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Preface

In recent years, important progress has been made in the field of molecular biology concerning

atherogenesis. However, there are still gaps in current knowledge regarding its underlying

pathogenesis. Moreover, various diseases, such as non-alcoholic fatty liver disease/steatohepatitis,

diabetes mellitus, arterial hypertension, dyslipidemia, and metabolic syndrome, are tightly connected

with atherosclerosis, sharing, at least in part, common molecular pathogenetic mechanisms.

Although cardiovascular diseases (CVDs) still remain the leading cause of death globally,

lifestyle modification interventions, as well as pharmacological therapies (e.g., anti-hypertensive,

lipid-lowering drugs) and advances in cardiovascular surgery, have led to a reduction in CVD

mortality.

This reprint of a Special Issue aims to provide new data and discuss recent advances in the field

of atherosclerosis and atherosclerosis-related diseases. An improved understanding of the common

pathophysiological processes that result in cardio-metabolic diseases will help in the identification of

effective prevention strategies and the development of innovative therapeutic targets which can be

introduced in routine clinical practice. This reprint can meet the interests of professionals across a

wide range of specialties, including endocrinologists, cardiologists, gastroenterologists, molecular

biologists, and basic clinical and translational researchers with a particular focus on the field of

cardiovascular endocrinology.

Professor Eva Kassi, Professor Harpal S. Randeva, and Ass. Professor Ioannis Kyrou edit this

Special Issue and acknowledge all authors for the contributed articles.

Eva Kassi, Harpal S. Randeva, and Ioannis Kyrou

Editors
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Cardiovascular diseases (CVDs) still remain the major cause of death worldwide;
however, CVD-related mortality has been reduced due to lifestyle modification interven-
tions, as well as novel pharmacological therapies and advances in cardiovascular surgery.
Notably, a spectrum of diseases which are closely connected with atherosclerosis, such
as non-alcoholic fatty liver disease (NAFLD), dyslipidaemia, arterial hypertension, and
metabolic syndrome, appear to share common molecular pathogenetic mechanisms. In the
present Special Issue, we focus on this spectrum of atherosclerosis-related cardio-metabolic
diseases, aiming to offer a better understanding of their common molecular backgrounds,
which can further help in designing prognostic/diagnostic tools and developing novel
therapeutic tools.

In their review, Meng et al. describe and discuss the latest methods in the early diag-
nosis of coronary atherosclerosis via imaging, the evaluation of gene and protein markers,
and trace elements [1]. Among imaging techniques, computed tomography coronary an-
giography (CCTA) can replace invasive coronary angiography (ICA) in individuals with
suspected acute coronary syndrome (ACS) who have a low or medium pre-test risk of
coronary artery disease (CAD). Furthermore, multiple studies have reported numerous
miRNAs that are expressed in ACS and stable CAD, with miR-1, miR-133, miR-208a, and
miR-499 considered to be ACS biomarkers. However, the authors noted that the use of such
miRNAs in clinical practice needs additional work to address any current methodological,
technical, or analytical shortcomings.

In the review by Kowara and Cudnoch-Jedrzejewska, different approaches directed
at the specific molecular pathways involved in atherosclerotic plaque vulnerability and
destabilisation are presented [2]. Metabolic approaches target lowering LDL particles and
increasing HDL, whilst cell survival approaches aim at promoting cell survival mechanisms,
such as efferocytosis and autophagy in VSMC and macrophages, as well as the M2 anti-
inflammatory phenotype polarisation of macrophages. Furthermore, anti-inflammatory
approaches focus on a reduction in T cell infiltration and migration as well as cytotoxic
T cell activity, while antioxidant approaches are directed towards the neutralisation of
reactive oxygen species. Finally, targeting intra-plaque neovascularisation via the inhibition
of VEGF receptors and extracellular matrix (ECM) fragmentation is considered to be
plaque-stabilising. As the authors discuss, microRNAs emerge as a potential therapeutic
option, as they can control all stages of atherosclerotic plaque progression via regulating
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the corresponding mRNAs. Thus, applying agomirs of stabilising miRNAs or antagomirs
of destabilising miRNAs could be promising in the prevention of plaque vulnerability.

Interestingly, according to the “timing hypothesis”, HRT appears to be safe and even
protective in younger postmenopausal women who are asymptomatic for CVD and within
10 years of menopause onset [3]. This means that, once atherosclerotic plaque has been
formed, oestrogen may be potentially harmful. The favourable effects of oestrogen in the
early stages of the atheromatosis process (endothelium activation/dysregulation) have
been widely investigated; however, data on the role of oestrogen in the factors involved in
the later stages of the atherogenesis process which lead to plaque vulnerability/rupture
are insufficient.

Nasiri-Ansari et al. aimed to investigate the effects of oestradiol (E2) on the expression
of the molecules implicated in atherosclerotic plaque vulnerability, resembling a low-grade
inflammatory state that occurs in atherosclerosis, using an established endothelial in vitro
system [4]. They also tried to clarify whether these effects are mediated by ERα, ERβ, or
GPR-30 receptors. Their research findings showed that in the absence of low-grade inflam-
mation, an overexpression of ERα can initiate the atherosclerosis process via increasing
the expression of MCP-1 and MMP-2 activity. Moreover, under low-grade inflammation,
E2 can promote the destabilisation of atherosclerotic plaque via increasing the expression
of MCP-1 and MMP-9, as well as the activity of MMP-2 in human arterial endothelial
cells (HAECs), an effect mediated via GPR-30. Accordingly, the authors conclude that
the balance of the expression of the various ER subtypes may play an important role in
the paradoxical characterisation of oestrogen as being both beneficial and harmful, since
E2 induces different effects in either the early stages of atheromatosis or atheromatous
plaque instability via different ERs. Further studies will identify the exact role of each ER
subtype in the atherosclerosis inflammatory process, which could potentially lead to the
development of specific ER agonists/antagonists with an improved benefit/risk ratio.

Research on novel heart failure (HF) biomarkers is currently being strongly promoted,
particularly using a multi-marker rather than a single-biomarker approach. Among such
biomarkers is the soluble suppression of tumorigenesis-2 (sST2), which acts as a decoy re-
ceptor for IL-33. Indeed, sST2 has been shown to be associated with endothelial dysfunction,
acute decompensated heart failure, myocardial fibrosis, and adverse remodelling.

Dimitropoulos et al., in their research article, examined the association between arterial
wall properties and sST2 levels in patients with HF of ischemic aetiology [5]. Their findings
show that sST2 levels were associated with the HF status and functional capacity of the
patients as assessed using the NYHA classification, although the levels of sST2 were not
associated with left ventricular ejection fraction (LVEF). No association between sST2
and pulse wave velocity (PWV, a marker of arterial stiffness) was found; however, an
inverse association between sST2 levels and FMD was observed, underscoring the interplay
between endothelial dysfunction and HF pathophysiologic mechanisms. Although the
authors note that a conclusion about a causal connection between sST2 and endothelial
dysfunction in patients with HF of ischemic aetiology cannot be supported by this study,
their findings add additional information on endothelial dysfunction occurring in those
with decompensated heart failure underlined by myocardial remodelling/fibrosis. Further
studies are needed before suggesting sST2 with prognostic significance in clinical practice.

Chen et al. investigated whether treatment with endothelial progenitor cells (EPCs)
derived from patients with peripheral arterial occlusive disease (PAOD) would protect
limbs against critical limb ischemia (CLI) in adult male nude mice [6]. Notably, they found
that only rejuvenated EPCs (the EPCs received combined CD34+ cell and hyperbaric oxygen
treatment) could restore blood flow and salvage CLI in this mouse model. Although the
underlying mechanisms may differ between mice and humans and the exact mechanistic
basis of xenogeneic EPC therapy still needs to be fully elucidated, the rejuvenated EPC
therapy may serve as an innovative therapy for CLI/severe PAOD patients.

SGLT2 inhibitors (SGLT2is) have been approved for use as anti-diabetic medication
due to their favourable effects on reducing hyperglycaemia and metabolism via increasing
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glucosuria and natriuresis. Additional effects of SGLT2is have been recognised, such as
weight loss due to urinary loss of calories, improved renal function and blood pressure,
and direct actions in the myocardium. Moreover, SGLT2i treatment has been shown to
improve insulin β cell function and insulin sensitivity in patients with type 2 diabetes
mellitus (T2DM). In the research article by Taberner-Cortés et al., the possible benefit of
dapagliflozin (a selective SGLT2i) in atherosclerosis was investigated using an ApoE−/−
Irs2+/− mouse model. Under atherogenic dietary conditions, it exhibited insulin resistance
and accelerated atherosclerosis, but not hypertension or hyperglycaemia [7]. According
to their results, dapagliflozin reduced glucose-stimulated insulin secretion from islets and
insulin-signalling in adipose tissue, without altering glucose levels. Moreover, in contrast
with other studies showing that SGLT2is can attenuate the atherosclerosis process, the
authors found that treatment with dapagliflozin did not affect the atherosclerosis lesion
size and plaque stability, nor the circulating inflammatory markers [8,9]. Further research
will elucidate whether or not the beneficial effects of SGLT2is on the atherosclerosis process
are exerted only in the presence of insulin resistance and hypercholesterolemic conditions.

A comprehensive review by Sagris et al. summarised the existing data on the pre-
disposing factors of atrial fibrillation (AF), including dietary habits, sedentary lifestyle, and
potential genetic factors which regulate pathogenic mechanisms, such as fibrosis, oxidative
stress, and inflammatory processes [10]. The latter includes mutations/polymorphisms
in potassium and sodium channel genes, as well as mutations in the gap junctional pro-
tein. The authors emphasised that lifestyle modifications including alcohol reduction and
Mediterranean diet combined with extra virgin olive oil, weight loss, and cardio-metabolic
risk factor management are fundamental in AF prevention. Moreover, medications, such as
anti-inflammatory agents, angiotensin-converting enzyme inhibitors, angiotensin receptor
blockers, aldosterone antagonists, and the novel SGLT2i, have revealed beneficial effects on
AF inducibility.

Aguilar-Ballester et al., in their review, present and discuss new pharmacological
treatments which, in addition to their anti-diabetic and lipid-lowering effects, appear to
also have direct beneficial effects on CVD [11]. As such, incretin-based therapies, SGLT2is,
and proprotein convertase subtilisin kexin 9 inactivating therapies (PCSK9is) can act directly
on the cells implicated in the atherosclerosis process (endothelial, VMCs, immune cells), as
well as on cardiomyocytes. Within this work, the authors summarised experimental studies
and randomised control trials (RCTs) which provide strong evidence for the potential
effects of these new treatments on the cardiovascular system, beyond metabolic control.

Sestrin2 is an antioxidant protein that was originally identified as hypoxia-induced
gene 95 (Hi95). It is expressed and secreted mainly by macrophages, T lymphocytes,
endothelial cells, cardiac fibroblasts, and cardiomyocytes [12]. Kishimoto et al. analysed the
protective role of sestrin2 against the progression of atherosclerotic and cardiac diseases [13].
From a pathophysiological point of view, sestrin2 appears to be upregulated as a response to stress
stimuli (i.e., oxidative, ER, and genotoxic stress) and activates two signalling pathways—Kelch-like
ECH-associated protein 1 (Keap1)/Nrf2 and AMPK/mTORC1— which leads to decreased
ROS accumulation, apoptosis and inflammation, and increased autophagy. Clinical studies
have shown that the plasma levels of sestrin2 were positively correlated with the severity
of both CAD and carotid atherosclerosis, possibly reflecting a compensatory response to
increased oxidative stress. However, further studies are needed to elucidate the exact role of
sestrin2 and its potential therapeutic use in atherosclerotic diseases.

A growing body of evidence suggests that adipose tissue anatomic specificity is pivotal
to the pathophysiology of various cardio-metabolic diseases [14]. Specifically, epicardial
adipose tissue (EAT) has emerged as a very interesting fat depot, which surrounds the
coronary arteries and appears to have specific metabolic properties. Of note, several
studies have identified EAT as being an independent predictor of CAD. The review by
Conceicão et al. published in this Special Issue provides an overview of the potential effects
of dysfunctional EAT on CAD pathophysiology [15]. Using integrative bioinformatics
analysis, they identified 46 up- or downregulated proteins which are mainly implicated in
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inflammatory processes to modulate the local environment and the formation and progres-
sion of coronary atherogenesis. Future studies will assess whether targeting the paracrine
and endocrine communication between EAT and coronary arteries (e.g., via molecules with
anti-inflammatory properties) could be considered as a promising therapeutic approach for
those with CAD.

Coronary artery ectasia (CAE) is a relatively common coronary angiographic find-
ing which is associated with atherosclerosis in 50% of cases [16]. In their review article,
Richards et al. presented the proposed mechanisms underlying vascular remodelling in the
pathogenesis of CAE [17]. Although CAE and CAD share common pathogenetic pathways,
such as oxidative stress, vascular endothelial dysfunction, lipid dysregulation, and altered
extracellular matrix regulation, there are significant differences in the cytokine milieu and
metabolite profile in CAE compared to CAD, which strongly implies that there is a distinct
pathogenesis of CAE that potentially requires a different therapeutic approach.

NAFLD refers to a spectrum ranging from benign liver steatosis to non-alcoholic
steatohepatitis (NASH), liver fibrosis, and eventually cirrhosis and hepatocellular carci-
noma. Over recent decades, NAFLD has evolved as a major health problem. Notably,
considering its underlying pathogenesis, which involves mechanisms such as ER stress,
apoptosis, and autophagy, as well as the spectrum of NAFLD-associated cardio-metabolic
disorders, the term metabolic (dysfunction)-associated fatty liver disease (MAFLD) has
been proposed [18–20].

Flessa et al. presented the most common mouse models used in NAFLD research [21].
Notably, several such models are being used, involving dietary interventions (e.g., the
MCD, AMLN, GAN, and fast-food-like diets), genetic manipulations (e.g., Prostaglandin
E2-deficient mice and the APOE2ki, ApoE−/−, Krt18−/−, Mat1a−/−, and NEMOLPC-KO

mice), the administration of chemical substances (e.g., carbon tetrachloride, CCl4; strep-
tozotocin), and/or a combination of these to replicate either the entire NAFLD spectrum
or a particular disease stage (e.g., NASH). Given that there is no ideal animal model for
the NAFLD spectrum yet, the specific research hypothesis/objectives of each study will
drive the selection of the most suitable model in order to investigate the NAFLD-related
pathophysiologic mechanisms and/or treatments.

SGLT2is have been investigated as a potential treatment for NAFLD. The exact molec-
ular mechanisms mediating these effects have not been fully elucidated. In their narrative
review, Androutsakos et al. provided an overview of the current evidence on the mech-
anisms underlying the pathogenesis of NAFLD and the potential impact of SGLT2is on
NAFLD development and progression, summarising data from in vitro, animal, and hu-
man studies [22]. Relevant data indicate that a reduction in hyperglycaemia, improvement
in systematic insulin resistance, increased caloric loss, and decreased body weight mostly
due to glycosuria contribute to the alleviation of NAFLD. Apart from this, SGLT2is exert
a hepato-protective effect by decreasing hepatic inflammation and hepatic de novo lipo-
genesis and increasing hepatic beta-oxidation. An augmented number of clinical studies
have highlighted the favourable effects of SGLT2is on NAFLD in patients with T2DM,
estimated using non-invasive biomarkers, imaging techniques, or even liver biopsy, while
data on non-diabetic patients remain limited. Interestingly, the authors noted that different
effects between members of the SGLT2i class have been observed, suggesting that there are
features specific to these individual drugs regarding the underlying mechanism(s) of action
and their corresponding effects on NAFLD. Future mechanistic studies would expand our
understanding of the specific mechanisms underlying the pathogenesis of NAFLD and the
potential favourable actions of SGLT2is for NAFLD treatment.

Nasiri-Ansari et al., in their research article published in this Special Issue, investigated
the impact of empagliflozin (a selective SGLT2i) in NAFLD using high fat diet (HFD)-fed
ApoE(−/−) mice [23]. Empagliflozin led to reduced fasting glucose, as expected, but also
decreased the NAFLD activity score. The latter was accompanied by a decreased expression
of lipogenic enzymes (Fasn, Screbp-1c, and Pck-1) and inflammatory molecules (Mcp-1 and
F4/80). Focusing on the underlying mechanisms, the authors demonstrated for the first time
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that empagliflozin treatment for five weeks attenuates NAFLD progression in ApoE(−/−)

mice by promoting autophagy, reducing ER stress, and inhibiting hepatic apoptosis. The
authors point out that further research is required in order to delineate the possible dose-
and duration-dependent differential effects of empagliflozin on NAFLD development
and progression.

The original articles and reviews published in this Special Issue aim to provide new
data and discuss the recent advances in the field of atherosclerosis and atherosclerosis-
related diseases. An improved understanding of the common pathophysiological processes
that result in cardio-metabolic diseases will help in the identification of effective prevention
strategies and the development of innovative therapeutic targets which can be introduced
in routine clinical practice.
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Abstract: Coronary atherosclerosis is a potentially chronic circulatory condition that endangers
human health. The biological cause underpinning cardiovascular disease is coronary atherosclerosis,
and acute cardiovascular events can develop due to thrombosis, platelet aggregation, and unstable
atherosclerotic plaque rupture. Coronary atherosclerosis is progressive, and three specific changes
appear, with fat spots and stripes, atherosclerosis and thin-walled fiber atherosclerosis, and then
complex changes in arteries. The progression and severity of cardiovascular disease are correlated
with various levels of calcium accumulation in the coronary artery. The therapy and diagnosis of
coronary atherosclerosis benefit from the initial assessment of the size and degree of calcification.
This article will discuss the new progress in the early diagnosis of coronary atherosclerosis in terms of
three aspects: imaging, gene and protein markers, and trace elements. This study intends to present
the latest methods for diagnosing patients with early atherosclerosis through a literature review.

Keywords: coronary atherosclerosis; computed tomography coronary angiography; genes; protein;
trace element

1. Introduction

Coronary atherosclerosis is a life-threatening chronic cardiovascular condition. Coro-
nary atherosclerosis is one of the leading causes of death among the aged. The localized
deposition of fat in the arteries, along with the development of smooth muscle cells and
a fibrous matrix, is the primary issue with atherosclerosis. Over time, this encourages
the formation of atherosclerotic plaques [1]. The biological root of cardiovascular dis-
ease is atherosclerosis, and thrombosis, platelet aggregation, and unstable atherosclerotic
plaque rupture will result in arterial stenosis or occlusion, resulting in acute cardiovascular
illness [2,3]. Because inflammation plays a major part in all stages of coronary atherosclero-
sis’s progression, it is commonly regarded as a chronic inflammatory disease. Inflammation
is the common cause of the physiological and pathological alterations that occur throughout
the onset and progression of coronary atherosclerosis. Years of extensive research have
revealed that coronary atherosclerosis has a complicated etiology, with lipid buildup and
chronic inflammation in the artery wall being the crucial attributes [4].

Typically, atherosclerosis of the coronary arteries is linked with alterations in lipid
metabolism and hypercholesterolemia [5]. Increased low-density lipoprotein (LDL) levels
are known cardiovascular disease risk factors [6]. However, the pathophysiology of the dis-
ease appears to be more complex than alterations in lipid metabolism, involving numerous
variables, with inflammation being the most significant [7]. Local endothelial dysfunction,
which may be induced by blood flow instability near an artery’s bend or bifurcation, is
the pathological cause of the development of atherosclerosis. The activation of vascular
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endothelial cells in response to mechanical stress results in the recruitment of circulating
immune cells. An atherosclerotic plaque is developed by circulating monocytes adhering
to and infiltrating into the affected area of the artery wall, differentiating into macrophages,
aggressively taking up lipids through phagocytosis, and producing a significant number of
foam cells [8].

Fat spots and stripes, atherosclerosis, thin-walled fiber atherosclerosis, and eventually
complicated arteries are the three types of particular changes that develop in sequence as
atherosclerosis progresses [9,10]. According to the disease’s course, the American College
of Cardiology divides them into six groups [11,12]. The Type I and Type II early phases
can be identified by lipid patches. Yellow patches and a few foam cell accumulations can
be seen in the artery’s intima. Lipid droplets and smooth muscle cells that T lymphocytes
have penetrated are present in the intima. Preplaque, or Type III, is characterized by
more extracellular lipid droplets generating lipid nuclei between the layers of smooth
muscle cells in the intima and mesomembrane without forming a lipid pool. The stage of
atherosclerotic plaque production is Type IV. Since the lipids are more concentrated, the
lipid pool has already formed. The artery wall is distorted, and the intimal structure is
obliterated. The development of thin-walled fibro-atheroma is a hallmark of Type V. It
is the lesion of atherosclerosis that is most recognizable. Lumen stenosis develops when
white plaque enters the artery lumen. A proliferative fibrous cap encircles the lipid pool,
and the intima of the plaque surface is obliterated. Type VI is referred to as a complicated
atherosclerotic lesion, which is a serious lesion. It is distinguished by bleeding, necrosis,
ulceration, calcification, and fibrous plaque wall thrombosis.

Calcification is a key cause of coronary atherosclerosis [13] and a good marker to
forecast future heart problems. Heart disease worsens and spreads at different rates
depending on how much calcium builds up in the body [14]. Coronary atherosclerosis
is treated and has a favorable prognosis when the amount and extent of calcification are
determined early [15]. The purpose of the present study is to discuss the new progress in
the early diagnosis of coronary atherosclerosis in terms of three aspects: imaging, gene and
protein markers, and trace elements (see Figure 1 for details).

Figure 1. Flow chart of the three examination modes of coronary atherosclerosis. From left to right
are imaging examination, gene and protein marker examination, and trace element examination.
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2. Imaging Examination

High-spatial-temporal-resolution invasive coronary angiography (ICA) is the gold
standard for examining coronary lumens [16–18]. Over the last three decades, computed
tomography coronary angiography (CCTA) has evolved into an effective and inexpensive
imaging tool for assessing coronary artery disease (CAD). Because normal CTCA images
have a strong negative predictive value, they can effectively eliminate substantial CAD,
minimizing the requirements for additional imaging tests and lowering ICA use in patients
with low and intermediate CAD risk [19–22]. Because of its cost-effectiveness and clinical
efficacy, the National Institutes of Health guidelines in 2016 advised that CCTA be used as
a first-line survey in all suspected stable CAD patients [23]. The Society of Cardiovascular
Computed Tomography’s steering committee developed acceptable standards for using
CCTA to guide doctors [24].

CCTA is widely used to identify (a) patients with indicative coronary heart disease who
have a low or moderate pre-test probability of coronary heart disease and (b) patients with
a low or moderate pre-test probability of coronary heart disease who have newly diagnosed
heart failure and no known ischemic heart disease, as well as (c) in the evaluation of
cardiac health before surgery in patients thought to have a low or moderate risk of coronary
heart disease. The risk factors for atherosclerosis include smoking, older age, diabetes,
high cholesterol, and hypertension. As mentioned earlier, these are the fundamental
elements, and a person with these risk factors will undoubtedly have a higher probability
of developing coronary heart disease. These risks serve as the foundation to determine
which patients should undergo CCTA when determining whether their risks are high
or low. Several studies have demonstrated that CCTA provides patients with suspected
or established CAD with good prognostic and therapeutic potential. With a sensitivity
of 0.90 and a specificity of 0.92, CCTA revealed high diagnostic accuracy for coronary
plaques compared to intravascular ultrasound (IVUS) as a reference standard, per a meta-
analysis [25].

CCTA can substitute ICA in individuals with suspected acute coronary syndrome
(ACS) who have a low or medium pre-test risk of CAD. When analyzing over 3000 low-risk
patients with suspected ACS, four randomized controlled trials compared CCTA to the
standard of therapy [26–29]. These trials confirmed what was already known about the
negative predictive value of CCTA. They showed again and again that it is safe to send
CCTA-negative patients home from the emergency room with a very low rate of major
cardiovascular adverse events (MACE) (<1%). This reduces the time required to leave the
hospital and the length of stay, saving money and allowing processes to run more smoothly.
However, for patients likely to have CAD before the test, ICA should be the first imaging
test because CCTA has a low negative predictive value in this group [30].

Using conventional retrospective cardiac gating approaches, the cumulative mean
radiation dosage, and CCTA in adult patients varied from 6 to 20 mSv in the past (equivalent
to 300–1000 chest radiographs). Incorporating prospective cardiac gating into CCTA can
minimize radiation exposure by around 70% [31]. With the introduction of new generations
of CT scanners, the radiation dose, contrast dose, and patient turnover time of CCTA
have all lowered dramatically, while image quality has also increased. The number of
layers on the multi-slice spiral CT (MSCT) scanner has been increased from 64 to 128, 256,
320, and 640. This allows for the precise measurement of the degree of coronary artery
stenosis and the composition of the coronary atherosclerotic plaque. The CT coronary
artery calcium score and CCTA radiation dose can now be reduced further (equal to
<50 chest radiographs), and sub-millimeter accuracy can be reached with the latest 640-slice
CT scanner or third-generation DSCT scanner [32].

Additionally, the contrast load can be decreased from an average of 80 mL to 35 mL
by using these faster scanners, lowering the risk of contrast nephropathy [33,34]. Fur-
ther technological advances have resulted in faster CT scanners, ranging from 640-layer
dynamic-volume CT scanners to spectral CT and third-generation DSCT. The X-ray tube
is the primary focus of DSCT advancement. The transition from static to rotating X-ray
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tubes, with improvements in its properties, such as a larger heat capacity and cooling speed,
enhances the CT scanner’s efficiency and allows for a higher rack speed [35]. Using a DSCT
scanner with two X-ray tubes increases the efficiency of obtaining entire data sets. Each
X-ray tube must be rotated 90◦, reducing the picture radiation exposure and acquisition
time. The third-generation DSCT scanner can greatly boost the tube power at low potential,
significantly lowering radiation exposure [35].

Accurate cross-sectional vascular information can be obtained using intravascular
ultrasonography (IVUS) imaging. According to the most recent research, clinicians may
accurately assess pathophysiological changes in blood vessels, illness development, and the
impact of therapeutic interventions using IVUS data collected at two different times [36]. As
an early indicator of arterial injury, the endothelium with osmotic dysfunction is thought to
be the main factor in atherosclerosis. Tools and other methods based on magnetic resonance
imaging (MRI) enable us to understand the role of endothelial permeability in cardio-
vascular disease and the risks in vivo [37]. The most widely used radioactive tracer in
vascular research and a different marker of plaque inflammation is 18-F-fluorodeoxyglucose
(18-F-FDG). Increasingly, 18-F-FDG and other PET (positron emission tomography) tracers
are employed to provide imaging endpoints for cardiovascular intervention trials. Us-
ing biological processes, PET imaging can characterize the high-risk traits of susceptible
atherosclerotic plaques. Inflammation, microcalcification, hypoxia, and neovascularization
can all be tracked using current radioactive tracers in susceptible plaques. Developing
novel PET radioactive tracers, imaging techniques, and hybrid scanners may improve the
effectiveness and accuracy of characterizing high-risk plaques [38]. Plaque features are
identified through a novel atherosclerosis identification approach. Plaque detection fre-
quently uses multi-mode/hybrid imaging systems and near-infrared fluorescence imaging.
In both clinical and experimental settings, Indocyanine Green (ICG) targets human plaques
with endothelial anomalies and offers fresh insights into its targeting mechanism [39].

3. Gene and Protein Markers

3.1. Gene Level

MicroRNA (miRNA), which plays an important role in regulating pathophysiological
processes such as cell adhesion, proliferation, lipid uptake, efflux, and the production of
inflammatory mediators, offers a new molecular understanding for investigating their
effects on these pathways in coronary atherosclerosis and helps to pinpoint potential
therapeutic approaches. MiRNA’s potential as a diagnostic, prognostic, or therapy response
biomarker for cardiovascular disease has been particularly increased by the realization that
miRNA may be detected outside of cells, even in circulating blood [40]. Figure 2 illustrates
the connection between genes and proteins.

Figure 2. The entire process from gene to protein.
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Cholesterol homeostasis is essential to the physiology of the cell. Variations in cellular
or systemic cholesterol concentrations are linked to metabolic disorders. In circulation,
cholesterol is transported by lipoproteins, which maintain cholesterol homeostasis by
transferring (such as low-density lipoprotein (LDL)) and removing (such as high-density
lipoprotein (HDL)) cholesterol from cells and tissues. High-level low-density lipoprotein
cholesterol (LDLC) and/or low-level high-density lipoprotein cholesterol (HDLC) imbal-
ances that encourage cell cholesterol buildup can induce coronary atherosclerosis. Recent
discoveries of genes that regulate the abundance and function of low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) have significantly increased our knowledge of
the regulatory circuits that regulate plasma lipoprotein levels [4,5,11].

MiRNA regulates lipoprotein metabolism and associated diseases such as metabolic
syndrome, obesity, and atherosclerosis [41]. miR-33 regulates macrophage activation and
mitochondrial metabolism. Furthermore, recent research has indicated that miR-33 controls
vascular homeostasis and cardiac responsiveness to pressure stress. Aside from miR-33 and
miR-122, single-nucleotide polymorphisms near the miRNA gene were linked to abnormal
levels of human circulation lipids. Some of these miRNAs, such as miR-148a and miR-
128-1, target proteins involved in cellular cholesterol metabolisms, such as the low-density
lipoprotein receptor (LDLR) and the ATP binding cassette A1 (ABCA1) [42].

MiR-122 is a microRNA implicated in the metabolism of lipoproteins, and its expres-
sion is substantially enriched in the liver [43]. MiR-122 is a critical regulator of cholesterol
and fatty acid production and hence a crucial regulator of lipoprotein homeostasis, as
shown by tests in mice and non-human primates, where its function was inhibited [43,44].
It should be noted that miR-122 acts on specific genes in hepatocytes, rather than partic-
ipating in all lipid metabolism pathways [45]. MiR-223 and miR-27b, on the other hand,
as major post-transcriptional regulatory centers, regulate the gene network of cholesterol
and lipoprotein metabolism [46,47]. MiR-223 suppresses the hmgs1, sc4mol, and srb1
genes involved in HDL absorption and cholesterol production, resulting in higher levels of
HDL-C and total cholesterol in the liver and plasma in miR-223 mice [46].

Coronary atherosclerosis can easily occur on the artery wall due to ongoing hyper-
lipidemia and fluctuating shear stress. Endothelial cells experience several molecular and
cellular conformational changes in response to biomechanical and biochemical stimuli,
aiding coronary atherosclerosis development. For instance, leukocyte migration to the
arterial wall, which may be one of the primary indicators connected to new plaques, is
aided by the early elevation of the expression of adhesion molecules such as vascular adhe-
sion molecule (VCAM)-1, intracellular adhesion molecule (ICAM)-1, and E-selectin [48].
Some miRNAs can directly target the 3′-UTR of these molecules as a result of miR-17-3p
(targeting ICAM-1) and miR-31 (targeting E-selectin), which are connected to coronary
atherosclerosis [49]. These molecules induce an increase in macrophages in the process
of atherosclerosis [50–52]. It is unclear how these two miRNAs function in experimental
coronary atherosclerosis. In addition to these molecules that promote adhesion, several
other pro-inflammatory and pro-thrombotic factors are also activated by nuclear factor
(NF)-κB signaling, which is a significant route. Two cytokine-reactive miRNAs, miR-181b
and miR-146a, control NF-κ. Different components of the B signal have a protective effect
on coronary atherosclerosis [53].

Elevated plasma levels of miR-146a-5p and miR-21-5p have been established in studies
as general biomarkers of ACS circulation [54]. According to Amanpreet et al., the most
prevalent miRNAs in CAD (miR-1, miR-133a, miR-208a, and miR-499) are significantly
expressed in the heart and have an important role in cardiac physiology [55]. Even though
studies found that numerous miRNAs are expressed in ACS, and stable CAD, miR-1,
miR-133, miR-208a, and miR-499 are typically considered ACS biomarkers [41], these
biomarkers, particularly miR-499, whose concentration gradient level is associated with
myocardial damage, are most likely to diagnose ACS and stable CAD [55,56].

Ariana et al.’s study demonstrates that miR-132 is both required and sufficient to cause
the formation of pathogenic cardiomyocytes, a hallmark of unfavorable cardiac remodeling.
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As a result, miR-132 can be employed as a therapeutic target for heart failure (HF). At
the same time, anti-miR-132 therapy demonstrated good pharmacokinetics, safety, toler-
ability, a dose-dependent PK/PD relationship, and high clinical promise [39,57]. Several
pathologic cellular effects and molecular signaling pathways relevant to atherosclerosis
are continuously regulated and fine-tuned by miRNA [40]. The progression and balance
of atherosclerotic plaques are regressed due to changes in these pathways—for instance,
ventricular hypertrophy (miR-208 and miR-133), fibrosis (miR-21 and miR-29), and ven-
tricular arrhythmias (miR-1, miR-328, and miR-133) [58]. Table 1 describes the miRNAs
mentioned above.

Table 1. Description of miRNAs.

Name

miR-122
miR-223
miR-27
miR-33
miR-128
miR-148a

miR-17
miR-31

miR-181
miR-146

miR-146
miR-21
miR-1
miR-133a
miR-208a
miR-499

miR-132
miR-1
miR-133
miR-328

miR-21
miR-29

miR-208
miR-133

Role Lipid
metabolism Inflammatory Proliferation and

differentiation ACS Heart
failure Arrhythmias Fibrosis Ventricular

hypertrophy

There are potential drawbacks of using miRNA to identify atherosclerosis, including
differences in the reliability of different screening methods [59]. The challenge of isolating
miRNA using conventional RNA reagents necessitates the optimization of miRNA isolation
from complex materials. Detection methods vary as well, with Qubit and microRNA assays
offering the lowest variation (%CV 5.47, SEM ± 0.07), followed by Nano Drops (%CV 7.01,
SEM ± 0.92) and the Agilent Biological Analyzer (%CV 59.21, SEM ± 1.31) [59]. The long-
term clinical use of miRNAs necessitates additional work to address current methodological,
technical, or analytical shortcomings. Standard operating protocols, coordinated miRNA
isolation, and quantification techniques are necessary to increase repeatability among
different investigations [60].

The advancement of genome-wide analysis, particularly microarray analysis, is critical
in identifying clinical indicators of coronary atherosclerosis [61,62]. Whole-blood gene ex-
pression profiles can reveal illness status dynamics and suggest putative disease causes [63].
Many prevalent illnesses, such as AMI [64–67] and various forms of atherosclerosis [68],
have distinct gene expression profiles. Differential gene expression in peripheral blood
cells can provide more information on disease dynamics and better forecast the likelihood
of cardiovascular events than currently employed approaches [63]. Changes in gene expres-
sion in peripheral blood cells have high sensitivity and specificity for diagnosing coronary
heart disease (CAD) [69]. The expression level of the adior2 gene, for example, is linked to
the advancement of coronary atherosclerosis [70]. Meng et al. revealed that numb ABCB1,
ACSL1, ZHHC9, and other genes have important roles in the pathogenesis of atherosclero-
sis [71–74]. Furthermore, a study from the University of Washington discovered that the
SVEP1 gene causes atherosclerosis in the absence of cholesterol [75].

3.2. Protein Levels

Protein is the stage following the gene level and the product of gene translation.
Coronary atherosclerosis develops due to a complex combination of environmental and
hereditary variables. According to recent research, smoking and stress can quickly lead
to cardiovascular disease [76,77]. While genetic variables are uncontrollable, adjustments
in certain environmental effects, such as lifestyle and smoking behaviors, may alleviate
cardiovascular symptoms [78,79]. It is important to note that genetic factors account for
50% of the risk of atherosclerosis. As a result, early patient diagnosis using reliable genetic
indicators of atherosclerosis can result in prompt and precise therapy choices. Therefore,
finding new molecular markers is crucial in coronary heart disease for early detection,
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prompt warning, early intervention, and improved prognosis [80,81]. APOC3 and APOC4
have been confirmed to be involved in the process of atherosclerosis [82–84]. Meng et al.
found that different proteins were present in different types of coronary atherosclerosis
and that different protein markers identified different phases of atherosclerosis. Six genes
(ALB, SHBG, APOC, APOC3, APOC4, and SAA4) were found to be responsible for its
regulation [68].

4. Trace Elements

4.1. Zinc Ion

The rise in patients with coronary heart disease in the United States, Europe, and
China is related to diet-associated raised blood cholesterol and blood glucose levels, as
well as poor lifestyle habits such as smoking and genetic factors [85]. Smoking, blood
sugar, lipids, and hypertension are the four main risk factors for coronary heart disease.
These four independent risk variables were found to be primary predictors of coronary
atherosclerosis [86–88]. Simultaneously, an intriguing relationship has surfaced. The
prevalence of coronary heart disease in underdeveloped nations is positively connected
with the human development index.

In contrast, it is inversely correlated with the human development index in developed
countries (ρ = 0.47 and 0.34, accordingly). Furthermore, the incidence of coronary heart
disease has increased in emerging nations over the last few decades, while it has decreased
(p = 0.021 and 0.002) in developed countries [89–92]. This is due to dietary imbalances and
differences in the serum concentrations of several trace elements [93].

As a result, it is worthwhile to investigate the differences in trace element concentra-
tions in the human body and their associations with coronary heart disease. An analysis
reveals that coronary heart disease and other diseases are associated with trace elements
in the body [94–96]. Zinc ion helps to control many cellular metabolic processes, such as
how proteins, lipids, and carbohydrates are broken down and used by the body [97,98].
Zinc is a crucial component of over seventy enzymes, including superoxide dismutase and
glutathione peroxidase. As a cofactor of copper-zinc superoxide dismutase (Cu, Zn SOD),
zinc can influence CD. Research has demonstrated that zinc supplementation can lower the
activity of copper-zinc superoxide dismutase due to an antagonistic relationship between
excessive zinc consumption and copper absorption [99]. Zinc also has anti-inflammatory
and antioxidant effects [94]. An increased zinc concentration enhances cell antioxidant
capability and ensures the maintenance of appropriate endothelium function. Due to zinc’s
involvement in enzymes, humoral mediators, and mitosis, the immune system relies on
zinc to function. Zinc deficiency is associated with sensitivity to oxidative stress, IL-1
and tumor necrosis factor expression, and endothelial cell death [94]. These factors are all
involved in atherosclerosis progression. A decline in zinc ion concentration is associated
with coronary heart disease in non-smoking older patients and women, particularly post-
menopausal women. Patients with coronary artery disease benefit from taking zinc ions in
the appropriate amounts [100].

4.2. Iron Ion

Iron is required for numerous physiological activities. Iron-containing proteins and
enzymes serve as an essential part of cellular metabolism. These enzymes and proteins are
essential for cell proliferation, cell death, DNA synthesis, DNA repair, and mitochondrial
function [101–103]. Iron is the principal component of hemoglobin, which is needed to
produce red blood cells and transfer oxygen. Iron is also potentially harmful in high
concentrations due to its tendency to produce reactive oxygen species (ROS) and damage
biomolecules via Fenton reaction-generated hydroxyl radicals [104]. It is also a significant
component in determining bacterial toxicity [92].

Iron consumption or outflow irregularities can result in disease. Iron was originally
implicated in coronary atherosclerosis development [104,105]. Low-density lipoprotein
oxidation can be accelerated by free iron [106]. LDL receptors on macrophages then absorb
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LDL, causing foam cells to be recruited. Foam cell infiltration and necrotic core enlargement
are crucial steps in coronary atherosclerosis development [107]. In atherosclerotic plaques,
many macrophage subtypes have been identified [108]. Macrophages have a significant
role in the progression of coronary atherosclerosis. Lipid absorption, which can cause the
production of inflammatory cytokines and the formation of foam cells, is the principal
cause of M1 macrophage activation in plaques [109]. M1 macrophages are considered to
induce coronary atherosclerosis by paracrine stimulating SMC migration and proliferation
from the middle membrane to the intima.

