoptotic effect of hydralazine was associated with a decrease
in caspase 8 gene expression. In a mouse model of AAA induced by subcutaneous angiotensin II
infusion (1 µg/kg body weight/min) for 28 days in apolipoprotein E-deficient mice, hydralazine
treatment (24 mg/kg/day) significantly decreased AAA incidence from 80% to 20% and suprarenal
aortic diameter by 32% from 2.26 mm to 1.53 mm. Hydralazine treatment also significantly increased
the survival rate from 60% to 100%. In conclusion, hydralazine inhibited AAA formation and rupture
in a mouse model, which was associated with its anti-inflammatory and anti-apoptotic properties.

Keywords: abdominal aortic aneurysm; hydralazine; inflammation; atherosclerosis

1. Introduction

Abdominal aortic aneurysm (AAA) rupture is estimated to be responsible for approx-
imately 200,000 deaths worldwide each year [1]. Open surgical and endovascular aortic
repair are the only current treatments for AAA, but they are associated with safety and
durability problems [2]. The perioperative mortality rate of open surgical AAA repair
is approximately 5% [3,4], and for endovascular AAA repair, it is about 2% [2]. Up to
20% of patients need re-intervention after endovascular AAA repair [2]. AAA repair is
only recommended for women with an AAA diameter of ≥50 mm and men with an AAA
diameter of ≥55 mm, as randomized controlled trials suggest repair of small aneurysms
does not reduce mortality [2,5]. Patients with small AAAs are managed conservatively
using repeated imaging to monitor the size of the AAA. Up to 70% of patients undergoing
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imaging surveillance eventually require AAA repair [2,5]. Medications are needed to limit
AAA growth, but previously tested drugs have been ineffective in randomized clinical
trials [6,7].

Aortic inflammation and loss of vascular smooth muscle cells (VSMCs) are two
hallmark features of AAA pathology [2]. Hydralazine, an antihypertensive medication,
has been shown to inhibit inflammation [8,9] in various disease models (spinal cord in-
jury [10], kidney injury [11], and sepsis [12]), and also limit apoptosis of cardiomyocytes [13].
Whether hydralazine inhibits the apoptosis of VSMCs is unknown. In this study, we aimed
to investigate whether hydralazine inhibits apoptosis of VSMCs in vitro and whether it
inhibits AAA formation in vivo.

To investigate whether hydralazine inhibits the apoptosis of VSMCs in vitro, we used
two apoptosis inducers, i.e., acrolein and hydrogen peroxide (H2O2). The oxidant acrolein
is considered one of the most toxic and harmful components of cigarette smoke [14,15], the
latter being a major risk factor for AAA formation [2]. The oxidant H2O2 is thought to play
an important role in AAA pathogenesis [16].

To investigate whether hydralazine inhibits AAA formation in vivo, we used a mouse
model in which AAA was induced by a subcutaneous infusion of angiotensin II. We
compared the AAA incidence, size, and survival between two groups of mice treated with
or without hydralazine. As this angiotensin II infusion-induced AAA model is also a model
of atherosclerosis [17] and cardiac hypertrophy [18,19], we simultaneously investigated
whether hydralazine affected these two conditions.

2. Results
2.1. Hydralazine Decreased Inflammatory Cytokine Expression in Cultured VSMCs

We used two separate oxidants (acrolein and H2O2) to induce cytokine expression
in VSMCs. Incubation of the cells with either of these two compounds increased the
expression of inflammatory cytokines (Figure 1). Co-incubation of the cells with hydralazine
(100 µM) decreased gene expression of interleukin-1 (IL-1), IL-6, tumor necrosis factor-
alpha (TNFα), and interferon-gamma (IFNγ, Figure 1). Enzyme-linked immunosorbent
assay (ELISA) results confirmed that H2O2 increased IL-6 protein levels, and hydralazine
(100 µM) mitigated such an increase (Figure S1).

2.2. Hydralazine Decreased Acrolein- and H2O2-Induced Cell Death in Cultured VSMCs

Acrolein and H2O2 are two commonly used apoptosis inducers [20,21] and may play a
role in AAA pathogenesis [14–16]. Incubation of VSMCs with acrolein and H2O2 increased
caspase 8 gene expression and did not affect caspases 3 and 9 (Figure 2), suggesting
that these two compounds activated the extrinsic apoptotic pathway. Co-incubation of
the cells with hydralazine (100 µM) mitigated the increase in caspase 8 gene expression,
suggesting that hydralazine may inhibit apoptosis induced by acrolein and H2O2. Indeed,
hydralazine attenuated cell death induced by acrolein and H2O2 (Figure 3). Flow cytometry
results confirmed that hydralazine (100 µM) decreased the percentage of cells undergoing
apoptosis induced by H2O2, as assessed by annexin V staining (Figure 4).
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Figure 1. Effect of hydralazine on inflammatory gene expression. (A–C) VSMCs were incubated 
with acrolein (2 µg/mL) in the presence (+) or absence (−) of hydralazine (100 µM) for 24 h. mRNA 
was then extracted, and gene expression of IL-1 (A), TNFα (B), and IFNγ (C) was analyzed using 
qPCR. (D–F), VSMCs were treated with hydrogen peroxide (H2O2, 800 µM) in the presence or ab-
sence of hydralazine (100 µM) for 24 h. mRNA was then extracted, and gene expression of IL-6 (D), 
TNFα (E), and IFNγ (F) was analyzed using qPCR. n= 5–6. Error bars = standard error. Data were 
analyzed using a Kruskal–Wallis one-way ANOVA. * p < 0.05. EEF2, eukaryotic translation elonga-
tion factor 2; IFNγ, interferon-gamma; IL, interleukin; TNFα, tumor necrosis factor-alpha; VSMCs, 
vascular smooth muscle cells. 
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Figure 1. Effect of hydralazine on inflammatory gene expression. (A–C) VSMCs were incubated with
acrolein (2 µg/mL) in the presence (+) or absence (−) of hydralazine (100 µM) for 24 h. mRNA was
then extracted, and gene expression of IL-1 (A), TNFα (B), and IFNγ (C) was analyzed using qPCR.
(D–F), VSMCs were treated with hydrogen peroxide (H2O2, 800 µM) in the presence or absence of
hydralazine (100 µM) for 24 h. mRNA was then extracted, and gene expression of IL-6 (D), TNFα (E),
and IFNγ (F) was analyzed using qPCR. n= 5–6. Error bars = standard error. Data were analyzed
using a Kruskal–Wallis one-way ANOVA. * p < 0.05. EEF2, eukaryotic translation elongation factor
2; IFNγ, interferon-gamma; IL, interleukin; TNFα, tumor necrosis factor-alpha; VSMCs, vascular
smooth muscle cells.
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Figure 2. Effect of hydralazine on caspase gene expression. VSMCs were treated with acrolein (2 
µg/mL, (A–C)) or hydrogen peroxide (800 µM, (D–F)) in the presence (+) or absence (−) of hydrala-
zine (100 µM) for 24 h. mRNA was then extracted, and gene expression of caspase 8 (A,D), caspase 
9 (B,E), and caspase 3 (C,F) was analyzed using qPCR. n = 5–6. Error bars = standard error. Data 
were analyzed using a Kruskal–Wallis one-way ANOVA. * p < 0.05. EEF2, eukaryotic translation 
elongation factor 2; H2O2, hydrogen peroxide; VSMCs, vascular smooth muscle cells. 

Figure 2. Effect of hydralazine on caspase gene expression. VSMCs were treated with acrolein
(2 µg/mL, (A–C)) or hydrogen peroxide (800 µM, (D–F)) in the presence (+) or absence (−) of
hydralazine (100 µM) for 24 h. mRNA was then extracted, and gene expression of caspase 8 (A,D),
caspase 9 (B,E), and caspase 3 (C,F) was analyzed using qPCR. n = 5–6. Error bars = standard error.
Data were analyzed using a Kruskal–Wallis one-way ANOVA. * p < 0.05. EEF2, eukaryotic translation
elongation factor 2; H2O2, hydrogen peroxide; VSMCs, vascular smooth muscle cells.
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Figure 3. Effect of hydralazine on VSMC survival. (A–D), VSMCs were incubated with acrolein (4 
µg/mL) in the presence (+) or absence (−) of hydralazine (100 µM) for 24 h. Representative cell images 
of control cells (A) and cells incubated with acrolein in the absence (B) or presence of hydralazine 
(C). Scale bar = 50 µm. (D) The survival of cells, assessed by the MTS assay; n = 8. (E–H), VSMCs 
were incubated with hydrogen peroxide (H2O2) in the presence (+) or absence (−) of hydralazine (100 
µM) for 24 h. Representative cell images of control cells (E) and cells treated with H2O2 (800 µM) in 
the absence (F) or presence of hydralazine (G). (H) The cell viability, assessed by the trypan blue 
assay; n = 4. Error bars = standard error. Data were analyzed using a Kruskal–Wallis one-way 
ANOVA. * p < 0.05. VSMCs, vascular smooth muscle cells. 