Hydrolyzing collagen fibers in the fiber cap, MMP-1, MMP-3, and MMP-9 produced
by M1 cells might cause plaque instability [110]. In addition, Th2 cytokines (such as
IL-4, IL-10, and IL-13) activate M2 macrophages to create anti-inflammatory cytokines.
The inflammatory response is assumed to be balanced by M2 macrophages, which also
support tissue repair and inflammation remission. The M1/M2 model offers a condensed
structure for comprehending macrophage behavior in a damaged environment. While M2
macrophages can export and metabolize iron, M1 macrophages have high ferritin content
and are superior in terms of iron accumulation. Coronary atherosclerosis may result from
the variation in the iron turnover rate between M1 and M2 macrophages. The relationship
between the peripheral blood iron concentration and coronary atherosclerosis was validated
by a cross-sectional study involving more than 4000 individuals. Loss of peripheral blood
iron ions can be used as a biomarker for coronary atherosclerosis prognosis [64].

4.3. Other Trace Elements

Trace elements significantly influence cardiovascular disease by directly or indirectly
altering the circulatory process [111–113]. Blood metal levels and childhood and adolescent
obesity have been demonstrated to correlate positively, according to research by Fan
et al. [114]. It was discovered that obesity was associated with an increase in superoxide
dismutase (SOD) levels and total circulation copper concentrations. Metal ions influence the
expression of leptin in adipocytes by regulating the release of free fatty acids and glucose
uptake, highlighting that obesity is a significant coronary heart disease risk factor [114,115].
As per Kalita et al., variations in trace elements can improve insulin resistance in people
with type 2 diabetes [116]. Numerous diabetes-related enzymes utilize magnesium and
manganese as cofactors. Their insufficiency raises the risk of metabolic syndrome, impairs
glucose metabolism, and may lead to atherosclerosis [116,117]. The serum selenium level
was substantially linked with all-cause mortality in both men and women, particularly
women with coronary heart disease, according to Li et al. [118]. Consequently, alterations
in trace element concentrations in the body are regarded as the most important factor in
the development of some diseases and in transitioning from health to illness.

This article has certain limitations. The study only discusses imaging, genes and
proteins, and trace elements related to atherosclerosis, but other facets of the disease should
also be examined. The key to the early detection of atherosclerosis is the combination of
more cutting-edge diagnostic procedures and various examination techniques.

5. Conclusions

It is viable to assess coronary atherosclerosis risk using genes and trace elements. In
patients with definite symptoms of coronary heart disease, it is reasonable to perform
noninvasive investigations such as CCTA. One of the therapy methods for coronary artery
disease is the detection of trace elements, which is important for prognosis.
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Abbreviation

LDL Low-density lipoprotein
ICA Invasive coronary angiography
CCTA Computed tomography coronary angiography
CAD Coronary artery disease
ACS Acute coronary syndrome
MACE Major cardiovascular adverse events
MSCT Multi-slice spiral CT
DSCT Dual-source computed tomography
IVUS Intravascular ultrasound
MRI Magnetic resonance imaging
18-F-FDG 18 -F-fluorodeoxyglucose
PET Positron emission tomograph
NIR Near-infrared imaging
ICG Indocyanine green
miRNA MicroRNA
CV Coefficient of variation
ABCA1 ATP binding cassette A1
HDL High-density lipoprotein
LDLC Low-density lipoprotein cholesterol
HDLC High-density lipoprotein cholesterol
VCAM Vascular adhesion molecule
ICAM Intracellular adhesion molecule
NF Nuclear factor
ACS Acute coronary syndrome
HF Heart failure
PK/PD Pharmacokinetics/pharmacodynamics
AMI Acute myocardial infarction
ROS Reactive oxygen species
SOD Superoxide dismutase
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Abstract: Atherosclerotic plaque vulnerability is a vital clinical problem as vulnerable plaques tend
to rupture, which results in atherosclerosis complications—myocardial infarctions and subsequent
cardiovascular deaths. Therefore, methods aiming to stabilize such plaques are in great demand. In
this brief review, the idea of atherosclerotic plaque stabilization and five main approaches—towards
the regulation of metabolism, macrophages and cellular death, inflammation, reactive oxygen species,
and extracellular matrix remodeling have been presented. Moreover, apart from classical approaches
(targeted at the general mechanisms of plaque destabilization), there are also alternative approaches
targeted either at certain plaques which have just become vulnerable or targeted at the minimization
of the consequences of atherosclerotic plaque erosion or rupture. These alternative approaches have
also been briefly mentioned in this review.

Keywords: atherosclerotic plaque; stabilization; vulnerable plaque; inflammation; macrophage;
intravascular ultrasound; myocardial infarction; necrotic cores; cell death

1. Introduction

Atherosclerotic plaque is the pathophysiological basis of ischemic heart disease–a
widespread disease in both developed and developing countries [1]. A principal complica-
tion of ischemic heart disease is myocardial infarction, which constitutes the main cause of
mortality worldwide [2]. Myocardial infarction is a consequence of the sudden occlusion
of the coronary artery supplying the myocardial tissue, which is caused mainly (75% of the
time) by atherosclerotic plaque rupture and thrombus generation [3–5]. This deficiency in
the oxygen supply leads to myocardial cell damage and necrosis which compromises the
entire heart activity and might result in ion current disturbances leading to life-threatening
ventricular arrhythmias [6,7]. The development of atherosclerotic plaque is a long process
composed of several stages (Figure 1).

Briefly, apo-B containing lipoproteins (especially LDL) pass through the endothelial
layer of the arterial intima and accumulate within the subendothelial area where they are
endocytosed by intimal macrophages. Simultaneously, local blood flow disturbances (non-
linear flow) in atherosclerosis-susceptible regions (e.g., arterial branches) cause decreased
shear stress that is detected by the endothelial cells in the process of mechanotransduction.
These processes change the microenvironment of the arterial wall intima, which promotes
subsequent alterations—foam cell generation, vascular smooth muscle cell migration, and
their conversion from contractile into the synthetic phenotype, extracellular matrix re-
modeling, plaque growth, fibrous cap formation, and finally, necrotic core formation and
calcifications [8,9]. In addition, Peter Libby emphasized the crucial role of the immune
system in atherogenesis [10]. Many plaques develop into stable structures which manifest
clinically as chronic coronary syndrome, but some of them undergo special ultrastruc-
tural alterations making them prone to rupture. Such plaques are called ‘unstable’ or
‘vulnerable’ [11]. According to the classic definition created by Virmani, vulnerable plaque
is a thin-cap fibroatheroma (TCFA), characterized by a necrotic core presence with an
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overlying fibrous cap of thickness <65 μm [12]. The processes leading to plaque destabi-
lization, i.e., apoptosis of VSMC within the fibrous cap, neovascularization, and necrotic
core enlargement, are presented in Figure 2 [13].

Figure 1. Stages of atherosclerotic plaque development (according to the Virmani classification [6]).
cVSMC: vascular smooth muscle cell, contractile phenotype; sVSMC: vascular smooth muscle cell,
synthetic phenotype; ECM: extracellular matrix.

Figure 2. Pathophysiological processes and events leading to atherosclerotic plaque destabilization (events 1–7 in blue
boxes). EC: endothelial cell; cVSMC: vascular smooth muscle cell, contractile phenotype; sVSMC: vascular smooth muscle
cell, synthetic phenotype; ECM: extracellular matrix.

The occurrence of major cardiovascular adverse events (MACE—composite endpoint
composed of death from cardiac causes, cardiac arrest, myocardial infarction, or rehospi-
talization because of unstable or progressive angina) relies on the presence of vulnerable
plaques. A PROSPECT study on 697 patients with acute coronary syndrome treated with
PCI revealed that the cumulative rate of MACE during a three-year follow-up referred to
untreated, non-culprit lesions was significantly and independently correlated with the pres-
ence of thin-cap fibroatheroma on intravascular ultrasonography [14]. Therefore, therapies
aimed at promoting atherosclerotic plaque stabilization would be warranted. However,
because thin-cap fibroatheromas and stable fibroatheromas can transform into one another
and the occurrence of vulnerable atherosclerotic plaque might be underestimated in clinical
studies due to clinical silence, the optimal therapy aimed at stabilizing plaques should
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be concentrated on the promotion of molecular stabilizing pathways ‘in general’ rather
than on the stabilization of certain atherosclerotic lesions (considered vulnerable on imag-
ing) [15]. In this review, we summarize the crucial approaches towards plaque stabilization,
and we present the clinical studies based on them.

2. General Considerations

Antiatherosclerotic properties are important features of certain drugs or chemical
compounds. Indeed, a plethora of different substances—from precisely targeted molecules
to traditional Chinese medicinal herbs, nutrients, or even gases such as hydrogen have been
extensively investigated in search of their potentially beneficial impact on atherosclerotic
plaques [16–19]. The animal models widely used in such investigations are genetically mod-
ified (ApoE−/− or LDL−/−) mice as well as WHHL (Watanabe-heritable hyperlipidemic)
rabbits [20,21]. In such investigations, a vulnerable atherosclerotic plaque is obtained
through dietary modification (i.e., high-fat diets containing high cholesterol) together with
interventions such as angiotensin II infusion via an osmotic pump, cast placement around
the common carotid artery, or balloon injury (in rabbits) [22,23]. Then, the animals are
divided into a control group (receiving a saline solution) and the experimental group (re-
ceiving the study compound). When the study is finished, the vulnerable plaque indicators
are assessed by immunohistochemical analysis in both animal groups. Although many
preclinically investigated compounds have presented antiatherosclerotic features, only a
minority of them have been proven to be clinically relevant. This situation occurs not only
due to dissimilarities between the pathophysiology of atherosclerotic plaque development
in animals and humans but also because of the difficulties in the design and performance of
applicable clinical studies. Nevertheless, experiments with animal models make it possible
to investigate different approaches towards plaque stabilization.

3. Approaches Directed at Specific Molecular Pathways

3.1. Approach towards Regulation of Metabolism

Knowledge about vulnerable atherosclerotic plaque development makes it possible to
investigate whether therapies targeted at specific molecular pathways are able to stabilize
it. One kind of such therapy is directed towards the modulation of metabolism. Oxidized
low-density lipoproteins are considered to be crucial elements in the process of plaque initi-
ation and progression; therefore, interventions aiming to decrease their level are considered
plaque-stabilizing. Lipid-lowering agents, such as statins (hydroxymethylglutaryl-CoA
synthase, i.e., cholesterol-synthesizing enzyme inhibitors), ezetimibe (an inhibitor of intesti-
nal cholesterol absorption and Niemann-Pick C1-Like 1 antagonist), and alirocumab (anti-
body blocking proprotein convertase subtilisin/kexin type 9 and increasing LDL–LDLR
recycling) improved atherosclerotic plaque stability in different animal models [21,24–26].
Contrary to the LDL particles, high-density lipoproteins (HDL) are considered atheropro-
tective because of reverse cholesterol transport promotion from lesional macrophages to
the liver via interaction with the ATP-binding cassette transporter ABCA1 [27]. It has
been demonstrated that recombinant HDL particles (especially Milano type rather than
wild-type) promote plaque stability by decreasing intraplaque MMP-2 activity and the
chemokine MCP-1 level when compared with a placebo in atherosclerotic New Zealand
White rabbits [28]. The cholesteryl ester transfer protein (CETP) inhibitor anacetrapib,
which increases HDL levels in serum, also presented similar antiatherosclerotic proper-
ties in mice [29]. However, even preclinical studies have demonstrated that LDL level
reduction is more important in atherosclerotic plaque stabilization than an increase in
HDL [30]. Apart from the lipids, glucose at higher concentrations also participates in the
destabilization of atherosclerotic plaque. A study on diabetic ApoE−/− mice showed that
hyperglycemia destabilizes the plaque via the inhibition of AMPKα and its target gene,
prolyl-4-hydroxylase alpha 1 (P4Hα1), an enzyme participating in collagen synthesis [31].
In consequence, hypoglycemic medications are supposed to be plaque-stabilizing and are
therefore antiatherosclerotic agents.
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3.2. Approach towards Macrophages and Cellular Death Mechanisms

Macrophages contribute significantly to the process of atherosclerotic plaque destabi-
lization. On the one hand, they orchestrate different, sometimes opposite, reactions and
molecular pathways within the plaque microenvironment, promoting either plaque insta-
bility (M1 subpopulation) or plaque stability (M2 subpopulation) [32]. On the other hand,
their conversion into lipid-laden foam cells and subsequent cellular death (in particular
through necrosis or necroptosis, i.e., programmed necrosis) lead directly to necrotic core
enlargement and plaque destabilization [33]. The situation is different when macrophages
undergo typical programmed cellular death, i.e., apoptosis, which can be even atheropro-
tective in the initial phase of plaque development [34]. However, for plaque stability, it is
necessary that the apoptotic bodies are robustly cleared through efferocytosis [35]. Another
mechanism of cellular death that prevents plaque destabilization is autophagy, in which
damaged organelles or cellular compartments are sequestrated into double-membrane
structures called autophagosomes and then degraded by lysosomes [36]. Therefore, molec-
ular pathways preventing macrophage conversion into foam cells or necrosis, as well as
pathways promoting autophagy and appropriate clearance of apoptotic bodies (efferocyto-
sis), may be atheroprotective. A study has demonstrated that ApoE−/− mice receiving
arglabine, an NLRP3 antagonist which redirects macrophages towards autophagic path-
ways, presented a decreased level of IL-1β (a marker of inflammation) in plasma and
reduced atherosclerotic lesions when compared with ApoE−/− mice from the control
group [37]. For appropriate efferocytosis, a Mer Tyrosine Kinase (MerTK) expressed on the
macrophage surface is required and pathways, which promote MerTK shedding from a
membrane to the soluble form, impair this process. For instance, angiotensin II negatively
affects efferocytosis through ADAM17 activation and subsequent MerTK shedding [38].
Apart from the aspects of cellular death, interventions preventing macrophage conversion
into foam cells (such as inhibition of LOX-1, a receptor recognizing and internalizing oxLDL
particles) as well as reverse cholesterol transport promotion in foam cells via LXRα receptor
activation have been demonstrated to be atheroprotective in animal models [39–41].

3.3. Approach toward Inflammation and Immune Reactions

Vulnerable atherosclerotic plaques are characterized by a robust infiltration of different
immune cells. Activation of lesional macrophages causes the production and secretion
of diverse interleukins and chemokines, which subsequently drive immune cell infil-
tration [42,43]. Chemokines recruit neutrophils (CCL2) and T cells (CX3CL1, in more
advanced lesions), whereas interleukins, such as IL-1β, activate those cells. Moreover, the
immune cells transport through the endothelial layer (diapedesis) depend on adhesive
molecules, such as ICAM-1 and VCAM-1. Significant augmentation of T cells (especially
CD8+, i.e., cytotoxic T cells) has been observed within atherosclerotic plaque in vulnerable
plaque specimens (derived from a biobank of human aortas covering the full spectrum of
atherosclerotic disease) [44]. Therefore, antagonizing immune reactions responsible for
the inflammatory state within the plaque would be an interesting therapeutic option [45].
As anticipated, inhibition of proinflammatory interleukins (such as IL-6) and chemokines
(such as CXCL10) results in atherosclerotic plaque stabilization [46,47]. Interestingly, IL-1β
inhibition over the entire time of plaque development in a mouse model resulted in a
reduction in atherosclerotic plaque formation, but when such therapy was applied in mice
with advanced lesions (from 18 to 24 weeks), not only was it not atheroprotective, but it
also resulted in an increased number of macrophages within the plaque and abrogated
beneficial remodeling [48,49]. This means that the entire system of interactions and recipro-
cal feedbacks during atherosclerotic plaque destabilization is very complex, and simple
approaches (i.e., blocking factors that are considered to be proinflammatory) tend to be
insufficient. For this reason, more general anti-inflammatory approaches are also used,
for instance, colchicine, which has presented complex effects by inhibiting critical inflam-
matory signaling networks (inflammasome, proinflammatory cytokines, and adhesion
molecules) [50,51]. Moreover, inflammatory mediators such as interleukins are under the
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control of transcription factors. For instance, an NF- B transcriptional factor is considered
to be a crucial element of the inflammatory response, and many plaque-stabilizing effects
induced by different substances are accompanied by NF-B suppression [52–54]. However,
inflammatory pathways are also under the negative control of anti-inflammatory cytokines,
and the promotion of anti-inflammatory pathways (e.g., genetic amplification of IL-37)
presents a stabilizing effect on the plaque [55]. The cells responsible for the resolution of
immune reactions are regulatory T cells (Tregs). It has been demonstrated in the ApoE−/−
mouse model that pioglitazone (an antidiabetic drug belonging to the thiazolidinedione
group) stabilized the atherosclerotic plaque, which was accompanied by an increase in
the number of Tregs within the lesion [56]. Moreover, there is the innovative idea of using
vaccines against atherosclerosis. In contrast to vaccines against infectious agents, vaccines
against atherosclerosis aim to induce immune tolerance towards core antigens involved in
atherosclerotic plaque development (such as ApoB-100 on oxLDL particles). The principal
way to gain tolerance is Treg induction through the injections of peptides—fragments of
the target antigen. An additional way for such vaccination is the generation of neutraliz-
ing autoantibodies, for instance, against PCSK9, which demonstrate antiatherosclerotic
properties. These effects can be obtained with the use of special techniques such as the
use of adjuvants, neoepitope development technologies, and vaccine platforms (e.g., Qβ

bacteriophage virus-like particles) [57].

3.4. Approach towards Reactive Oxygen Species—Antioxidation Therapy

Reactive oxygen species play a pivotal role in atherosclerotic plaque progression and
subsequent destabilization. They are generated mainly by enzymes, such as NADPH
oxidases (NOX) localized within endothelial cells, fibroblasts, and vascular smooth muscle
cells, and their expression is upregulated by proinflammatory factors such as IL-1β or Ang
II [58,59]. First, reactive oxygen species cause lipid oxidation, which generates oxidized
cholesterol derivatives such as 7-ketocholesterol (7-K) and 7β hydroxycholesterol (7β-OH).
These compounds insert themselves into the cellular membrane and mediate a plethora
of subsequent pathways inducing endothelial pump dysfunction, cell cycle blockade,
and lysosomal or endoplasmic reticulum membrane damage in different cells (especially
macrophages), leading to their apoptosis [60]. Second, reactive oxygen species cause direct
damage to the DNA and promote mechanisms of cellular death in that way [61]. Moreover,
oxidized cholesterol derivatives (27-hydroxycholesterol and aldehyde 4-hydroxynonenal)
increase prostaglandin E production, which further enhances proinflammatory cytokines
and matrix-degrading enzymes (especially matrix metalloproteinase 9), increasing the risk
of atherosclerotic plaque rupture [62]. Reactive oxygen species are reciprocally linked with
immune reactions. On the one hand, their production is under the control of proinflamma-
tory cytokines such as TNF-α. On the other hand, the products of ROS activity, such as
oxidized cholesterol derivatives, promote the expression of proinflammatory cytokines,
e.g., IL-1β, TNF-α, IL-8, or chemokine MCP-1, as has been demonstrated in ApoE−/−
mice lacking TNF-α and the human monocytic cell lines (U937 and THP-1) [63,64]. It is
clear that the overproduction of reactive oxygen species is detrimental for the cells within
the atherosclerotic plaque, and pathways induced by these agents may destabilize the
plaque, leading to its rupture [65]. Therefore, pharmacological interventions leading to
the neutralization of reactive oxygen species (either directly, in different mechanisms of
antioxidation, or indirectly, by the abrogation of their generation) would be beneficial in
atherosclerotic plaque stabilization. Interestingly, antioxidants are important food com-
ponents, which leads to the idea that diet can be atheroprotective and plaque-stabilizing
in that way. Indeed, many preclinical investigations on different nutrients have proven
their stabilizing potential upon atherosclerotic plaque (such as soy isoflavones, vitamin E,
carotenes, or xanthines) [66–69]. For example, ApoE−/− mice fed on blackberry extract
rich with anthocyanin presented increased HDL levels and increased connective tissue
content within the plaque, resulting in improved plaque stability when compared with
the control group [70]. Moreover, the effect of stabilizing atherosclerotic plaques was also
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achieved by action on the controlling mechanisms; NOX2 (NADPH oxidase isoform 2,
ROS generator) inhibition resulted in plaque stabilization, whereas Hsp70 (a protective
chaperone) silencing resulted in plaque destabilization [71,72].

3.5. Approach towards Extracellular Matrix Remodeling and Neovascularization

It has to be emphasized that the entire plaque structure is based on scaffolding, i.e., an
extracellular matrix (ECM) composed of collagens, elastin, proteoglycans, and fibronectin.
These proteins constitute the connective tissue of the plaque. A fibrous cap, i.e., structure
covering the plaque and maintaining its stability, is built up with vascular smooth muscle
cells and macrophages embedded in collagen and elastin fibers. The appropriate, compact,
and organized structure of the ECM component is crucial for plaque stability. Therefore,
the influence on ECM protein synthesis or regulation by different methods (including
miRNA) affects plaque stability [73–75]. The ECM structure is regulated by proteases—
cathepsins, serine proteases, and metalloproteinases—matrix metalloproteinases (MMPs),
α-disintegrin, metalloproteinases (ADAMs), and α-disintegrin and metalloproteinases
with thrombospondin domains (ADAMTSs). Although all the proteases perform ECM
protein hydrolysis, this site-specific hydrolysis results in different changes within the
scaffold—some alterations lead towards ECM fragmentation, and other alterations lead
towards strengthening restructuring [76,77]. Therefore, some proteases stabilize the plaque
(like ADAM15), and other proteases destabilize it (such as virtually all MMPs, especially
MMP-9) [78,79]. A histological study on human carotid artery specimens has revealed that
a more vulnerable plaque phenotype correlated with an increased MMP-14 level and a
decreased TIMP-3 (an inhibitor of tissue metalloproteinase) level [80]. Finally, vulnerable
plaques are also characterized by neovascularization and proangiogenic factors (such as
bFGF or CD137), which are supposed to play a role in plaque destabilization [81–84]. An
optical coherence tomography study on 53 patients has shown an increase in intraplaque
neovessel volume in vulnerable and ruptured plaques [85]. In consequence, therapies
targeting intraplaque angiogenesis (e.g., axitinib—an inhibitor of VEGF receptor-1, -2, and
-3) are considered to be plaque-stabilizing [86,87].

3.6. Specific Approaches—Summary

The abovementioned specific approaches are illustrated in Figure 3.

Figure 3. The approaches towards atherosclerotic plaque stabilization therapy and their molecular aspects.
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Many different studies have already been conducted to explore specific approaches
towards atherosclerotic plaque destabilization. Some examples of such preclinical studies
have been presented in the text; others are presented in Table 1.

Table 1. Examples of atherosclerotic plaque stabilization treatment (five main approaches) in preclinical models and used drugs.

Approaches Examples and Mechanisms Investigated Drugs *

Metabolic approach

LDL lowering therapy:

(a) Targeting HMG-CoA [21];
(b) Targeting cholesterol absorption [24];
(c) Enhancing LDL clearance [26].

(a) statins (e.g., lovastatin, rosuwastatin,
atorvastatin, and pitavastatin);

(b) ezetimibe;
(c) PCSK9 inhibitors (alirocumab).

Recombinant HDL particles [28] 75 mg/kg of apoA-I(Milano)

Iron depletion → increased iron mobilization from
macrophages [88,89] Iron chelation therapy (deferasirox)

MGL depletion → 2-AG ↑, CB2R activation [90] N/A (genetic knock-out organisms used in this
experiment)

Cell survival
promotion approach

(a) Promotion of macrophage autophagy [38];
(b) Efficient efferocytosis of apoptotic bodies

[36].

(a) trehalose (disaccharide);
(b) AT1R blocker (losartan).

(a) Inhibition of foam cell formation (e.g., LOX-1
inhibition) [40];

(b) Inhibition of endopasmatic reticulum (ER)
stress [91].

(a) Different drugs which caused LOX-1
inhibition (e.g., Resveratrol, tanshinone II-A,
and berberine);

(b) 4-phenyl butyric acid (PBA)—a chemical
chaperone).

STAT6 upregulation → M2 macrophage
polarization [92] N/A (overexpression by recombinant pcDNA)

Prevention from excessive PARP1 activation by
severe DNA damage → prevention from ATP
depletion [93]

For example, 3-Aminobenzamide (3-AB),
doxycycline, thieno(2,3-c)isoquinolin-5-one
(TIQ-A)

Anti-inflammatory
approach

(a) Chemokine inhibition (e.g., CCL5 and
CXCL10 via TWEAK blockade) [94];

(b) Cell adhesion molecule (e.g., VCAM-1)
inhibition [95].

(a) anti-TWEAK mAb, maraviroc (CCR5
antagonist) [96];

(b) chalcone derivate (1m−6).

(a) Proinflammatory cytokine (e.g., IL-6, IL-12,
IL-17, IL-18) inhibition [46,97,98];

(b) Anti-inflammatory cytokine (such as IL-10,
IL-37) promotion [55,99].

(a) For example, IL-6 neutralizing antibody
(toclizumab);

(b) For example, dietary nitrate (L-arginine).

Cytotoxic CD8 + T lymphocyte (Tc) depletion [100] CD8α or CD8β targeted monoclonal antibody

Regulatory T lymphocyte (Treg) promotion [101]. For example, IL-2, mycophenolate mofetil, vitamin
D, rapamycin, G-CSF

Reactive oxygen
species approaches

Downregulation of ROS generators (e.g., NADPH
oxidases NOX2) [71]

Nox2 inhibitor peptide (a chimeric 18-amino acid
peptide)

Attenuation of ROS derivative (e.g., 7β-OH)
activity [60].

N/A (indirect methods like conjugation by
glutathione)

Promotion of ROS scavengers (such as HO-1
induced by Nrf transcriptional factor) [102] N/A

Direct ROS abruption (e.g., polyphenols) [103] Different polyphenols (in this study–apple
polyphenols)
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Table 1. Cont.

Approaches Examples and Mechanisms Investigated Drugs *

ECM remodeling and
neovascularization

approach

Inhibition of matrix metalloproteinase (MMPs)
synthesis and activity (especially MMP9) [104] Ghrelin

Promotion of collagen synthesis (e.g., by melatonin
through Akt phosphorylation and subsequent
P4Hα1 upregulation) [105]

Dietary nitrate treatment (KNO3 or KNO2)

Influence on fibronectin (e.g., blockade of
fibronectin-integrin α5 pathway) [106]

In vivo knockdown of phosphodiesterase 4D5
(siRNA)

Inhibition of neovascularization (e.g., through
bFGF blockade) [107] K5 (a small molecule bFGF-inhibitor)

Abbreviations: MGL: monoglyceride lipase; 2-AG: 2-arachidonoylglycerol (endocannabinoid); PBA: 4-phenylbutyric acid; mAb: monoclonal
antibody. * if applicable (in some studies, transgenic organisms were used to investigate specific cellular pathways).

4. An Integrated Approach

Atherosclerotic plaque destabilization is a complex process depending on many differ-
ent pathways. Therefore, the concept that plaque-stabilizing therapy should target diverse
pathways and pathophysiological processes simultaneously is reasonable. For instance,
alkaloid berberine has a stabilizing effect on atherosclerotic plaques by the suppression
of the ECM regulators MMP9 and EMMPRIN (MMP9 inducer), by autophagy promotion
in macrophages, and by promoting antioxidative activity via PPARγ activation (the last
effect observed in hyperhomocysteinemia mice) [108,109]. In fact, many agents considered
primarily as ‘specifically targeted’ have turned out to be pleiotropic, e.g., lipid-lowering
statins or hypoglycemic drugs. As an example, insulin has an anti-inflammatory and
plaque-stabilizing effect via the PI3K-Akt pathway, which inhibits the TLR4 MyD88-NF-B
signaling pathway, which was demonstrated using the RAW264.3 monocyte-macrophage
lineage [110]. However, the essence of the integrated approach is to target key regulators—
transcription factors or common elements of molecular pathways. Accurate examples are
statins that inhibit mevalonic acid synthesis (by HMG-CoA blockade), causing subsequent
inhibition of isoprenoid intermediates—farnesyl pyrophosphate (FPP) and geranylger-
anyl pyrophosphate (GGPP) synthesis. These isoprenoid intermediates serve as lipid
attachments necessary for the appropriate activity of small GTPases, especially Ras and
Rho, which regulate many cellular pathways. The Rho protein activates Rho kinases
(ROCK), which decrease eNOS synthesis and abolish the atheroprotective PI3K-Akt signal-
ing pathway, whereas Rac1 (a member of the Rho subfamily) activates the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, which is responsible for reactive oxy-
gen species (ROS) generation. As a result, statins induce anti-inflammatory effects (a
decrease in proinflammatory cytokines, e.g., IL-6, IL-8, or MCP-1, and adhesive molecule
expression, enhancement of Treg and reduction in Th17 lymphocyte differentiation), ECM
stabilizing effects (through matrix metalloproteinases reduction), and antioxidative effects
(inhibition of ROS generation) [111,112]. Another example of such an integrative approach
is the targeting of lipoprotein-associated phospholipase A2 (Lp-PLA2) by its inhibitor,
darapladib. Lp-PLA2 generates lysophosphatidic acid, which increases MMP9 production
by the NF-B signaling pathway and simultaneously increases plaque inflammation (by
mast cell activation and monocyte recruitment), leading to atherosclerotic plaque destabi-
lization [113,114]. For this reason, Lp-PLA2 inhibition resulted in plaque stabilization in
animal models [115]. The aforementioned approaches are addressed towards proteins that
regulate diverse molecular pathways, but there is a different option—targeting epigenetic
mechanisms driving gene expression. One such method is the usage of RNA interference—
proteins are translated from their respective mRNA particles, which can be degraded
by RISC complexes, composed of microRNA (miRNA) particles complementary to the
corresponding mRNAs. MicroRNAs regulate virtually all stages of atherosclerotic plaque
progression by downregulation of the corresponding mRNAs [116]. Some miRNA induces
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a stabilizing effect on the plaque structure, for instance, miR-520c-3p—a downregulator
of RelA/p65 (NF-B subunit) or miR 181b-5p—a downregulator of NOTCH1 (a promoter
of proinflammatory M1 macrophages) [117,118]. In contrast, an example of destabiliz-
ing miRNA is miR-124-3p [31,119]. Therefore, an application of agonists (agomirs) of
stabilizing miRNAs or antagonists (antagomirs) of destabilizing miRNAs could prevent
plaque vulnerability [120]. However, there is another method of an integrative approach
promoting atherosclerotic plaque stability—the influence on gene expression through
changes in chromatin compaction. DNA strands are wrapped onto nucleosomes built
up from histones. Histone acetylation (performed by HATs—histone acetyltransferases)
and histone deacetylation (performed by HDACs—histone deacetylases) regulate gene
expression making them more or less accessible to RNA polymerase [121]. For instance,
HDAC9 increases MMP-1 and MMP-2 expression and toll-like receptor (TLR) signaling
at the histone level, and its deficiency or blockade results in inflammation resolution and
plaque stabilization [122]. Sirtuins are regulators which also act as histone deacetylases.
For example, SIRT2 exerts plaque-stabilizing effects by the inhibition of macrophage po-
larization towards the M1 phenotype and reduction in iNOS activity. These effects can be
induced by Resveratrol, a SIRT2 agonist [123,124]. In summary, an integrative approach
(the concept illustrated in Figure 4) makes it possible to have a wide range of effects upon
the entire plaque and change its phenotype.

Figure 4. Idea of an integrative approach towards atherosclerotic plaque stabilization. 1. Influence upon mechanisms that
are responsible for chromatin compaction and DNA accessibility for transcription machinery; 2. Activation or inhibition of
transcription factors, regulating gene expression in the nucleus; 3. Influence upon miRNAs, i.e., particles that inhibit specific
mRNA particles in the mechanism of complementarity. * HAT: histone acetyltransferase; HDAC: histone deacetylase;
** DNA compaction relies on nucleosome methylation or acetylation (regulated by HATs and HDACs).

5. Clinical Studies Conforming Plaque Stabilization

Numerous preclinical studies have confirmed the plaque-stabilizing effect of different
approaches (as mentioned above). However, the promising results of studies on animal
models have not been reflected in human clinical studies. There are several explanations for
this, i.e., differences in the pathophysiological process of atherosclerotic plaque destabiliza-
tion (guided by different genes) and in cellular subsets (such as the macrophage population)
between laboratory animals and humans, different experimental conditions, and natural
diversities in the human population [125–127]. Large clinical studies on medicines in the
therapy of atherosclerosis particularly concentrate on clinical endpoints—especially mortal-
ity, mortality due to cardiovascular reasons, and MACE (a composite endpoint composed
of mortality, myocardial infarction, stroke). From this point of view, a canakinumab (anti-
IL-1β antibody) given to patients with a previous myocardial infarction (CANTOS study)
caused a significant reduction in recurrent cardiovascular events (a dose of 150 mg once
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a month, relative risk 0.85; 95%CI, 0.74 to 0.98, p = 0.021) compared with a placebo [128].
Similarly, colchicine (0.5 mg a day) given to patients after a myocardial infarction caused
a significant reduction in composite endpoint (RR 0.77; 95%CI, 0.61 to 0.96, p = 0.02) and
a marked significant reduction in recurrent myocardial infarction (RR 0.26; 95%CI, 0.1 to
0.7) in comparison with a placebo, which was demonstrated in the COLCOT study [129].
In contrast, a study called STABILITY with darapladib conducted on patients with stable
coronary artery disease (without prior myocardial infarction) failed to demonstrate a sta-
tistical significance between the darapladib and placebo groups in reference to composite
endpoint and mortality, although it showed a slight but significant reduction in major
coronary events (9.3% vs. 10.3%, p = 0.045) [130]. Similarly, the CETP inhibitor anacetrapib
causing an HDL increase demonstrated a slight but significant reduction in major coronary
events (REVEAL study) [131]. However, to verify whether a certain type of therapy results
in atherosclerotic plaque stabilization, it is necessary to visualize the plaques in the coro-
nary arteries and assess their stability exponents. Methods that enable such visualization
are intravascular ultrasound (IVUS) and OCT (optical coherence tomography). Studies
in which atherosclerotic plaques were assessed in the light of stability are presented in
Table 2 [132].

Table 2. Clinical studies with outcomes referring to atherosclerotic plaque stabilization visualized with imaging methods
(IVUS or OCT).

STUDY NAME Treatment
No. of Investigated

Patients
(Period)

Clinical Outcome
(MACE, Mortality)

Plaque Stabilization Effect (IVUS
or OCT)

GAIN [133] 1
Atorvastatin (20–80 mg)

vs.
placebo

65 and 66
(12 months)

Any ischemic event:
21.5% vs. 31.8%

(p = 0.184)

IVUS: Larger hyperechogenicity
index 42.2% vs. 10.1%,

p = 0.021

REVERSAL
[134] 2

Atorvastatin 80 mg (intensive
lipid-lowering)

vs.
Pravastatin 40 mg(moderate

lipid-lowering)

253 and 249
(18 months)

Death:
0.3% vs. 0.3%—NS

Myocardial infarction:
1.2% vs. 2.1%—NS

IVUS: Lower percent atheroma
volume change 0.2% vs. 1.6%,

p < 0.001

PRECISE-
IVUS [37]

3

Atorvastatin * + ezetimibe
(10 mg)

vs.
Atorvastatin * alone

102 and 100
(9–12 months)

Cardiovascular events **
11% vs. 14%—NS

IVUS: Change in normalized TAV
−6.6% vs. −1.4%,

p < 0.001

GLAGOV [135]
4

Statin *** + PCSK9i
(evolocumab 420 mg

monthly)
vs.

Statin *** alone

423 and 423
(19 months)

Death:
0.6% vs. 0.8%—NS

Non-fatal myocardial
infarction:

2.1% vs 2.9%—NS

IVUS: Change in TAV
−5.8% vs. –0.9%,

p < 0.001

Christoph et al.
[136]

Pioglitazone (30 mg)
vs.

Placebo

27 and 27
(9 months)

Insignificant differences,
no MACE registered

VH-IVUS: Decrease in the necrotic
core

−1.3% vs. + 2.6%,
p = 0.008

Tondapu et al.
[137]

Rosuvastatin (10 mg)
vs.

Atorvastatin (20 mg)

24 and 19
(12 months) Not applicable

OCT:
Increased FCT ****
171.5 vs. 127.0 μm,

p = 0.03;
Decreased macrophages

1 German Atorvastatin Intravascular Ultrasound Study Investigators; 2 Reversal of Atherosclerosis with Aggressive Lipid Lowering
Study; 3 Plaque Regression With Cholesterol Absorption Inhibitor or Synthesis Inhibitor Evaluated by Intravascular Ultrasound; 4 Global
Assessment of Plaque Regression With a PCSK9 Antibody as Measured by Intravascular Ultrasound. * Atorvastatin dose adequate for
efficient lipid-lowering with target LDL < 70 mg/dL; ** Cardiovascular events—mainly revascularizations of de novo lesions, no cases of
death during follow-up in this study; *** Statin dose adequate for efficient lipid lowering with target LDL < 80 mg/dL (or <60 mg/dL,
in case of additional risk factors); **** similar baseline fibrous cap thickness in both groups (61.4 μm in rosuvastatin group and 60.8 μm
in atorvastatin group); IVUS: intravascular ultrasound; VH-IVUS: virtual histology-intravascular ultrasound; OCT: optical coherence
tomography; TAV: total atheroma volume; FCT: fibrous cap thickness.
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6. Alternative Approaches

This review so far has presented approaches towards atherosclerotic plaque stabi-
lization directed at general mechanisms—the enhancement of stabilizing pathways and
the inhibition of destabilizing pathways. In this section, alternative approaches are dis-
cussed. As presented above, stable and vulnerable atherosclerotic plaques can transform
into one another [15]. Nevertheless, approaches towards the stabilization of concrete and
already developed unstable plaque are also under investigation. Examples of such thera-
pies are photodynamic therapy (PDT), plasmonic photothermal therapy (PPTT), cytotoxic
chemotherapy, and sonodynamic therapy (SDT) [16,138]. In PDT, administered photosensi-
tizers accumulate within the atherosclerotic plaque (e.g., cross-linked dextran-coated iron
oxide (CLIO) nanoparticles which accumulate in macrophages). Then, irradiation of the
structure by NIR (near-infrared) causes free radical generation and a cytotoxic effect upon
the macrophages (mainly from the M1 subset, dominating in a vulnerable structure), result-
ing in plaque stabilization. PPTT is quite similar to PDT, but in this method, photoabsorbers
(e.g., gold nanoparticles) generate heat when irradiated by NIR. In cytotoxic chemotherapy,
special agents are encapsulated in nanomedical liposomes (e.g., prednisolone phosphate)
or other formulas such as hyaluronic acid-polypyrrole nanoparticles (e.g., doxorubicin),
which make it possible for them to accumulate precisely within the plaque and exert their
action. Finally, SDT compounds called sonosensitizers (such as curcumin) localize within
the plaque and generate free radicals after exposure to ultrasound. Therefore, SDT is
similar to PDT, but ultrasound waves penetrate more deeply than NIR. The principles of
the abovementioned methods are illustrated in Figure 5.

Some clinical trials using the abovementioned methods in the therapy of atheroscle-
rotic plaque have already been undertaken [139]. For instance, the NANOM-FIM trial
has demonstrated that a group of patients who received silica-gold nanoparticles with
subsequent PPTT presented a significantly higher probability of event-free survival than
the control group (91.7% vs. 80%) who only received a drug-eluting stent [140]. Moreover,
new discoveries such as quantum dots may enable high precision therapy with pre-selected
cells introduced into the plaque [141].