Figure 3. Effect of hydralazine on VSMC survival. (A–D), VSMCs were incubated with acrolein
(4 µg/mL) in the presence (+) or absence (−) of hydralazine (100 µM) for 24 h. Representative
cell images of control cells (A) and cells incubated with acrolein in the absence (B) or presence of
hydralazine (C). Scale bar = 50 µm. (D) The survival of cells, assessed by the MTS assay; n = 8.
(E–H), VSMCs were incubated with hydrogen peroxide (H2O2) in the presence (+) or absence (−) of
hydralazine (100 µM) for 24 h. Representative cell images of control cells (E) and cells treated with
H2O2 (800 µM) in the absence (F) or presence of hydralazine (G). (H) The cell viability, assessed by
the trypan blue assay; n = 4. Error bars = standard error. Data were analyzed using a Kruskal–Wallis
one-way ANOVA. * p < 0.05. VSMCs, vascular smooth muscle cells.
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Figure 4. Effect of hydralazine on VSMC apoptosis induced by H2O2. (A–C), Flow cytometry graphs 
of control VSMC cells (A), and cells treated with H2O2 (100 µM, B) or co-treated with H2O2 (100 µM) 
and hydralazine (100 µM, C). Cells were harvested and then stained with propidium iodide and 
annexin V. (D–F), Percentage of apoptotic cells. Cells in the early apoptotic stage (A) were defined 
as annexin V-high and propidium iodide-low. Cells in the late apoptotic stage (E) were defined as 
annexin V-high and propidium iodide-high. Overall apoptotic cells (F) were defined as annexin V-
high. Error bars = standard error. Data were analyzed using a Kruskal–Wallis one-way ANOVA. * p 
< 0.05. H2O2, hydrogen peroxide; VSMCs, vascular smooth muscle cells. 
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Angiotensin II infusion induced AAA formation in ApoE−/− mice (Figure 6A,B, Figure 
S2). Hydralazine treatment decreased the incidence of AAA from 80% to 20% (p < 0.05, 
Figure 6C) and suprarenal aortic diameter by 32%, from 2.26 mm to 1.53 mm (p < 0.05, 
Figure 6D). When the four animals that died of aortic rupture were excluded, similar re-
sults were obtained (Figures 6E and S3). Hydralazine treatment also decreased aortic arch 
diameter, thoracic aorta diameter, and mean maximum aortic diameter (p < 0.05, Figures 
S3 and 6F). In addition, hydralazine treatment protected the mice against aortic rupture 
and enhanced the survival rate from 60% to 100% (p < 0.05, Figure 6G). Consistent with 
the in vitro results, in vivo data showed that hydralazine treatment decreased apoptosis 
in mouse suprarenal aortas (Figure S4). 

Figure 4. Effect of hydralazine on VSMC apoptosis induced by H2O2. (A–C), Flow cytometry graphs
of control VSMC cells (A), and cells treated with H2O2 (100 µM, B) or co-treated with H2O2 (100 µM)
and hydralazine (100 µM, C). Cells were harvested and then stained with propidium iodide and
annexin V. (D–F), Percentage of apoptotic cells. Cells in the early apoptotic stage (A) were defined
as annexin V-high and propidium iodide-low. Cells in the late apoptotic stage (E) were defined as
annexin V-high and propidium iodide-high. Overall apoptotic cells (F) were defined as annexin
V-high. Error bars = standard error. Data were analyzed using a Kruskal–Wallis one-way ANOVA.
* p < 0.05. H2O2, hydrogen peroxide; VSMCs, vascular smooth muscle cells.
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2.3. Hydralazine Treatment Protected Apolipoprotein E-Deficient (ApoE−/−) Mice against AAA

Angiotensin II infusion increased blood pressure in ApoE−/− mice, and hydralazine
treatment attenuated this increase (Figure 5A,B). Angiotensin II or hydralazine did not
affect heart rate (Figure 5C).
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Figure 6. Effect of hydralazine treatment on abdominal aortic aneurysm (AAA). Two groups of mice 
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hicle (water) until the end of the experiment. 3 days after the initiation of the hydralazine treatment, 
angiotensin II (1 µg/kg body weight/min) was subcutaneously administered to all the mice for 28 
days to induce AAA. (A,B), Representative images of aortas of mice in the absence (A) or presence 
of hydralazine (B). (C), AAA incidence of the mice. (D,E), Diameter of the suprarenal aorta (SRA) of 
the mice. (D) panel included all the mice (surviving mice plus dead mice due to aortic rupture) and 
the (E) panel included surviving mice only. (F), Mean maximum aortic diameter (MMD) of the mice 

Figure 5. Effect of hydralazine treatment on blood pressure and heart rate. The basal (Week 0) systolic
blood pressure (SBP, (A)), diastolic blood pressure (DBP, (B)), and heart rate (HR, (C)) of the mice were
measured by the tail-cuff method. Then, the mice in the hydralazine-treated group were treated with
hydralazine (24 mg/kg/day, filled circles), and the mice in the control group received vehicle (water,
open circles) until the end of the experiment. 3 days after the initiation of the hydralazine treatment,
angiotensin II (1 µg/kg body weight/min) was subcutaneously administered to all the mice for
28 days. Blood pressure and heart rate were measured again at 2 and 4 weeks after angiotensin II
administration. Error bars = standard error. * p < 0.05. Hydralazine group, n = 10. Control groups:
Week 0, n = 10; week 2, n = 6; and week 4, n = 6.

Angiotensin II infusion induced AAA formation in ApoE−/− mice (Figures 6A,B and S2).
Hydralazine treatment decreased the incidence of AAA from 80% to 20% (p < 0.05,
Figure 6C) and suprarenal aortic diameter by 32%, from 2.26 mm to 1.53 mm (p < 0.05,
Figure 6D). When the four animals that died of aortic rupture were excluded, similar
results were obtained (Figures 6E and S3). Hydralazine treatment also decreased aortic
arch diameter, thoracic aorta diameter, and mean maximum aortic diameter (p < 0.05,
Figures S3 and 6F). In addition, hydralazine treatment protected the mice against aortic
rupture and enhanced the survival rate from 60% to 100% (p < 0.05, Figure 6G). Consis-
tent with the in vitro results, in vivo data showed that hydralazine treatment decreased
apoptosis in mouse suprarenal aortas (Figure S4).

2.4. Hydralazine Treatment Protected Mice against Atherosclerosis and Cardiac Hypertrophy

As this AAA model is also a model of atherosclerosis [17] and cardiac hypertro-
phy [18,19], we also investigated whether hydralazine affected those two conditions in
this animal model. The results showed that hydralazine treatment significantly reduced
atherosclerosis at the aortic arch and right common carotid artery (Figure 7), heart weight,
and cardiomyocyte width (Figure S5).
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Figure 6. Effect of hydralazine treatment on abdominal aortic aneurysm (AAA). Two groups of mice
were used: the control group and the hydralazine-treated group (Hyd). Mice in the latter group
were treated with hydralazine (24 mg/kg/day) and mice in the former group were treated with
vehicle (water) until the end of the experiment. 3 days after the initiation of the hydralazine treatment,
angiotensin II (1 µg/kg body weight/min) was subcutaneously administered to all the mice for
28 days to induce AAA. (A,B), Representative images of aortas of mice in the absence (A) or presence
of hydralazine (B). (C), AAA incidence of the mice. (D,E), Diameter of the suprarenal aorta (SRA)
of the mice. (D) panel included all the mice (surviving mice plus dead mice due to aortic rupture)
and the (E) panel included surviving mice only. (F), Mean maximum aortic diameter (MMD) of
the mice which was the mean of the maximum diameter of the following four aortic segments:
aortic arch, thoracic aorta, suprarenal aorta, and infrarenal aorta. (G), Kaplan–Meier survival curve.
Error bars = standard error. * p < 0.05.
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creased the incidence of advanced-stage cerebral aneurysms from 50% to 9% in a rat 
model [22]. In another study, hydralazine protected against cerebral aneurysmal rupture 
in a mouse model [23].  