In the discussion about approaches towards atherosclerotic plaque stabilization, it
must be said that there is also a totally different option—not concentrating on plaque stabi-
lization but rather on the minimization of the consequences of a plaque rupture. The idea of
this approach is based on the hypothesis that it is difficult to precisely distinguish between
stable and vulnerable atherosclerotic plaque, and microruptures or erosions might occur
in many plaques considered to be stable. From that point of view, antithrombotic therapy
could be crucial for the prevention of major cardiovascular events such as myocardial
infarction because it inhibits clot generation and coronary artery obstruction in the case of
a vulnerable plaque rupture or erosion [142]. Although aspirin (a ‘classical’ antithrombotic
drug) has turned out to be beneficial in the primary prevention of myocardial infarction
(ATT meta-analysis, 12% proportional reduction in serious cardiovascular events per year,
p = 0.0001), it significantly increased the risk of major gastrointestinal and intracranial
bleeding [143]. Therefore, the guidelines (similar to many ESC guidelines) consider aspirin
to be a tool for secondary, but not primary, prevention of myocardial infarction.

Finally, approaches towards some pathways in atherosclerotic plaque destabilization
still remain controversial, such as targeting pathways involved in plaque calcification
(regulated by, for example, oncostatin M). Currently, it is supposed that although plaque
macrocalcifications (as in fibrocalcific plaque) increase plaque stability, microcalcifications
tend to destabilize the plaque [144].
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Figure 5. Alternative approaches towards atherosclerotic plaque stabilization targeted at concretely already developed
vulnerable plaques. (A) photodynamic therapy (PDT); (B) plasmonic photothermal therapy (PPTT); (C) sonodynamic
therapy; (D) cytotoxic chemotherapy. * photosensitizer, photoabsorber, or sonosensitizer previously injected into the
organism, then accumulated within plaque macrophages; ** effects inducing apoptosis or other forms of cellular death;
*** chemotoxic agents encapsulated in nanoformulas and targeted specifically to macrophages; **** apoptosis, necrosis,
necroptosis. ROS: reactive oxygen species; NIR: near-infrared.

7. Conclusions

In summary, atherosclerotic plaque stabilization is a promising therapy for the re-
duction in cardiovascular disease burden. Although many interesting discoveries and
approaches have already been discovered, there is still a lack of clinically proven methods
that enable maintaining the stability of virtually all of the atherosclerotic plaques in a
patient. Moreover, many aspects of plaque vulnerability are still controversial and are
waiting for a more profound explanation.
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Abstract: In the presence of established atherosclerosis, estrogens are potentially harmful. MMP-2 and
MMP-9, their inhibitors (TIMP-2 and TIMP-1), RANK, RANKL, OPG, MCP-1, lysyl oxidase (LOX),
PDGF-β, and ADAMTS-4 play critical roles in plaque instability/rupture. We aimed to investigate
(i) the effect of estradiol on the expression of the abovementioned molecules in endothelial cells,
(ii) which type(s) of estrogen receptors mediate these effects, and (iii) the role of p21 in the estrogen-
mediated regulation of the aforementioned factors. Human aortic endothelial cells (HAECs) were
cultured with estradiol in the presence or absence of TNF-α. The expression of the aforementioned
molecules was assessed by qRT-PCR and ELISA. Zymography was also performed. The experiments
were repeated in either ERα- or ERβ-transfected HAECs and after silencing p21. HAECs expressed
only the GPR-30 estrogen receptor. Estradiol, at low concentrations, decreased MMP-2 activity by
15-fold, increased LOX expression by 2-fold via GPR-30, and reduced MCP-1 expression by 3.5-fold
via ERβ. The overexpression of ERα increased MCP-1 mRNA expression by 2.5-fold. In a low-
grade inflammation state, lower concentrations of estradiol induced the mRNA expression of MCP-1
(3.4-fold) and MMP-9 (7.5-fold) and increased the activity of MMP-2 (1.7-fold) via GPR-30. Moreover,
p21 silencing resulted in equivocal effects on the expression of the abovementioned molecules.
Estradiol induced different effects regarding atherogenic plaque instability through different ERs. The
balance of the expression of the various ER subtypes may play an important role in the paradoxical
characterization of estrogens as both beneficial and harmful.
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1. Introduction

Atherosclerosis is known to be the major cause of coronary artery disease (CAD), which
remains amongst the most prevalent diseases and is the leading cause of death among women
in developed countries, such as USA [1]. The prevalence of atherosclerosis was reported as
101.11/per 1000 individuals in 2015 [2] and it was rated as the second leading cause of death
following cancer in Canada, with the economic burden of USD 66.6 billion CAD spent between
2005 and 2016 [3]. Atherosclerosis is a systematic inflammatory process which implicates
cells of both the immune system and vessel walls. It is considered as the underlying cause of
cardiovascular disease (CVD) mortality in both men and women, although, at younger ages,
men are at a higher risk of CVD than women of the same age [4–6]. Compared to women of re-
productive age, the risk of atherosclerosis is significantly increased in women after menopause
due to prolonged estrogen deficiency [7,8]. The homeostasis of estrogens is strongly regulated
by the balance between its synthesis and deactivation. Decreased circulating estrogen levels,
along with estrogen sulfotransferase (SULT1E1), in diabetic postmenopausal women [9] may
contribute to an increased risk of atherosclerosis development [9,10]. Interestingly, increased
SULT1E1 expression has been found in the atheromatic plaque of both mice and humans, as
compared to normal arteries [11]. Notably, SULT1E1 is a key enzyme known to catalyze the
sulfation of estrogens, leading to its inactivation [9].

The exogenous administration of estrogen as a hormone-replacement therapy (HRT)
is commonly prescribed for postmenopausal women in order to ameliorate the risk of
estrogen deficiency-related diseases [12].

The atherogenic process evolves in different stages, starting with endothelium activa-
tion/dysfunction and ending with atherosclerotic plaque vulnerability and rupture [13].
Although plaque rupture remains the main plaque complication, other recently identi-
fied mechanisms, such as calcified nodules protruding into the artery lumen, have been
associated with coronary thrombosis and sudden death [14].

Endothelium is the key vessel wall component involved in the initiation of the
atherosclerotic process, while its possible role in the later stages has been widely hy-
pothesized, since the major part of the luminal surface of the artery coated with advanced
atherosclerotic plaque is still covered by the intact endothelium, although an area of en-
dothelial denudation can also be detected [15]. It should be noted that the influence of
estrogen is highly dependent not only on the cell type but also on its “environment”, with
atherogenic plaque representing a special environment containing an extracellular matrix
(ECM) under the endothelial layer.

The beneficial actions of estrogen in various tissues and organs, including the cardio-
vascular system, have been widely recognized. Several observational studies have shown
that estrogens provide protection against CVD during the postmenopausal period [7,16].
Concerning the role of phytoestrogens in atherosclerosis progression, the vast majority
of clinical studies have shown that phytoestrogen supplementation exerts a rather mod-
est beneficial effect in reducing the CVD risk profile of postmenopausal women, mostly
through influencing the blood lipid profile and biomarkers of the endothelial function,
while in women with an increased risk of atherosclerosis, a harmful effect on CIMT (carotid
intima-media thickness) progression may be observed [17]. Data from animal studies indi-
cated that the treatment of ovariectomized rats with fresh soy oil (phytoestrogen) resulted
in the improvement of the atherosclerosis-related blood lipid profile [18], as well as the
atherosclerotic plaque’s inflammatory and antioxidant status [19]. However, it should be
noted that the repetitive consumption of heated soy oil increased the serum parameters
related to atherosclerosis in ovariectomized rats [18].
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Moreover, randomized prospective controlled studies failed to confirm the benefits of
hormone replacement therapy (HRT) in regard to the primary and secondary prevention
of cardiovascular events in postmenopausal women. On the contrary, treatment with
estrogen was found to potentially increase the risk of CAD, thus leading to a dramatic
decrease in its use [20–23]. The discrepancy between observational and clinical trials may
be related, among other factors, to cardiovascular comorbidities, the age at treatment
initiation, and time since menopause—a hypothesis that has been referred as “the timing
hypothesis”. Thus, HRT appears to be relatively safe only in younger women who are
asymptomatic for CVD and within 10 years away from menopause [23–25]. This suggests
that, after the onset of atherosclerosis and in the presence of atherosclerotic plaque, estrogen
may be potentially harmful. Although the protective effects of estrogens in the early
stages of the atheromatosis process (endothelium activation/dysregulation) have been
extensively investigated in both in vivo (animal models and clinical studies) and in vitro
studies [24,26–29], data regarding their influences on factors implicated in the later stages
of the atherosclerosis process which lead to the plaque vulnerability are limited. It has been
hypothesized that the altered expression of estrogen receptors (ER) ERα, Erβ, and GPR-30
on the vascular wall, along with the atherosclerotic lesions following estrogen deprivation,
is strongly involved [16,26,30–32].

During the stages of plaque rupture and/or erosion, among other factors, monocyte
chemoattractant protein-1 (MCP-1) and inflammatory cytokines such as tumor necrosis
factor-α (TNF-α) promote atherosclerotic plaque vulnerability through processes such as
intimal thickening, ECM degradation, vascular mineralization, and calcification within the
atheroma [33]. Recent data indicate the existence of a possible link between circulating MCP-
1 levels and the risk of stroke and coronary artery disease [34–36]. Moreover, MCP-1 plaque
levels have been associated with histopathological hallmarks of plaque vulnerability [36].
The metalloproteinases MMP-2 and MMP-9, as well as their inhibitors, TIMP-1 and TIMP-2,
are both expressed in the endothelial cells [37,38].

Recent data point toward a close association of the expression and activity of matrix
metalloproteinases (MMPs) with plaque stability and the consequent incident of cardiovas-
cular complications, since they regulate the collagen degradation of the ECM [33,37–40].
The ratio between the expression and activity of MMPs and their inhibitors, known as
the tissue inhibitors of metalloprotease (TIMPs), has been used as a critical indicator of
CVD pathogenesis and atherosclerotic plaque instability in both human and animal stud-
ies [38,41]. Independently of the roles of TIMP on MMP inhibition, TIMP-2 mediates the
G1 cell cycle arrest [42,43] by binding to human endothelial cells through α3/β1, leading
to decreased angiogenesis and cell proliferation [14,43]. Notably, the inhibition of cycle pro-
gression during the G1 phase of the cell cycle by the inactivation of cyclin-cyclin-dependent
kinase (CDK) complexes contributes to reduced atherosclerotic plaque formation and
neointimal thickening [44].

ECM proteins are also regulated by metalloproteinases with thrombospondin motifs,
such as ADAMTS family members. ADMTS-4 has recently emerged as an important
player in the atherosclerosis process [45]. Interestingly, in ADAMTS-4 knockout (KO) mice,
a decrease in high fat diet-induced atherosclerosis and increased plaque stability were
observed [46]. A positive correlation of serum levels of ADAMTS-4 with an increased risk
of developing CAD has been proved in regard to various patient groups with different
underlying diseases [45].

Platelet-derived growth factor-β (PDGF-β) is also expressed by endothelial cells and
regulates the atherosclerosis progression and the plaque stability. Notably, AG1296, a
potent tyrosine kinase inhibitor which can block the PDGF-PDGFR signaling pathway,
was found to enhance plaque stability via, among other mechanisms, the reduction in the
expression of MMP-2 and MMP-9 [47].

Lysyl oxidase (LOX) is also involved in the process of plaque vulnerability. Low LOX
activity can lead to defective collagen cross-linking, which in turn can weaken the fibrous
cap and favor the presence of soluble forms of collagen which are highly susceptible to
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metalloproteinase degradation. Indeed, higher levels of LOX have been detected in more
stable plaques [48,49].

Moreover, plaque calcification—a lesion associated with coronary thrombosis, even in
the absence of eroded or ruptured plaque—is directly linked to the imbalance between the
receptor activator of the nuclear factor NFκB ligand (RANKL) and osteoprotegerin (OPG),
which are also expressed in endothelial cells [50–52].

OPG, a secreted member of the TNF receptor family, is a decoy receptor for RANKL
and inhibits the initiation of RANK signaling. Interestingly, OPG knockout mice displayed
pronounced arterial calcification [53]. It has also been revealed that OPG exerts anti-
apoptotic effects on endothelial cells, acting as an autocrine survival factor [54,55]. Since
endothelial apoptosis precedes vascular calcification [56], OPG may exert its protective
effect in vascular calcification through its anti-apoptotic action [57].

On the other hand, the overexpression of RANKL, which is also expressed in the en-
dothelial cells, was found to elevate MMP-9 activation [52,58,59]. The aforementioned effect of
RANKL is neutralized by OPG through the inhibition of the RANK/RANKL interaction [60].
The reduced OPG/RANKL ratio can indirectly increase metalloproteinase activity, leading
to atherosclerotic plaque erosion and rupture [61]. Clinical studies have confirmed a strong
association between OPG and soluble RANKL serum levels in CAD [62,63]. Moreover, OPG-
induced LOX upregulation has been linked to the formation of stable fibrous caps in APOE
knockout mice [64,65].

Recent studies have suggested the implication of the onco-suppressor p53 and its tran-
scriptional target p21 in the atherogenesis process, as well as in plaque calcification [66,67].
The inactivation of p21 appears to exert atheroprotective effects by inhibiting lesion growth
and the maintenance of atherosclerotic plaque stability [68]. Studies on tissues and organs
affected by estrogen functions (both normal and neoplastic) have shown that estrogen
regulates the expression of p53 and p21; however, data regarding their estrogen-regulated
expression in the vascular wall components that participate in the atherogenesis process
are lacking [69–71].

While the protective effects of estrogens, with the crucial role of ERα, in the early
stages of the atheromatosis process (endothelium activation/dysregulation) have been
extensively investigated using both in vivo and in vitro approaches [8,72–74], data on estro-
gen’s influences on factors implicated in the later stages of the atheromatosis process which
lead to plaque vulnerability are limited. It has been hypothesized that the altered expres-
sion of estrogen receptors on the vascular wall, following estrogen deprivation, as well as
the altered expression of estrogen receptors (ERα, Erβ, and GPR-30) in the atherosclerotic
lesion, are implicated [26,31,32,75]. A previous study of the other types of cells besides
those implicated in the atherosclerosis process (fibrochondrocytes) demonstrated that E2
mediates MMP-9 overexpression through the activation of the ERα/ERK and NF-κB/ELK-1
signaling pathways [76]. Specifically, in the presence of E2, ERα induces ERK phosphoryla-
tion, leading to the further activation of its downstream targets, such as NF-κB or ELK-1,
and finally triggers MMP-9 overexpression. Interestingly, this effect was diminished in cells
carrying mutations in the NF-κB or ELK-1 binding sites [76]. However, other studies have
demonstrated that the effects of E2 on NF-κB activity and MMP expression are cell-specific
and, at least in part, depend on E2 concentrations [77,78].

To this end, in this study, we aimed to investigate the effects of various concentrations
of estradiol, either alone or after mimicking a low-grade inflammation state that occurs
post-menopause in established atherosclerosis, on the expression of molecules involved
in atherosclerosis plaque vulnerability (MCP-1, PDGF-β, ADAMTS-4, MMP-2, MMP-9,
TIMP-1, TIMP-2, and OPG/RANK/RANKL expression) and MMP activity, using human
aortic endothelial cells (HAECs), which offer the best in vitro model system for studying
CVD. Moreover, we aimed to clarify whether these effects are mediated by the ERα, Erβ, or
GPR-30 receptors. Finally, we delineated the role of p21 in the estrogen-mediated regulation
of the expression of the aforementioned genes in the endothelial cells.
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2. Result

2.1. The Incubation of HAEC Cells with Estradiol and TNF-α Had No Effect on Cell Viability

HAECs were treated with either 17β-estradiol (E2) (10−10–10−7 M) or TNF-α (2 ng/mL)
for 24 h (24 h). A cell proliferation assay revealed that neither E2 nor TNF-α had a significant
impact on HAEC viability (Figure 1A).

Figure 1. Effect of treatment with 10−10−10−7 M E2 on cell survival, atherosclerotic gene expression,
and MMP-2 gelatinase activity. (A) MTT assay. Incubation of HAECs with 10−10–10−7 M E2 or
2 ng/mL TNF-α for 24 h had no significant effect on cell viability. (B) LOX-1 mRNA levels were
significantly increased in the presence of 10−10 M E2 over 24 h. (C) The ratio of active MMP-2/pro-
MMP-2 was significantly reduced after 24 h of incubation with various concentrations of E2. The
graphical data are represented as mean ± SD of at least three independent experiments (*** p < 0.001,
** p < 0.01, * p < 0.05).

2.2. Estradiol Did Not Alter the mRNA Levels of RANK, OPG, and MCP-1 and the TIMP-1,
TIMP-2, and MCP-1 Protein Levels

HAEC cells were incubated with E2 (10−10−10−7 M) for 6 h and 24 h.
The incubation of the cells with E2 alone for 6 h had no significant effect on the

expression of LOX, RANK, RANKL, OPG, MMP-2, MMP-9, TIMP-1, TIMP-2, PDGF-β,
ADAMTS-4, and MCP-1 as compared to the untreated cells.

The incubation of the cells with E2 for 24 h significantly increased the mRNA expres-
sion of LOX (10−10 M, p < 0.05) (Figure 1B), while the mRNA expression of the RANKL,
MMP-2, MMP-9, TIMP-1, TIMP-2, OPG, PDGF-β, RANK, ADAMTS-4, and MCP-1 genes
remained unchanged.

The protein levels of secreted TIMP-1, TIMP-2, and MCP-1 were not significantly
altered after the incubation of the HAECs with various concentrations of E2 for 6 h and 24 h,
while the expression of secreted OPG was not detected under our experimental conditions,
as assessed by ELISA.
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2.3. Estradiol Reduced the MMP-2 Gelatinase Activity

The incubation of the HAECs with E2 (10−10−10−6 M) for 24 h resulted in a significant
reduction in the active form of MMP-2 in a dose-dependent manner, with stronger effects
at the lower concentrations of E2 (10−7–10−8 M, p < 0.01 and 10−9–10−10 M, p < 0.001),
compared to the untreated cells (Figure 1C) (p < 0.05).

2.4. Estradiol Altered the mRNA Expression of LOX-1, TIMP-1, MMP-9, and MCP-1 and MCP-1
Protein Levels under Inflammatory Conditions

In order to mimic the low-grade inflammation state that exists in postmenopausal
women [79], we pre-incubated the endothelial cells with TNF-α for 24 h followed by co-
incubation with E2 for another 24 h. The RT-PCR analysis revealed a significant increase
in the mRNA levels of MMP-9 (10−8 M, p < 0.01 and 10−9–10−10 M, p < 0.001), TIMP-
1 (10−10 M, p < 0.05), and both the mRNA (10−9 and 10−10 M, p < 0.05 and p < 0.01
respectively) and protein levels (10−7–10−10 M, p < 0.01) of MCP-1 as compared to cells
incubated with TNF-α alone (Figure 2A,B).

Figure 2. Effects of the pre-incubation of HAECs with 2 ng TNF-α followed by co-incubation of the
cells with E2 on the expression of genes and protein involved in plaque stability, as well as on MMP-2
gelatinase activity. (A) Pre-incubation of HAECs with 2 ng/mL TNF-α for 24 h followed by co-the
incubation of cells with 10−10–10−7 M E2 for a further 24 h significantly increased the expression of
TIMP-1, MCP-1, and MMP-9, as compared to cells incubated with TNF-α alone. (B) Pre-incubation
of HAECs with 2 ng/mL TNF-α for 24 h followed by the co-incubation of cells with 10−10–10−7 M
E2 for a further 24 h significantly increased the MCP-1 protein levels as compared to cells incubated
with TNF-α alone. (C). The ratio of active MMP-2/pro-MMP-2 was significantly increased after 24 h
incubation with 2 ng/mL TNF-α followed by the co-incubation of cells with 10−10 E2. The graphical
data are represented as mean ± SD of at least three independent experiments (*** p < 0.001, ** p < 0.01,
* p < 0.05).
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No significant effect was observed on the RANK, RANKL, MMP-2, ADAMTS-4,
PDGF-β, and LOX mRNA levels, as well as on the TIMP-1,TIMP-2, and OPG protein levels.

2.5. Estradiol Induced MMP-2 Activity under Low-Grade Inflammatory Conditions

The matrix metalloproteinase activity was evaluated in cells pre-incubated with 2 ng
TNF-α for 24 h and co-incubated with E2 (10−10−10−7 M) for a further 24 h. As shown in
Figure 2C, the incubation of cells with TNF-α alone induced MMP-2 activity as compared
to untreated cells. A significant increase in MMP-2 activity was detected after the co-
incubation of the cells with E2 (10−10 M) as compared to cells incubated with TNF-α alone
(p < 0.05). Notably, MMP-9 enzymatic activity was not detected in the presence of TNF-α
using gelatin zymography.

2.6. HAECs Express the GPR30 Estrogen Receptor

Next, we aimed to investigate whether the observed changes in the expression of
molecules implicated in the advanced stages of the atherosclerosis process upon treatment
with E2 were mediated through Erα-, Erβ-, or GPR-30-dependent pathways. Thus, the basal
mRNA levels of ERα, Erβ, and GPR-30 were evaluated by qPCR. Interestingly, the HAECs
expressed high levels of GPR-30 (Figure 3A), while the mRNA levels of ERα were faintly
detected. ERβ mRNA levels were undetectable (Ct = 37) in the HAECs (Supplementary
Figure S1). Furthermore, the ERα and ERβ proteins were not detected in the HAEC cells
by western blot analysis (Supplementary Figure S1), while the GPR-30 protein was highly
expressed (Figure 3A).

Figure 3. HAECs were co-incubated with G15 (GPR-30 antagonist) and various concentrations of
E2 in the presence/absence of low-grade inflammation (TNF-α). (A) GPR-30 protein levels were
detected by western blotting in HAECs. (B) Co-incubation of HAECs with G15 and E2 reversed the
E2-induced increase in LOX-1 mRNA levels (10−10 M of E2). (C) Co-incubation of HAECs with G15
reversed the E2-reduced active/proMMP-2 ratio (10−10 M of E2). (D) Pre-incubation of cells with
TNF-α followed by the co-incubation of cells with G15 and various concentrations of E2 reversed
the (TNF-α + E2)-induced increase in TIMP-1, MCP-1, and MMP-9 mRNA levels. (E) Pre-incubation
of cells with TNF-α followed by the co-incubation of cells with G15 and various concentrations
of E2 reversed the (TNF-α + E2)-induced increase in MCP-1 protein levels. The graphical data are
represented as mean ± SD of at least three independent experiments.
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Notably, the Flag-ERβ MCF-7-tet-off breast cancer cell line was used as a positive
control for the detection of both the ERα and ERβ mRNA levels, while SKBR-3 cells were
used as a positive control for the detection of GPR-30.

2.7. G15 (GPR-30 Antagonist) Countered the Estradiol-Induced Expression of LOX,
MCP-1,TIMP-1, MMP-9, and MCP-1 as Well as the Decreased MMP-2 Gelatinase Activity

Given that GPR-30 was the only ER expressed in our HAECs, we co-incubated cells
with an E2- and GPR-30-specific antagonist, G15 (10−6 M), in order to confirm that E2
exerted its effects via GPR-30.

We found that G15 countered the effect of E2 in inducing LOX mRNA expression
(Figure 3B) and reversed the E2-dependent reduction in the MMP-2 enzymatic activity in
the HAECs (Figure 3C).

We then investigated the effect of G15 (10−6 M) on the observed changes in the
expression of MCP-1, TIMP-1, and MMP-9 when the cells were pre-incubated with TNF-α
(2 ng for 24 h) and co-incubated with various concentrations of E2 (for a further 24 h). In the
presence of G15, the mRNA levels of TIMP-1 (10−10 M of E2) and MMP-9 (10−8–10−10 M of
E2), as well as the mRNA and protein levels of MCP-1 (10−10–10−7 M of E2), which were
increased after the co-incubation of the HAECs with TNF-α and E2, reversed to the basal
levels (Figure 3D,E).

These results indicate the E2 (alone or in the presence of an inflammatory stimulus
(TNF-α)) regulates the expression of the LOX-1 mRNA levels, MMP-2 gelatinase activity,
and mRNA levels of LOX-1, MCP-1, MMP-9, TIMP-1, as well as the MCP-1 protein levels
and MMP-2 gelatinase activity, respectively, through binding to GPR-30.

2.8. Estradiol Increased the Expression of MCP-1 and TIMP-1, as Well as MMP-2 Enzymatic
Activity, through ERα

To determine the roles of the other two estrogen receptors (ERα and ERβ) in the
regulation of molecules involved in the formation and stability of atherosclerotic plaque,
we transfected HAECs with plasmids expressing either ERα or ERβ and their correspond-
ing vectors, since both ERs were not expressed in the HAECs. Twenty-four hours after
transfection with either plasmid, the transfection efficiency was evaluated by qPCR analysis
(Supplementary Figure S1).

At twenty-four hours post-transfection, the ERα-transfected HAECs were incubated
with E2 (10−10–10−7 M) for a further 24 h. The qPCR analysis revealed that E2 significantly
increased the expression of TIMP-1 and MCP-1 (10−7–10−9 M of E2 p < 0.01 and 10−10 M
of E2, p < 0.05 for both genes) in ERα-transfected HAECs (Figure 4A). These findings were
confirmed at the protein level for MCP-1 only at the highest concentration of E2 (10−7 M,
p < 0.01) and for TIMP-1 at all concentration ranges of E2 (10−7 M p < 0.01 and 10−8 M–10−10 M,
p < 0.05) after 24 h of incubation (Figure 4B). No significant changes in the protein expression
of TIMP-2 was detected after the incubation of the Erα-transfected HAECs with different
concentrations of E2.

Moreover, in ERα-transfected HAECs cells, the MMP-2 gelatinase activity was not
altered upon incubation with various concentrations of E2 (Figure 4C).
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Figure 4. Effects of E2 on the expression of factors involved in plaque stability in Erα-transfected
HAECs. (A) Incubation of ER-transfected HAECs with E2 induced an increase in the mRNA levels
of TIMP-1 and MCP-1. (B) Incubation of ERα-transfected HAECs with E2 induced an increase in
TIMP-1 (at all concentrations of E2) and MCP-1 (only at the concentration of 10−7 M of E2) protein
levels. (C) Incubation of ERα-transfected HAECs with E2 had no effect on the MMP-2 gelatinase
activity. The graphical data are represented as mean ± SD of at least three independent experiments
(** p < 0.01, * p < 0.05).

2.9. Estradiol Reduced the PDGF-β mRNA Levels and MCP-1 Protein Levels through ERβ

As has already been mentioned, the applied HAECs did not express either of the two
nuclear estrogen receptors. Therefore, we transfected cells with ERβ-GFP-tagged plasmid,
and the transfection efficiency was determined by measuring the mRNA and protein levels
of ERβ by both qPCR and western blot, respectively.

ERβ-transfected HAECs were incubated with E2 (10−10−10−7 M) for 24 h. As shown
in Figure 5A, E2 significantly reduced the LOX and PDGF-β mRNA levels at concentrations
of 10−10 M and 10−10−10−9 M, respectively (p < 0.05), while no significant changes were
observed in the MCP-1 mRNA levels.

The incubation of ERβ-transfected HAECs with E2 (10−10−10−7 M) resulted in no
significant changes in the mRNA levels of MMP-2, MMP-9, TIMP-1, TIMP-2, MCP-1, and
ADAMST-4. The mRNA expression of OPG was undetectable after transfection with ERβ.

Interestingly, the ELISA demonstrated that the incubation of ERβ-transected HAECs
with various concentrations (10−10−10−7 M) of E2 resulted in a significant decrease in the
MCP-1 protein levels (10−7 M of E2 p < 0.05 and 10−8–10−9 M of E2 p < 0.01), with the
more pronounced effect being exhibited at the lowest concentration of E2 (10−10 M of E2,
p < 0.001). No significant changes in the protein expression of TIMP-1 and TIMP-2 were
found after the incubation of the ERβ-transfected HAECs with different concentrations of
E2. Notably, OPG protein was not detected by ELISA in the cell supernatant (Figure 5B).

The incubation of ERβ-transfected cells with E2 (10−10–10−7 M) did not change the
MMP-2 enzymatic activity, as demonstrated by gelatin zymography. It is noteworthy

47



Int. J. Mol. Sci. 2022, 23, 10960

that, under this condition, the MMP-9 pro-enzyme and active enzyme were not detected
(Figure 5C).

Figure 5. Effect of E2 on the expression of factors involved in plaque stability in ERβ-transfected
HAECs. (A) Incubation of ERβ-transfected HAECs with E2 reduced the mRNA levels of LOX-1 (only
at 10−10 M of E2) and PDGF-β (10−9 and 10−10 M of E2). (B) Incubation of ERβ-transfected HAECs
with E2 (10−7–10−10 M) reduced MCP-1 protein levels. (C) Incubation of ERβ-transfected HAECs
with E2 had no effect on MMP-2 gelatinase activity. The graphical data are represented as mean ± SD
of at least three independent experiments (*** p < 0.001, ** p < 0.01, * p < 0.05).

2.10. The p21 Silencing Reduced the Estradiol-Mediated Upregulation of MCP-1 and LOX-1, while
It Increased the PDGF-β mRNA Levels

Previous studies have shown that the activation of GPR-30 leads to the upregulation
of p21 [80,81]. The overexpression of p21 significantly reduced the expression of vascular
cell adhesion molecule 1 (VCAM-1), inhibiting monocyte adhesion. These data suggest that
p21 plays an important role in the process of atherogenesis [82]. However, data regarding
the role of p21 in atherosclerosis plaque stability are lacking.

To this end, the expression of p21 was silenced in the HAECs using p21-siRNA. After
p21 silencing, the cells were incubated with E2 for 24 h. As shown in Figure 6A, signif-
icant reductions in the mRNA expression of MCP-1 (10−9 and 10−10 M of E2, p < 0.05),
LOX (10−9 and 10−10 M of E2, p < 0.05), and ADAMST-4 (10−8 M of E2, p < 0.05 and
10−10−10−9 M of E2, p < 0.01) were observed. On the contrary, the expression of PDGF-β
was significantly increased after the incubation of the cells with E2 (10−7 M, p < 0.05 and
10−8–10−10 M, p < 0.01). No significant changes in the gene expression of MMP-2, MMP-9,
TIMP-1, TIMP-2, and RANK were detected. The expression of OPG was undetectable by
qPCR after p21 silencing.
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Figure 6. Effect of E2 on the expression of factors involved in plaque stability in p21-silenced HAECs.
(A) Incubation of p21-silenced cells with E2 resulted in the induction of PDGF-β (10−10−10−7 M of
E2) and reduction in MCP-1 (10−10−10−9 M of E2), LOX-1 (10−10−10−8 M of E2) and ADAMTS-4
(10−10 M of E2) mRNA levels. (B) Incubation of p21-silenced cells with E2 resulted in reduced MCP-1
protein levels (10−10−10−7 M of E2). The graphical data are represented as mean ± SD of at least
three independent experiments (** p < 0.01, * p < 0.05).

2.11. Evaluation of MCP-1, TIMP-1, TIMP-2, and OPG Protein Levels by ELISA after p21
Silencing

The effects of p21 silencing on the protein levels of TIMP-1, TIMP-2, MCP-1, and OPG
were evaluated by ELISA. The expression of MCP-1 was significantly reduced after the
incubation of the cells with E2 at concentrations of 10−7 M (p < 0.01) and 10−8–10−10 M
(p < 0.05) for 24 h, while no significant changes in the expression of TIMP-1 and TIMP-2
were detected (Figure 6B). Furthermore, the OPG protein remained undetectable in the cell
supernatant, as revealed by ELISA.

3. Discussion

The timing hypothesis was first proposed by Thomas Clarkson in 1998 and later
confirmed by the Early Versus Late Intervention Trial (ELITE) and Peking studies [83].
According to these studies, the administration of exogenous estrogen to women who have
had a menopausal status for approximately ten years can exert adverse effects leading to
CVD complications, indicating that, when atherosclerosis is already established, HRT does
not provide cardiovascular protection [83]. In line with this hypothesis, both prospective
randomized Women’s Health Initiative (WHI) and ELITE studies demonstrated that HRT
must be started within 5 to a maximum of 10 years of menopause in order to exert cardio-
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protective effects without adverse effects [83,84]. However, there are no data regarding the
molecular mechanism of estrogen-induced adverse effects on established atherosclerosis.
Our in vitro study was designed to investigate the “timing hypothesis” of estrogen replace-
ment therapy at the molecular level and shed light on the specific roles of the different
estrogen receptors in the advanced stages of atherosclerosis.

According to our findings, the incubation of HAECs with E2 alone, at the lower
concentration, increased the expression of LOX, while it exerted no significant effects on
the expression of other molecules implicated in the advanced stages of atherosclerosis
and plaque vulnerability, such as MMP-2, MMP-9, PDGF-β, TIMP-1, and MCP-1. A study
by Sun et al. [85] showed that the incubation of HUVECs with a phytoestrogen, namely
pseudoprotodioscin, resulted in a reduction in MCP-1 mRNA expression, an effect mediated
by ERα. This inconsistency could be due to differences in the estrogen receptor profiles of
our HAECs, which expressed only GPR-30.

We also demonstrated that E2 decreased the MMP-2 activity. Interestingly, since our
cells express only GPR-30, this favorable effect is exerted via this membrane receptor.
Indeed, co-incubation with the antagonist G15 reversed the decrease in the MMP-2 activity.

In order to mimic the low-grade inflammation state that exists in postmenopausal
women with atherosclerosis, we pre-incubated the endothelial cells with TNF-α at a low
concentration [86,87] and then co-incubated them with E2 at various concentrations, including
the low concentrations found in the serum of women receiving estrogen replacement therapy.

Interestingly, under low-grade inflammation, E2 at low concentrations (10−10 M)
increased the mRNA and protein levels of MCP-1, which is a key player in atherosclerotic
plaque formation and destabilization.

MCP-1 is one of the most widely studied chemokines involved in the atherosclerosis
process and has been postulated to be a direct mediator of plaque instability [88]. Interest-
ingly, the local gene silencing of MCP-1 expression turned a vulnerable plaque into a more
stable plaque phenotype in ApoE(−/−) mice [89]. The elevated expression of MCP-1 has
also been found in the unstable plaques of CVD symptomatic patients [90].

Notably, the co-incubation with the GPR-30 antagonist G15 totally reversed the stimu-
latory effect of E2 on MCP-1 mRNA expression, implying that GPR-30 exerts unfavorable
effects of E2 on the molecules implicated in the vulnerability of atherosclerotic plaque under
low-grade inflammation conditions.

A previous study investigating the effect of E2 on MCP-1 expression in breast cancer
cell lines reported that E2 induced MCP-1 expression when the cells were pre-treated with
TNF-α. Notably, these breast cancer cells expressed both GPR-30 and ERα [91]. On the
other hand, in rat aortic smooth muscle cells (RASMCs), E2 inhibited the stimulatory effect
of TNF-α on MCP-1 expression via an ERβ-dependent mechanism [92,93]. Accordingly,
herein, we found that ERβ mediates the MCP-1-lowering effects of E2, albeit in the absence
of inflammatory stimuli.

Our data showed that, in a low-grade inflammation state, E2 also reduced LOX-1
expression, an effect mediated via GPR-30. Our current knowledge regarding the role of
LOX in the formation, progression, and vulnerability of atherosclerosis plaque is limited
and is mostly derived from in vitro studies. Interestingly, a study by Jover et al. revealed
that the expression of LOX is linked to plaque stability. As such, low LOX activity could
lead to defective collagen cross-linking, resulting in a weaker fibrous cap and plaque
instability [48,49]. Previous studies on another type of cells (Ishikawa cells) demonstrated
that, in the absence of TNF-α, E2 induced LOX-1 expression, while in rat cardiac fibroblasts,
it exerted the opposite effect, mediated mainly through ERβ [94,95].

Increased MMP activity is a known indicator of atherosclerotic plaque instability [38,96,97].
Elevated MMP-2 activity has been determined to be an independent mortality marker in patients
with acute coronary syndrome [98]. Studies in ApoE-/- mice showed that MMP-2 activity also
contributes to the calcification of advanced atherosclerotic lesions [78,79]. Herein, we showed
that E2 can reduce the activation of MMP-2 in a dose-dependent manner. More interestingly,
low concentrations of E2 showed a more potent effect on the attenuation of MMP-2 activity. A
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previous study conducted on smooth muscle cells (ASMC) isolated from B6 mice showed that
E2 reduced MMP-2 activity, indicating its favorable effects in the absence of inflammation [99].
Wingrove et al. demonstrated that the incubation of human coronary artery vascular smooth
muscle (CAVSMC) cells with E2 for 72 h resulted in a dose-dependent increase in the expression
of pro-MMP-2, an effect that was reversed by the estrogen receptor antagonist tamoxifen [100].
In line with these findings, we found that the expression of pro-MMP-2 was also induced;
however, the conversion of pro-MMP2 to active MMP2 was decreased upon treatment with E2.
Significantly, we found that, in a state resembling low-grade inflammation (such as established
atherosclerosis), E2 further increased the TNF-α-induced MMP-2 activation in HAECs, with the
greatest effect at the lowest concentration.

The expression of MMP-9 was faintly detected in the presence of E2 alone, while it was
significantly elevated upon treatment of the HAECs with TNF-α alone, as expected [101,102].
Interestingly, we demonstrated that E2 further promoted the TNF-α-induced MMP-9 ex-
pression in the HAECs. Zanger et al. demonstrated a significant increase in the MMP-9
plasma levels of 10 postmenopausal women with a history of established CAD when
receiving oral HRT, which is of clinical relevance to our observation [103]. However, not
all clinical studies point towards a harmful effect of oral hormone replacement therapy
on the indices of plaque vulnerability [103,104]. This divergency could be attributed to
differences in age, the duration of the post-menopausal period, and the existence (or not)
of established CVD among the studies’ participants.

It is known that the imbalance between MMPs and TIMPs is implicated in atheroscle-
rotic plaque instability [105]. Reduced TIMP expression has been correlated with unstable
plaques and acute coronary syndrome in humans [106]. Our results showed that E2 in-
creased the TNFα-induced expression of TIMP-1. However, this elevation did not exceed
the MMP-9 overexpression, suggesting that, in the presence of inflammatory stimuli, E2
increased the MMP-9/TIMP-1 expression ratio. In accordance with our in vitro model, the
MMP-9/TIMP1 ratio was also significantly higher in women receiving estrogen replace-
ment therapy compared to women not taking HRT [107].

All the abovementioned effects were mediated via GPR-30, since the HAECs used for
our experiments expressed only this estrogen receptor. Previous studies demonstrated that
estrogen can regulate MMP and TIMP expression by binding to either the classical estrogen
receptors ERα and ERβ or its membrane-bound estrogen receptor GPER-30 [108]. However,
GPR-30 seems to play a prominent role in the regulation of MMPs in the cardiovascular
system [109,110]. As such, apigenin, a compound with strong estrogen-like effects, inhibited
the MMP-9 expression in endothelial cells through GPR-30 [111], while the incubation
of cardiac fibroblasts isolated from Sprague−Dawley rats with G1, an GPR-30 agonist,
significantly increased the MMP-2 and reduced TIMP-1 expression [108].

Notably, previous studies demonstrated that estrogen can regulate MMP and TIMP ex-
pression by binding to either the classical estrogen receptors ERα and ERβ or its membrane-
bound estrogen receptor GPR-30 [108]. To elucidate the specific role of the classical estrogen
receptors in the regulation of the abovementioned factors implicated in the later stages
of the atherosclerosis process, we transfected HAECs with either ERα or ERβ. Herein,
we observed that the transfection of HAECs with either ERα or ERβ did not affect the
MMP-2 and MMP-9 expression and gelatinase activity. Although the TIMP-1 and TIMP-2
mRNA levels were elevated significantly after the incubation of Erα-transfected cells with
E2 at lower concentrations, the protein levels of TMP-1 and TIMP-2 were not increased
significantly, suggesting possible post-transcriptional modifications.