In contrast, our results are different from those reported by Cassis and colleagues 
[24], who found that hydralazine did not affect angiotensin II-induced AAA formation in 
ApoE−/− mice. The reason for this disparity is unclear, but may relate to differences in study 
designs, reporting, and methods [24]. In keeping with many previous reports, approxi-
mately 40% of mice had an aortic rupture in the current study [25,26]. In the investigation 
by Cassis and colleagues, aortic rupture was not reported, and it is possible such mice 

Figure 7. Effect of hydralazine treatment on atherosclerosis. Mice, treated with or without hydralazine
(24 mg/kg/day), were sacrificed at the end of the 28-day subcutaneous infusion of angiotensin II
(1 µg/kg body/min) for atherosclerosis assessment. (A,B) Representative images of Sudan IV staining
of the aortic arch in the control (A) and hydralazine-treated mice (B). (C) The ratio of the Sudan IV
positive area over the entire arch surface area. (D,E) The representative image of H&E staining of the
right common carotid artery (RCCA) in the control (D) and hydralazine-treated mice (E). (F), The
ratio of the lesion area over the medial area. n = 6 in the control group and n = 10 in the hydralazine
group. Error bars = standard error. Image magnification = 10×. Data were analyzed using the
Mann–Whitney U test. * p < 0.05. H&E: hematoxylin and eosin.
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3. Discussion

This study found that incubation of VSMCs with hydralazine in vitro inhibited the
expression of pro-inflammatory genes and reduced apoptosis. Hydralazine also inhibited
AAA formation and rupture in ApoE−/− mice. To our knowledge, this is the first report
suggesting that hydralazine decreases AAA formation. Our results are consistent with
previous reports on cerebral aneurysms. In one study, hydralazine administration decreased
the incidence of advanced-stage cerebral aneurysms from 50% to 9% in a rat model [22].
In another study, hydralazine protected against cerebral aneurysmal rupture in a mouse
model [23].

In contrast, our results are different from those reported by Cassis and colleagues [24],
who found that hydralazine did not affect angiotensin II-induced AAA formation in
ApoE−/− mice. The reason for this disparity is unclear, but may relate to differences
in study designs, reporting, and methods [24]. In keeping with many previous reports,
approximately 40% of mice had an aortic rupture in the current study [25,26]. In the
investigation by Cassis and colleagues, aortic rupture was not reported, and it is possible
such mice were excluded. Drinking water containing hydralazine was freshly prepared
three times a week in the current study, and the preparation of hydralazine-containing
drinking water was not reported in the prior study [24]. Personal communication with
the authors confirmed that they had freshly prepared hydralazine every three days, which
was slightly less frequent than in the current study. Whether this slight difference in
hydralazine preparation contributed to the discrepancy observed is unknown. The systolic
blood pressure of the hydralazine-treated mice in the previous study was 135 mm Hg [24],
compared to 114 mm Hg in the current study, suggesting that hydralazine was having a
more powerful effect in our investigation, where there was more frequent replenishment of
hydralazine in drinking water. This suggests that differences in hydralazine preparation
might have contributed to the disparity in findings.

Aortic inflammation and VSMC apoptosis are key features of AAA pathology [2].
Inhibition of inflammation, e.g., by blocking IL-6 [27] and C-X-C motif chemokine receptor
2 (CXCR2) [28], inhibits AAA formation in mouse models. In addition, interventions that
inhibit VSMC apoptosis, such as 2-hydroxypropyl-β-cyclodextrin [29] and mitochondrial
fission inhibitors [30], have been shown to attenuate AAA development in mouse models.
Our results showed that hydralazine inhibited expression of some pro-inflammatory genes
and apoptosis of VSMCs, suggesting that the anti-AAA effect of hydralazine may be
mediated, at least in part, by its anti-inflammatory and anti-apoptotic properties.