Moreover, the incubation of ERα-transfected HAECs with E2 resulted in a marginal
increase in the LOX-1 and MCP-1 expression. Studies on other estrogen-dependent tissues
have shown that E2 induces LOX mRNA expression in the uteri of WT mice, as compared
to ERαKO mice, indicating the important role of ERα in estrogen-mediated LOX overex-
pression [112,113]. Moreover, ERα inhibition was found to reduce the MCP-1 expression in
mesangial cells [114].
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Our data also revealed that the incubation of Erβ-transfected cells with E2 results in
a reduced PDGF-β and LOX expression. There is evidence to suggest that ERβ reduces
the expression and secretion of the pro-agiogenic factors PDGF-β in T47D breast cancer
cells [115].

In line with our findings, Iorga et al. showed that DPN treatment, a selective Erβ
agonist, in mice with advanced heart failure (HF) significantly reduces the LOX-1 mRNA
expression in the ventricles as compared to untreated HF mice [94]. Moreover, the trans-
fection of cells with ERβ resulted in a reduced MCP-1 protein expression, while it had no
effect on the TIMP-1 and TIMP-2 protein levels. As shown by Kanda et al., E2-bound ERβ
restrains the expression of MCP-1 by inhibiting the Sp1 and AP-1 transcriptional activities
in keratinocytes [116]. To our knowledge, the present study provides the first experimental
evidence to support the regulatory roles of ERβ in PDGF-β and MCP-1 expression in the
endothelial cells.

Divergent data exist regarding the role of p21 in the atherosclerosis process and plaque
stability, which has been assumed as both proatherogenic and antiatherogenic according to
animal studies. However, the majority of the literature points toward a favorable effect;
thus, therapies that target p21WAF1 for inactivation, in the appropriate situation, may offer
protection against atherosclerosis [66,68,117,118].

Given the equivocal role of p21 in the atherosclerosis process and the fact that E2 can
exert effects by regulating p21 expression [71], we also aimed to explore the effect of p21
silencing on the estrogen-induced changes in the expression of molecules involved in the
later stages of atherosclerosis [68].

Our results illustrate that the incubation of HAECs with E2 after p21 silencing results
in reductions in the MCP-1, ADAMST-4 and LOX mRNA levels. It is noteworthy that,
when p21 is expressed, a low concentration of E2 exerts the opposite effects, inducing
the expression of LOX-1 in HAECs. As addressed in the literature, p21 positively affects
the expression of MCP-1 in endothelial cells [119]. Additionally, it has been shown that
the activation of GPR-30 (via the G1 agonist) increases the expression of p21 in breast
cancer cell lines [81]. Given that GPR-30 is the only estrogen receptor expressed in our
cells, it appears that the increase in the LOX expression by E2 is mediated by GPR-30
through p21, thus providing a possible explanation for the effect of p21 silencing, which
resulted in reduced LOX expression. It should be noted that, in the literature thus far,
there are no data regarding the regulation of LOX by p21 in human endothelial cells. An-
other notable finding of our study is that p21 silencing resulted in a significant increase in
PDGF-β expression in HAECs upon treatment with E2, which may contribute to plaque
instability [120]. Based on these findings, it could be suggested that the expression of
PDGF-β, LOX -1, and MCP-1 is regulated by estrogen through more than one mechanism,
including a p21-dependent mechanism. Moreover, p21 silencing may change the balance of
these multiple (counter-)regulatory mechanisms, thus resulting in either an atheroprotec-
tive effect by decreasing the expression of LOX-1, MCP-1, and ADAMTS-4 or an increased
risk of atheromatic plaque rupture through the elevation of PDGF-β expression, depending
on the actions that finally prevail.

Summarizing our data, in the absence of an inflammatory stimulus, E2, at low con-
centrations resembling those in the serum of postmenopausal women receiving estrogen
replacement therapy, exerts atheroprotective effects by mainly decreasing MMP-2 activity
and increasing LOX expression via GPR-30 and by reducing MCP-1 protein expression via
ERβ. The overexpression of ERα may result in E2-induced plaque instability by increasing
the MCP-1 protein expression and MMP-2 activity. Significantly, in a low-grade inflam-
mation state, such as established atherosclerosis, E2 promotes the destabilization of the
atherosclerotic plaque by inducing the expression of molecules such as MCP-1 and MMP-9
and by increasing the activity of MMP-2 in the endothelial cells. These effects appear to be
mediated via GPR-30. Moreover, p21 silencing results in equivocal effects on the expression
of molecules involved in plaque vulnerability.
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In conclusion, E2 induced different effects regarding atheromatous plaque instability
through different ERs. The balance of the expression of the various ER subtypes may
play an important role in the paradoxical characterization of estrogens as both beneficial
and harmful.

To the best of our knowledge, this is the first study to assess, in vitro, the interrelation
between different expression profiles of estrogen receptors and their regulatory effects on
the expression of endothelial-derived factors implicated in atherosclerotic plaque vulnera-
bility, addressing, at the same time, the possible involvement of p21 in this process. The
strengths of this study are: (1) the performance of our experiments using aortic (arterial) en-
dothelial cells (HAECs), which offer the best endothelial in vitro model system for studying
the progression of atherosclerosis; (2) the fact that we incubated our cells with concentra-
tions of E2 that resemble those observed in the serum of postmenopausal women receiving
estrogen replacement therapy; and (3) the fact that we pre-incubated the aortic endothelial
cells with TNF-α at concentrations that mimic the low-grade inflammation state observed
in postmenopausal women with established atherosclerosis. The main limitation of our
study is that we failed to assess (due to the HAECs’ sensitivity to the double transfection
procedure) the role of p21 in the expression profiles of endothelial-derived factors involved
in plaque vulnerability in the presence of either ERα or Erβ or both.

Further in vitro studies on other cellular components (i.e., VSMCs, immune cells) par-
ticipating in the later stages of the atherosclerosis process, as well as studies on atheroscle-
rosis animal models mimicking the postmenopausal status, are needed in order to delineate
the exact roles of estrogen and of each estrogen receptor subtype in the atherosclerotic
inflammatory process, so as to develop specific ER agonists/antagonists with an improved
benefit/risk ratio.

4. Materials and Methods

4.1. Cell Culture and Treatment

Human aortic endothelial cells (HAECs) were purchased from Lonza and cultured in
M200 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 10% low-serum growth
supplement (Gibco; Thermo Fisher Scientific, Inc.), and antibiotics (1% penicillin/streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells were cultured in a cell
incubator, providing a humidified environment with 5% CO2 and 95% air at 37 ◦C. Confluent
four- to seven-passage HAECs were used in all the experiments.

4.2. MTT Assay

Endothelial cells were plated 16 h before treatment on a 96-well plate at a cell density
of 1 × 104 cells per well. Cells were then incubated with various concentrations of E2
(10−10−10−7 M) (Cat. No: E2758, Sigma-Aldrich, St. Louis, MO, USA) and 2 ng/mL TNF-α
alone for 24 h. The percentage of viable cells was measured using 0.5 mg/mL thiazolyl
blue tetrazolium bromide (MTT). After 3 h of incubation at 37 ◦C, the MTT solution was
removed and 100 μL of isopropanol was added to each well to aid the crystal dissolution.
The optical density (OD) values of the colorimetric changes were measured using an ELISA
reader at 570 nm.

4.3. Transfection with Small Interfering RNA

The HAECs were transfected at a 70% confluence for 24 h with 20 nM small interfering
(si) RNAs targeting human p21 (sc-29427, Santa Cruz Technology, Dallas, TX, USA) using
Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s instructions. After
6 h, fresh medium was added, and the cells were incubated in full medium for further 24 h.
Next, the cells were incubated with various concentrations of E2 (10−10−10−7 M) for 24 h
prior to analysis.
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4.4. Transient Transfection Assays

Next, 1 × 105 HAEC were seeded in each well of the 12-well plate in 1 mL complete
media. After 24 h, 1 μg/mL of the either ERα, ERβ, or a corresponding empty vector using
DNA was introduced to the cells using AppliFect LowTox (A9027-applichem) transfection
reagent according to the manufacturer’s instructions. Briefly, the cells were incubated with
the DNA/AppliFect LowTox mix for 4 h, and then the media was replaced with fresh
media for a further 20 h. Twenty-four after the transfection, the media was switched to 5%
charcoal stripped FBS (Gibco) phenol-free complete media for another 6 h, followed by the
incubation of the cells with the various concentrations of E2 (10−10−10−7 M) for a further
24 h. The efficiency of the transfection was determined by qPCR and western blot analysis.
All experiments were repeated a minimum of three times.

4.5. RNA Isolation and qPCR

The qRT-PCR was performed as previously described [121]. For the quantitative
real-time PCR, HAEC cells were plated on 12-well plates 16 h prior to treatment with
various concentrations of E2 (10−10−10−7 M) for periods of 6, 12, and 24 h. The cells
were also pre-incubated with TNF-α (2 ng/mL) for 24 h in order to mimic the low-grade
inflammation seen in atherosclerosis, and then co-incubated with various concentrations of
E2. At the end of the treatment, the cells were harvested and the total RNA was isolated
from the HAECs using NucleoSpin® RNA Plus (Macherey-Nagel, Düren, Germany). The
quality of the extracted mRNA was evaluated by nanodrop. A volume equal to 1000 ng
of RNA was then reverse-transcribed using the LunaScript™ RT SuperMix Kit (New
England Biolabs, Ipswich, MA, USA) in accordance with the manufacturer’s instructions.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a normalization control.
The mRNA levels of GAPDH, MMP2, MMP-9, TIMP-1, TIMP-2, MCP-1, OPG, RANK,
RANKL, ADAMTS-4, lysyl oxidase (LOX), PDGF-,β and p21, as well as the presence of
estrogen receptors ERα, Erβ, and GPR-30 in the HAEC cells, were evaluated using the
SYBR Green-based quantitative real-time polymerase chain reaction (qRT-PCR) protocol
on a CFX96 (Biorad). The 2−ΔΔCT method was used to determine the expression level.
The sequence of the primers used in this study is listed in Table 1. All experiments were
performed in triplicate.

Table 1. The sequences of primers used for the qRT-PCR analysis.

Primer Forward Reverse

MMP-2 5′-TGGCAAGTACGGCTTCTGTC-3′ 5′-TTCTTGTCGCGGTCGTAGTC-3′

MMP-9 5′-TGCGCTACCACCTCGAACTT-3′ 5′-GATGCCATTGACGTCGTCCT-3′

TIMP-1 5′-TGCGGATACTTCCACAGGTC-3′ 5′-GCATTCCTCACAGCCAACAG-3′

TIMP-2 5′-AAGAGCCTGAACCACAGGTA-3′ 5′-GAGCCGTCACTTCTCTTGAT-3′

MCP-1 5′-AATAGGAAGATCTCAGTGCA-3′ 5′-TCAAGTCTTCGGAGTTTGGG-3′

OPG 5′-GGAACCCCAGAGCGAAATACA-3′ 5′-CCTGAAGAATGCCTCCTCACA-3′

RANK 5′-CCCGTTGCAGCTCAACAAG-3′ 5′-GCATTTGTCCGTGGAGGAA-3′

RANKL 5′ -ACGCAGTGAAAACACAGTT-3′ 5′-TGCCTCTGGCTGGAAACC-3′

LOX-1 5′ -CCAGAGGAGAGTGGCTGAAG-3′ 5′-CCAGGTAGCTGGGGTTTACA-3′

PDGF- β 5′-CCATTCCCGAGGAGCTTTATG-3′ 5′-CAGCAGGCGTTGGAGATCAT-3′

P21 5′-ATGAAATTCACCCCCTTTCC-3′ 5′-CCCTAGGCTGTGCTCACTTC-3′

ER-α 5′-TGGGCTTACTGACCAACCTG-3′ 5′-CCTGATCATGGAGGGTCAAA-3′

ER-β 5′-AGAGTCCCTGGTGTGAAGCA-3′ 5′-GACAGCGCAGAAGTGAGCATC-3′

GPR-30 5′-TCACGGGCCACATTGTCAACCTC 5′-GCTGAACCTCACATCTGACTGCTC

GAPDH 5′-GGGTGTGAACCATGAGAAGT-3′ 5′-CATGCCAGTGAGCTTCCCGTT-3′

ADAMTS-4 5′-GACACTGGTGGTGGCAGATG-3′ 5′-TCACTGTTAGCAGGTAGCGCTTTA-3′
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4.6. SDS-PAGE and Western-Blot Analysis

The western blot analysis was performed as previously described [121]. Briefly, whole-
cell lysates were prepared in lysis buffer (Cell-Signaling Technology, Boston, MA, USA).
Samples containing 30 μg of protein were resolved using electrophoresis gels and trans-
ferred to a nitrocellulose membrane. The membranes were blocked for 1 h with 5% skimmed
milk in PBS with 0.1% Tween 20 and subsequently incubated overnight at 4 ◦C with anti-
ERα (sc-8002, Santa Cruz Technology, Dallas, TX, USA, 1:800), anti-ERβ (sc-390243, Santa
Cruz Technology, Dallas, TX, USA, 1:800) anti-GPR30 (sc-48524-R, Santa Cruz Technology,
1:800), anti-p21 (Cell-Signaling, MA, USA, 1:500), and anti-β-actin (Millipore Corporation,
Billerica, MA, USA, 1:5000) primary antibodies. The membranes were probed with sec-
ondary antibodies coupled with horseradish peroxidase goat anti-mouse IgG-HRP (31430,
Thermo Scientific; 1:2500) and goat anti-rabbit IgG-HRP (AP132P, Millipore Corporation,
Billerica, MA, USA, 1:2500) at room temperature (RT) for 1 h. The detection of the im-
munoreactive bands was performed using Clarity Western ECL Substrate (BioRad, Bio-Rad
Laboratories Inc., Hercules, CA, USA). For this purpose, β-actin served as a loading control.
The densitometric analysis was performed using Image J.

4.7. ELISA

Cell-secreted TIMP-1 (DTM100, R&D Systems, Minneapolis, MN, USA), TIMP-2
(DTM200, R&D Systems, Minneapolis, MN, USA), MCP-1 (DCP00, R&D Systems, Min-
neapolis, MN, USA), and OPG (RAB0484, Sigma-Aldrich, St. Louis, Missouri, USA) were
measured with the respective ELISA kits containing pre-coated ELISA plates, and the
assays were performed as described by the manufacturers. Briefly, 100 μL of cell culture
supernatant or standard was incubated in each well for 3 h at RT. Then, the HRP-conjugated
antibody was added and incubated for 1 h at RT, followed by aspiration and three washes.
Next, horseradish peroxidase was added and incubated for 1 h, followed by aspiration and
washes. 3,3′,5,5′-Tetramethylbenzidine substrate was added to each well and incubated
for 30 min in a dark chamber. Stop solution was added, and the absorbency of all ELISAs
was read at 450 nm with a plate reader (Bio-Rad® Microplate Absorbance Reader, Bio-Rad
Laboratories Inc., Hercules, CA, USA).

4.8. Zymography

The gelatin zymography activity of MMP-2 was evaluated by measuring the gelatinolytic
activities of pro-MMP-2 and active MMP-2. Equal numbers of HAECs (1 × 10−6 cells/well)
were cultured in M200 medium for 24 h, and then either normal HAECs or cells trans-
fected with ERα, ERβ, plasmid, or p21 siRNA were serum-starved for 16 h. Thereafter,
the cells were incubated with various concentrations of E2 (10−10−10−7 M) alone (24 h)
or pre-incubated with TNF-α (2 ng/mL) for 24 h and then co-incubated with various con-
centrations of E2 for a further 24 h. At the end of the incubation time, the cell supernatant
was collected and concentrated using Amicon Ultra centrifugal filters (30 kDa-Millipore).
The protein concentrations were calculated by performing a Bradford assay. Pro-MMP-2
and active MMP-2 proteins in the conditioned media were separated without prior boiling
by electrophoresis with 10% sodium dodecyl sulfatepolyacrylamide gels containing 0.1%
(weight/volume) gelatin (Sigma-Aldrich). The gels were incubated with 2.5% Triton X-100
for 1 h at room temperature. The gels were then incubated at 37 ◦C in the developing
buffer (Invitrogen) for 16 h. The gels were stained with 0.5% Coomassie Brilliant Blue
(AppliChem, Darmstadt, Germany) and de-stained in a solution containing 40% methanol
and 10% acetic acid. Clear zones against the blue background indicated the presence
of gelatinolytic activity. The densitometrical analyses of the zymographic images were
performed using image J software (NIH, Bethesda, MD, USA).

4.9. Statistical

Data are represented as mean ± SD. The statistical analysis was performed using
Student’s t-test with a two-tailed distribution. The statistical analysis of the real-time
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PCR data was performed using the non-parametric test (Wilcoxon signed rank test). All
statistical analyses were performed using GraphPad Prism 7 Software. In all conditions,
the minimum level of significance was set at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms231810960/s1.
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Abstract: This study tested whether circulatory endothelial progenitor cells (EPCs) derived from
peripheral arterial occlusive disease (PAOD) patients after receiving combined autologous CD34+
cell and hyperbaric oxygen (HBO) therapy (defined as rejuvenated EPCs) would salvage nude mouse
limbs against critical limb ischemia (CLI). Adult-male nude mice (n = 40) were equally categorized
into group 1 (sham-operated control), group 2 (CLI), group 3 (CLI-EPCs (6 × 105) derived from PAOD
patient’s circulatory blood prior to CD34+ cell and HBO treatment (EPCPr-T) by intramuscular injection
at 3 h after CLI induction) and group 4 (CLI-EPCs (6 × 105) derived from PAOD patient’s circulatory
blood after CD34+ cell and HBO treatment (EPCAf-T) by the identical injection method). By 2, 7 and
14 days after the CLI procedure, the ischemic to normal blood flow (INBF) ratio was highest in group 1,
lowest in group 2 and significantly lower in group 4 than in group 3 (p < 0.0001). The protein levels of
endothelial functional integrity (CD31/von Willebrand factor (vWF)/endothelial nitric-oxide synthase
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(eNOS)) expressed a similar pattern to that of INBF. In contrast, apoptotic/mitochondrial-damaged
(mitochondrial-Bax/caspase-3/PARP/cytosolic-cytochrome-C) biomarkers and fibrosis (Smad3/TGF-ß)
exhibited an opposite pattern, whereas the protein expressions of anti-fibrosis (Smad1/5 and BMP-2)
and mitochondrial integrity (mitochondrial-cytochrome-C) showed an identical pattern of INBF
(all p < 0.0001). The protein expressions of angiogenesis biomarkers (VEGF/SDF-1α/HIF-1α) were
progressively increased from groups 1 to 3 (all p < 0.0010). The number of small vessels and
endothelial cell surface markers (CD31+/vWF+) in the CLI area displayed an identical pattern of INBF
(all p < 0.0001). CLI automatic amputation was higher in group 2 than in other groups (all p < 0.001).
In conclusion, EPCs from HBO-C34+ cell therapy significantly restored the blood flow and salvaged
the CLI in nude mice.

Keywords: critical limb ischemia; endothelial progenitor cells; nude mice; angiogenesis; hyperbaric
oxygen therapy

1. Introduction

Peripheral arterial occlusive disease (PAOD), a high prevalence aging-associated chronic disease,
not only incurs huge public healthcare costs but also causes unacceptably high morbidity and mortality
worldwide. PAOD, one of the major manifestations of systemic atherosclerosis [1], has been established
to affect 12% of the adult population and up to 20% of the elderly [2]. Patients with PAOD may
develop critical limb ischemia (CLI) at the late stage of the disease process [2,3]. Undoubtedly, the CLI
commonly occurs when arterial blood flow is greatly restricted, resulting in perfusion in capillary beds
and inadequately sustained microvasculature. Ultimately, hypoxia and exhausted energy develop
in the tissues and cells in the ischemic area [4,5]. Importantly, clinical studies have delineated that
thousands of patients are asymptomatic prior to the development of CLI [6,7], which poses an obstacle
to early diagnosis and early treatment for the purposes of slowing or abolishing disease progression
and the development of unacceptable complications.

Treatment for the CLI, therefore, remains a formidable challenge to clinicians [8]. Without
appropriate treatment, 5-year mortality of patients with asymptomatic PAOD is estimated for up to
19% of those diagnosed; and increases to 24% for patients with symptomatic PAOD [9]. Additionally,
one-year mortality for CLI is identified for as many as 25% of those diagnosed [10]. Of particular
importance is that patients with PAOD have a significantly elevated incidence of cardiovascular
morbidity and mortality [9].

Failure in salvaging the critical limb can lead to limb loss and the high cost of patient care following
amputation [11,12]. While surgical or endovascular revascularization is currently utilized for the
treatment of CLI with an acceptable success rate [13–15], for those patients who are not candidates for
surgical or endovascular intervention and those who failed the revascularization or bypass occlusion,
the clinical outcomes remain dismal [13,14]. Accordingly, an alternative strategy for the treatment of
CLI patients who are refractory to conventional therapy is urgently necessary.

Growing data have demonstrated that cell therapy effectively restored blood flow in the
ischemic area, resulting in improved ischemic related organ dysfunction mainly through angiogenesis,
neovascularization, anti-inflammation, immunomodulation and tissue regeneration in various disease
entities [16–18]. Thus, cell therapy has emerged as an attractive modality for the treatment of ischemic
heart and cerebral vascular diseases that has been reported to give promising results in animal model
studies and clinical trials [16–20]. However, a majority of the clinical trials demonstrated that stem
cell therapy, including those of autologous bone marrow-derived mononuclear cells or circulatory
derived autologous endothelial progenitor cells (EPCs), did not offer additional benefits for salvaging
the ischemic limb and improving the clinical outcomes [21,22]. This result could be mainly due to the
coexisting serious atherosclerosis of small vessels [8,10] and severe dysfunctions of EPCs, capillary
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beds and microvasculature in this subgroup of patients [8]. Thus, improving the EPC function
through culturing (i.e., rejuvenated EPCs) and increasing the permeability of microvasculature for
EPC migration and homing in on the ischemic area could be an innovative approach for the treatment
of CLI.

Hyperbaric oxygen (HBO) therapy is a traditional therapy for patients with ischemic PAOD [23].
It is proposed that the underlying mechanism of HBO therapy that is predominantly involved
in improving ischemic PAOD is the increase of vascular wall permeability and production of
hypoxia-inducible factor (HIF)-1α and stromal cell-derived factor (SDF)-1α that enhance the
angiogenesis, circulatory EPCs level and blood flow in the ischemic area [24,25]. Unsatisfactorily,
the overall limb salvage and progression of the ischemic process have not been significantly decreased
in patients receiving HBO therapy [26]. This may be due to the diffusion of oxygen into the ischemic
organ that creates a hyperbaric environment being extremely limited [27,28] in severe PAOD patients.
Interestingly, our recent study demonstrates that HBO increases the number and function of circulatory
EPCs [25]. This finding highlights that HBO may play an accessory role in: (1) promoting the
mobilization of EPCs from bone marrow to the circulation; (2) enhancing the capillary/microvascular
permeability; (3) augmenting the intrinsic and extrinsic EPCs crossing the vessel wall and homing in on
the ischemic area; and (4) acting as a contributor for repairing endothelial functions in the ischemic area
via increasing oxygen diffusion into the ischemia, increasing the likelihood of successfully salvaging
the limbs of CLI patients.

Based on the aforementioned issues [16–28], we tested the hypothesis that treatment with EPCs
derived from PAOD patients who received combined CD34+ cell and HBO therapy (defined as
rejuvenated EPCs) would offer additional benefits than either one therapy alone for protecting limbs
against the CLI procedure in nude mouse.

2. Results

2.1. Ischemic/Normal Blood Flow (INBF) Ratio Measured by Laser Doppler Scan at Days 2, 7 and 14 after Left
Femoral Artery Ligated and Totally Removed and Automatic Amputation of Distal Critical Ischemic Limb

To elucidate whether intramuscular administration of EPCs which were derived from PAOD
patients prior to and after receiving combined therapy of HBO and CD34+ cells would salvage the CLI
animals, a laser Doppler scan was utilized for determining the INBF ratio in each group of animals.
The result demonstrated that by days 2, 7 and 14 after the CLI procedure, the INBF was highest in
group 1 (i.e., SC), lowest in group 2 (CLI only) and significantly lower in group 3 (CLI + EPCs which
were derived from PAOD patient’s circulatory blood prior to receiving combined HBO and CD34+ cell
treatment) than in group 4 (CLI + EPCs which were derived from PAOD patient’s circulatory blood
after receiving HBO therapy and CD34+ cell treatment four times) (Figure 1A–O).

Additionally, by day 28 after the CLI procedure, we identified that the number of automatic
amputations of distal ischemic limbs was significantly higher in groups 2 and 3 than in groups 1 and
4, but showed no significant difference between groups 2 and 3 or between 1 and 4, suggesting only
rejuvenated EPCs effectively preserved the limb from the CLI procedure (Figure 1P).
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Figure 1. Ischemic/normal blood flow (INBF) ratio measured by laser Doppler scan at days 2, 7 and
14 after left femoral artery ligation. (A–D) Illustrating the laser Doppler finding of blood flow of right
and left (CLI zone) limbs among the four groups at day 2 after CLI procedure; (E) Analytical result of
ratio of INBF, * vs. other groups with different symbols (†, ‡, §), p < 0.0001; (F–I) Illustrating the laser
Doppler finding of blood flow of right and left (CLI zone) limbs among the four groups at day 7 after
CLI procedure; (J) Analytical result of ratio of INBF, * vs. other groups with different symbols (†, ‡, §),
p < 0.0001; (K–N) Illustrating the laser Doppler finding of blood flow of right and left (CLI zone) limbs
among the four groups at day 14 after CLI procedure; (O) Analytical result of ratio of INBF, * vs. other
groups with different symbols (†, ‡, §), p < 0.0001; (P) Analytical result of percentage of automatic
amputation of distal ischemic limb (red arrows) among the four groups by day 28 after CLI procedure,
* vs. †, p< 0.0001. All statistical analyses are performed by one-way ANOVA, followed by the Bonferroni
multiple comparison post hoc test (n = 10 for each group). Symbols (*, †, ‡, §) indicate significance
(at 0.05 level). SC = sham-operated control; CLI = critical limb ischemia; EPCs = endothelial progenitor
cells; EPCPr-T = EPCs derived from severe PAOD patient’s circulatory blood prior to CD34+ cell and
HBO treatment; EPCAf-T = EPCs derived from severe PAOD patient’s circulatory blood after CD34+

cell and HBO treatment; PAOD = peripheral arterial occlusive disease; HBO = hyperbaric oxygen.

2.2. The Protein Expressions of Endothelial Cell Functional Integrity in CLI Zone by Day 28 after CLI
Procedure

To assess the impact of EPC therapy on protecting the integrity of endothelial cell integrity,
the Western blot analysis of a quadriceps specimen, which was harvested from the ischemic zone,
was performed. The result showed that the protein expressions of CD31, von Willebrand factor (vWF)
and endothelial nitric-oxide synthase (eNOS), three indices of endothelial cell integrity, were highest in
group 1, lowest in group 2 and significantly higher in group 4 than in group 3 (Figure 2).
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Figure 2. Protein expressions of endothelial cell functional integrity and gene expression of endothelial
nitric-oxide synthase (eNOS) in CLI zone by day 28 after CLI procedure. (A) Protein expression of CD31,
* vs. other groups with different symbols (†, ‡, §), p < 0.0001; (B) Protein expression of von Willebrand
factor (vWF), * vs. other groups with different symbols (†, ‡, §), p < 0.0001; (C) Protein expression of
eNOS, * vs. other groups with different symbols (†, ‡, §), p < 0.0001; (D) mRNA expression of eNOS,
* vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses are performed by
one-way ANOVA, followed by the Bonferroni multiple comparison post hoc test (n = 6 for each group).
Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control; CLI = critical limb
ischemia; EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from severe PAOD patient’s
circulatory blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs derived from severe PAOD
patient’s circulatory blood after CD34+ cell and HBO treatment; PAOD = peripheral arterial occlusive
disease; HBO = hyperbaric oxygen.

2.3. Protein Expressions of Angiogenesis in CLI Zone by Day 28 after CLI Procedure

We further evaluated whether EPC therapy would enhance the angiogenesis in the CLI area
by performing Western blot analysis for the typical angiogenesis biomarkers. The results showed
that the protein expressions of CXCR4, SDF-1α, VEGF and HIF-1α, four indicators of angiogenesis,
were significantly progressively increased from groups 1 to 4, suggesting an intrinsic response to
ischemic stimulation that was augmented by EPC therapy (Figure 3).

Figure 3. Protein expressions of angiogenesis factors in CLI zone by day 28 after CLI procedure.
(A) Protein expression of CXCR4, * vs. other groups with different symbols (†, ‡, §), p < 0.0001;
(B) Protein expression of stromal cell-derived factor (SDF)-1α, * vs. other groups with different symbols
(†, ‡, §), p < 0.0001; (C) Protein expression of vascular endothelial growth factor (VEGF), * vs. other
groups with different symbols (†, ‡, §), p < 0.0001; (D) Protein expression of hypoxia-inducible factor
(HIF)-1α, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses are
performed by one-way ANOVA, followed by the Bonferroni multiple comparison post hoc test (n = 6
for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control;
CLI = critical limb ischemia; EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from severe
PAOD patient’s circulatory blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs derived
from severe PAOD patient’s circulatory blood after CD34+ cell and HBO treatment; PAOD = peripheral
arterial occlusive disease; HBO = hyperbaric oxygen.
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2.4. Protein Expressions of Fibrotic and Antifibrotic Biomarkers in CLI Zone by Day 28 after CLI Procedure

To test whether EPC therapy would attenuate the protein level of ischemia-related fibrosis in the
quadriceps muscle, the Western blot analysis was performed. As we expected, the protein expressions
of TGF-ß and Smad3, two indicators of fibrosis, were lowest in group 1, highest in group 2 and
significantly lower in group 4 than in group 3 (Figure 4A,B). On the other hand, the protein expressions
of Smad1/5 and BMP-2, two indicators of antifibrosis, displayed an opposite pattern of fibrosis among
the four groups (Figure 4C,D).

Figure 4. Protein expressions of fibrotic and antifibrotic biomarkers in CLI zone by day 28 after CLI
procedure. (A) Protein expression of transforming growth factor (TGF)-ß, * vs. other groups with
different symbols (†, ‡, §), p < 0.0001; (B) Protein expression of Smad3, * vs. other groups with different
symbols (†, ‡, §), p < 0.0001; (C) Protein expression of Smad1/5, * vs. other groups with different
symbols (†, ‡, §), p < 0.0001; (D) Protein expression of bone morphogenetic protein (BMP)-2, * vs. other
groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses are performed by one-way
ANOVA, followed by the Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols
(*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control; CLI = critical limb ischemia;
EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from severe PAOD patient’s circulatory
blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs derived from severe PAOD patient’s
circulatory blood after CD34+ cell and HBO treatment; PAOD = peripheral arterial occlusive disease;
HBO = hyperbaric oxygen.

2.5. Protein Expressions of Apoptotic, Mitochondrial-Damaged and Mitochondrial-Integrity Biomarkers in CLI
Zone by Day 28 after CLI Procedure

Next, for the assessment of apoptotic biomarkers, we also performed the Western blot analysis.
The results demonstrated that the protein expressions of mitochondrial Bax (mit-Bax), cleaved caspase
3 (c-Csp3) and cleaved poly (ADP-ribose) polymerase (c-PARP), three indicators of apoptosis and
cytosolic cytochrome C (cyt-Cyto-C) and indicators of mitochondrial damage, were highest in group
2, lowest in group 1 and significantly higher in group 3 than in group 4 (Figure 5A–D), whereas the
protein expression of mitochondrial cytochrome C (mit-Cyto-C), an indicator of mitochondrial integrity,
exhibited an opposite pattern of apoptosis among the four groups (Figure 5E).
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Figure 5. Protein expression of apoptotic, mitochondrial-damaged and mitochondrial-integrity
biomarkers in CLI zone by day 28 after CLI procedure. (A) Protein expression of mitochondrial
(mit-Bax), * vs. other groups with different symbols (†, ‡, §), p < 0.0001; (B) Protein expression of
cleaved caspase 3 (c-Csp3), * vs. other groups with different symbols (†, ‡, §), p < 0.0001; (C) Protein
expression of cleaved poly (ADP-ribose) polymerase 1 (c-PARP), * vs. other groups with different
symbols (†, ‡, §), p < 0.0001; (D) Protein expression of cytosolic cytochrome C (cyt-Cyto-C), * vs. other
groups with different symbols (†, ‡, §), p < 0.0001; (E) Protein expression of mitochondrial cytochrome
C (mit-Cyto-C), * vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses are
performed by one-way ANOVA, followed by the Bonferroni multiple comparison post hoc test (n = 6
for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control;
CLI = critical limb ischemia; EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from severe
PAOD patient’s circulatory blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs derived
from severe PAOD patient’s circulatory blood after CD34+ cell and HBO treatment; PAOD = peripheral
arterial occlusive disease; HBO = hyperbaric oxygen.

2.6. Cellular Expressions of Endothelial Cell and EPC Surface Markers in CLI Zone by Day 28 after CLI
Procedure

To confirm the therapeutic impact of EPCs on the integrity of endothelial cells, we utilized the
findings of immunofluorescent (IF) microscopy. The results exhibited that the cellular expressions of
CD31 and vWF, two indicators of endothelial cell surface markers, were highest in group 1, lowest in
group 2 and significantly higher in group 4 than in group 3 (Figure 6).
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Figure 6. Cellular expressions of endothelial cell surface markers in CLI zone by day 28 after CLI
procedure. (A–D) Illustrating the immunofluorescent (IF) microscopic finding (400×) for identification
of CD31+ cells (green color) in the CLI area; (E) Analytical result of number of CD31+ cells, * vs. other
groups with different symbols (†, ‡, §), p < 0.0001; (F–I) Illustrating the IF microscopic finding (400×)
for identification of von Willebrand factor (vWF)+ cells (green color) in the CLI area; (J) Analytical
result of the number of vWF+ cells, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. Scale
bars in right lower corner represent 20 μm. All statistical analyses are performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc testing (n = 6 for each group). Symbols (*, †,
‡, §) indicate significance (at 0.05 level). SC = sham-operated control; CLI = critical limb ischemia;
EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from severe PAOD patient’s circulatory
blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs derived from severe PAOD patient’s
circulatory blood after CD34+ cell and HBO treatment; PAOD = peripheral arterial occlusive disease;
HBO = hyperbaric oxygen.

Additionally, we utilized the same method to further confirm the expressions of angiogenesis
factors in the ischemic quadriceps muscle. The IF imaging study displayed that the cellular expressions
of CXCR4 and SDF-1α, two indices of angiogenesis biomarkers, were progressively increased from
groups 1 to 4, implicating an intrinsic response to ischemic stimulation that was upregulated by EPC
therapy (Figure 7).
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Figure 7. Cellular expressions of angiogenesis markers in CLI zone by day 28 after CLI procedure.
(A–D) Illustrating the immunofluorescent (IF) microscopic finding (400×) for identification of CXCR4+

cells (green color) in the CLI area; (E) Analytical result of number of CXCR4+ cells, * vs. other groups
with different symbols (†, ‡, §), p < 0.0001; (F–I) Illustrating the IF microscopic finding (400×) for
identification of stromal cell-derived factor (SDF)-1α+ cells (green color) in CLI area; (J) Analytical result
of number of SDF-1α+ cells, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical
analyses are performed by one-way ANOVA, followed by the Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated
control; CLI = critical limb ischemia; EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from
severe PAOD patient’s circulatory blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs
derived from severe PAOD patient’s circulatory blood after CD34+ cell and HBO treatment; PAOD =
peripheral arterial occlusive disease; HBO = hyperbaric oxygen.

2.7. Small Vessel Density in CLI Zone by Day 28 after CLI Procedure

As expected, the number of small vessels (i.e., ≤25 μm) in the ischemic area of quadriceps was
highest in group 1, lowest in group 2 and significantly higher in group 4 than in group 3 (Figure 8).
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Figure 8. Small vessel density in CLI zone by day 28 after CLI procedure. (A–D) Illustrating the
microscopic findings (100×) of alpha-smooth muscle actin (α-SMA) for identification of the number of
small vessels (i.e., diameter ≤ 25.0 μM) (red arrows). (E) Analytic result of the number of small vessels,
* vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses are performed by
one-way ANOVA, followed by Bonferroni multiple comparison post hoc testing (n = 6 for each group).
Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control; CLI = critical limb
ischemia; EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from severe PAOD patient’s
circulatory blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs derived from severe PAOD
patient’s circulatory blood after CD34+ cell and HBO treatment; PAOD = peripheral arterial occlusive
disease; HBO = hyperbaric oxygen.

2.8. Time Courses of Circulatory Endothelial Progenitor Cells among the Groups

To elucidate the serial changes of the circulating number of EPCs, flow cytometric analysis was
performed for the peripheral blood mononuclear cells (PBMNCs). Time courses of flow cytometric
analysis for identification of circulatory endothelial progenitor cells among the groups were showed in
Supplementary Figure S1. The result showed that by day 0, the circulating number of c-kit/CD31+,
CD31/Sca-1+, KDR/CD34+ and VE-Cadherin/CD34+ cells, four indices of EPCs, did not differ among
the four groups (Figure 9A–D). However, by day 4 and 15 after the CLI procedure, these parameters
were progressively and significantly increased from groups 1 to 4, suggesting there was an intrinsic
response to ischemic stimulation, which was further upregulated by EPC-HBO therapy (Figure 9E–L).
An interesting finding was that the peak level of these circulating EPC biomarkers was reached by day
4 after the CLI procedure.
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Figure 9. Illustrating the time courses of flow cytometric analysis of circulating levels of EPCs. (A–D) By
day 0, the analytical of numbers of circulating levels of c-kit/CD31+ (A), CD31/sca-1+ (B), KDR/CD34+

(C) and VE-Cadherin/CD34+ (D) cells, all p value > 0.5; (E–H) By day 4, the analytical of numbers
of circulating levels of c-kit/CD31+ (E), CD31/sca-1+ (F), KDR/CD34+ (G) and VE-Cadherin/CD34+

(H) cells, all p value < 0.0001; (I–L) By day 15, analytical of numbers of circulating levels of c-kit/CD31+

(I), CD31/sca-1+ (J), KDR/CD34+ (K) and VE-Cadherin/CD34+ (L) cells, all p value< 0.0001. All statistical
analyses are performed by one-way ANOVA, followed by the Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated
control; CLI = critical limb ischemia; EPC = endothelial progenitor cells; EPCPr-T = EPCs derived from
severe PAOD patient’s circulatory blood prior to CD34+ cell and HBO treatment; EPCAf-T = EPCs
derived from severe PAOD patient’s circulatory blood after CD34+ cell and HBO treatment; PAOD =
peripheral arterial occlusive disease; HBO = hyperbaric oxygen.

3. Discussion

This study investigated the impact of cultured EPCs, which were derived from the circulatory
blood of severe PAOD patients, on CLI nude mice and yielded several striking implications. First, this
study found that the number of automatic amputation of distal limbs did not differ between the CLI
group and EPCPr-T group, suggesting that EPCs derived from severe PAOD patients prior to being
rejuvenated did not provide benefits for salvaging the distal part of the ischemic limb in nude mice.
Second, the INBF value only showed weak statistical significance in the EPCPr-T group as compared
with CLI only. These findings implicated that the EPC function was remarkably impaired in those of
severe PAOD patients prior to receiving rejuvenation therapy. Third, on the other hand, the number
of automatic amputations of distal portion of ischemic limbs was substantially reduced, whereas the
INBF value was remarkably increased in EPCAf-T (i.e., rejuvenated EPCs) animals than in those of
EPCPr-T animals, highlighting that only those of rejuvenated EPCs effectively preserved the limb from
the CLI procedure.

EPC therapy has been demonstrated to effectively enhance angiogenesis, restore the blood flow
in the ischemic zone and improve ischemic related organ dysfunction by abundant data [16–20].
However, when the published data were carefully examined, we found that severe PAOD patients
usually responded poorly to the EPC therapy [21,22], resulting in failure to save severe ischemic
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limbs in this high-risk subgroup of patients. An essential finding in the present study was that the
therapeutic effect of EPCs which were derived from severe PAOD patients prior to CD34+ cell and
HBO therapy (i.e., non-rejuvenated EPCs) inadequately salvaged the nude mouse CLI, resulting in
high incidence of automatic amputation and limb loss. Our findings, therefore, further support those
of previous studies [21,22]. However, the results were inconsistent among the positive findings [16–20]
and negative findings [21,22] of previous studies, and the findings of our study illustrated that some
unidentified confounders might be present in these studies.

Undoubtedly, the fundamental pathological findings [8,10] demonstrate that the microvasculature
of severe PAOD patients is always composed of severe thickness of intimal endothelial cell layer,
a thickening and calcified medial layer and fibrosis of adventitia. Severe diffuse atherosclerotic changes
in the arterioles and arteries, called “rusty vessels”, also accompany the critical limitation of distal run
of blood flow that is always observed in these patients [8]. Additionally, the EPCs function is always
found to be severely impaired in this high-risk population of severe PAOD patients [25]. These essential
issues could explain why the EPCs can never mobilize into microvasculature and penetrate into the
endothelial layer and home in on the ischemic zone for angiogenesis.

Studies have proposed that the mechanistic basis of HBO therapy for improving critical limb
ischemia/severe PAOD patients was mainly through increased vascular wall permeability, enhanced
productions of HIF-1α and SDF-1α and augmented diffusion of oxygen into the ischemic area that,
in turn, enhanced the circulatory level of EPCs, angiogenesis and restoration of blood flow in the
ischemic area [24,25]. The most important finding in the present study was that as compared with
CLI and EPCPr-T groups, the INBF value (i.e., an indicator of restored blood flow in the ischemic
area) was substantially increased, whereas the automatic amputation of the distal ischemic limb was
remarkably reduced in the EPCAf-T group. These findings highlight that rejuvenated EPCs may serve
as an innovative therapy for CLI/severe PAOD patients, especially those patients who are refractory to
conventional therapy.

A principal finding in the present study was that, when we looked at the cellular-molecular levels,
we found that the angiogenesis factor, neovascularization and the integrity of endothelial cells were
markedly increased in EPCAf-T animals compared to those of CLI and CLI-EPCPr-T animals. On the
other hand, the fibrosis and apoptosis biomarkers in the ischemic quadriceps were notably lower in
the former group than in the latter two groups. These findings could explain why the number of distal
ischemic limb losses was remarkably lower, whereas the INBF value was remarkably increased in
EPCAf-T animals compared to those of CLI and CLI-EPCPr-T animals.

Study Limitation

This study contained limitations. First, in fact, the pathogenesis of the CLI model in nude mice
was actually not identical to patient’s acute limb ischemia/severe PAOD. Accordingly, the underlying
mechanisms of CLI between these two species could not be identical. Second, we did not completely
exclude the presence or absence of the immune reaction after the patient’s EPCs were injected into the
nude mice. Third, due to automatic amputation of distal ischemic limbs that occurred in the majority of
CLI animals, we did not measure the INBF value by day 28 after the CLI procedure. Finally, although
extensive works were done in the current study, the exactly mechanistic basis of xenogeneic EPC
therapy for salvaging the nude mouse limbs from CLI is currently unclear. Perhaps, the proposed
underlying mechanism in Figure 10 could, at least in part, provide useful information for further
understanding this issue.
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Figure 10. Illustrating the proposed underlying mechanism for rejuvenated xenogeneic EPCs effectively
salvaging nude mouse limbs from CLI. CLI = critical limb ischemia; EPC = endothelial progenitor cells;
EPCPr-T = EPCs derived from severe PAOD patient’s circulatory blood prior to CD34+ cell and HBO
treatment; EPCAf-T = EPCs derived from severe PAOD patient’s circulatory blood after CD34+ cell and
HBO treatment.

4. Materials and Methods

4.1. Ethics and Study Design

The EPCs utilized in this animal model of CLI were derived from circulatory mononuclear cells of
severe PAOD patients who were treated with HBO and autologous CD34+ cells. This was a phase I
clinical trial, which was approved by the Ministry of Health and Welfare, Taiwan, Republic of China
(IRB No. 1076616554) and the Institutional Review Committee on Human Research at Chang Gung
Memorial Hospital (IRB No. 201601217A0C602; date of approval 9 May 2018) in 2016. This phase I
clinical trial was a prospective, randomized, open-label controlled trial to test the safety and efficacy of
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combined HBO and autologous circulatory CD34+ cell treatment for patients with severe PAOD at a
single medical center. The occlusive level of the arteries was below the ankle, where catheter-based or
surgical intervention was inappropriate and ineffective to treat the ischemic area.

All the patients agreed to receive this alternative treatment. A written informed consent form was
obtained from every patient before enrollment and treatment.

This study was designed to consecutively enroll study patients who had received optimal medical
care. The patients were enrolled to either receive CD34+ cells (2.5 × 107) in the most severe PAOD of the
lower extremity (group 1) or serve as control subjects with only standard pharmacotherapy (group 2)
(i.e., 1:1 randomization, n = 10 in each group). This study remains active for the enrollment of patients.

4.2. Procedure and Protocol for Isolation of Autologous CD34+ Cells and Intra-Superficial Femoral Artery
Infusion

The procedure and protocol for the isolation of circulatory CD34+ cells were based on our previous
reports [18]. In detail, prior to the isolation of peripheral blood-derived CD34+ cells, granulocyte-colony
stimulating factor (G-CSF) (5μg/kg, every 12 h for eight doses) was subcutaneously given to each patient
to augment the number of circulatory CD34+ cells for subsequent collection via leukapheresis. After the
last dose of G-CSF, the mononuclear cells isolated during leukapheresis were enriched for CD34+ cells
by using a commercially available device [COBE Spectra 6.1 (Terumo BCT Inc., Lakewood, CO, USA)]
at 8:00 a.m. through a double-lumen catheter inserted into the right femoral vein. After a procedure
time of about four hours, an adequate number of blood-derived CD34+ cells were isolated (purified
through fluorescence-activated cell sorting for CD34+ cells) and ready for intra-renal artery transfusion.

After completing CD34+ cell collection, the patients were immediately sent to the cardiac
catheterization room to receiving the intra-superficial femoral arterial transfusion of CD34+ cells into
the target vessels below the ankle level.

4.3. Procedure and Protocol of Hyperbaric Oxygen Therapy

The procedure and protocol for hyperbaric oxygen therapy have been reported in our previous
study [25]. The HBO therapy was performed for the patients in a sealed multi-place chamber at a
pressure of 2.5 atmospheres absolute (ATA). Air pressure was gradually increased from 1 to 2.5 ATA
over a 15 min duration. Oxygen of 100% medical-grade was inhaled through a plastic face mask
for 25 min, followed by a 5 min break, for a total of 90 min per treatment. Air pressure was then
decompressed from 2.5 ATA down to 1.0 ATA within 15 min to complete the treatment. HBO was
performed daily, five times a week, for a total of 10–15 treatments.

All patients that received HBO therapy were safe without any complications, irrespective of
recruitment from the hospitalization or outpatient department.

4.4. Ethics of Animal Model Study

All animal procedures were approved by the Institute of Animal Care and Use Committee
at Kaohsiung Chang Gung Memorial Hospital (Affidavit of Approval of Animal Use Protocol No.
2017121301; date of approval 30 January 2018) and performed in accordance with the Guide for the
Care and Use of Laboratory Animals.

Animals were housed in an Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC; Frederick, MD, USA)-approved animal facility in our hospital with
controlled temperature and light cycles (24 ◦C and 12/12 light cycle).

4.5. Animal Model of CLI, Animal Grouping and Strategic Treatments

The procedure and protocol of CLI were based on our previous report [29]. Briefly, pathogen-free,
adult male nude mice weighing 22–25 g (Charles River Technology, BioLASCO Taiwan Co., Ltd.,
Taiwan) in CLI groups were anesthetized by inhalation of 2.0% isoflurane. The nude mice were
placed in a supine position on a warming pad at 37 ◦C with the left hind limbs shaved. Under sterile
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conditions, the left femoral artery, small arterioles, circumferential femoral artery and veins were
exposed and ligated over their proximal and distal portions before removal. To avoid the presence of
collateral circulation, the branches were removed altogether. For the laser Doppler study, 10 nude
mice in each group were utilized and 6 nude mice in each group were used for cellular-molecular
assessment. For animals that served as controls, only the arteries were isolated, without ligation.

For the purpose of the study, adult-male nude mice (n = 40) were equally categorized into group 1
(sham-operated control (i.e., SC)), group 2 (CLI), group 3 (CLI + EPCs, 6 × 105 cells, derived from severe
PAOD patient’s circulatory blood prior to CD34+ cell and HBO treatment (EPCPr-T) by intramuscular
injection at 3 h after CLI induction), and group 4 (CLI + EPCs, 6 × 105 cells, derived from severe PAOD
patient’s circulatory blood after CD34+ cell and HBO treatment (EPCAf-T, i.e., defined as rejuvenated
EPCs) by intramuscular injection at 3 h after CLI induction).

4.6. Peripheral Blood Collected and Cultured for Endothelial Progenitor Cells

Peripheral blood was collected from four patients (i.e., one for two nude mice in the first two
patients and one for three nude mice in the latter two patients) at 8:00 a.m. after the 5th HBO therapy
and 24 h after EPC therapy to severe PAOD patients. The procedure and protocol for EPC culture
were based on our previous reports [29,30] with some modification. In brief, the blood sampling
was performed on day 21 (i.e., day 0 was the date of the 5th iteration of HBO therapy) prior to nude
mouse CLI induction for xenogeneic transfusion. Isolated mononuclear cells from peripheral blood
were cultured in a 100 mm diameter dish with 10 mL DMEM culture medium containing 10% FBS
for 21 days. Flow cytometric analysis was performed for the identification of cellular characteristics
(i.e., EPC surface markers) after cell labeling with appropriate antibodies on day 21 of cell cultivation
prior to implantation.

4.7. Measurement of Blood Flow with Laser Doppler

The procedure and protocol were based on our previous reports [29]. In brief, animals in each group
were anesthetized by inhalation of isoflurane (2.0%) on day 2, 7, 14 after CLI induction. The animals
were placed supine on a warming pad (37 ◦C), and blood flow was detected in both inguinal areas by a
laser Doppler scanner (moorLDLS, Moor Instruments, Axminster, UK). This instrument scans an area
of skin, which is evaluated by the distance between the mirror and the skin. The laser beam penetrates
the normal tissue and part of the incident light that is scattered by moving red blood cells (RBCs) in
microvasculature/small arterioles, forming a frequency broadening that is finally investigated by a
photodetector. The RBC velocities and concentration give rise to Doppler frequency shifts and account
for the strength of the signal. The Doppler shift is thus proportional to a blood-flow related variable
and is exhibited as an arbitrary perfusion unit (PU). The mean blood flow is computed to yield an
average number of pixels. Accordingly, the ratio of blood flow (BF) in the left (ischemic (I)) leg to right
(normal (N)) leg (i.e., INBF) was computed, resulting in a ratio of PU. By day 28, the animals in each
group were euthanized, and the quadriceps muscles were collected for individual study.

4.8. Vessel Density in CLI Area

The procedure and protocol for vessel density has been described in our previous report [29].
In detail, the IHC staining of small blood vessels was performed with α-SMA (1:400) as the primary
antibody at room temperature for 1 h, followed by washing with PBS thrice. Ten minutes after the
addition of anti-mouse HRP-conjugated secondary antibodies, the tissue sections were washed with
PBS thrice. Then, 3,3’-diaminobenzidine (DAB) (0.7 gm/tablet) (Sigma-Aldrich) was added, followed
by washing with PBS thrice after one minute. Finally, hematoxylin was added as a counterstain for
nuclei, followed by washing twice with PBS after one minute. The angiogenesis was analyzed only in
regions of demonstrably ischemic-regenerating quadriceps muscle. Three quadricep sections were
analyzed in each nude mouse. To avoid bias, three selected HPFs (200×) were analyzed in each section.
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The mean number per HPF for each animal was then determined by the summation of all numbers
divided by 9.

4.9. Western Blot Analysis

The procedure and protocol of western blot analysis was based on our previous reports [8,16,29,30].
In brief, equal amounts (30 μg) of protein extracts from ischemic quadriceps of the animals were loaded
and separated by SDS-PAGE using 12% acrylamide gradients. The membranes were incubated with
monoclonal antibodies against CD31 (1:1000, Abcam, Cambridge, UK), von Willebrand factor (vWF)
(1:1000, Abcam), CXCR4 (1:1000, Abcam), VEGF (1:1000, Abcam), stromal cell-derived growth factor
((SDF)-1α) (1:1000, Cell Signaling), cytosolic cytochrome C (1:2000, BD), mitochondrial cytochrome
C (1:1000, BD), endothelial nitric-oxide synthase (eNOS) (1:1000, Abcam), Bax (1:1000, Abcam),
transforming growth factor ((TGF)-ß) (1:500, Abcam), phosphorylated (p)-Smad3 (1:1000, cell signaling),
p-Smad1/5 (1:1000, cell signaling), bone morphogenetic protein (1:1000, Abcam), cleaved caspase 3
(c-Csp3) (1:1000, cell signaling), cleaved poly (ADP-ribose) polymerase (c-PARP) (1:1000, cell signaling)
and hypoxic inducible factor ((HIF)-α) (1:1000, Abcam). Signals were detected with HRP-conjugated
goat anti-mouse or goat anti-rabbit IgG. Proteins were transferred to nitrocellulose membranes, which
were then incubated in the primary antibody solution (anti-DNP 1:150) for two hours, followed by
incubation with a second antibody solution (1:300) for one hour at room temperature. The washing
procedure was repeated eight times within 40 min. Immunoreactive bands were visualized by enhanced
chemiluminescence (ECL; Amersham Biosciences, Little Chalfont, UK) and were then exposed to
Biomax L film (Kodak, Rochester, NY, USA). For quantification, ECL signals were digitized using
LabWorks software (UVP).

4.10. Immunohistochemical (IHC) and Immunofluorescent (IF) Staining

The procedure and protocols have been described by previous reports [8,16,29,30]. Briefly,
sections were incubated with primary antibodies specifically against CD31 (1:200, BD Pharmingen,
Franklin Lakes, NJ, USA), vWF (1:200, Abcam), CXCR4 (1:200, Abcam) and SDF-1α (1:100, Santa Cruz),
while sections incubated with irrelevant antibodies served as controls. Three sections of kidney
specimens from each rat were analyzed. For quantification, three random HPFs (400× for IHC
and IF studies) were analyzed in each section. The mean number (expressed as a percentage) of
positively-stained cells per HPF for each animal was first divided by the total positively DAPI-stained
cells, then determined by the summation of all numbers divided by 9.

4.11. Statistical Analysis

Quantitative data were expressed as mean ± SD. Statistical analysis was adequately performed
by ANOVA followed by the Bonferroni multiple comparison post hoc test. Statistical analysis was
performed using SAS statistical software for Windows Version 8.2 (SAS Institute, Cary, NC, USA).
A probability value of less than 0.05 was considered statistically significant.

5. Conclusions

In conclusion, our findings demonstrated that only rejuvenated EPC therapy could effectively
restore the blood flow and salvage the critical ischemic limbs in the nude mouse model of CLI.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/21/7887/s1,
Figure S1: Figures of flow cytometric analysis for identification of circulating EPCs.
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Abstract: Soluble suppression of tumorigenesis-2 (sST2) has been introduced as a marker associated
with heart failure (HF) pathophysiology and status. Endothelial dysfunction is a component underlying
HF pathophysiology. Therefore, we examined the association of arterial wall properties with sST2
levels in patients with HF of ischemic etiology. We enrolled 143 patients with stable HF of ischemic
etiology and reduced left ventricular ejection fraction (LVEF) and 77 control subjects. Flow-mediated
dilation (FMD) was used to evaluate endothelial function and pulse wave velocity (PWV) to assess
arterial stiffness. Although there was no significant difference in baseline demographic characteristics,
levels of sST2 were increased in HF compared to the control (15.8 (11.0, 21.8) ng/mL vs. 12.5 (10.4,
16.3) ng/mL; p < 0.001). In the HF group, there was a positive correlation of sST2 levels with age
(rho = 0.22; p = 0.007) while there was no association of LVEF with sST2 (rho = −0.119; p = 0.17) nor
with PWV (rho = 0.1; p = 0.23). Interestingly, sST2 was increased in NYHA III [20.0 (12.3, 25.7) ng/mL]
compared to patients with NYHA II (15.0 (10.4, 18.2) ng/mL; p = 0.003) and inversely associated
with FMD (rho = −0.44; p < 0.001) even after adjustment for possible confounders. In patients with
chronic HF of ischemic etiology, sST2 levels are increased and are associated with functional capacity.
There is an inverse association between FMD and sST2 levels, highlighting the interplay between the
dysfunctional endothelium and HF pathophysiologic mechanisms.

Keywords: heart failure; soluble suppression of tumorigenesis-2; endothelial function; FMD

1. Introduction

The prevalence of heart failure (HF) worldwide is approximately 1% to 2% and it is estimated
that it exceeds 10% in subjects over 70 years old [1,2]. Natriuretic peptides—b-type natriuretic peptide
(BNP) and N terminal pro BNP (NTproBNP)—and cardiac troponins (Tn) I and T are found to be
elevated in HF following increased myocardial wall stress, elevated filling pressures, subendocardial
ischemia etc. [3,4]. Moreover, they are associated with prognosis and disease severity [4–6].
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The European Society of Cardiology has already announced research on novel HF biomarkers so
as to be used in clinical practice, as a multimarker approach is preferred over the old fashion single
biomarker approach [7]. New biomarkers are those one of inflammation, oxidative stress, vascular
dysfunction, and myocardial remodeling. They have been proposed as indices related to HF status,
functional capacity, and prognosis [4,8,9]. Galectin-3 (Gal–3), soluble suppression of tumorigenesis-2
(sST2), and high-sensitivity cardiac troponin (hs–cTn) are mainly predictors of hospitalization and death
in HF patients, and in addition to NPs can increase the prognostic value [10,11]. To this direction, sST2 has
been introduced as a marker associated with acute decompensate heart failure, pro-inflammatory status,
endothelial dysfunction, myocardial fibrosis. and adverse remodeling with prognostic capability [12].
Additionally, sST2 has a low biological variability and a low index of individuality (0.25), favorable
characteristics that may be used for guiding therapy and monitoring HF patients [13–17].

Endothelial dysfunction is considered an initial step in the process of atherosclerosis and
coronary artery disease progression and is considered as a component underlying HF pathophysiology.
Endothelial dysfunction plays an important role in HF progression. It worsens the vasoconstriction
and increases myocardial damage. Dysfunctional endothelium increases the afterload due to systemic
and pulmonary vascular constriction. Myocardial perfusion is also impaired due to decreased coronary
endothelium-dependent vasodilation [8,9,18].

Since ST2 is produced among other cells by endothelial cells of cardiac vasculature [19], in this
study, we examined the association of arterial wall properties and endothelial function with sST2 levels
in patients with HF of ischemic etiology.

2. Results

2.1. Demographic and Clinical Characteristics

As it is shown in Table 1, the mean age of the HF patients was 67 ± 12 years. From the HF patients
68% were categorized as NYHA class II. The median ejection fraction was 30% (25%, 40%). More than
half of them (56%) had hypertension and 52% diabetes mellitus (DM).

Table 1. Study participants’ demographic, clinical, and laboratory characteristics.

− HF Group Control Group p-Value

Age (years) 67 ± 12 68 ± 10 0.45
Male gender (%) 85 81 0.439

BMI (kg/m2) 28.2 ± 6.5 27.1 ± 3.5 0.055
DM (%) 52 37 0.02

Hypertension (%) 56 32 0.001
Hyperlipidemia (%) 60 20 0.08

NYHA 2 (%) 68 − −
ACEI or ARB (%) 66 17 0.017

MRA (%) 58 3 <0.001
Diuretics (%) 77 13 <0.001

B-blockers (%) 88 29 <0.001
eGFR (mL/min) 78.5 (54.3, 108.8) 87.8 (71.1, 114.7) 0.48

Serum Urea (mg/dl) 44 (30, 69) 27 (24, 31) <0.001
Serum Creatinine (mg/dl) 1.0 (0.9, 1.3) 0.8 (0.7, 1.0) <0.001

NTproBNP (pg/mL) 140 (96, 290) 50 (32, 82) 0.001
TNFa (ng/mL) 2.4 (1.4, 2.7) 0.7 (0.6, 0.8) <0.001

ICAM-1 (ng/mL) 276 (221, 315) 212 (175, 267) <0.001
PWV (m/s) 8.7 (7.2, 10.6) 8.2 (7.4, 9.0) 0.01
FMD (%) 5.6 (3.2, 8.0) 6.1 (3.7, 8.3) 0.71

EF (%) 30 (25, 40) 55 (55, 60) <0.001
sST2 (ng/mL) 15.8 (11.0, 21.8) 12.5 (10.4, 16.3) <0.001

HF: Heart failure; BMI: Body Mass Index, DM: Diabetes Meletus, NYHA: New York Heart Association Classification,
ACEI: Angiotensin Converting Enzyme Inhibitors, ARB: Angiotensin II Receptor Blockers, MRA: Mineralocorticoid
Receptor Antagonists, eGFR: estimated Glomerular Filtration Rate, NTproBNP: N terminal pro hormone B-type
Natriuretic Peptide, EF: Ejection Fraction, sST2: soluble Suppression of Tumorigenesis-2, TNFa: Tumor Necrosis
Factor a, PWV: Pulse Wave Velocity, FMD: Flow-mediated Dilation; ICAM-1: Intracellular adhesion molecule 1.
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In the control group, the mean age was 63 ± 10 years. As far as their medical history is concerned,
32% had hypertension, 37% had DM, and 20% had hyperlipidemia.

Between the two groups, there was no significant difference in age. The prevalence of DM
(52% vs. 37%; p = 0.02) and hypertension (56% vs. 32%; p = 0.001) was higher in HF subjects compared
to the control while there was no significant difference regarding the history of hyperlipidemia.

Significant differences between HF and control subjects were observed regarding treatment.
The majority of HF subjects were under diuretics, angiotensin converting enzyme inhibitors (ACEIs),
or angiotensin II receptor blockers (ARBs), and β–blockers.

Serum levels of urea and creatine was higher in subjects with HF compared to control.
Serum ICAM-1 levels was higher in the HF group compared to the control group (276 (221, 315 ng/mL
vs. 212 (175, 267) ng/mL, p < 0.001). NT pro-BNP in the HF group (140 (96, 290) pg/mL) was increased
compared to the control group (50 (32, 82) pg/mL; p < 0.001). sST2 was higher in the HF group
(15.8 (11.0, 21.8) ng/mL) compared to the control group (12.5 (10.4, 16.3) ng/mL; p < 0.001) (Figure 1).

p < 0 .0 0 1

Figure 1. Serum levels of soluble Suppression of Tumorigenesis-2 are higher in the heart failure
group compared to the control group. The Distribution of serum levels of soluble Suppression of
Tumorigenesis-2 are shown with Box-plots sST2: Soluble Suppression of Tumorigenesis-2.

2.2. Factors Affecting sST2 Level in Subjects with Heart Failure

To examine how sST2 levels may be affected by various demographic, clinical, and laboratory
factors, we examined in a univariate fashion the correlation of sST2 with multiple factors in the
HF population.

2.3. Association of sST2 with Demographic Characteristics of Heart Failure Subjects

In subjects with HF, there was a positive correlation of sST2 with age (rho = 0.22; p = 0.007) but
not with body mass index (rho = −0.094; p = 0.42). The sST2 levels did not differ between female
and male subjects (15.4 (11.1, 18.7) ng/mL vs. 14.2 (10.3, 19.9) ng/mL; p = 0.72), between hypertensive
and normotensive subjects (15.2 (10.9, 21.70 ng/mL vs. 12.9 (10.2, 17.4) ng/mL; p = 0.08), and between
subjects with DM compared with normo-glycemic subjects (14.5 (10.6, 20.1) ng/mL vs. 13.5 (10.5, 18.7)
ng/mL; p = 0.45) (Supplementary Figure S1A–E).

2.4. Association of sST2 with Clinical Characteristics in Subjects with Heart Failure

In subjects with HF, sST2 levels were not associated with LVEF (rho = −0.119; p = 0.17). Regarding
the NYHA functional classification in the HF group, sST2 was higher in NYHA III (20.0 (12.3,
25.7) ng/mL) compared to patients with NYHA II (15.0 (10.4, 18.2) ng/mL; p = 0.003). The sST2 levels
were not affected by the use or not of ACEI or ARB (15.1 (11.2, 22.9) ng/mL vs. 16.0 (7.8, 20.7) ng/mL;
p = 0.46), by the use or not of mineralocorticoid receptor antagonist (MRA) (16.0 (9.9, 20.6) ng/mL
vs. 12.9 (10.3, 18.5) ng/mL; p = 0.77), and by the use or not of β–blockers (14.8 (9.5, 21.8) ng/mL
vs. 17.4 (11.2, 22.3) ng/mL; p = 0.63). sST2 levels were inversely associated with eGFR (rho = −1.75;
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p = 0.03). sST2 was not associated with CRP (rho = 0.45; p = 0.26), TNFa (rho = −0.024; p = 0.77),
ICAM–1 (rho = 0.02, p = 0.84), or NTproBNP (rho = 0.92; p = 0.27) (Supplementary Figure S1F–M).

sST2 was not associated with arterial stiffness—PWV (rho = 0.1; p = 0.23) (Figure 2A). Interestingly,
sST2 was inversely associated with FMD (rho = −0.44; p < 0.001) (Figure 2B). To further test how sST2
levels are affected by endothelial function (FMD), independently from other confounders, we proceeded
to a linear regression analysis in which we included all variables proved significant in the univariate
analysis (Table 2). sST2 was, independently of other confounders, inversely associated with FMD in
patients with HF of ischemic etiology, and for every increase in FMD by 1%, there is an anticipated
decrease in sST2 levels by approximately 14 ng/mL.

rh o = 0 .1 ;
p = 0 .2 3 rh o = -0 .4 4 ;

p < 0 .0 0 1

Figure 2. Levels of soluble suppression of Tumorigenesis-2 are inversely associated with FMD but
not with PWV. (A) Scatter-dot of the association of PWV with soluble suppression of Tumorigenesis-2.
(B) Scatter-dot of the association of FMD with soluble suppression of Tumorigenesis-2. sST2: Soluble
Suppression of Tumorigenesis-2; PWV: Pulse wave velocity; FMD: Flow-mediated dilation.

Table 2. Multiple linear regression analysis for the association of sST2 (dependent variable) with
several variable.

Variables B Coefficient 95% CI p-Value

Age (years) 1.35 −0.87, 3.55 0.22
Sex 29.91 −13.85, 73.68 0.17

eGFR 0.11 −0.56, 0.80 0.73
NYHA class − − −

NYHA II − − −
NYHA III 15.76 −2.09, 33.62 0.08
FMD (%) −14.12 −20.02, −8.22 <0.001

eGFR: estimated Glomerular Filtration Rate, NYHA: New York Heart Association Classification, FMD: Flow-mediated
dilation. For Sex, the reference category was set as female; For NYHA, the reference category was the NYHA 2 stage.

3. Discussion

In the present study, we examined the association between biomarkers of cardiovascular stress
and interstitial fibrosis with vascular function in stable patients with systolic HF of ischemic etiology.
We found that sST2, a novel HF biomarker associated with myocardial fibrosis, produced by either
myocardial cells, fibroblasts or, endothelial cells, and prognosis [20–22] is correlated with FMD,
which expresses the status and health of the endothelial cells layer, highlighting the key role of the
endothelium in the progress of HF [8,9].

3.1. sST2 in Heart Failure

sST2 has been initially identified as a marker of myocyte stress [23]. sST2 assays are accurate with
high repeatability [24], implying the possible use of sST2 as an additional clinical meaningful biomarker.

We identified a significant difference on sST2 levels between control and HF subjects, although there
was significant overlap in the values observed in the two examined groups, which is in accordance with
previous analytical studies on sST2 and the Framingham Heart Study [24,25]. Therefore, sST2 cannot
be used in the etiologic diagnosis of dyspnea.
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Beyond the role of sST2 as a surrogate of myocardial stress, sST2 is mainly produced by extracardiac
tissues (i.e., alveolar cells, fibroblasts, vessel wall cells) [26–28]. As a response to the continuous stress
stimulus, there is an upregulation in ST2 gene expression. Concerning sST2 release from alveolar
epithelial cells, there is an association between the increase in alveolus thickness and the upregulation
of sST2, which suggests a relationship between the severity of pulmonary edema congestion and
alveolar strain with sST2 production [26]. Inflammatory and pro-fibrotic stimulus are also considered
responsible for the activation of ST2 production and release in the circulation [26–28]. sST2 is a
circulating receptor for interleukin 33 (Il-33). The connection between Il-33 and ST2 ligand provokes
anti-inflammation and antithrombotic processes in the damaged heart. Therefore, sST2 is a decoy
receptor of Il-33 and attenuates the beneficial effects of Il-33 connection to ST2 ligand, boosting
inflammatory and thrombotic damage to the heart [29].

In our HF study population, we found that sST2 levels were associated with HF status and
functional capacity of the patients as assessed with NYHA classification. Indeed, patients with
functional impairment have been identified with higher values of sST2, although the levels of
circulating sST2 were not associated with LVEF. These findings may be explained since in chronic HF,
sST2 levels are mainly associated with LV diastolic dysfunction and increased left and right ventricular
pressures, which are key determinants of the functional capacity of patients [30]. However, in our
cohort of chronic HF patients, we did not identify any association of sST2 with NTproBNP levels.
The lack of association can be attributed to the specific characteristics of our study population especially
regarding the stable clinical condition for at least 3 months. Indeed, we excluded from the study
subjects with recent decompensation or subjects not on optimal medical treatment and therefore with
NT-pro-BNP levels at the lower rate.

Impaired renal function is a significant determinant of HF prognosis and is associated with
myocardial fibrosis [31]. sST2 is associated with adverse prognosis in subjects with chronic kidney
disease [31,32]. We found that in the HF population, sST2 was inversely associated with estimated
GFR, implicating the cardiorenal axis and the bidirectional toxic effects of volume overload in the heart
and kidneys.

3.2. sST2 and Vascular Wall Properties

Arterial wall properties constitute the second component of the cardiovascular system and have
a key role in the cardiovascular homeostasis. They regulate vasomotor activity, arterial stiffness,
afterload, and consequently cardiac function [33]. Impaired endothelial function has been proposed
as a factor implicated in the development and progress of HF especially of ischemic etiology and
several approaches may beneficially affect the endothelium in the concept of HF [34–36]. Systemic
vasoconstrictor is observed in chronic HF settings and decreased endothelium-dependent vasodilatation
may be the underlying pathophysiologic background contributing to a lower cardiac output state.

We found that in HF patients, there is an inverse association between endothelial function and
sST2 levels. sST2 is produced among other cells by endothelial cells and alveolar epithelium [37].
The inverse association found in our study may be confirmatory that dysfunctional endothelium
(under the stimulus of decrease shear stress, proinflammatory milieu, and oxidative stress) may lead
to highly expressed levels of sST2, which in turn may have detrimental effects on cardiac function
and remodeling. Indeed, even after adjustment for potential confounders associated with functional
capacity, the health of the endothelial layer was a significant contributor of sST2 levels.

As opposed to endothelial function, we did not observe any association of sST2 levels with PWV
and arterial stiffness a surrogate of arteriosclerosis in subjects with HF of ischemic etiology [38,39].
Although sST2 levels in patients with coronary artery disease have been associated with aortic stiffness,
in our study population with stable chronic HF, we only identified a link between endothelial function
and sST2 levels. In the same direction, we did not find an association between serum ICAM-1 levels
and sST2 in our populations of HF subjects despite the well-described effects of adhesion molecules in
endothelial dysfunction [40]. In HF, beyond the role of leukocytes and inflammatory milieu, underlying

84



Int. J. Mol. Sci. 2020, 21, 9385

mechanisms may contribute to impairment of endothelium (i.e., low arterial shear stress, oxidative
stress) [8].

3.3. Clinical Importance

Although sST2 levels cannot be used for diagnosis of HF, they are significantly associated with
prognosis and functional capacity [41,42]. The association of endothelial function with sST2 levels
emphasizes the role of the vascular system as an important determinant of functional capacity beyond
left ventricle systolic performance. It may also imply a link between dysfunctional endothelium in the
pulmonary circulation associated with congestion in patients with HF and emphasizes the systemic
nature of HF syndrome, suggesting that treatment of underlying pathologic conditions may affect
HF course.

3.4. Limitations

Although, in our study, we achieved a match case control population, the design of our study
contains inherent limitations. Accordingly, we cannot conclude on the importance of ST2 on prognosis
or diagnosis of HF. Moreover, based on our study findings, we cannot conclude on a straightforward
association of ST2 levels with endothelial function and we cannot provide etiologic or pathophysiologic
insights on the mechanisms underlying the link between ST2 and endothelial dysfunction in subjects
with HF.

4. Methods

4.1. Study Population

In the period from June 2018 to March 2019, 143 patients with stable HF of ischemic etiology and
reduced left ventricular ejection fraction (LVEF), as assessed by echocardiogram, were enrolled for the
purpose of this study.

A group of 77 control subjects were also recruited from the outpatient cardiology department,
where they were referred for preventive examination. All the recruited control patients had no
symptoms or signs of heart failure and normal ejection fraction, had a normal physical examination,
normal electrocardiogram, and a normal LVEF (>55%).

4.2. Data Collection and Biochemical Measurements

Demographics were collected in all subjects by the use of standard questionnaires and procedures.
Clinical characteristics, and data regarding ECG, echocardiography, coronary angiography (in patients
with HF of ischemic etiology), biochemistry, NTproBNP, high-sensitivity C–reactive protein (hsCRP),
and pharmacotherapy were also collected.

Standard transthoracic echocardiographic examination was carried out in all subjects by the same
expert using a vivid e-cardiovascular ultrasound system (General Electric, Milwaukee, WI, USA)
equipped with a 2.0–3.6 MHz (harmonics) phased array transducer. Left ventricle ejection fraction
was calculated by biplane Simpson’s modified rule as previously described. All measurements were
performed according to the recommendations of the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. The diagnosis of coronary artery disease was
established by a history of myocardial infarction or by evidence of a coronary vessel luminal stenosis
>75% as detected by coronography, either done in a previous hospitalization or in hospitalization
during the enrollment of the patient in the study. Subjects finally enrolled in the study were under
optimal medical treatment and under stable clinical status for at least three months prior to their entry
in the study, as characterized by NYHA classification.

A fasting venous blood sample was taken from each individual by venipuncture between 8.00
and 10.00 a.m. Samples were centrifuged at 3000 rpm and serum/plasma was collected and stored at
−80 ◦C until assayed. sST2 measured with a PresageTM ST2 Assay (Critical Diagnostics, San Diego, CA,
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US). Calibration and standardization of these assays were performed according to the manufacturers’
protocols. NTproBNP concentrations were measured quantitatively using a fluorescence immunoassay
with a single-use device (Triage BNP Test; Biosite, Inc., San Diego, CA, USA). Tumor necrosis factor
alpha (TNF-α) and intracellular adhesion molecule-1 (ICAM-1) levels in the serum were measured
with enzyme link immunosorbent assays (ELISA). The Modification of Diet in Renal Disease study
(MDRD) formula was used to estimate the glomerular filtration rate (eGFR).

Endothelial function was evaluated by estimating the flow-mediated dilation in the brachial
artery [42]. In brief, after a 10-min rest, the right brachial artery was scanned in the longitudinal section,
5 cm above the antecubital fossa, using a Vivid e ultrasound system (General Electric, Milwaukee, WI,
USA) equipped with a 5.0–13.0 MHz (harmonics) linear array ultrasound transducer. A pneumatic
cuff placed distal to the ultrasound probe was then inflated to suprasystolic pressure on the forearm
for 5 min to induce reactive hyperemia. After the release of the ischemia cuff, brachial artery diameter
was measured manually with electronic calipers (as the average derived from multiple diameter
measurements along a segment of the vessel) at the boundaries of the media–adventitia interfaces,
every 15 s for 2 min, and FMD was defined as the % change of vessel diameter from rest to the maximum
diameter following cuff release. The same examiner throughout the study conducted examinations.
The same observer who was blinded to the image sequence assignment proceeded to all measurements
of brachial artery diameter. Endothelium-independent dilation (EID) was defined as the % change of
vessel diameter from rest to the maximum diameter post sublingual nitrate given.

Arterial stiffness was evaluated in all patients with pulse wave velocity (PWV) measurements.
Carotid-femoral pulse wave velocity (PWV), which is considered to be an index of aortic stiffness,
was calculated from measurements of the pulse transit time and the distance traveled between 2
recording sites (PWV = distance in meters divided by transit time in seconds) by using a well-validated
noninvasive device (SphygmoCor; AtCor Medical, Sydney, NSW, Australia). Two different pulse
waves were obtained at 2 sites (at the base of the neck for the common carotid and over the right
femoral artery) with the transducer. Distance was defined as the distance from the suprasternal notch
to the femoral artery minus the distance from the carotid artery to the suprasternal notch [38,42].

4.3. Bioethics

All subjects were informed about the aims of the study and gave their written informed consent.
The study was approved by the local ethics committee of our institution (15 July 2014) and was carried
out in accordance with the Declaration of Helsinki (1989).

4.4. Statistical Analysis

All variables were tested for normal distribution of the data using the P–P plots and Shapiro–Wilk
test. Data are expressed as means± standard deviation, when normally distributed otherwise, as median
with interquartile range. Data not normally distributed were logarithmically transformed to improve
normality and log-transformed data were used if normality was achieved. Differences between groups
of subjects were tested with a t-test and chi square test for continuous and categorical variables,
respectively. Spearman correlation was used to test for an association between continuous variables.
A linear regression model was applied to test the association of FMD on sST2 independently from
other established confounders (i.e., age, sex) or variables proved significant in the univariate analysis.
Statistical analysis was performed using SPSS version 25 (IBM SPSS Statistics Version 25.0. Armonk,
NY, USA).