Whether lowering blood pressure contributed to the anti-AAA effect of hydralazine
is unknown. It has been shown that hypertension is an important risk factor for AAA
in humans [31]. Increasing blood pressure alone does not result in AAA formation in
animal studies [24], and antihypertensive drugs such as beta-blockers do not inhibit AAA
progression in humans [32]. Therefore, lowering blood pressure may not be the key
mechanism underlying the anti-AAA effect of hydralazine reported in this study.

Hydralazine did not increase the heart rate of mice with hypertension induced by
angiotensin II in the present study. This is consistent with previous reports that hydralazine
did not affect heart rate in mice with hypertension induced by angiotensin II [33] or in
genetically hypertensive mice [34]. However, it has been reported that hydralazine increases
heart rate in normotensive mice [35,36]. The reason underlying this inconsistency is unclear.
One might speculate that hydralazine decreases the blood pressure of normotensive mice to
a sub-normal range, and this may compromise blood supply to vital organs. Consequently,
mice may increase their heart rate to increase cardiac output and maintain sufficient blood
supply to vital organs. However, in hypertensive mice, hydralazine may decrease blood
pressure to a normal range; in this case, blood supply may not be compromised, and thus
the mice may not respond with an increase in heart rate.

We also observed that hydralazine has an anti-atherosclerotic effect in ApoE−/− mice.
Our results are consistent with some previous reports. Hydralazine has been shown to
decrease atherosclerosis induced by deoxycorticosterone acetate salt and high-fat diet ad-
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ministration [37]. In addition, hydralazine decreased atherosclerosis in ApoE−/− mice fed
a normal diet [38]. The anti-atherosclerotic effect of hydralazine may be due to its blood
pressure-lowering and anti-inflammatory properties, as hypertension and inflammation are
key treatment targets for limiting atherosclerosis-associated cardiovascular events [39–41].
Nonetheless, some reports have suggested that hydralazine does not decrease atheroscle-
rosis. For example, one study showed that hydralazine did not affect atherosclerosis in
the aortic root of ApoE−/− mice fed a high-fat diet [42], although the authors of this study
did not investigate whether hydralazine affects atherosclerosis in other vascular territories.
Other investigators [35,43] have reported that hydralazine does not significantly reduce the
severity of aortic atherosclerosis in comparison to controls.

Angiotensin II infusion also induces cardiac hypertrophy in mice [18,19]. The current
study suggests that hydralazine protects mice against cardiac hypertrophy, as indicated
by lighter heart weights and smaller widths of cardiomyocytes. Our results are consistent
with the report from Vial and colleagues [44], who showed that hydralazine protected
against cardiac hypertrophy in Wistar rats treated with deoxycorticosterone acetate salt.
This protective effect of hydralazine may result from its blood pressure-lowering and anti-
inflammatory properties. Hypertension is a major risk factor for cardiac hypertrophy [45],
and lowering blood pressure with antihypertensive drugs reduces cardiac hypertrophy in
humans [46]. It is known that cardiac inflammation is increased in cardiac hypertrophy,
and inhibition of inflammation could decrease cardiomyocyte enlargement [47].

In conclusion, our study showed that hydralazine inhibited AAA formation in ApoE−/−

mice infused with angiotensin II, which may be mediated by its anti-inflammatory and anti-
apoptotic effects. A limitation of this study is its sample size. Whether hydralazine inhibits
AAA in other animal models or in humans needs to be investigated in the future. In addi-
tion, in this angiotensin II infusion mouse model, hydralazine treatment protected the mice
from developing atherosclerosis and cardiac hypertrophy. The underlying mechanisms by
which hydralazine exerts its effects need to be further investigated in the future.

4. Methods
4.1. Animals

Twenty male ApoE−/− mice were purchased from the Animal Resources Centre, Perth,
Australia. All experiments were conducted in a temperature-controlled animal house
(21 ± 1 ◦C) under a 12:12 h light–dark cycle, and mice were given a normal diet and water
ad libitum.