5. Conclusion

In patients with chronic HF of ischemic etiology, sST2 levels are increased and are associated with
functional capacity and renal impairment. There is an inverse association between FMD and sST2
levels, highlighting the interplay between dysfunctional endothelium interstitial fibrosis and the HF
pathophysiologic mechanism as they can be evaluated by circulating sST2 levels.
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Abbreviations

sST2 Soluble Suppression of Tumorigenesis-2
HF Heart failure
LVEF Left ventricular ejection fraction
FMD Flow mediated dilation
PWV pulse wave velocity
BNP b–type natriuretic peptide
NTproBNP N terminal pro BNP
Tn cardiac troponins
DM diabetes mellitus
ACEI Angiotensin Converting Enzyme Inhibitors
ARB Angiotensin II Receptor Blockers
ECG electrocardiogram
hsCRP sensitivity C–reactive protein
BMI Body Mass Index
NYHA New York Heart Association Classification
MRA Mineralocorticoid Receptor Antagonists
eGFR estimated Glomerular Filtration Rate
EF Ejection Fraction
TNFa Tumor Necrosis Factor a
ICAM-1 Intracellular adhesion molecule 1
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Abstract: Type 2 diabetes mellitus (T2DM) increases morbimortality in humans via enhanced
susceptibility to cardiovascular disease (CVD). Sodium-glucose co-transporter 2 inhibitors (SGLT2i)
are drugs designed for T2DM treatment to diminish hyperglycaemia by reducing up to 90% of
renal tube glucose reabsorption. Clinical studies also suggest a beneficial action of SGLT2i in heart
failure and CVD independent of its hypoglycaemiant effect. In the present study, we explored
the effect of SGLT2i dapagliflozin (DAPA) in the metabolism and atherosclerosis in Apoe−/−Irs2+/−
mice, which display accelerated atherosclerosis induced by insulin resistance. DAPA treatment of
Apoe−/−Irs2+/−mice, which were fed a high-fat, high-cholesterol diet, failed to modify body weight,
plasma glucose or lipid. Carbohydrate metabolism characterisation showed no effect of DAPA in
the glucose tolerance test (GTT) despite augmented insulin levels during the test. In fact, decreased
C-peptide levels in DAPA-treated mice during the GTT suggested impaired insulin release. Consistent
with this, DAPA treatment of Apoe−/−Irs2+/− isolated islets displayed lower glucose-stimulated
insulin secretion compared with vehicle-treated islets. Moreover, insulin-signalling experiments
showed decreased pAKT activation in DAPA-treated adipose tissue indicating impaired insulin
signalling in this tissue. No changes were seen in lesion size, vulnerability or content of macrophages,
vascular smooth muscle cells, T cells or collagen. DAPA did not affect circulating inflammatory cells
or cytokine levels. Hence, this study indicates that DAPA does not protect against atherosclerosis in
insulin-resistant mice in hypercholesterolemic conditions.

Keywords: type 2 diabetes; SGLT2i; glucose metabolism; insulin resistance; atherosclerosis

1. Introduction

Type 2 diabetes mellitus (T2DM) produces a high morbidity and mortality rate worldwide,
mostly by increasing the risk of cardiovascular disease (CVD) [1,2]. CVD is caused by complications
of atherosclerosis, a chronic inflammatory disease. Atheroma lesions stem from dysfunction in the
endothelial layer that facilitates the accumulation of lipoproteins and immune cells in the subendothelial
space of vascular vessel walls. These incipient atheroma plaques can progress to different-stage
lesions, a process that is modulated by the adaptive and innate immune system. The later stages
of atherosclerosis are characterised by an unbalanced interplay of immune cells that leads to an
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unresolved inflammatory process. Excessive inflammation and cellular death events generate clinically
critic unstable plaques prone to rupture and can precipitate acute thromboembolic events [3].

Insulin resistance (IR), a primary characteristic of T2DM that may develop up to ten years
before disease onset, triggers a series of mechanisms in several vascular cell types that accelerate
unstable plaque formation [2]. Consequently, treatments with drugs that restore cellular and tissular
insulin sensitivity could potentially reduce CVD complications in T2DM [4]. In support of this,
clinical trials designed to examine the safety of newly designed T2DM drugs on heart failure (HF)
and CVD have underlined the pleiotropic actions of several anti-diabetic agents [4,5]. Specifically,
various investigations have shown that sodium–glucose co-transporter 2 inhibitors (SGLT2i) have
beneficial mechanisms against HF and CVD [6]. In this sense, peritoneal macrophages from diabetic
Apoe−/− and db/db mice treated with SGLT2i displayed lower foam cell formation through reduced
expression of lectin-like ox-LDL receptor-1 (Lox-1), acyl-coenzyme A:cholesterol acyltransferase 1
(ACAT1) and ATP-binding cassette transporter A1 (ABCA1) [7]. SGLT2i alleviate endothelial and
vascular smooth muscle cell (VSMC) dysfunction [8]. In diabetic Apoe−/−mice, inflammatory mediators
VCAM, Mcp1 and NFκB were reduced by dapagliflozin treatment [9], empagliflozin lowered TNFα
and IL6 levels [10], and canagliflozin decreased expression of VCAM and Mcp1 [11]. On the other hand,
cardiomyofibroblasts from ob/ob mice treated with DAPA showed decreased Nlrp3 inflammasome and
inflammatory mediators by an AMPK-dependent mechanism independent of the glucose-lowering
effect through SGLT2 [12].

Under normal conditions, apical SGLT2, located in the epithelial cells of the proximal renal tubes,
reabsorbs glucose and sodium which enter into the blood through basal GLUT2 transporter [13,14].
Hence, selective inhibition of SGLT2 improves T2DM by reducing glucose and sodium reabsorption by
up to 90%. The main consequence of this process is that the glucose and sodium are excreted into the
urine, with unique hypoglycaemic and natriuretic effects [6,14]. Nonetheless, human clinical trials have
demonstrated that SGLT2i reduces body weight, blood pressure, arterial stiffness, visceral adiposity
and albuminuria independently by its glucose-lowering effect [5,6]. Treatment of T2DM patients with
empagliflozin added to standard drug treatment diminished incidence of CV outcomes and deaths in
the EMPA-REG study [15]. Similarly, the CANVAS clinical trial, which analysed T2DM patients with
chronic kidney disease treated with canagliflozin, reported a significant decrease in CVD events and
kidney failure [16,17]. In line with these clinical trials, in the DECLARE–TIMI 58 trial, dapagliflozin
treatment reduced the rate of hospitalisation for heart failure and of death by CVD [18]. These studies
point towards safe use of SGLT2i to prevent HF, not only in T2DM but also in subjects without T2DM
that have shown positive results [5,19].

In the present study, we investigated the potential benefit of a selective SGLT2i, dapagliflozin
(DAPA), in atherosclerosis in Apoe−/−Irs2+/− mice. This is a mouse model that, under atherogenic
dietary conditions, displays IR and accelerated atherosclerosis but not hyperglycaemia or hypertension,
hence a highly suitable model to evaluate the impact of the drug on atherosclerosis independently
from its unique hypoglycaemic and natriuretic effects.

2. Results

2.1. Metabolic Characterisation of Apoe−/−Irs2+/−Mice Treated with DAPA or Vehicle

As expected, there was a significant increase in body weight (BW) in vehicle- and
dapagliflozin(DAPA)-treated Apoe−/−Irs2+/−mice after receiving the atherogenic diet (Figure 1a) both
in females and males. No differences were observed in BW between DAPA- and vehicle-treated mice.
Similarly, fasting glucose levels remained unchanged between vehicle- and DAPA-treated male and
female Apoe−/−Irs2+/−mice (Figure 1b). Fasting insulin levels were diminished in female DAPA-treated
Apoe−/−Irs2+/−mice (Figure 1c, right panel) compared with vehicle-treated female controls. No changes
were observed in male mice (Figure 1c, left panel). DAPA-treatment of Apoe−/−Irs2+/− mice did
not alter fasting plasma levels of total-, apoB- and HDL-cholesterol or triacylglycerol (Figure 1d–g).
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Hepatic analysis also revealed no effect of DAPA-treatment on triacylglycerol content in Apoe−/−Irs2+/−
mice (Figure S1a,b, see section on supplementary data given at the end of this article) and absence of
hepatic lipid droplets (Figure S1c).

 

Figure 1. Effect of DAPA treatment in Apoe−/−Irs2+/− mice. (a) Body weight (BW) before and
after atherogenic diet in male (left panel) and female (right panel) vehicle-treated and DAPA-treated
Apoe−/−Irs2+/−mice. (b) Fasting plasma glucose levels in male (left panel) and female (right panel)
vehicle-treated and DAPA-treated Apoe−/−Irs2+/−mice. (c) Fasting insulin levels in male (left panel)
and female (right panel) vehicle- and DAPA-treated mice after treatment. (d) Total-cholesterol,
(e) apoB-cholesterol, (f) HDL-cholesterol and (g) triacylglycerol levels in male (left panel) and female
(right panel) DAPA- and vehicle-treated Apoe−/−Irs2+/− mice. Data are represented as individual
points with mean ± sem. The statistical analysis for normal distribution was D’Agostino–Pearson
and for differences was two-way ANOVA followed by Bonferroni’s post-hoc test (a,b), Student’s t-test
(c,f, left panel), (d,e) and (g, right panel), and Mann–Whitney U test (c,f, right panel) and (g, left panel).
**** p < 0.0001. * p < 0.05.
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Next, we performed a more detailed characterisation of carbohydrate metabolism. Glucose
tolerance measured as the area under the curve (AUCglucose) parameter of the GTT was similar
in both vehicle and DAPA-treated Apoe−/−Irs2+/− mice in both sexes (Figure 2a,b, right panels).
The insulin release during the GTT, determined as AUCinsulin at 120 min, was also indistinguishable
between vehicle- and DAPA-treated Apoe−/−Irs2+/−male and female mice (Figure 2c,d, right panels).
Insulin release at 30 min, AUCinsulin 30 min (Figure 2c, middle panel) was higher in DAPA-treated
male mice compared with vehicle-treated Apoe−/−Irs2+/−male controls. Moreover, C- peptide levels
were reduced in DAPA-treated Apoe−/−Irs2+/−mice (Figure 2e, left panel) measured as AUCc-peptide

at 120 min (Figure 2e right panel) indicating that the insulin increase was due to impaired clearance
rather than higher pancreatic secretion. Consistent with this, glucose stimulated insulin secretion
assay, in isolated islets from Apoe−/−Irs2+/−mice, demonstrated diminished insulin secretion index
in DAPA-treated islets (Figure 2f) compared with vehicle-treated islet controls. Thus, these results
suggest that DAPA impairs insulin action in sensitive tissues and insulin secretion by islets.

 

Figure 2. Metabolic characterisation of vehicle-treated and DAPA-treated Apoe−/−Irs2+/−mice. Glucose
levels during the glucose tolerance test (GTT) and the area under the curve (AUCglucose) generated from
the glucose curve during the test for male (a) and female (b) vehicle- and DAPA-treated mice. Plasmatic
insulin levels stimulated by the glucose infusion during the GTT and the AUCinsulin calculated at
30 and 120 min of the test for (c) male and (d) female vehicle- and DAPA-treated mice. (e) C-peptide
levels during the insulin tolerance test (ITT) and the corresponding AUCc-peptide in 4-hour-fasted mice.
(f) Insulin secretion index obtained from the glucose-stimulated insulin secretion assay in isolated islets
from Apoe−/−Irs2+/−mice treated with DAPA or vehicle. The statistical analysis for normal distribution
was D’Agostino–Pearson (a–f) and Kolmogorov–Smirnov test (f) and for differences Student’s t-test
(d, right panel) and (e,f) and Mann–Whitney U test (a–d, left panel) (a–c) and (d, left panel). * p < 0.05.
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To better analyse insulin action in DAPA-treated Apoe−/−Irs2+/− mice, insulin sensitivity and
signalling were explored. Insulin sensitivity assessed by the insulin tolerance test (ITT) and measured
by the AUCglucose revealed no effect of DAPA in Apoe−/−Irs2+/−mice neither in males (Figure 3a) or in
females (Figure 3b). However, analysis of the insulin-signalling pathway activation in vitro showed
decreased pAKT/AKT protein ratio levels in DAPA-treated adipose tissue explants (Figure 3c).

 
Figure 3. DAPA treatment effect on insulin sensitivity and signalling pathway. Glucose levels during
the ITT and the corresponding AUCglucose in 4-hour-fasted (a) male and (b) female Apoe−/−Irs2+/−mice.
(c) Quantification of phosphorylated(activated)-AKT1/2 (pAKT1/2)/AKT1/2 ratios in insulin-stimulated
adipose tissue explants pretreated with vehicle or DAPA 1 μM. β-actin is shown as a sample loading
control. Phosphorylated forms were normalised to total protein levels and were relativised to
the unstimulated sample. (d) Representative blots are depicted on the right of the quantification.
Statistical analysis tests for normal distribution were the D’Agostino–Pearson omnibus (a,b) and
Kolmogorov–Smirnov test (c) and for differences, the Student’s t-test (a,b) and two-way ANOVA
followed by Tukey’s multiple comparison test (c). * p < 0.05; ** p < 0.01.

These results indicate that DAPA does not have a beneficial effect on carbohydrate metabolism
in Apoe−/−Irs2+/− mice and might even exert detrimental effects on insulin signalling and insulin
secretion in certain conditions.

2.2. DAPA Treatment in Atherogenic Diet-Fed Apoe−/−Irs2+/−Mice Does Not Affect Atherosclerosis Lesion
Size or Plaque Stability

En face atheroma lesion size determination in whole–mounted aortas showed no effect
of DAPA-treatment in aortic arches or thoracic aortas of Apoe−/−Irs2+/− mice compared with
vehicle-treated controls regardless of sex (Figure 4a–e). Atherosclerosis development determinations
in cross-sections revealed similar sizes in male and female DAPA- and vehicle-treated Apoe−/−Irs2+/−
mice in the three regions analysed, aortic root (Figure 4f–h), ascending aorta (Figure 4i–k), and aorta
(Figure 4l–n).
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Figure 4. Atherosclerotic lesion size analysis in vehicle- and DAPA-treated Apoe−/−Irs2+/− mice.
Atherosclerosis analysis in (a,b) the aortic arch and (d,e) the thoracic aorta of whole-mounted
oil-red-O-stained aortas from both vehicle- and DAPA-treated male and female mice. Lesion size
determinations in cross-sections of (f,g) the aortic root, in (i,j) the ascending aorta, and in (l,m) the aorta
displayed as absolute area (f,g) and as an intima-media ratio (i,j,l,m). (c) Representative photographs
of whole-mounted aortas. Magnification 0.17. Representative images of haematoxylin/eosin-stained
cross-sections of the aortic root (h), ascending aorta (k) and aorta (n). The limits of the lesion
are indicated by the dashed lines. Scale bar: 200 μm. The statistical analysis for normality was
D’Agostino–Pearson omnibus test and for differences was the Student’s t-test (a,b,d,j) and the
Mann–Whitney U test (e–g,i,l,m).
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Further analysis of the atheroma cellular composition and parameters of plaque stability was
next performed. Macrophage, vascular smooth muscle cells (VSMCs), and T lymphocyte absolute
and relative contents were undistinguishable between male and female DAPA- and vehicle-treated
Apoe−/−Irs2+/−mice (Figure 5a–i).

Figure 5. Effect of DAPA in atheroma plaque characteristics of Apoe−/−Irs2+/−mice. (a,b) Macrophage
and (d,e) vascular smooth muscle cell (VSMC) content in aortic cross-sections from vehicle- and
DAPA-treated male (left panels) and female mice (right panels), determined as Mac3+ and SM-α-actin+
areas measured as absolute area (in mm2) (a,d) and as percentage of the positive-stained area relative
to lesion area (b,e). Scale bar: 100 μm. Number of T lymphocytes in lesions of aortic cross-sections
detected as CD3+ cells and depicted as (g) absolute cell number and as (h) cell number relative to lesion
area (in mm2) in both sexes from vehicle- and DAPA-treated mice. Scale bar: 50 μm. Photomicrographs
next to the quantifications (c,f,i) show representative images of the immunostainings. White arrows in
(i) point to CD3+ cells. The limits of the lesion are indicated by the dashed lines. The statistical analysis
for normal distribution was the D’Agostino–Pearson omnibus test (d,e) and Kormokov–Smirnov was
performed using Student’s t-test (d,e. right panels) and Mann–Whitney U test (a,b,g,h) and (d,e,
left panels).

Similarly, examination of collagen content, necrotic core area, fibrous cap thickness and elastic
fibre’s area failed to show differences between treatments (Figure 6a–f). Thus, DAPA treatment in
Apoe−/−Irs2+/−mice on a 2-month atherogenic diet does not influence atherosclerosis development or
plaque stability parameters.
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Figure 6. Effect of DAPA in atheroma plaque characteristics of Apoe−/−Irs2+/− mice. (a) Collagen
content (in percentage), (b) necrotic core area (in μm2) and (d) fibrous cap thickness (in μm) determined
in Masson trichrome stained lesions from vehicle- and DAPA-treated male (left panels) and female
(right panels) mice. (e) Elastin fibres’ area assessed in Verhoeff-Van Gieson cross-sections and displayed
as percentage of area relative to lesion area in male and female mice. Representative images of Masson
trichrome (c,f) Verhoeff-Van Gieson stainings. Black arrows in (f) point to elastic fibre’s breaks in
the media. The dashed lines delineate the limits of the lesion and solid lines delineate the limits
of representative necrotic cores. Scale bar: 100 μm. The statistical analysis for normal distribution
was Kolmogorov–Smirnov test and for differences was the Student’s t-test (a,b,d,e, right panels) and
Mann–Whitney U test (a,b,d,e, left panels).

2.3. DAPA Treatment Effect in Inflammation in Apoe−/−Irs2+/−Mice Fed an Atherogenic Diet

Some investigations have suggested a role for gliflozins in inflammation and in heart failure
through monocyte/macrophage polarisation and, in light of this, inflammatory parameters were studied.

Compared with vehicle-treated Apoe−/−Irs2+/−mice, DAPA-treated mice did not show differences
in the circulating plasma levels of MCP1 or TNFα (Figure 7a,b). Analysis of circulating leukocytes
showed similar percentages of lymphocytes, monocytes, and neutrophils between DAPA- and
vehicle-treated Apoe−/−Irs2+/− male and female mice (Figure 7c,d). Monocyte subpopulations
analysis did not detect changes in the proinvasive and proinflammatory Ly6Chi subsets or in the
pro-resolving Ly6Clow monocyte subpopulations in DAPA-treated Apoe−/−Irs2+/− mice compared
with vehicle-treated controls (Figure 7e,f).

Likewise, T CD3+ CD4+ and CD8+ lymphocytes populations (Figure S2a,d,g) and their
activated subpopulations CD3+CD69+, CD4+CD69+ and CD8+CD69+ (Figure S2b,e,h) remained
unchanged. Circulating CD4+CD25+Foxp3+ Treg cell analysis showed also similar levels in DAPA-
and vehicle-treated Apoe−/−Irs2+/−mice (Figure S2j).
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Figure 7. Effect of dapagliflozin in inflammatory mediators and cells in Apoe−/−Irs2+/−mice. Circulating
plasma levels of (a) MCP1 and (b) TNFα proinflammatory cytokines. (c) Circulating levels (in
percentage) of lymphocytes, monocytes and neutrophils in the CD45+ population, identified by
morphology and CD115 monocyte marker. (d) Representative cytometry plots of the gating strategy
used for the flow cytometry analysis in the different leukocyte populations. (e) Circulating levels of
monocyte subpopulations (in percentage) identified as CD45+CD115+Ly6Clow pro-resolving and as
CD45+CD115+Ly6Chi invasive monocyte subsets in male and female mouse blood. (f) Representative
cytometry plots of the gating strategy used for monocyte subsets in blood samples. The statistical
analyses for normal distribution were Kolmogorov–Smirnov test (a,b) and D’Agostino–Pearson test
(c,e) and for differences were Mann–Whitney U test (a,b) and Student’s t-test (c,e).

2.4. Effect of DAPA in Apoe−/−Irs2+/−Mouse Macrophages

A recent investigation has shown that DAPA attenuates myocardial infarction through
macrophage phenotype modulation [20], therefore, the effects of DAPA and DAPA conditioned
media (DAPACM) and their respective vehicle controls were evaluated in in vitro Apoe−/−Irs2+/−
murine-derived macrophages.

Cytokine expression analysis revealed diminished mRNA levels of Mcp1 in DAPA-treated
(Figure 8a) macrophages compared with vehicle-treated cells without changes in Tnfa (Figure 8b) or Il6
(Figure 8c) expression. Consistent with the in vivo data, cytokine gene expression in macrophages was
not altered by the treatment with media containing DAPA-treated mouse plasma, DAPACM, compared
with that in macrophages treated with vehicleCM derived from vehicle-treated mice (Figure 8a–c).
Analysis of surface macrophage markers showed no differences in the activation marker Cd11c among
treatments (Figure S3a). DAPA-treated macrophages displayed diminished expression of the Cd206
macrophage marker compared with controls (Figure S3b) but remained unchanged between DAPACM
and vehicleCM treatments (Figure S3b). Consistent with the results in macrophages treated with
conditioned media, the content of macrophage markers iNOS and ARGI in atheroma lesions was
similar between DAPA- and vehicle-treated Apoe−/−Irs2+/−mice (Figure 8d,e).
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Figure 8. Effect of DAPA in Apoe−/−Irs2+/− mouse macrophage phenotype. mRNA expression of
proinflammatory (a) Mcp1, (b) Tnfa and (c) Il6 cytokines in Apoe−/−Irs2+/− macrophages treated
with vehicle (vehicle-treated), 1μM of DAPA (DAPA-treated) or with conditioned media containing
10% of plasma from vehicle-treated mice (vehicleCM) or with conditioned media containing 10%
of plasma from DAPA-treated mice (DAPACM). (d) iNOS and (e) ARGI lesional content in aortic
cross-sections from vehicle- and DAPA-treated male and female mice, determined as percentage of
positive stained area relative to lesion area. Representative images of the (f) iNOS, and (g) ARGI,
stainings used for the quantifications are shown. Scale bar: 100 μm. The lesion is limited by dashed
lines. The statistical analysis for normal distribution was Kolmogorov–Smirnov test and for differences
was one-way ANOVA followed by Tukey’s multiple comparison test (panel a), Kruskal–Wallis followed
by Dunn’s multiple comparison test (panels b,c) and Mann–Whitney U test (panels d,e). *** p < 0.001;
**** p < 0.0001.

3. Discussion

T2DM is a major risk factor for developing atherosclerosis, the main cause of CVD. Human clinical
trials have shown that anti-diabetic drug SGLT2i protects against CVD and HF in T2DM beyond
its glucose-lowering effects. Several anti-diabetic agents control atherosclerosis development by
restoring the homeostasis altered by IR in atheroma lesional cells, a key feature of T2DM. Therefore,
in the present study we evaluated the potential of SGLT2i DAPA in restraining atherosclerosis in
IR conditions. To this end, we investigated the effect of DAPA on Apoe−/−Irs2+/− mice, which,
under cholesterol-enriched atherogenic diet conditions, display accelerated atherosclerosis, IR and
hypercholesterolemia. Treatment of Apoe−/−Irs2+/−mice with DAPA did not result in changes in BW
or fasting plasma glucose compared with vehicle-treated controls. Fasting insulin was increased in
DAPA-treated females but not in males. Similarly, no differences in the levels of cholesterol (total,
apoB- and HDL-cholesterol) or triacylglycerol were observed between vehicle- and DAPA-treated
mice. Carbohydrate metabolism characterisation revealed no effect of DAPA on glucose tolerance or
insulin sensitivity tests. Notwithstanding this, analysis of insulin release during the GTT demonstrated
increased insulin levels but lower C-peptide release in DAPA-treated Apoe−/−Irs2+/−mice indicating
abnormal insulin clearance. Further analysis showed impaired insulin secretion of isolated pancreatic
islets treated with DAPA. In addition, impaired insulin signalling in adipose tissue explants pretreated
with DAPA was observed suggesting a detrimental effect on insulin action in this tissue. Atherosclerosis
lesion determinations in whole-mounted aorta and heart cross-sections did not show differences
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between vehicle and DAPA-treated mice. No effect of DAPA was observed in cellular and collagen
contents or in plaque vulnerability parameters within atheroma lesions. Likewise, DAPA did not affect
circulating immune system cells or plasmatic cytokine levels in vivo, although in macrophages resulted
in a decrease in Mcp1 and Cd206 expression compared to vehicle-treated macrophages. Altogether this
indicates that DAPA treatment in vivo does not protect against atherosclerosis in Apoe−/−Irs2+/−mice
and it seems to interfere with islet insulin secretion and adipose tissue insulin-signalling. These data
suggest that DAPA might not be effective against atherosclerotic complications associated with IR or
prediabetic states.

SGLT2i has been widely demonstrated to exert protective effects in metabolism by reducing
plasmatic hyperglycaemia and increasing glucosuria and natriuresis. Weight loss due to urinary loss
of calories, improved renal function and blood pressure are direct consequences of SGLT2i [21,22].
Moreover, in T2DM subjects, empagliflozin treatment improved insulin β cell function and insulin
sensitivity [23] while DAPA only ameliorated muscle insulin sensitivity [24]. In our study, with a mouse
model exhibiting IR but no other T2DM features, which also had hyperlipidaemia due to a high-fat,
high-cholesterol diet, DAPA treatment during the glucose challenge did not change glucose levels,
despite increased insulin plasmatic concentration. Blood insulin levels are determined by pancreatic islet
secretion but also by its plasmatic clearance. In fact, the observed decreased C-peptide release suggested
impaired insulin secretion from pancreatic islets. Consistent with the latter, isolated pancreatic islets
from Apoe−/−Irs2+/−mice treated with DAPA exhibited diminished insulin secretion index. Hence,
the defective blood glucose lowering effect of the circulating insulin in DAPA-treated mice indicated
otherwise defective clearance. Of note, defective insulin clearance and degradation are observed in
subjects with T2DM frequently due to abnormal insulin–insulin receptor (INSR) internalisation and
recycling in insulin-sensitive tissues, including liver, skeletal muscle, adipose tissue and kidney [25,26].
Consistent with defective INSR downstream signalling, experiments in adipose tissue demonstrated
impaired insulin-pathway activation, shown by a reduction in phosphoAKT protein levels. Our results
suggest that DAPA might affect metabolism by interfering with insulin-signalling in adipose tissue.
Notwithstanding, given that the major contributors to insulin clearance are hepatic and skeletal muscle,
further research must be conducted to demonstrate the hypothesis. Altogether, our study suggests that
DAPA treatment in IR mice in hyperlipidaemic conditions might have limited effects.

In addition, DAPA did not alter atherosclerosis or inflammatory parameters in our mouse
model. Preclinical investigations have shown that DAPA does not act on atherosclerosis in Apoe−/−
mice, but significantly diminished lesion size in hyperglycaemic conditions without IR. Thus DAPA
decreased atheroma size in streptozotozin (STZ)-induced hyperglycaemic and diabetic Apoe−/−
mice through reduction in hyperglycaemia-induced foam cell formation [7]. On the other hand,
empagliflozin treatment decreased atheroma plaques of Apoe−/−mice fed a carbohydrate- (43%) and
fat- (41%) rich Western diet [10]. Although the authors suggested that IR improvement was the
precipitant of atherosclerosis reduction, empagliflozin treatment also decreased carbohydrate-induced
hyperglycaemia, which could help mitigate atherosclerosis development. In agreement with this,
DAPA reduced atherosclerosis in STZ-induced diabetic Ldlr−/− [27] and Apoe−/− [28] mice. Consistent
with these studies, empagliflozin [29] and canagliflozin [30] ameliorated endothelial dysfunction and
atheroma lesion development in STZ-induced diabetic Apoe−/−mice. Empagliflozin also facilitated
regression of atherosclerosis in STZ-induced hyperglycaemic mice whose atherosclerosis was induced
by Ldlr− and Srb1− antisense oligonucleotide injection [31]. Altogether, these studies cast doubt on the
beneficial actions of SGLTi in the absence of hyperglycaemia and suggest that anti-atherogenic effects
are exerted by decreasing glucose levels independently of insulin action.

Among SGLT2i mechanisms [32], polarisation towards a non-invasive and pro-resolving
phenotype of macrophages via increased signal transducer and activator of transcription 3 (STAT3)
activity-dependent mechanism has been reported [20]. Notably, we have previously demonstrated
that glucagon-like peptide 1 receptor (GLP1R) agonists decrease plaque size and vulnerability in
Apoe−/−Irs2+/−mice by inducing a protective circulating immune cell phenotype, and by inducing
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polarisation of lesional macrophage to an anti-inflammatory phenotype [33]. Studies in the present
investigation showed that in vitro treatment of macrophages with DAPA reduced expression of
proinflammatory Mcp1 cytokine and macrophage marker Cd206. However, here DAPA did not show
an in vivo impact on either circulating immune cells or lesional macrophage content or markers
(iNOS and ARGI). Therefore, our results show that although DAPA might have potential beneficial
effects on macrophages in vitro, these are irrelevant for in vivo macrophage phenotype modulation
and for atherosclerosis development in our experimental setting, characterised by the absence
of hyperglycaemia.

In summary, our study indicates that DAPA treatment fails to alter glucose levels or
atherosclerosis development in Apoe−/−Irs2+/− mice, which develop hypercholesterolemia and
IR but not hyperglycaemia. Moreover, DAPA reduced glucose-stimulated insulin secretion from
islets, insulin clearance in vivo and insulin-signalling in adipose tissue. The present investigation
suggests that DAPA might not exert beneficial effects in atheroma vascular disease in IR and
hypercholesterolemic conditions.

4. Materials and Methods

4.1. Mice, Diets and Drug Treatments

Apoe−/− and Irs2+/−mice were crossed to generate Apoe−/−Irs2+/−mice (C57BL/6J background,
n = 21 male and n = 22 female). Mice had free access to water, were under temperature and
humidity-controlled conditions (22 ± 2 ◦C, 55 ± 10%) and with 12h light–dark cycles (8:00–20:00 h) in a
conventional animal facility. Mice were maintained on a regular chow diet (Teklad Global Rodent Diets
6.5% fat; Tekland, Envigo, Barcelona, Spain) and at 8 weeks of age were placed on an atherogenic diet
(10.8% fat, 0.75% cholesterol, S4892-E010, Ssniff, Soest, Germany) which is a Paigen-based diet with
modifications as described before [34] for 8 weeks. For the last 6 weeks, mice were randomly assigned to
receive daily treatment with dapagliflozin (n= 11 female n= 11 male; p.o. 3 mg/kg/day in 120μL) or with
vehicle [35] (carboxymethyl cellulose) (n = 10 female n = 11 male). Dose, timing of treatment, route of
administration and drug concentration for delivery was based on previous investigations [33,35].
All animal procedures were approved by the Animal Ethics Committee of INCLIVA and University of
Valencia (5/25/2017, procedure A1484231073016, administration approval 2017/VSC/PEA/00081) and
complied with the 2010/63/EU European Parliament directive.

4.2. Plasmatic Biochemical Determinations and Metabolic Assays

Plasma was obtained from whole blood with ethylenediaminetetra-acetic acid (EDTA)
of overnight-fasted mice. Analysis included triacylglycerol, total cholesterol, apoB-cholesterol,
HDL-cholesterol (Wako Diagnostics, Mountain View, CA, USA) as previously described [36]. Glucose
tolerance tests (GTTs) (2 g/Kg of body weight, BW, of glucose) and insulin tolerance tests (ITTs)
(0.5 U/Kg of BW Humulina, Lilly, Alcobendas, Spain) were performed in overnight- and 4-h-fasted
mice, respectively. Glucose levels were measured at different time points using a glucometer (Ascensia
Elite, Bayer, Leverkusen, Germany). Fasting basal insulin and insulin-release and C-peptide levels
during the GTT were measured using an anti-mouse insulin and C-peptide ELISA kit (CrystalChem,
Zaandam, The Netherlands) as reported [36].

4.3. Pancreatic Islet Isolation and Glucose-Stimulated Insulin Secretion Assay

For islet isolation, Apoe−/−Irs2+/− mice were infused with Krebs buffer (127 mM NaCl,
5 mM KCl, 3 mM CaCl2, 1.5 mM MgCl2, 24 mM NaHCO3, 6 mM Hepes, 2 mg/mL glucose,
0.1% albumin, equilibrated with 5% CO2 in O2) and the pancreas was dissected and digested
with collagenase-NB8 (1 mg/mL, Serva, Heidelberg, Germany) at 37 ◦C in a shaking water bath for
20 min. Islets were handpicked under stereoscope as described [37]. Insulin secretion was evaluated
by a glucose-stimulated insulin secretion assay at low (2.8 mmol/L) and high (16.7 mmol/L) glucose
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concentrations in KRBH buffer (140 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 20 mM
Hepes, 2 mg/mL glucose, 0.1% albumin). Four assays (5 islets each) were performed per condition and
insulin concentrations were measured by ELISA. The glucose stimulated insulin secretion index was
calculated as the ratio between high glucose-stimulated insulin release and the low glucose-stimulated
insulin secretion normalised each by the insulin content of the islets.

4.4. Liver Triacylglycerol Content and Histochemical Staining

Triacylglycerol hepatic content was determined by tissue digestion and saponification in ethanolic
potassium hydroxide, followed by enzymatic measurement of glycerol content (Free Glycerol Reagent,
Sigma, St. Louis, MO, USA). For examination of lipid droplets in hepatic tissue, paraffin-embedded
tissue sections were stained with haematoxylin–eosin and analysed as described [36].

4.5. Insulin Signalling Experiments in Adipose Tissue and Protein Analysis by Western Blot

Epididymal visceral fat pads from Irs2+/−mice were minced into 2–3 mm3 and incubated 24 h at
100 mg/mL in 6 well-plates with DMEM-P/S/A-10%FBS media in a humidified 5% CO2 atmosphere.
Explants were washed with PBS1X twice and incubated with DMEM-P/S/A-0.1%FBS media for 24 h in the
presence of DAPA 1 μM or media with vehicle as control adipose tissue. Explants were then stimulated
7 min with insulin (200 nM, Sigma, St. Louis, MO, USA) or vehicle and then snap-frozen in liquid
N2 for insulin-signalling pathway analysis by Western blot as described [38]. Briefly, protein extracts
were obtained by homogenising adipose tissue in the presence of ice-cold fat lysis buffer (Hepes
50 mM, pH 7.5, NaCl 150 mM, Triton 1% vol/vol, glycerol 10% vol/vol) supplemented with Complete
Mini cocktail, PhosSTOP (Roche, Mannheim, Germany), beta-glycerophosphate 50 mM (Sigma),
2 mM phenylmethylsulfonyl fluoride (PMSF, Roche) and 200 μM Na3VO4 (Sigma). Protein extracts
(50 μg) were prepared with Laemmli buffer (5 min 95 ◦C) and subjected to 12% w/v polyacrylamide
gel electrophoresis and Western blot as described. The following primary (1/200) and secondary
(1/2000) antibodies were used to detect the proteins: pAKT (4058, Cell Signalling, Beverly, MA,
USA), AKT1/2 (sc1619, Santa Cruz Biotech Dallas, TX, USA) and β-actin (A5441, Sigma, St. Louis,
MO, USA), anti-mouse IgG-HRP (P0447, Dako), donkey anti-goat IgG-HRP (sc2056, Santa Cruz
Biotech, Dallas, TX, USA) and goat anti-rabbit IgG-HRP (P0448, Dako Agilent, Santa Clara, CA, USA).
The immunocomplexes were detected with an ECL Plus detection kit (ThermoFisher, Waltham, MA,
USA). All antibodies for Western blot were acquired and used after checking that validation was
performed by manufacturer company.

4.6. Atheroma Lesion Analysis

To quantify atheroma lesion size, aortas and hearts of mice were dissected and fixed with 4%
paraformaldehyde/PBS (vol/vol). Lesion extension was assessed by an en face analysis of whole-mounted
aortas stained with oil red-O (Sigma) using morphometric analysis (Fiji, ImageJ-win64, NIH, Bethesda,
MD, USA). Hearts were paraffin-embedded, sectioned for haematoxylin/eosin staining and analysed
for atheroma lesion size measured as lesion area (mm2) in the aortic root and as the intima–media ratio
in two regions of the ascending aorta [40].

4.7. Histopathological Characterisation of Atheroma Lesions

Collagen content, necrotic core area, and fibrous cap thickness of atheromas were determined in
sections stained with Masson’s trichrome staining. Elastic fibres were analysed in aortic cross-sections
stained with Verhoeff-Van Gieson staining. For plaque instability, fibrous cap thickness (in μm) and
necrotic core area (measured as μm2) were determined. The fibrous caps were defined as regions
above the necrotic cores and were later identified as non-stained acellular areas [39]. Macrophages in
lesions were detected by immunohistochemistry in cross-sections treated for peroxidase inactivation
(H2O2 0.3%) and blocking with horse serum (5%) followed by incubation overnight at 4 ◦C with an
anti-Mac-3 antibody (1/200, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and biotin-conjugated
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goat anti-rat secondary antibody incubation 1 h at room temperature (1/300, Santa Cruz). For inducible
nitric oxide synthase (iNOS) and arginase I (ARGI) analysis, aortic cross-sections underwent antigen
retrieval (citrate buffer, 10 mM, pH 6.5 high pressure and temperature), peroxidase inactivation
(H2O2 3%), blocking with horse serum (5%), incubation overnight at 4 ◦C with primary antibodies
(rabbit anti-MMP-9, 1/200 dilution, (UPSTATE-Millipore, Billerica, MA, USA), anti-iNOS antibody
1/100 dilution (Abcam, Cambridge, UK) and anti-arginase I 1/50 dilution (Sigma, St. Louis, MO,
USA)), and incubation with a biotinylated anti-rabbit secondary antibody (1/500 dilution, Santa Cruz).
Immunocomplexes were detected with streptavidin-HRP (ab7403, Abcam, Cambridge, UK) and then
developed with DAB substrate. Counterstaining was done with haematoxylin and slides were mounted
with EUKITT (Deltalab, Barcelona, Spain). Lesional VSMCs were detected using an anti-SMα-actin
monoclonal alkaline phosphatase-conjugated antibody (1/20 dilution, Sigma) and Fast Red substrate
(Sigma). Slides were mounted with glycerol gelatin (Sigma) [33]. All images were captured with
a Leica DMD108 microscope coupled to a camera (Leica, Wetzlar, Germany). T-lymphocytes in
atheromas were detected by immunofluorescence with a polyclonal anti-human CD3 antibody (1/75
dilution, Dako, Santa Clara, CA, USA) and Alexa Fluor®-488 anti-rabbit IgG secondary antibody (1/200
dilution, Invitrogen, Madrid, Spain). Slides were mounted with Slow-Fade Gold reagent (Invitrogen)
and analysed with an inverted fluorescent microscope (DMI3000B, Leica). All antibodies used were
validated using negative controls by omission of primary antibodies.

4.8. Enzyme-Linked ImmunoSorbent Assay (ELISA) of Cytokines

Circulating levels of cytokines were determined in isolated plasma from heparinised mouse
blood (10U heparin/mL) using the specific cytokine DuoSet ELISA kits (R&D Systems, Minneapolis,
MN, USA).

4.9. Circulating Leukocyte Analysis by Flow Cytometry

To characterise circulating leukocytes by flow cytometry, 10 μL of heparinised whole blood was
incubated for 30 min at RT with CD45-FITC (BD Biosciences, Franklin Lakes, NJ, USA) to identify
leukocytes. Lymphocytes and neutrophils were identified by complexity and morphology, whereas
monocytes were gated based on the CD115-APC marker (Biolegend, San Diego, CA, USA). Ly6C-PerCP
(BD Biosciences, San Diego, CA, USA) and CD115-APC (Biolegend, San Diego, CA, USA) were
used for Ly6Clow and Ly6Chi-monocyte subsets identification. For circulating lymphocytes analysis,
10 μL of heparinised whole blood was incubated with 5 μL Brilliant Stain Buffer (BD Biosciences,
San Diego, CA, USA) followed by CD4-BV421, CD8a-BV510, CD3e-APC, or CD69-PE antibodies (BD
Biosciences, San Diego, CA, USA). Mouse Tregs were identified using Kit FoxP3 Staining Buffer Set
and with anti-CD25-APC, anti-Foxp3-PE, and anti-CD4-VioBlue (all from Miltenyi, Bergisch Gladbach,
Germany). The samples were incubated with FACS Lysing solution (BD Biosciences) for 10 min before
flow cytometry analysis (FACSVerse or FACS Fortessa Flow cytometer, BD Biosciences, San Diego,
CA, USA).

4.10. Experiments with Bone Marrow-Derived Macrophages

Murine bone marrow-derived macrophages were obtained from the femoral and tibial bone
marrow of mice sacrificed by cervical dislocation. Bone marrow cells were differentiated for 5–6 days
with 10% FBS/DMEM (Lonza, Basel, Switzerland) supplemented with 10% L929-cell conditioned
medium (LCM: as a source of macrophage colony-stimulating factor) [40]. For the last 24 h, macrophages
were treated with 0.5%FBS/DMEM medium supplemented with vehicle, 1 μm of DAPA, 10% of plasma
from DAPA-treated mice (Dapagliflozin-conditioned media, DAPACM) or 10% of plasma from
vehicle-treated mice (vehicle-conditioned media, vehicleCM). Cytokine gene expression was analysed
by qPCR.
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4.11. Gene Expression Analysis by Quantitative Real-Time PCR

RNA (0.5–1 μg) from murine macrophages was obtained using TRIzol Reagent (Invitrogen),
which was reverse-transcribed with the Maxima First Strand cDNA Synthesis kit and amplified with
Luminaris Color HiGreen High ROX qPCR Master Mix (Thermo Scientific, Waltham, MA, USA)
on a thermal Cycler 7900 FastSystem. Results were analysed with the provided software (Applied
Biosystems, Foster city, CA, USA). mRNA levels were normalised to cyclophilin expression and
relativised to controls. The primer sequences can be found in Supplementary Data Table S1.

4.12. Statistical Analysis

Quantitative variables are shown as single data points and mean ± sem. All data obtained were
analysed unless these data were out of range of the standard curve or if samples were lost during
the experimentation. Data were analysed for normal distribution using the D’Agostino–Pearson
omnibus, Shapiro–Wilk test or Kolmogorov–Smirnov test. Differences were evaluated with the
Student´s t-test, Mann–Whitney U test, two-way ANOVA followed by Bonferroni or Tukey’s post
hoc test, one-way ANOVA followed by Bonferroni or Tukey’s multiple comparison test (more than
two groups), or Kruskal–Wallis followed by Dunn’s multiple comparison test (more than two groups)
(GraphPadPrism Software Inc., La Jolla, CA, USA). Statistical significance was set at p ≤ 0.05. Male and
female data were displayed separately.

5. Conclusions

Altogether, our study indicates that in mice with IR but without hyperglycaemia or other
characteristics of T2DM, DAPA treatment does not restrain atherosclerosis, and could have
detrimental effects.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/23/
9216/s1.
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Abbreviations

Apoe apolipoprotein E
ARG arginase I
AUC area under the curve
BW body weight
CVD cardiovascular disease
DAPA dapagliflozin
EDTA ethylenediaminetetra-acetic acid
ELISA enzyme-linked immunosorbent assay
GTT glucose tolerance test
HF heart failure
iNOS inducible nitric oxide synthase
IR insulin resistance
IRS2 insulin receptor substrate 2
ITT insulin tolerance test
MMP9 matrix metallopeptidase 9
qPCR quantitative polymerase chain reaction
SGLT2 sodium-glucose transporter 2
SGLT2i sodium-glucose transporter 2 inhibitor
STAT signal transducer and activator of transcription
STZ streptozotocin
T2DM type 2 diabetes mellitus
VSMC vascular smooth muscle cells
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Abstract: Atrial fibrillation (AF) is the most frequent arrhythmia managed in clinical practice, and
it is linked to an increased risk of death, stroke, and peripheral embolism. The Global Burden of
Disease shows that the estimated prevalence of AF is up to 33.5 million patients. So far, successful
therapeutic techniques have been implemented, with a high health-care cost burden. As a result,
identifying modifiable risk factors for AF and suitable preventive measures may play a significant role
in enhancing community health and lowering health-care system expenditures. Several mechanisms,
including electrical and structural remodeling of atrial tissue, have been proposed to contribute to
the development of AF. This review article discusses the predisposing factors in AF including the
different pathogenic mechanisms, sedentary lifestyle, and dietary habits, as well as the potential
genetic burden.
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1. Introduction

Over the past hundred years, atrial fibrillation (AF) is the arrhythmia that has been
studied the most among all other heart rhythm disorders, leading to valuable conclu-
sions [1]. The prevalence of AF ranges from 2% in the general population to 10–12% in
those aged 80 and older [2]. It is the most common arrhythmia in humans, and incidence
increases with advancing age [2]. According to the Global Burden of Disease, the estimated
prevalence of AF is up to 33.5 million individuals, as it affects 2.5–3.5% of populations
in several countries [3]. Atrial fibrosis has emerged as a significant pathophysiological
component, with links to AF recurrences, resistance to medication, and complications [3].
Studies on the histological as well as electrophysiological aspects of the disease have led
to its better understanding, improving the therapeutic possibilities and effectively, the
quality of life of patients [1]. However, crucial questions regarding the formation and
perpetuation of the disease remain unanswered. In this article, an update is presented
on the emerging data connecting oxidative stress and inflammation to unfavorable atrial
structural and electrical remodeling [4]. Moreover, it is epidemiologically proven that
AF is correlated to several factors that either individually or in combination promote the
initial development of the arrhythmia and the episodes that characterize the disease [5,6].
Undoubtedly, aging constitutes the primary factor responsible for the pathogenesis of the
arrhythmia [5]. Additionally, arterial hypertension, obesity, diabetes mellitus and genetic
factors have also been confirmed by the Framingham studies to be significant predisposing
factors of the disease, while multiple dietary components seem to play a protective role
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reducing the occurrence of AF [7–9]. The present review summarizes the role of specific
risk factors and pathophysiological mechanism in the development and perpetuation of
the arrhythmia.

2. Fibrosis

Several mechanisms have been postulated to play a role in the development of AF,
through both the electrical and structural remodeling of the atrial tissue. Among them,
fibrosis has been studied thoroughly, confirming its significant role in this process.

Fibrosis refers to the increased deposition of extracellular matrix proteins in the my-
ocardial interstitial tissue due to the excessive proliferation of fibroblasts in response to
pathological conditions. Fibroblasts are responsible for the structural support and main-
tenance of the homogeneity of the cardiac tissue. During the fibrotic process, fibroblasts
differentiate to myofibroblasts, cells that have been studied for their effect on reducing
conduction velocity in the myocardium, promoting an arrythmogenic substrate [10].

Fibroses can been classified into two distinct types, reparative and interstitial fibrosis:

1. Reparative fibrosis refers to the replacement of necrotic myocardial cells by fibrotic
tissue [9,11].

2. Interstitial fibrosis can be sub-classified into:

(a) Reactive fibrosis, which indicates the deposition of extracellular matrix (ECM)
in the interstitial and perivascular space without the replacement of the dam-
aged cells [9,11];

(b) Infiltrative interstitial fibrosis, which refers to the deposition of glycosphin-
golipids or insoluble proteins in the interstitial space, as seen in amyloidosis or
Fabry disease respectively [12].

The two different types of fibrosis may coexist.

2.1. Cellular Mediators of Atrial Fibrosis

Several cellular subtypes have been investigated for their effect in the fibrotic process
and the subsequent promotion of atrial fibrillation. Among them, fibroblasts have been
established as the main cellular effectors of atrial fibrosis [13]. Fibroblasts are small, spindle-
shaped cells of mesenchymal origin, accounting for 10–15% of all cardiac tissue cells. [14]
They are metabolically active cells, regulating the synthesis and turnover of the ECM,
thus preserving the architectural integrity of the cardiac tissue. Multiple communication
pathways have been established between fibroblasts and cardiomyocytes, altering the
latter’s electrophysiological properties. Under various pathological conditions and stress
indicators, a phenotypic conversion of fibroblasts to alpha-smooth-muscle actin (αSMA)
expressing myofibroblasts, takes place.

In detail, the activation and differentiation of local cardiac fibroblasts is dependent on
multiple neurohumoral and mechanical profibrotic stress stimuli. Among the biochemical
signals that have been identified to induce fibroblast differentiation, TGFβ has a prominent
role in this process through both a canonical (SMAD-dependent) and non-canonical (SMAD-
independent) pathway, which mediates the transcription of myofibroblast genes [15,16].
Additionally, angiotensin II (AngII) and endothelin 1 (ET-1), which bind to the G-protein-
coupled receptors (GPCR) presented by cardiac fibroblasts, have been established as fibrotic
mediators through the activation of a signaling cascade that promotes fibrotic gene tran-
scription [17]. The activation and differentiation of fibroblasts is further enhanced when
mechanical forces are applied that generate a more tensile and rigid matrix. The mech-
anisms that have been proposed to be responsible for the tension-based induction of
myofibroblasts rely either on the activation of stretch-sensitive transient receptor potential
(TRP) channels, which further activate factors such as TGFβ, or the force-mediated acti-
vation of p38 from the contractile signals of the cytoskeleton [18]. In conjunction with the
aforementioned traditional fibroblast activation pathways, recent studies have brought to
light significant mitochondrial, as well as cellular, metabolic components that promote the
formation of myofibroblasts. Mitochondria act as key regulators in the fibroblast activation
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process by reducing their Ca2+ uptake in response to the profibrotic signals, a process
that further enhances the cytosolic Ca2+ signaling pathway. Additionally, the profibrotic
stressors induce the production of mitochondrial ROS, which activate factors such as p38
and ERK1/2, known for augmenting the transcription of fibrotic genes [19]. Lastly, various
cellular metabolic functions have been highlighted over the past few years among the main
drivers of myofibroblast formation. In particular, an increase in the rate of glutaminolysis
in fibroblasts is considered crucial for their activation, while alterations in glycolysis with
the subsequent increase in lactate production have been proposed as essential mechanisms
for the promotion of the myofibroblast differentiation program [20]. Myofibroblast ac-
tions include recruiting inflammatory cells, promoting wound contraction, and secreting
an excessive amount of ECM proteins such as collagen type I, III and IV; periostin; and
fibronectin, leading to fibrosis [21,22].

In addition to fibroblasts, multiple inflammatory cells have been shown to be involved
in the pro-fibrotic process. Studies have demonstrated the principal role that macrophages
have in the regulation of fibrosis. Resident macrophages, originating from yolk sac-derived
erythromyeloid progenitors (EMPs), populate the healthy myocardium, promoting its
homeostasis. During the event of cardiac injury, multiple blood-borne monocytes infiltrate
the myocardium and differentiate to macrophages [23]. Monocyte-derived macrophages ex-
press broad heterogeneity, enabling them to exert different functions, such as the production
of multiple pro-fibrotic growth factors (IL-10, TGF-β, IGF-1, and PDGF), pro-inflammatory
cytokines (IL-6, TNF-α, ROS), and proteases that contribute to matrix remodelling [23].

Likewise, following myocardial injury, T-cells populate the cardiac tissue in response
to cytokine signalling. T-cells are then differentiated into either CD4+ (Th1, Th2) or CD8+
cytotoxic T cells, which exert distinct functions. In the immediate post-insult period,
Th1 and CD8+ cells are the main residents of the myocardium [24]. These cells have
been recognised for their anti-fibrotic functions, as they release mediators, such as IFN-γ
and protein-10, which inhibit the action of the pro-fibrotic TGF-β. Additionally, INF-γ
interferes with the activation of Th2 cells by impacting the production of IL4 and IL13 [24].
Progressing into the chronic injury period, Th2 cells overtake Th1 cells as the principal CD4+
cell phenotype in the myocardial tissue. In contrast to the latter, Th2 cells exhibit significant
pro-fibrotic activity. This is performed mainly by secreting IL4 and IL13, molecules that
stimulate collagen secretion either by enabling TFG-β or by recruiting monocytes in the
lesion site [24].

Another component of the innate immunity, mast cells, have established their role
as modulators for cardiac fibrosis. Studies have demonstrated that, under conditions of
cardiac ischemia and pressure overload, mast cells multiplicate and degranulate pre-formed
inflammatory and fibrotic (e.g.,TGF-β1, TNF, IL-1) mediators. Mast cells present in the
cardiac tissue represent the connective tissue phenotype and contain both chymase and
tryptase. Shiota et al. conducted a study that identified a 5.2-fold increase in chymase
activity in hamsters with chronic pressure-overloaded hearts [25]. Multiple studies have
proven the pro-fibrotic effect of increased chymase activity in cardiac remodelling by
promoting the formation of angiotensin-II [26–28]. The increased levels of tryptase in
fibrotic hearts have been shown to mediate fibroblast proliferation and differentiation
to myofibroblasts. The mechanism responsible has been attributed to the stimulation of
protease activated receptor-2 (PAR-2) in fibroblasts and the subsequent phosphorylation
of extracellular signal-regulated protein kinases 1 and 2 (ERK 1

2 ), which promotes the
differentiation of fibroblasts to myofibroblasts [29]. Lastly, the role of histamine produced by
mast cells has been thoroughly studied, establishing its significance in cardiac fibrosis. The
detrimental role of histamine in cardiac fibrosis has been proven in an animal experiment,
wherein a lack of histamine induced a response in H2-receptor-deficient mice and reduced
myocardial apoptosis and fibrosis [30]. Nevertheless, multiple anti-inflammatory and
anti-fibrotic mediators are also among the degranulation products of mast cells, raising
controversy over the exact function of mast cells in the process of tissue remodelling [31]
(Figure 1).
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Figure 1. This graphical abstract summarizes the cellular mediators of atrial fibrosis. Following
an insult, inflammatory mediators signal immune cells such as monocytes, CD4+ T-cells, and mast
cells to infiltrate the atrial myocardium. These cells promote tissue fibrosis by secreting pro-fibrotic
factors and regulatory molecules that enhance the activation and differentiation of fibroblasts to
myofibroblasts. Additionally, the figure depicts the anti-fibrotic mediators that are secreted by Th1
cells in the early-insult stage and that are gradually overhauled by the products of pro-fibrotic Th2
cells. TGFβ, transforming growth factor beta; TNFα, tumor necrosis factor alpha; PDGF, platelet-
derived growth factor; IL-1, interleukin 1; IL-4, interleukin 4; IL-6, interleukin 6; IL-10, interleukin 10;
ROS, reactive oxygen species; IFNγ, interferon gamma; IGF-1, Insulin-like growth factor 1; Th1, t
helper type 1; Th2, t helper type 2; PAR-2, protease activated receptor 2; Ang-II, angiotensin.

2.2. Fibrotic Mechanisms Inducing Atrial Fibrillation

Fibrosis has been established as a significant factor maintaining atrial fibrillation.
There has been increased data associating the atrial remodelling induced by fibrosis
with the promotion of AF. It has been proposed that the increased population of fibrob-
lasts/myofibroblasts present in the fibrotic tissue and the increased deposition of ECM dis-
rupt the myocardial bundles continuity, interfering with the gap-junction formation among
cardiomyocytes. This event leads to conduction abnormalities, slowing conduction velocity
and eventually forming unidirectional conduction blocks [32]. Moreover, as mentioned
previously, myofibroblasts form communication channels with cardiomyocytes, altering
their electrophysiological properties, giving rise to focal firing and re-entrant circuits.

Over the last 10 years, several clinical studies have been conducted to confirm the
aforementioned mechanisms. Researchers from the Cardiovascular Research institute in
Maastricht performed epicardial mapping in 24 patients with long-standing persistent AF,
undergoing cardiac surgery, in an attempt to uncover the spatiotemporal characteristics
of the fibrillatory process underlying the disease. The study confirmed the intra-atrial
conduction disturbances with the presence of block lines running in parallel to the muscular
bundles [33]. Additionally, a significant contribution in understanding the pathophysiol-
ogy underlining the relationship between atrial fibrosis and arrhythmogenesis was made
by Sebastien P.J Krul, et al., who studied the effect of interstitial fibrosis on conduction
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velocity [34]. Researchers obtained 35 atrial appendages during AF surgery and recorded
the activation time as well as the longitudinal (CVl) and transverse (CVt) conduction
velocity (CV). The results demonstrated that the thick interstitial fibrotic strands were
directly associated with an increase in the longitudinal CV in contrary to the transverse CV,
which was not affected [34]. However, a greater extent of transverse activation delay was
observed because of the presence of activation block areas leading to a pattern of zig-zag
conduction. This study points at the quality rather than the quantity of the fibrotic tissue
as responsible for the formation of an arrhythmogenic substrate, with re-entry circuits
enabling the perpetuation of atrial fibrillation [34]. To further verify the driver mechanisms
of AF, Hansen et al. performed a simultaneous mapping of the sub-endocardial and sub-
epicardial activation patterns, and then integrated these data to an MRI-produced atrial
model, in an attempt to visualize the AF drivers. The researchers confirmed the presence of
longitudinal conduction blocks in agreement with the epicardial mapping study and, in
addition, proved that fibrosis due to cardiac diseases disrupts the myocardial architecture,
promoting a structural substrate for re-entrant AF drivers [35].

3. Oxidative Stress

Over recent years, oxidative stress has been investigated as a potential essential
mechanism in the development of AF. Reactive oxygen species (ROS) constitute the normal
byproducts generated through the metabolism of oxygen. These molecules have been
proven to have a multifaceted effect on the cells present in the heart tissue. Tahhan
et al. recently revealed that the prevalence and incidence of AF were related to the redox
potentials of glutathione (EhGSH) and cysteine, markers of oxidative stress. The study
concluded that the prevalence of AF was 30% higher for each 10% increase in EhGSH,
while the same alteration resulted in a 40% increase in the risk of incident AF [36]. The
molecular processes underpinning atrial fibrillation development have been the subject
of multiple clinical studies. Research evidence suggest that excessive ROS can directly
affect ion channels and the propagation of action potential [37]. Hydrogen peroxide
provokes trigger activity through the enhancement of late Na+ current, inducing early
afterdepolarization (EAD) and delayed afterdepolarization (DAD). Moreover, ROS can
induce a downregulation of the total Na+ current, an event that promotes the formation
of reentry circuits. It is also worth mentioning that ROS can directly upregulate the L-
type Ca2+ current and promote EADs by altering the intracellular calcium balance [37].
Recent experimental evidence suggests that the oxidation of ryanodine receptor 2 (RYR2)
induces the intracellular release of Ca2+ from the sarcoplasmic reticulum, promoting the
establishment of atrial fibrillation [38]. The generation of ROS in the myocardium has been
attributed to many enzymatic sources. Among them, NADPH oxidase (NOX) has proven to
have a critical role in the progress of AF. In studies performed in animal models, superoxide
and H202 produced from activated NOX2 and NOX4 isoforms lead to myocyte apoptosis,
fibrosis, and inflammation, which further promote atrial fibrillation perpetuation. One
proposed mechanism through which ROS could exert their pro-arrhythmic function is by
the oxidation of calmodulin-dependent protein kinase II (CaMKII) [39]. Oxidized CaMKII
mediate the phosphorylation of the RYR2, leading to calcium overload and the formation of
multiple wavelets triggering atrial fibrillation emergence [40]. In addition to the electrical
remodeling stimulated by the mechanisms described, ROS have also been demonstrated to
contribute to atria structural remodeling. Researchers from Slovakia showed that hydroxyl
radicals can alter the myofibrillar protein structure and function, promoting myocardial
injury and further contributing to the formation of a fertile substrate for the development
of arrhythmias [5,41].

4. Inflammation

Inflammation has been linked to the onset and maintenance of atrial fibrillation,
according to accumulating evidence. Inflammation contributes to the atrial remodelling
involving both structural and electrophysiological alterations that form the basis for the
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disease. A large-scale prospective study involving 24,734 women participants investigated
the association of inflammatory markers such as CRP, fibrinogen, and intercellular adhesion
molecule 1 (sICAM-1) with the incidence of AF. The results suggested that inflammation is
a strong indicator for the incidence of AF with the median plasma levels of the biomarkers
being independently correlated with the development of the disease in patients [42]. That
suggestion was further confirmed when scientists from Greece observed that the levels
of high-sensitivity C-reactive protein (hs-CRP) are directly linked with the recurrence of
AF after cardioversion and that the restoration of sinus rhythm (SR) resulted in a gradual
decrease of hs-CRP [43], while Rotter et al. reported that CRP levels in individuals with
AF declined following effective ablation [44,45]. Additionally, in a recent study, Yao C.
et al. demonstrated that, in patients with atrial fibrillation, the activity of NLRP3 (NOD-,
LRR-, and pyrin domain-containing protein 3) inflammasome in atrial cardiomyocytes
was considerably enhanced. The upregulation of the NLRP3 inflammasome promotes the
release of damage-associated molecular patterns (DAMPs), which lead to the activation
of cardiac fibroblasts, cells that, as described earlier, are the main effectors of cardiac
fibrosis [13].

Advances in the field of cardiology over the last years have led to the identification of
many cellular and molecular mechanisms that suggest inflammation is responsible for the
pathogenesis of AF. Under inflammatory stress, angiotensin II stimulates the production of
proinflammatory cytokines (e.g., IL-6, IL-8, TNF-α) and the recruitment of immune cells.
The role of AngII has also been established in the fibrosis and structural remodelling of
the cardiac tissue through the activation of the MAPK-mediators of AngII/AT1R and the
subsequent expression of the pro-fibrotic TGFβ1, which promotes fibroblast differentiation.
Furthermore, increased pressure overload, as well as several gene polymorphisms in renin
and angiotensin, mediate the formation of angiotensin II and the activation of angiotensin
II receptors. Angiotensin II has been linked with the activation of NOX and the subsequent
oxidation-related calcium-handling abnormalities, resulting in the electric remodelling
of the atria. Additionally, NOX is a potent stimulator of the transcription factor nuclear
factor-κB (NF-κB), which directly affects the sodium channel promoter regions, leading
to a downregulation of the sodium channels and the promotion of AF mechanics [46,47].
The RAAS system mechanism lying behind AF development reflects the theory that atrial
fibrillation begets atrial fibrillation. This notion can be justified by recent evidence sug-
gesting that AngII not only causes inflammation but also that inflammation can promote
AngII production through hs-CRP and TNF-a. These molecules, which are pronounced in
inflammatory states, seem to have an upregulatory effect on the AT1R, further promoting
this vicious cycle [48].

When associating inflammation with the occurrence of atrial fibrillation, it is important
to mention the culprit of coronary artery disease in this phenomenon. Coronary heart
disease has been associated with the development of atrial fibrillation through various
mechanisms [49]. Among them, inflammation constitutes the most important determinant
of atrial fibrillation presentation, second only to atrial infarction and the subsequent tissue
fibrosis. Following the event of myocardial ischemia, local as well as systemic inflammation
arises, which causes the release of various inflammatory factors such as IL-6 and CRP,
which have been independently associated with the development of atrial fibrillation [50].
It has been proposed that IL-6 exerts its proarrhythmic effect by inducing atrial remodelling.
Increased serum levels of IL-6 were associated by Psychari SN et al. with an increased
left atrial size. The dilatation of the left atrium is believed to result from the stimulating
effect of IL-6 on matrix-metalloproteinase-2 (MMP2), a protease that has been implicated
in atrial remodeling [51]. Moreover, it has been demonstrated that inflammation induced
by myocardial infarction can promote atrial remodeling through the activation of Toll-like
receptors (TLR), factors of the innate immune system. Particularly, TLR 2 and TLR 4 mRNA
expression is significantly enhanced in patients following MI, while elevated TLR-2 levels
have been associated with increased left atrial size [52,53].
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Of great importance when relating inflammation with AF, is the prothrombotic state
present in the disease. A high CRP level has been related to the formation of thrombi
in the left atrium [54]. Research has established the mechanisms of thrombogenesis in
inflammation. During an inflammatory state, innate immune cells activation and the release
of inflammatory ligands are upregulated. IL-2, IL-6, IL-8, TNF-a, and MCP-1 production
is enhanced by the activated immune cells resulting in the synthesis of tissue factor (TF),
von Willebrand factor (vWF), and P-selectin [55]. These molecules mediate platelet agglu-
tination, as well as monocyte-endothelial cell attachment. This event combined with the
endothelial damage induced in the atrium of a patient affected by AF severely increases
the risk of thrombus formation [56–58] (Table 1).

Table 1. Differences in concentrations of inflammatory proteins in patients with and without
atrial fibrillation.

Protein
Protein Serum

Levels Difference
Atrial Tissue Levels

Difference
Predictor for AF

CRP NA NA Yes
MCP-1 + + No
MPO NA + No

TGF-β NA + No
TNF NA + No

HSP-27 + + NA
HSP-70 - - NA

IL-1 NA NA NA
IL-6 NA + No
IL-8 + + NA
IL-10 NA + NA

Abbreviations: AF = atrial Fibrillation, IL = interleukin, CRP = C-reactive protein, TNF = tumor necrosis factor,
HSP = heat shock protein, TGF = transforming growth factor, MPO = myeloperoxidase, MCP-1 = monocyte
chemoattractant protein, NA = not applicable, (+) = There is a difference in concentration; (-) = There is no
difference in concentration.

5. Sedentary Lifestyle

Over the last decade, efforts have been made to prove the association between behav-
ioral lifestyle and AF incidence [59,60]. Said, M. A et al. noted that a log-additive effect on
the risk of developing cardiovascular diseases was present when the health habits and the
individual genetic background were considered in a large population [60]. The American
Heart Association (AHA) recently established the concept of the American Heart Associa-
tion’s Life’s Simple 7 (LS7) metrics based on four healthy behavior metrics (non-smoking,
normal weight, moderate physical activity, and a healthy diet) and three health factors (nor-
mal cholesterol, blood pressure, and fasting blood glucose [FBG]) [61,62]. Yang, Y. et al. and
a MESA study showed that the subgroup with 3 to 7 ideal components from the optimal LS7
status had low risk of AF (57~59% reduced risk), while adherence to the optimal LS7 status
reduced the risk even more [62,63]. As a result of extended, uninterrupted sitting, sedentary
lifestyles cause negative alterations in blood insulin and glucose levels. Insulin resistance
is linked to endothelial dysfunction due to a mismatch between the phosphatidylinositol
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) signaling pathways [64].
In an insulin-resistant condition, PI3K signaling is diminished, resulting in lower nitric
oxide availability, but MAPK signaling is unchanged, resulting in increased endothlin-1
synthesis, endothelial cell death, and inflammation [64,65].

The way that weight reduction affects AF incidence and symptoms was analyzed
in a randomized observational trial of 248 patients [66]. When compared to the control
group, the intervention group lost significantly more weight (14.3 vs. 3.6 kg) and had
significantly lower atrial fibrillation symptom burden scores, symptom severity scores,
number of episodes (2.5 vs. no change), and cumulative duration (692-min decline and
419-min increase) [66]. As far as the benefits in cardiac remodeling are concerned, inter-
ventricular septal thickness (1.1 and 0.6 mm) and the left atrial area (3.5 and 1.9 cm) were
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reduced in the intervention and control groups, respectively. AF was associated with worse
postoperative outcomes, in particularly in patients with carotid artery disease, revealing
high stroke/death risk [66–68]. Previous research discovered that increased self-reported
sitting is related with increased levels of adipokines, C-reactive protein and low-grade
inflammation, a result that was independent of physical activity levels [64]. Increased
reactive oxygen species (ROS) production inside the arterial wall may be responsible for
vascular remodeling, promoting smooth muscle cell proliferation and generating endothe-
lial dysfunction. The formation of ROS has been linked to sedentary lifestyle while being
viewed as a significant component in the etiology of cardiovascular disease, notably due
to the production of superoxide, which is related with endothelial function deficits and
hypertension [69]. These findings suggest that targeting ideal cardiovascular health and
weight reduction may limit the incidence and the severity of AF [66,68].

6. Dietary Habits

6.1. Alcohol-Resveratrol

Of interest is the effect of multiple dietary components in the pathogenesis or treatment
of AF. High levels of alcohol intake were associated with increased occurrence of AF, while
moderate consumption lead more males than females to AF [70]. More specifically, Larson
et al. present the risk ratios among drinkers of <1 drink/week (12 g alcohol/drink), in a
cohort study with 7245 AF cases. The results were the same regardless of the inclusion of
binge drinkers: a hazard ratio of 1.01 for 1 to 6 drinks/week, 1.07 for 7 to 14 drinks/week,
1.14 for 15 to 21 drinks/week, and 1.39 for >21 drinks/week [70]. The findings note that
even moderate alcohol consumption could potentially lead to AF. Low level of alcohol is still
a debateable issue as a risk factor for AF in a large amount of studies. Ariansen I. et al. show
that the consumption of up to ten alcoholic beverages per week appears to be harmless,
while higher consumption constitutes a predisposing factor for AF [71,72].

Although reduced alcohol intake has to be a rational treatment target for patients with
AF, resveratrol, a bioactive polyphenol, found in red wine, grapes, seeds, and peanuts
has recently attracted scientific attention as a cardioprotective nutritional supplement due
to its antioxidant and vascular effects [73,74]. In AF, resveratrol presents antiarrhythmic
qualities as it potentially operates as an inhibitor of both intracellular calcium release and
pathogenic signaling cascades, preventing calcium excess and maintaining cardiomyocyte
contractile function. Attempts have been made to generate novel resveratrol derivatives
for the treatment of arrhythmias [73,74].

6.2. Caffeine

Caffeine is a methylxanthine that has been considered a potential arrhythmiogenic
substance. Caffeine is contained in coffee, tea, cola, and energy drinks and has neurohor-
monal and sympathetic nervous system effect. Previous studies note that moderate coffee
consumption decreases the risk of heart failure, coronary heart disease, stroke, DM type 2,
and all-cause mortality from cardiovascular disease, as compared to non-consumers [75,76].
As far as AF incidence is concerned, a dose-response is presented from 6 prospective cohort
studies. Studies show a 11% reduction for low doses and 16% for high doses of caffeine
consumption, while the AF incidence decreases by 6% for every 300 mg/d increment in
habitual caffeine intake [77]. The risk of AF was greater in people who consumed fewer
than two cups of coffee per day (12-oz cup of coffee ~140 mg of caffeine) compared to
people with higher consumption. On the other hand, the likelihood of AF incidence de-
clined when caffeine consumption exceeded 436 mg/day [77]. The Physicians Health Study
highlights that men who reported drinking 1 to 3 cups of coffee every day have a decreased
incidence of AF. Specifically, rare/never coffee consumption is associated with a hazard
ratio for AF at around 1.0, ≤1 cup/week at 0.85, 2 to 4 cups/week at 1.07, 5 to 6 cups/week
at 0.93, 1 cup/day at 0.85, 2 to 3 cups/day at 0.86 (0.76–0.97), and 4+ cups/day 0.96 [78].
An innovative study of Casiglia E. et al. observed 1475 unselected men and women and
stratified them into three groups of caffeine intake, after genotyping for the −163C > A
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polymorphism of the CYP1A2 gene, regulating caffeine metabolism. With a larger caffeine
intake, AF was considerably reduced in the third tertile (>320 mg/day) than in the first and
the second, while no interaction was proven between slow caffeine metabolism and AF
occurrence [79,80].

6.3. Mediterranean Diet

An increasing body of research suggests that the Mediterranean diet (Med-Diet) is
useful in both the primary and secondary prevention of cardiovascular risk. This is achieved
by the reduction of oxidation stress by the leading Med-Diet habits [81,82]. Patients with
vascular events have lower glutathione peroxidase 3 (GPx3) levels compared to those
without events; the Med-Diet favorably stimulates the antioxidant activity of GPx3 in
AF, resulting in a reduced vascular event rate, while no differences regarding superoxide
dismutase (SOD) activity have been found [83]. Pastori et al. showed significant reduction
in AF’s vascular events in patients with adherence to the Med-Diet. More specifically, the
group of patients with AF and higher adherence to Med-Diet had by far the fewest vascular
events (5.3%) in comparison to the low-adherence group (23.4%) and the intermediate-
adherence group (8.4%). These findings show that the downregulation of soluble NOX2-
derived peptide (sNOX2-dp) and the decreased excretion of F2-isoprostanes (F2-IsoP) have
a strong relationship with adherence to the Med-Diet and could lead to a reduction of
cardiovascular events in AF patients, through an antioxidant effect [83]. Pignatelli P. and
Pastori D. et al. present that platelet function in AF patients may be affected by increased
adherence to the Med-Diet through the reduction of the urinary excretion of 11-dehydro-
TxB2 or 11-dehydrothromboxane B2 produced from the breakdown of thromboxane A2-
and the negative effect to gut-derived lipopolysaccharides (LPS), which may contribute to
major adverse cardiovascular events [84,85].

6.4. Virgin Oil—Magnesium—Lean Fish

A Mediterranean diet combined with extra virgin olive oil may lower the incidence of
AF by the decrease of inflammatory markers—such as C-reactive protein or interleukin-6-
and by its strong anti-oxidant effects. Magnesium has antiarrhythmic capabilities due to
its tendency to modulate cardiac excitability by inhibiting calcium ion entrance into cells.
According to a Mendelian randomization research, genetically greater blood magnesium
levels may be related with a lower incidence of AF. This observation may have therapeutic
implications because blood magnesium levels can be increased by supplementation and
dietary recommendations,—boosting intake of green leafy vegetables—and intravenous
administration [86,87]. As far as the effect of dietary intake of saturated fatty acids on the de-
velopment of AF is concerned, when total n-3 polyunsaturated fatty acids replaced dietary
saturated fatty acids, there was a slight rise in AF occurrences in males but not in women.
Replacing saturated fatty acids with monounsaturated or long chain polyunsaturated -n-6
polyunsaturated- fatty acids was not associated with the risk of AF [88,89]. In the same
pattern, the intake of total fish, fatty fish (herring/mackerel and salmon/whitefish/char),
and long-chain omega-3 polyunsaturated fatty acids has no contribution in the occurrence
of AF. In contrast, the group of patients who consume lean fish (cod/saithe/fish fingers)
in a frequency of ≥3 servings/week presents a lower risk of AF than the group of never
consumers [90,91] (Figure 2).
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Figure 2. Graphical illustration of daily dietary habits that reduce (brown arrow) or increase (red
arrow) the incidence of atrial fibrillation. n-3 PUFAs; polyunsaturated fatty acids.

7. Genetic Factors

Over the last decade, the identification of genes related to AF is a domain that has
garnered much media and scientific attention. Ion-channel mutations provide impor-
tant information on the processes driving AF; therefore, many methodologies and classic
Mendelian genetics have been utilized to determine the potential family foundation. As
far as the K+ channel genes are concerned, the genes whose mutations increase the risk of
AF occurrence are ABCC9 (I KATP), HCN4 (I f), KCNA5 (I Kur), KCND3 (I Ks), KCNE1
(IKs), KCNE2 (IKs), KCNE3 (IKs), KCNE4 (IKs), KCNE5 (IKs), KCNH2 (IKr), KCNJ2 (I
K1), KCNJ5 (I KAch), KCNJ8 (I KATP), KCNN3 (IAHP), and KCNQ1 (IKs) [92]. The
underlying mechanism is the higher K+ current reducing refractoriness and encouraging
re-entry while decreasing automaticity [2]. It has been found that rare mutations in the
gap junctional protein-coding gene GJA5 and in the nuclear pore complex (nucleoporin)
Nup155 could cause AF and sudden death even at a young age. These cases of AF are
likely to be caused by the re-entry mechanism. Equally important is the suggestion that
loss-of-function mutations delay repolarization and promote Ca2+ mediated after depo-
larization triggers AF. The above-mentioned phenomenon could be caused by: (a) the
variants SCN1B, SCN2B, SCN3B, SCN4B, SCN5A, and SCN10A of Na+ channel genes;
(b) junctophilin mutation (E169K), which was found to enhance the RyR2 Ca2+ leak, leading
to the juvenile onset of AF; (c) a single nucleotide polymorphism (SNP) in CASR, which
encodes a Ca+2-sensing receptor that detects extracellular calcium ion levels and regulates
calcium homeostasis [92]. The AFGen research uncovered 17 distinct susceptibility signals
for AF at 14 different genetic locations; these include KCNN3, PRRX1, CAV1, SYNE2,
C9orf3, HCN4, and MYOZ1 [2,92,93].

Various studies attempt to analyze the frequencies of single-nucleotide polymor-
phisms (SNPs) in genes whose protein products are involved in the pathogenesis of AF.
Genome-wide association (GWAS) in the Japanese population identified that rs2200733,
rs10033464 (located in the PITX2), and rs6584555 (located in the NURL1) were associated
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with AF [94]. In previous studies in Japan, six more loci were associated with AF: at 1q24
in PRRX1 (rs593479), 4q25 near PITX2 (rs2634073), 7q31 in CAV1 (rs1177384), 10q25 in
NURL1 (rs6584555), 12q24 in CUX2 (rs649002), and 16q22 in ZFHX3 (rs12932445) [95]. The
most significant finding was revealed in the study of Low S.K et al., in which different
genetic factors lead to AF between Japanese and European population. Variants of KCND3,
PPFIA4, SLC1A4-CEP68, HAND2, NEBL, and SH3PXD2A genes detected with five to
six new loci differing between the two populations [96]. Korea Genome Epidemiology
Study found two novel genetic loci on chromosomes 1q32.1/PPFIA4 (rs11579055) and
4q34.1/HAND2 (rs8180252), which were associated with the early-onset of AF. The loci on
chromosome 4 has association with a previously proven gene in a European population.
The found loci encode proteins involved in cell-to-cell communication, hypoxia, or long
non-coding RNA [97].

Of scientific interest are the results of the GWAS on the variants of the transcription
factor PITX2 [98,99]. The secretive protein is expressed in the adult left atrium, and, in early
life, it is responsible for the regulation of the right–left differentiation of the embryonic
heart, thorax, and aorta. The p.Met207Val variant produces a 3.1-fold increase in PITX2c
transactivation activity in HeLa cells when compared to the wild-type equivalent. When the
variant was expressed in contribution with wild-type PITX2c, an increase of arrhythmogenic
mRNA levels of KCNH2 (2.6-fold), SCN1B (1.9-fold), GJA5 (3.1-fold), GJA1 (2.1-fold), and
KCNQ1 in the homozygous form (1.8-fold) was revealed [98,100]. These genes encode
for the IKr channel α subunit, the β-1 Na+ channel subunit, connexin 40, connexin 43,
and the IKs channel α subunit, respectively [98–100]. Recent studies reveal that miRNAs
can influence gene expression in hypertrophy and arrhythmia, as well as the numerous
genes implicated in AF, making them viable molecular targets that may give greater clinical
assistance. miR-21 and miR-133 seem to be involved in the structural remodeling of the
atrium via enhanced fibrosis [101]. Differences in concentrations of miRNAs such as miR-21
between serum plasma and atrial tissue have been observed [101]. Studies have shown
that miR-133b, miR-328, and miR-499 functionally control the ion regulating the activity
of Ca2+ and K+ channels [102]. Their concentrations were higher in the bloodstream of
patients with acute new-onset AF and chronic AF rather than those without or with well-
controlled AF [103,104]. Consequently, it is necessary to perform further studies on the
strong genetic background of AF and the early detection of miRNA polymorphisms. SNPs
can also improve the diagnosis and management of the AF patients as potential biomarkers
(Table 2).

Table 2. Genetic mutations that are implicated in atrial fibrillation.

Gene of Polymorphism-Mutation Action

ABCC9 (I KATP)
KCNA5 (I Kur)
HCN4 (I f)
KCND3 (I Ks)
KCNE1 (IKs)
KCNE2 (IKs)
KCNE3 (IKs)
KCNE4 (IKs)
KCNE5 (IKs)
KCNH2 (IKr)
KCNJ2 (I K1)
KCNJ5 (I KAch)
KCNJ8 (I KATP)
KCNN3 (IAHP)
KCNQ1 (IKs)

Potassium (K+) channel genes
The increased K+ current abbreviates
refractoriness and promotes re-entry,
while tending to reduce automaticity
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Table 2. Cont.