4.2. Experimental Protocol

The mice (14 weeks old) were randomized into a control group and a hydralazine-
treated group (n = 10 per group). The mice in the former group received plain drink-
ing water, whereas those in the latter group received hydralazine via drinking water
(24 mg/kg/day) throughout the experiment [48]. The hydralazine-containing drinking wa-
ter was freshly prepared three times a week (Mondays, Wednesdays, and Fridays). Three
days after the initiation of the hydralazine treatment, angiotensin II was administered
subcutaneously to all the mice via a micro-osmotic pump (Model 2004, ALZET, DURECT
Corporation, Cupertino, CA, USA) at a rate of 1 µg/kg body weight/min for 28 days
to induce AAA [26]. Blood pressure and heart rate were measured in conscious mice at
0 weeks (before hydralazine treatment), 2 weeks, and 4 weeks after angiotensin II infusion
using the tail-cuff method [49].

4.3. Morphometry Measurement of Aortic Diameter

Morphometry measurements were performed on aortas harvested from the surviving
mice following euthanasia at the end of the experiment or at the autopsy of the mice who
died of aortic rupture during the experiment, as previously described [26]. In brief, the
harvested aortas were digitally photographed together with a ruler. Maximum external
diameters of the aortic arch, thoracic aorta, suprarenal aorta, and infrarenal aorta were
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determined from the images using computer-aided analysis (Adobe Photoshop, version
24.6, Adobe Systems Incorporated, San Jose, CA, USA). The mean maximum aortic diameter
was calculated as the mean of the maximum diameter of the aortic arch, thoracic aorta,
suprarenal aorta, and infrarenal aorta. This morphometrical method has been shown to be
highly reproducible [26].

4.4. Quantification of the Atherosclerotic Lesion Area

Atherosclerosis in the aortic arch was quantified by en face Sudan IV staining of the
aortic arch as described previously [17] and by morphometry analysis of the right common
carotid artery after hematoxylin and eosin (H&E) staining as described previously [17].

4.5. Cell Width of Cardiomyocytes

Five hearts from control mice and four hearts from hydralazine-treated mice were ran-
domly selected. The left ventricles of the mice were formalin-fixed and paraffin-embedded
before sectioning (5 µm thick). The sections were stained with H&E, and images were
captured using a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) with a CCD (charge-
coupled device) camera at ×20 magnification. Twenty cardiomyocytes were randomly
selected from each image, and their widths were measured 10 times using Adobe Photo-
shop. The mean width of cardiomyocytes was then calculated.

4.6. Cell Culture

VSMCs were isolated from the mouse aorta [50] and cultured as previously de-
scribed [17]. In brief, VSMCs were cultured at 37 ◦C in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% v/v fetal bovine serum, 100 U/mL penicillin, and
100 µg/mL streptomycin in a standard cell culture incubator.

4.7. MTS Assay

VSMCs were cultured in 96-well plates (2 × 104 cells/well) for 24 h before the addition
of acrolein (4 µg/mL) with or without hydralazine (100 µM) [51,52] for another 24 h. Cell
numbers were then assessed using an MTS assay kit (Abcam, Cambridge, UK) as previously
described [50].

4.8. Trypan Blue Assay

The trypan blue assay was conducted as previously described [53]. In brief, 2 mL
of VSMCs (5 × 105 cells/mL) were placed in wells of 6-well plates and incubated in an
incubator at 37 ◦C for 24 h. Then, the cells were incubated with H2O2 (800 µM) with or
without hydralazine (100 µM). After another 24 h, the cells were trypsinized, stained with
trypan blue, and the viability of the cells was determined using the Countess Automated
Cell Counter (Invitrogen, Waltham, MA, USA).

4.9. Gene Expression Analysis

Effect of hydralazine on inflammatory and apoptotic gene expression in VSMCs treated
with acrolein: VSMCs (1 × 106 cells per well) were cultured in 3 wells of 6-well plates; Well
1 served as a control; Well 2 was incubated with acrolein alone (2 µg/mL); and Well 3 was
co-incubated with acrolein (2 µg/mL) and hydralazine (100 µM). RNA was then extracted
using the TRI reagent (Merck).

Effect of hydralazine on inflammatory and apoptotic gene expression in VSMCs treated
with H2O2: the cells were treated as described in the previous paragraph, except that the
acrolein was replaced with H2O2 (800 µM).

The extracted RNA was reverse transcribed to cDNA using the High-Capacity Reverse
Transcription Kit (Life Technologies, Carlsbad, CA, USA). Gene expression was assessed by
quantitative PCR using SYBR reagents (Bioline Global Pty Ltd, Gregory Hills, Australia).
Primer sets were outlined in Table S1. The cycling conditions were 40 cycles of 95 ◦C for
15 s, 58 ◦C for 20 s, and 72 ◦C for 20 s. Relative gene expression was assessed using
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the 2−∆∆Ct method [54]. Eukaryotic translation elongation factor 2 (EEF2) served as a
housekeeping gene for normalizing gene expression [55].

4.10. Enzyme-Linked Immunosorbent Assay (ELISA)

VSMCs (5 × 105 cells/well) were placed in wells of 6-well plates and incubated in
an incubator at 37 ◦C. After 24 h, the DMEM supplemented with 10% fetal bovine serum
in the wells was replaced with 2 mL of fresh DMEM supplemented with 1% fetal bovine
serum. The cells were then incubated with H2O2 (200 µM) with or without hydralazine
(100 µM). After another 24 h, the culture medium was collected, and interleukin 6 protein
levels in the culture medium were quantified using an enzyme-linked immunosorbent
assay kit (Sigma-Aldrich Pty Ltd, Bayswater, Australia) according to the manufacturer’s
instructions.

4.11. Flow Cytometry Assay

VSMCs (5 × 105 cells/well) were placed in wells of 6-well plates and were incubated
with H2O2 (200 µM) with or without hydralazine (100 µM). After 24 h, the nonadherent
cells in the culture medium were collected, and the adherent cells were trypsinized. Total
cells (both adherent and nonadherent) were then used to determine apoptosis using BD
Pharmingen reagents: Annexin V– BV421, Propidium Iodide (PI), and Annexin binding
buffer, according to the manufacturer’s instructions [56]. Briefly, cells were washed and
resuspended in binding buffer at a concentration of 2 × 106 cells per ml, before being
filtered and stained with annexin V and propidium iodide. Cell numbers were counted
using the Becton-Dickson LSRFortessa X-20 flow cytometer (Franklin Lakes, NJ, USA)
and analyzed using the BD FACSDiva software (v9.0). Apoptotic states were defined
as previously described [57]: early apoptotic cells were defined as annexin V-high and
propidium iodide-low; late apoptotic cells were defined as annexin V-high and propidium
iodide-high; and overall apoptotic cells were defined as annexin V-high.

4.12. Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick-End Labeling (TUNEL) Assay

Cell apoptosis was assessed by the TUNEL kit (Abcam) according to the manufac-
turer’s instructions as previously described [58]. In brief, 5 mice from each group were ran-
domly chosen, and 5 mm thick paraffin-embedded suprarenal aortic sections were dewaxed
and treated with proteinase K. After endogenous peroxidase was blocked with 3% H2O2,
apoptotic cells were labeled with TdT Enzyme and detected using a 3,30-diaminobenzidine
(DAB) substrate. The sections were then counterstained with methyl green. Four high
magnification fields (×40) were randomly chosen from each sample, and TUNEL-positive
cells were counted. The mean of the positive cells was calculated to represent cell apoptosis
for each sample.

4.13. Statistical Analyses

The difference between two groups was analyzed using the Mann–Whitney U-test [59],
and the difference among three groups was analyzed using a Kruskal–Wallis one-way
ANOVA. The difference in blood pressure and heart rate between two groups (with or with-
out hydralazine) was analyzed using multiple linear regression: dependent variable = blood
pressure or heart rate, and independent variables = groups (with or without hydralazine)
and time. Kaplan–Meier survival curves were analyzed using the log-rank (Mantel-Cox)
test. The difference in AAA incidence was analyzed using Fisher’s exact test [59,60].
All tests were two-sided, and a p value of <0.05 was regarded as statistically significant.
All analyses were performed using SPSS version 27.0 (IBM SPSS Statistics for Windows,
Armonk, NY, USA, IBM Corporation).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms242115955/s1.
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