Gene of Polymorphism-Mutation Action

SCN1B
SCN2B
SCN3B
SCN4B
SCN5A
SCN10A

Sodium (Na+) channel genes Delay repolarization and promote Ca+2

mediated after depolarization

GJA5
Mutations in the gap
junctional protein Re-entry mechanism

NUP155
Nuclear pore complex
(nucleoporin) Nup155 Re-entry mechanism

E169K Junctophilin mutation
Delay repolarization and promote Ca+2

mediated after depolarization
enhancing RyR2 Ca+2 leak

CASR rs1801725 Delay repolarization and promote Ca+2

mediated after depolarization

PITX2
rs2200733
rs10033464
rs2634073

PITX2 deficiency results in electrical
and structural remodelling

NURL1
rs6584555
rs6584555 Undefined

PRRX1 rs593479 Undefined

CAV1 rs1177384 Undefined

CUX2 rs649002 Undefined

ZFHX3 rs12932445 Undefined

8. Prevention-Conclusions

Physicians might always estimate the AF risk for patients with burdened health profile
(age, hypertension, diabetes, obesity etc.) via the multiple scales that have been introduced.
Obesity, excessive alcohol use, and obstructive sleep apnoea are all known to contribute
to unfavourable LA remodelling and AF risk [105,106]. As such, lifestyle and dietary
modifications including weight loss, alcohol reduction, and cardiometabolic risk factor
management would be a cornerstone for AF prevention [105,107]. The medical prescription
of medications other than anti-inflammatory agents, such as angiotensin-converting en-
zyme inhibitors, angiotensin receptor blockers, and aldosterone antagonists, can all help to
reduce LA enlargement, atrial fibrosis, and TGF-β indicators, as well as atrial dysfunction.
These are the most widely used drugs for AF and have to be considered for patients with
a history of heart failure [108,109]. The novel SGLT-2 inhibitors reveal beneficial effects
in systolic heart failure included improved cardiac energy metabolism, the prevention of
inflammation, oxidative stress, adverse cardiac remodelling, less LA enlargement, fibrosis,
atrial mitochondrial dysfunction, inflammation, and AF inducibility [110].

As far as the recognition of potential paroxysmal AF is considered, new strategies with
smart watches and other devices can detect events better than a traditional 24-h ambulatory
ECG recording [111,112]. Rapid progress has been made in identifying the genetic basis
for this common condition. For individuals with a remarkable family history of AF or
cardiomyopathy, DNA sequencing for potential genetic loci that are associated with AF
would be beneficial [113]. The correction of unfavourable stressors can result in decreased
atrial size and a reduction of electrophysiological anomalies in a scenario of established
pathological atrial enlargement, owing to continuous increases in volume or pressure load.
As such, clinicians’ high awareness of the field is the key point for the early identification
of AF events, while the development of early prevention strategies and screening programs
can be organized for patients with poor medical status [111].
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Based on the above facts, it has become clear that fibrosis, inflammation, and oxidative
stress, as well as behavioural and genetic factors, contribute decisively to the develop-
ment of atrial fibrillation. Undoubtedly, the aforementioned risk factors, primarily the
evolving atrial myopathy, form a fertile substrate for the establishment of anisotropic
conduction properties in the atrial myocardium, the fragmentation of the electrical activity,
and eventually, the development of atrial fibrillation.
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Abstract: Cardiovascular disease (CVD) is the leading cause of death worldwide and is the clinical
manifestation of the atherosclerosis. Elevated LDL-cholesterol levels are the first line of therapy but
the increasing prevalence in type 2 diabetes mellitus (T2DM) has positioned the cardiometabolic
risk as the most relevant parameter for treatment. Therefore, the control of this risk, characterized
by dyslipidemia, hypertension, obesity, and insulin resistance, has become a major goal in many
experimental and clinical studies in the context of CVD. In the present review, we summarized
experimental studies and clinical trials of recent anti-diabetic and lipid-lowering therapies targeted
to reduce CVD. Specifically, incretin-based therapies, sodium-glucose co-transporter 2 inhibitors, and
proprotein convertase subtilisin kexin 9 inactivating therapies are described. Moreover, the novel
molecular mechanisms explaining the CVD protection of the drugs reviewed here indicate major
effects on vascular cells, inflammatory cells, and cardiomyocytes, beyond their expected anti-diabetic
and lipid-lowering control. The revealed key mechanism is a prevention of acute cardiovascular
events by restraining atherosclerosis at early stages, with decreased leukocyte adhesion, recruitment,
and foam cell formation, and increased plaque stability and diminished necrotic core in advanced
plaques. These emergent cardiometabolic therapies have a promising future to reduce CVD burden.

Keywords: cardiometabolic risk; incretin system; dipeptidyl peptidase 4; sodium-glucose-co- trans-
porter 2 inhibitors; proprotein convertase subtilisin kexin 9

1. Introduction

Despite the existence of different cardiometabolic drugs, cardiovascular disease (CVD)
remains the first cause of death worldwide [1]. A main classical risk factor is elevated blood
levels of LDL-cholesterol (LDL-C) in the blood which are closely related to atherosclero-
sis [2], and constitute the first line of therapy [3]. However, the change in lifestyle patterns
that promotes sedentarism and an aging of the population have raised the incidence of type
2 diabetes (T2DM), thus becoming a major emergent risk. T2DM features are frequently
associated with hypercholesterolemia, dyslipidemia, hypertension, and obesity which
altogether represent a cardiometabolic risk whose main complication is the atherosclerotic
disease [4].

In recent decades, several mechanisms have been shown to contribute to aggravating
atherosclerosis in T2DM patients [5]. Insulin resistance (IR) which plays a pivotal role
in the onset of T2DM, increases endothelial cell (EC) dysfunction by diminishing the
bioavailability of vasodilators like nitric oxide (NO) [6]. Other mechanisms include IR
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induced apoptosis in macrophages [4] and reduced survival in vascular smooth muscle
cells (VSMC) [7] in lesions. Notably, these seem to be due to inflammatory signaling
pathways that promote plaque instability and rupture [4,7,8]. Moreover, hyperglycemia
contributes to glucotoxicity and exerts in the vascular bed a proatherogenic synergistic
effect alongside dyslipidemia and hypertension. These and other mechanistic studies led
to the hypothesis that anti-diabetic drugs might exert atheroprotection by acting directly
in vascular cells, prompting many experimental studies and clinical trials to study the
expanded use of these drug therapies in additional cardiovascular contexts [9,10].

In the following sections, we will summarize the main current strategies for the
management of carbohydrate and lipid metabolism and their relationship with CVD. These
include incretin-based therapies, sodium-glucose co-transporter 2 inhibitors (SGLT2i), and
proprotein convertase subtilisin kexin 9 (PCSK9) inhibitors. A schematic summary of
clinical trials over the years is displayed in Figure 1.

Figure 1. Clinical trials with cardiovascular end-points for T2DM patients in trials for incretin-based
and SGLT2i therapies and with LDL-C percentage change from baseline end-points for trials testing
PCSK9i. Based on https://clinicaltrials.gov/ct2/home (accessed 10 December 2020).

2. Therapies Based on the Incretin System

2.1. Biology of the Incretins

Incretin hormones are small gut-derived peptides secreted by the endocrine cells of
the intestine, mainly in the postprandial state, with potent insulinotropic actions. There
are two main incretin hormones, the glucose-dependent insulinotropic polypeptide (GIP),
secreted by the enteroendocrine K cells, and the glucagon-like peptide 1 (GLP1), secreted
by the gut L cells of the distal small intestine and large bowel [11,12].

GLP1 is produced in response to nutrient intake, mainly sugars and fat, and its two
active forms are the GLP1-(7–37) and the GLP1-(7–36)NH(2) generated by selective cleavage
of the proglucagon molecule [13]. The GLP1 hormone exerts its effects through the GLP1
receptor (GLP1R) located in the gastrointestinal tract and pancreatic β-cells. However, it is
also found in the heart, VSMCs, EC, immune cells, lung, kidney, and nervous system [13].
This protein is a G coupled receptor that mediates GLP1 actions to modulate glucose levels
and body weight [13]. In β-cells GLP1 promotes the de novo synthesis and secretion of
insulin by increasing cAMP and intracellular calcium levels. GLP1 also enhances β-cell
number and mass through β-cell proliferation and neogenesis and decreases glucagon
secretion in a glucose-dependent fashion that prevents hypoglycemia. These actions are
concomitant to a reduction in food intake, gastric emptying, nutrient absorption and
disposal, reduction of appetite by stimulation of the brain satiety center, and enhanced
insulin sensitivity in periphery tissues [11]. GLP1 hormone is present at low concentrations
in the circulation in fasting and inter-prandial state but, within minutes of food intake,
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its levels rise up to 2–3 times leading to postprandial insulin secretion [13]. GLP1 in the
circulation has a very short half-life and, within 1.5 to 5 min, it is rapidly degraded by
the dipeptidyl peptidase 4 (DPP4) into smaller peptides whose functions are not fully
understood [14].

GIP production in the enteroendocrine K-cells of the proximal small intestine is
mediated by the prohormone convertase (PC) one-third to a full-length peptide form.
Alternatively, GIP can be processed by the PC2 to a C-terminal truncated form named
GIP(1-30) [11] and it can be secreted under carbohydrate and fat regulation. In β-cells, GIP
promotes insulin secretion by increasing cAMP and calcium intracellular levels and by
regulating volatage-potassium Kv channel expression. Since its receptor, GIPR, is expressed
in multiple tissues—such as the pancreas, gastrointestinal tract, adipose tissue, heart, testis,
bone, lung, adrenal cortex, and central nervous system—other effects are under study.
In the pancreas, GIP and GLP1 functions overlap, although inactivation of GIP in mice
leads to impaired glucose tolerance and insulin release, hence indicating its metabolic
relevance [11].

2.2. Degradation of the Incretins by Dipeptidyl Peptidase 4 (DPP4)

GLP1 and GIP incretins are cleaved by DPP4 during the passage across the hepatic
bed. They are further processed in peripheral tissues into smaller metabolites to be finally
eliminated by the kidney. DPP4, also known as CD26, is a transmembrane cell surface
glycoprotein that cleaves N-terminal dipeptides position, mostly from GLP1 and GIP, thus
holding an important antihyperglycemic effect. DPP4 is mainly expressed in exocrine
glands and absorptive epithelium, hepatocytes, fibroblasts, leukocytes, and epithelial cells
of the kidney and intestine [15]. It can be found membrane-bound or soluble.

DPP4 is also an adipokine produced by proteolytic cleavage from fully differentiated
adipocytes [16] in some settings. Its production correlates with the degree of IR, inflamma-
tion, adipocyte size, and the amount of visceral adipose tissue (VAT) [16,17]. Both insulin
and TNFα increase up to 50% the release of soluble DPP4 and it is believed to participate
in the crosstalk between adipocytes, macrophages, and the inflamed stroma-vascular frac-
tion [16]. DPP4 levels increase with insulin and leptin and inversely correlate with age and
adiponectin levels [16,18].

Consistently, rats with genetic DPP4 deficiency, such as the strain F344/DuCrj or Dark
Agouti rats, display improved IR, glucose tolerance, lipid profile, and enhanced GLP1 ac-
tivity. Likewise, DPP4-deficent mice have enhanced glucose tolerance, glucose-stimulated
insulin, and GLP1 release, and improved insulin sensitivity and liver homeostasis [19].
Dendritic cells (DC) and macrophages from VAT, in mice and humans, exhibit elevated
DPP4 levels which promote T cell activation, proliferation, and inflammation [20]. In ECs,
DPP4 promotes T cell transendothelial migration [21] and in human VSMCs promotes
inflammation. Hepatic DPP4 secretion is elevated in obesity and IR while specific hepatic
DPP4 deletion through a short hairpin RNA (shRNA) strategy diminished adipose tissue
macrophage infiltration and IR [22]. In agreement with these studies, T2DM patients also
display reduced levels of GLP1 hormone and enhanced DPP4 in the circulation, and IR
correlates with the levels of DPP4 released by adipose tissue depots [23].

Altogether indicates that incretin-based therapies display anti-inflammatory and car-
diovascular benefits by mechanisms independently from their glucose-lowering effect. Sol-
uble DDP4 has been shown to induce VSMC proliferation by activating mitogen-activated
protein kinases (MAPK)-pathway and the nuclear factor kappa B (NF-κB)-mediated in-
flammation [24]. Likewise, GLP1 hormone activates thymocytes and T cell proliferation
and maintains regulatory T cells [25]. Because of this, they have been tested as therapeutic
drugs for the treatment of CVD in T2DM patients. Currently, there are two different strate-
gies to increase the benefits of the incretin system: (1) inhibition of the peptidase DPP4 and
(2) the use of GLP1 and GIP incretin analogues [26].
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2.3. DPP4 Inhibitors as a Therapeutic Target for T2DM

The gliptins are a family of DPP4 inhibitors developed as glucose-lowering agents that
increase the half-life and bioavailability of the GLP1 incretin. These display fewer adverse side
effects [27] and a low incidence of hypoglycemia [18]. The gliptins can be peptidomimetics
and non-peptidomimetics, and both are extracellular competitive reversible inhibitors of
the DPP4 substrate. These two groups differ in their half-lives, the strength of the effect,
and therapeutic dose being the most currently prescribed: sitagliptin [28] saxagliptin [29],
alogliptin [30], linagliptin [18,31], vildagliptin [32], anagliptin, and teneligliptin [18].

Most of them have shown a low frequency of hypoglycemia, pancreatitis, and pancre-
atic carcinoma, and no effects on heart failure (HF) rate or major adverse cardiovascular
events (MACE) effects [27] except for alogliptin [30] and saxagliptin [29], which increase
the rate of HF.

2.4. Effects of DPP4 Inhibitors in CVD

Although the initial rational for DPP4 inhibition is the subsequent increase in GLP1 ef-
fects, other independent mechanisms have been reported. Thus, beneficial effects have been
reported in adipose tissue, vascular ECs, and monocyte/macrophages during atherosclero-
sis and myocardial injury in preclinical studies as described below, some of them summa-
rized in [33]. In Table 1, a description of the mechanisms found in the preclinical animal
model studies and the effects on atherosclerosis are included for incretin-therapies.

Table 1. Preclinical studies of incretin-based therapies in animal models of atherosclerosis, vascular injury, and myocar-
dial infarction.

Animal Model Incretin Therapy Mechanism of Action Reported Effects References

Apoe-/- mice

DPP4i
Anagliptin

Suppressed VSMCs
proliferation and macrophages
inflammatory responses

Restrained
atherosclerosis [34]

DPP4i
Linagliptin+HFD

Anti-inflammatory phenotype
of macrophages

Improved
atherosclerosis [35]

GIP active forms

Decreased VSMCs
proliferation, monocyte
infiltration, foam cell
formation and related genes
(Cd36, Acat1), and
NF-kB-mediated inflammation
in macrophages

Stabilization of
atherosclerotic plaque [36]

GIP and GLP1 Suppressed foam cell
formation

Reduced atheroma
plaque [37]

Liraglutide
Suppressed Acat1 expression
and foam cell formation

Decreased
atherosclerosis [38]

Anti-inflammatory
macrophage polarization

Reduced
atherosclerosis [39]

Exenatide+CS Reduced oxidative stress and
inflammation Reduced plaque [40]

Exendin-4

Reduced monocyte adhesion
and pro-inflammatory
cytokines via cAMP/PKA
pathway

Decreased lesion size [41]

APOE*3-Leiden.CETP mice Exendin-4
Decreased monocyte
recruitment and adhesion and
foam cell formation

Reduced
atherosclerotic lesions [42]
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Table 1. Cont.

Animal Model Incretin Therapy Mechanism of Action Reported Effects References

Apoe-/-Irs2+/- mice Liraglutide
Lixisenatide

STAT3-mediated macrophage
polarization to an
anti-inflammatory phenotype

Decreased
atherosclerosis, necrotic
core

[43]

Apoe-/- and Ldlr-/- mice Liraglutide
Semaglutide+WD

Changes in inflammatory
markers Reduced lesion size [44]

Lldr-/- mice DPP4i
Decreased pro-inflammatory
genes expression and
macrophage content

Decreased plaque size [45]

Arterial hypertension
Angiotensin II-mouse
model

Liraglutide Reduced leukocyte rolling and
neutrophils infiltration — [46]

C57Bl6 mice Liraglutide+45% HFD Reduced eNOS expression and
ER-stress response

Reduced cardiac
fibrosis, hypertrophy,
and necrosis

[47]

Myocardial injury mouse
model Liraglutide Enhanced GSK3β, PPARβ-δ,

Nrf-2, and HO-1 genes

Reduced mortality,
infarct size, and
rupture

[48]

Ischemia-reperfusion
injury rats Lixisenatide —

Reduced infarct-size,
improved cardiac
function

[49]

Restenosis mouse/rat
model Lixisenatide Exendin-4 Reduced VSMC proliferation Neointimal hyperplasia [50]

Diabetic rats

Liraglutide
Decreased macrophage
ER-stress-induced secretion of
microvesicles

Diminished
atherosclerosis and
intima thickening

[51]

GLP1+adenovirus-
mediated
delivery

Reduced VSMC and monocyte
migration and inflammation

Reduced intima
thickening [52]

Rabbits DPP4i
Anagliptin+CD

Reduced macrophage
infiltration

Restrained
atherosclerosis [53]

WHHL rabbits Lixisenatide Reduced macrophage, calcium
deposition, necrosis

Prevention of plaque
growth and instability [54]

ACAT1: acetyl-CoA acetyltransferase; CD: cholesterol diet; CS: chronic stress; eNOS: endothelial nitric oxide synthase; ER: endoplasmatic
reticulum; HFD: high fat diet; VSMCs: vascular smooth muscle cells; WD: western diet; WHHL: Watanabe heritable hyperlipidemic.

2.4.1. Mechanisms of Gliptins in Experimental Atherosclerosis

High levels of soluble DPP4 are found in atherosclerosis and many studies have shown
that its inhibition results in restrained atherosclerosis progression (Table 1).

Combination of DPP4 inhibitors with granulocyte-colony-stimulating factor (G-CSF)
have shown protection against cardiovascular injury by increasing the number of endothe-
lial stem cell and improving cardiac function [25]. The mechanism was an inhibition of
DPP4-mediated degradation of the chemokine stromal cell-derived factor-1α (SDF-1α)
which promotes endothelial progenitor cells (EPC) bone marrow mobilization to sites of
cellular injury [55,56]. In this sense, SDF engineered to be DPP4-resistant showed improved
blood flow in an animal model of peripheral artery disease [25].

In human umbilical vein endothelial cells (HUVECs), alogliptin induces endothelial ni-
tric oxide synthase (eNOS), and AKT phosphorylation leading to enhanced NO production
and improved homeostasis [24]. Likewise, alogliptin also promoted vascular relaxation
via eNOS production of NO and endothelial-derived hyperpolarizing factor-mediated
mechanisms [55]. Ex vivo DPP4 inhibition of human arteries from patients undergoing
coronary artery bypass surgery reduced vascular oxidative stress and improved endothelial
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function [57]. DPP4 inhibitor treatment of HUVECs cultured under hypoxic condition
prevented apoptosis in a CXCR4/STAT3-dependent manner [58].

In VSMCs, DPP4 activates MAPK and NF-κB increasing proliferation and production
of iNOS proinflammatory cytokines [24]. Consistently, in Apoe-/- mice, anagliptin restrained
atherosclerosis by suppressing VSMC proliferation [34].

DPP4 inhibition also modulates immune cells and inflammation. In diabetic patients,
DPP4 inhibitors treatment resulted in a reduced production of reactive oxygen species and
inflammatory mediators TNFα, JNK1, TLR2, TLR4, IL1β, and SOCS3 by monocytes [25].
DPP4 is highly expressed in bone marrow-derived CD11b+ cells. In Lldr-/- mice, DPP4 in-
hibitors downregulated proinflammatory genes and diminished aortic plaque macrophage
content and lesion size [45]. In agreement with these results, treatment with linagliptin of
high-fat diet-fed Apoe-/- mice, ameliorated atherosclerosis by inducing an anti-inflammatory
phenotype in macrophages [35]. Likewise, anagliptin treatment restrained atherosclerosis
by reducing macrophage plaque infiltration in cholesterol-fed rabbits [53] and suppressed
inflammatory responses in macrophages in Apoe-/- mice [34].

In T cells, the non-cleaved membrane-bound DPP4 interacts with the T cell receptor
(TCR)/CD3, promoting the phosphorylation cascade and antigen-presenting cell interac-
tions engaging NF-κB inflammatory pathway activation [17].

2.4.2. Clinical Studies on DPP4 Inhibitors in T2DM with CVD

Both sitagliptin and anagliptin are being evaluated in clinical trials for their potential
in the regulation of lipid metabolism and CVD in T2DM patients (Table 2). Anagliptin
has been shown to decrease LDL-C triglycerides, total cholesterol, and non-HDL-C levels
in a mechanism independent from its hypoglycemic effects [59]. Other gliptins increase
adiponectin levels and reduce intestinal cholesterol absorption [18].

Table 2. Clinical trials of incretin-based therapies.

Incretin-Therapy Clinical Trial Patients Reported Effects References

DPP4i saxagliptin SAVOR-TIMI 53
[NCT01107866]

T2DM patients with
CV risk

-Unaffected CV risk
-Increased HF hospitalization rate [29]

DPP4i alogliptin EXAMINE
[NCT00968708]

T2DM patients with
ACS

-Unaffected CV death and hospital
admission for HF [30]

DPP4i sitagliptin TECOS
[NCT00790205]

T2DM patients with
established CVD

-Unaffected MACE or
hospitalization for HF risk [60]

DPP4i Linagliptin

CAROLINA
[NCT01243424]

T2DM patients and
CV risk -Unaffected CV risk [61]

CARMELINA
[NCT01897532]

T2DM patients and
CV risk and kidney
disease

-Unaffected HF incidence
-No influence of kidney disease
-Reduced albuminuria

[31,62]

Lixisenatide (exendin-4
based)

ELIXA
[NCT01147250]

T2DM patients with a
recent ACS

-No effects on MACE,
hospitalization for HF
-Decreased SBP and heart rate

[63]

Exenatide
(exendin-4 synthetic)

EXSCEL
[NCT01144338]

T2DM patients with
or without CVD

-Unaffected incidence of MACE,
retinopathy or renal outcomes
-Modest reduction in SBP but
increased heart rate

[64]

-Modest reduction in CV risk [65]
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Table 2. Cont.

Incretin-Therapy Clinical Trial Patients Reported Effects References

Liraglutide (human
GLP1A)

LEADER
[NCT01179048]

T2DM patients at
high CV risk

-Reduced rates of MACE
and death
-Reduced SBP and microvascular
renal and retinal complications
-Enhanced heart rate

[66]

-Same benefits for polyvascular
and single vascular disease [67]

-Reduced CV outcomes
(MI/stroke) and CVD [68]

-Unaffected HF hospitalization
and death risk after MI [69]

-Decreased rates of diabetic
kidney disease [70]

Semaglutide (human
GLP1A)

SUSTAIN-6
[NCT01720446]

T2DM patients at
high CV risk

-Reduced rates of CV death and
non-fatal MI/stroke
-Decreased SBP but enhanced
mean pulse rate

[71]

PIONEER 6
[NCT02692716]

T2DM patients with
high CV risk

-Unaffected CV risk
-Decreased SBP and LDL-C
-Gastrointestinal adverse events

[72]

Albiglutide (modified
human GLP1)

Harmony Outcomes
[NCT02465515]

T2DM and CVD
patients

-Decreased SBP but augmented
heart rate
-improved glomerular
filtration rate
-Reduced risk of MACE
-Unaffected CV death

[73]

Dulaglutide
(modified human GLP1)

REWIND
[NCT01394952]

T2DM patients at
high CV risk

-Unaffected all-cause
mortality rate
-Decreased SBP, pulse pressure and
arterial pressure but enhanced
heart rate
-Reduced risk of CV outcomes,
total CV, or fatal event burden

[74,75]

Dulaglutide (modified
human GLP-1) and
tirzepatide (LY3298176)

SURPASS-CVOT
[NCT04255433]

T2DM patients with
atherosclerotic CVD

Estimated completion date:
October 2024

https://
clinicaltrials.
gov/NCT0

4255433

Efpeglenatide AMPLITUDE-O
[NCT03496298]

T2DM patients with
high CDV risk

Estimated completion date:
April 2021

https://
clinicaltrials.
gov/NCT0

3496298

NNC0090-2746
(RG7697)
[NCT02205528]

Phase 2 trial T2DM patients
-Improved glycemia control
-Diminished body weight,
cholesterol, and leptin.

[76]

Tirzepatide (LY3298176)
[NCT03131687] Phase 2 trial T2DM patients

-Improved glycemic and body
weight control
-Enhanced pulse rate
-Acceptable safety and
tolerability profile

[77,78]

ACS: acute coronary syndrome; HF: heart failure; CV: cardiovascular; CVD: cardiovascular disease; DBP: Diastolic blood pressure; LDL-C:
low density lipoprotein cholesterol; MACE: major adverse cardiovascular events; MI: myocardial infarction; SBP: systolic blood pressure;
T2DM: type 2 diabetes mellitus.
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Over the years, the cardiosafety of DPP4 inhibitors in T2DM patients with high
cardiovascular risk has been confirmed in several clinical trials (Table 2). The SAVOR-
TIMI 53 trial [29], the EXAMINE trial [30], the TECOS trial [60], and the CAROLINA [61]
and CARMELINA [31,62] trials, that evaluated saxagliptin, alogliptin, sitagliptin, and
linagliptin treatment, respectively, are considered the most important. Nevertheless, no
cardiovascular benefits were reported in comparison with the placebo group. In fact, in
the SAVOR-TIMI 53 trial, an increase in the rate of HF in patients with no previous history,
was detected in the treated groups. The SAVOR-TIMI 53 trial [29], the EXAMINE trial [30]
and TECOS trial [60] showed very low frequencies of hypoglycemia, pancreatitis, and
pancreatic carcinoma [27]. However, the CARMELINA trial did not detect any effect on
kidney disease or cardiovascular and kidney events.

2.5. GLP1 Analogues as Therapeutic Strategies
2.5.1. Development of Drugs Based on GLP1 and Rational Design

Given that GLP1 stimulates insulin secretion, soon after its discovery, this incretin
became useful for T2DM treatment [79]. The native peptide has no clinical applicability
due to its short plasma life-time of less than 2 min [80]. Therefore, the GLP1 analogues
(GLP1A) approved for clinical use [81] are either derivatives of the human native GLP1,
with chemical modifications to increase its stability and half-life [82] or peptides based on
exendin-4. Exendin-4 is a GLP1A peptide isolated from the saliva of the lizard Heloderma
suspectum [83], whose an amino acidic identity of 53% to the mammalian GLP1 that allows
it to bind to the human GLP1 receptor [11].

Exenatide was the first GLP1A approved in 2005 and it is a synthetic version of the
exendin-4. It has a half-life of up to 2.4 h, 10 times longer than endogenous GLP1, because
its resistance to human DPP4 degradation [81,82]. Since the first generated GLP1As have
a subcutaneous administration twice daily, other compounds have been developed to
extend durability [84]. The optimization approach was addressed to keep the human GLP1
backbone to avoid immunogenic problems [84] and to get DPP4 action resistance through
GLP1-(7-36) region modifications [26,81]. These modifications consist in the replacement of
the penultimate alanine at the N-terminal end of the peptide by a glycine, serine, D-alanine,
or by the most optimal chemical group, aminoisobutyric acid (Aib) [80], since it does
not interfere with GLP1 receptor binding [85]. Other modifications were a replacement
of the histidine residue at the N-terminal end by a glucitol group or by performing a
deamination [80]. To increase the GLP1 half-life, the addition of fatty acids to the C-
terminal domain was also performed to allow binding to the albumin and protection to
renal filtration [26,86].

By combining all of the above-mentioned modifications, the approved GLP1As were
designed and generated progressively over time: liraglutide (2009), exenatide (2005) and
exenatide once-weekly (2011), lixisenatide (2013), albiglutide (2014) dulaglutide (2014), and
semaglutide (2017), whose specific modifications can be found elsewhere [79,81].

These compounds have shown favorable effects in experimental and clinical studies
with the limitation of parenteral administration [26,82]. Therefore, current research is
focused on developing novel small GLP1As to be administered orally [26,84]. Among
these, oral semaglutide stands out, which is a small acetylated peptide [79] whose oral
daily administration has recently been approved in combination with sodium N-(8-(2-
hydroxybenzoyl) amino) caprylate (SNAC) [84].

2.5.2. Studies in Preclinical Models of T2DM, Atherosclerosis, and CVD

As summarized in Table 1, studies in rodents and rabbits have shown beneficial ac-
tions of GLP1As in atherosclerosis, vascular injury, and cardiac function. Liraglutide treat-
ment in diabetic rats led to diminished atherosclerotic lesion formation and intima-media
thickening through a decrease of macrophage secretion of ER-stress induced microvesi-
cles [51]. Similarly, the expression of GLP1 by adenovirus-mediated delivery in diabetic
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rats reduced intima-media thickening, VSMC and monocyte migration, and inflammatory
processes [52].

In Apoe-/- mice, treatment with both native GIP and GLP1 incretins diminished
atherosclerosis by suppressing macrophage foam cell formation [37]. In Apoe-/- mice
liraglutide suppressed acyl-coenzyme A cholesterol acyltransferase 1 (Acat1) expression, foam
cell formation and decreased atherosclerosis [38], and inhibited progression of early-onset
atherosclerosis lesions in a GLP1R-dependent fashion [87]. Liraglutide administration also
improved cardiac function through reduced cardiac fibrosis, hypertrophy, and necrosis
by ameliorating endothelial NOS expression and ER-stress response in 45% high-fat diet
(HFD) fed C57Bl6 mice [47].

Studies conducted by us have shown diminished atherosclerosis by lixisenatide and
liraglutide in a mouse model of atherosclerosis and IR, the Apoe-/-Irs2+/- mice. Moreover,
lixisenatide generated more stable plaques with thicker fibrous caps, smaller necrotic cores,
and reduced inflammatory cell infiltration [43]. Lixisenatide also promoted macrophage
polarization toward a pro-resolving phenotype in a STAT3-dependent manner [43]. A
similar mechanism was found in Apoe-/- mice where liraglutide modulated polarization of
macrophages toward a pro-resolving phenotype too [39]. Likewise, exenatide exerted pro-
tective effects in cultured macrophages via STAT3 activation which promoted adiponectin
secretion when co-cultured with 3T3-L1 adipocytes [88]. In another investigation, liraglu-
tide, and semaglutide treatments reduced lesion development in both Apoe-/- and Low
density lipoprotein-deficient (Ldlr-/-) mice fed western diet, through major changes in inflam-
matory markers in aortic tissue [44]. Similarly, exenatide beneficial effects in atherosclerosis
in Apoe-/- mice were attributed to reduced plaque oxidative stress, inflammation, and
proteolysis in mice under chronic stress [40]. In the same line of results, lixisenatide treat-
ment of Watanabe heritable hyperlipidemic (WHHL) rabbits prevented plaque growth and
instability by decreasing macrophage infiltration, calcium deposition, and necrosis, as well
as increased fibrotic content in VSMC-rich plaques [54]. On the other hand, exendin-4 treat-
ment also decreased lesion size in Apoe-/- mice through a reduction of monocyte adhesion
and expression of pro-inflammatory cytokines in activated macrophages via cAMP/PKA
pathway [41]. Exendin-4 also diminished liver inflammation and atherosclerotic lesions
through monocyte/macrophage recruitment and adhesion, and foam cell formation in the
atherosclerotic mouse model APOE*3-Leiden.CETP [42].

In in vitro studies, treatment of HUVECs with exendin-4 [89] or liraglutide [90] in-
cremented the activity, phosphorylation, and protein levels of eNOS, thus protecting
against proatherosclerotic factors [89,90]. Besides, liraglutide in HUVECs diminished
high-glucose-induced NF-kB phosphorylation and associated endothelial dysfunction [90].
Liraglutide also alleviated TNFα and LPS-mediated monocyte adhesion in cultured hu-
man aortic endothelial cells (HAECs) by increasing Ca2+ and CAMKKβ/AMPK activities
and diminishing E-selectin and VCAM1 expression [91]. On the other hand, exendin-4
reversed glucolipotoxic gene dysregulation in diabetic human coronary artery endothelial
cells (HCAECs) by upregulating eNOS and proangiogenic genes, while downregulating
inflammatory, prothrombotic, and apoptosis genes [92].

In ischemia-reperfusion injury rat models (Table 1), prolonged treatment with lixisen-
atide reduced infarct-size and improved cardiac function [49]. Furthermore, in restenosis
mouse and rat models, exendin-4 and lixisenatide reduced VSMC proliferation and neoin-
timal hyperplasia, respectively [50]. In a mouse model of myocardial injury, liraglutide
pretreatment reduced mortality and infarct size by enhancing cardioprotective genes such
as PPARβ-δ, Nrf-2, and HO-1. Moreover, liraglutide-treated cardiomyocytes displayed
diminished caspase-3 activation and increased cAMP production [48]. In another study,
which employed an arterial hypertension angiotensin II-mouse model, liraglutide reduced
leukocyte rolling and infiltration of myeloid neutrophils into the vascular wall [46].
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2.5.3. Clinical Studies on GLP1-Based Strategies in T2DM with CVD

Many clinical trials based on GLP1 analogues have been designed to approve their
use in CVD complications in T2DM subjects (Table 2).

In the ELIXA (Evaluation of Lixisenatide in Acute Coronary Syndrome [NCT01147250])
trial, T2DM patients with a recent acute coronary syndrome were enrolled to test a daily
injection of lixisenatide, an exendin-4-based analogue, for 25 months. Results showed
no effects on MACE or other serious adverse events in T2DM patients who had recently
suffered an acute coronary event [63]. The HF hospitalization rates and death remained
unchanged but systolic blood pressure (SBP) and heart rate were reduced [63].

The effect on cardiovascular events of weekly injections of exenatide, another exendin-
4 based analogue, was evaluated in the EXSCEL [NCT01144338] clinical trial. The study
included T2DM patients of which 70% exhibited CVD and 30% did not displayed any
CVD. In this study CVD was defined as atherosclerosis peripheral artery disease, coronary
artery disease or stroke. The follow-up of patients, which were randomly treated with
once-weekly exenatide (2 mg) or placebo for 5 years, did not show differences in MACE. A
modest decrease in SBP and LDL-C was seen but treated patients also showed enhanced
heart rate. The lack of effect was related to a shorter follow-up period and lower glycated
hemoglobin baseline levels in the patients that in the other trials [64]. Once-weekly exe-
natide did not affect retinopathy or renal outcomes and produced a modest reduction in
CV risk in subjects with mild loss of kidney function (estimated glomerular filtration rate,
eGFR ≥ 60 mL/min/1.73 m2) [65].

In the LEADER (Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovas-
cular Outcome Results [NCT01179048]) clinical trial, the human GLP1-based analogue
liraglutide or placebo were administered once daily as a subcutaneous injections to T2DM
patients at high cardiovascular risk with a median follow-up of 3.8 years. In the first
analysis, the treated group had lower rates of cardiovascular events and death from any
cause but they also suffered more episodes of gallstone disease. The liraglutide group
displayed a reduced risk of MACE, defined as cardiovascular death, non-fatal stroke, and
non-fatal, first or recurrent MI. Analysis of vascular function showed decreased SBP and
microvascular retinal and renal complications but also augmented DBP and heart rate [66].
A second analysis of this trial indicated the same benefits for polyvascular and single vascu-
lar disease in T2DM patients, independently of a previous history of MI [67]. In a posthoc
analysis which took into account T2DM patients with high cardiovascular risk—due to
MI, stroke, or atherosclerosis—liraglutide reduced cariovascular outcomes [68]. In another
analysis of the LEADER trial, there was no evidence of decreased cardiovascular outcomes
in patients with MI treated with liraglutide [69]. In a third clinical study, liraglutide treat-
ment in T2DM patients resulted in a lower rate of diabetic kidney disease development
and progression than placebo [70].

Likewise, semaglutide, whose structure is also based on human GLP1, injected once-
weekly at two doses (0.5 mg or 1.0 mg) for 104 weeks in the SUSTAIN-6 trial (NCT01720446)
reduced the rate of cardiovascular death and non-fatal MI and stroke in patients with T2DM
at high cardiovascular risk. Consistent with the other GLP1A, SBP was reduced but mean
pulse rate enhanced [71]. However, in the PIONEER 6 (NCT02692716) trial, once-daily
oral semaglutide did not alter the cardiovascular risk profile of T2DM patients at high
cardiovascular risk, but decreaed SBP and LDL-C parameters. Moreover, gastrointestinal
adverse events were more common in patients receiving oral semaglutide than patients
with placebo [72].

Another chemical variant of human GLP1, albiglutide, which consists of two tandem
copies of modified human GLP1 bound to human albumin, showed increased effectivity
due to its long-acting effect. In the Harmony Outcomes (NCT02465515) clinical trial,
albiglutide in subjects of 40 or more years of age with T2DM and CVD, showed reduced
MACE, SBP, and improved glomerular filtration rate in a follow up of 1.6 years. However,
no effect was observed in death from cardiovascular causes [73].
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A long-acting GLP1A, called dulaglutide, has also been generated. This analogue is
the human GLP1 peptide covalently linked to a Fc fragment of a human IgG4 that protects
against DPP4 degradation. The REWIND (NCT01394952) clinical trial, which tested weekly
subcutaneous injection of dulaglutide in T2DM patients with a previous cardiovascular
event or cardiovascular risk factors, showed no effect in all-cause mortality rate but reduced
the risk of CV outcomes, SBP, pulse and arterial pressure although increased heart rate [74].
A subsequent analysis showed that weekly subcutaneous dulaglutide injections reduced
total cardiovascular or fatal event burden [75].

Ongoing clinical trials are the SURPASS-CVOT (NCT04255433) with an estimated
enrollment of 12,500 participants and the AMPLITUDE-O (NCT03496298) with 4076 pa-
tients. In the first trial, the effect in MACE of two incretins, tirzepatide (LY3298176) and
dulaglutide is being compared in T2DM patients and the completion date of the study is in
October 2024 (https://clinicaltrials.gov/NCT04255433). The second trial studies the effect
of efpeglenatide in T2DM patients at high CVD risk and its estimated completion date is
April 2021 (https://clinicaltrials.gov/NCT03496298).

2.6. GIP1 Emergent Therapies
2.6.1. Development of Drugs Based on GIP and Rational Design

Currently, there are no clinical therapies using GIPR agonists [93]. Experimental
results of GLP1R/GIPR dual co-agonists derived from intermixed incretin sequence have
shown augmented antihyperglycemic and insulinotropic effect compared with specific
GLP1 agonist in db/db mice, ZDF diabetic rats, monkeys and humans [94,95]. Moreover,
these dual agonists have been shown to reduce plasma biomarkers of cardiovascular risk
in diet-induced obese mice [95,96].

2.6.2. Investigations of GIP Therapies in Preclinical Models

GIP has been related to different signalling pathways in vascular cells with both anti-
atherogenic via NO production, or pro-atherogenic effects through increased endothelin-1
and VSMCs osteopontin expression [93]. In HUVECs cultures GIP/GIPR and GLP1/GLP1R
interactions reduce the advanced glycation end products (AGEs) receptor (RAGE) ex-
pression, blocking the signalling pathways associated with diabetes-associated vascular
damage [97].

On the other hand, as shown in Table 1, GIPR levels are diminished in diabetic
experimental models and consequently, administration of GIP in Apoe-/- and db/db diabetic
mice reduced atherosclerotic plaque lesions and foam cell formation [37,98]. Furthermore,
the administration of GIP active forms to Apoe-/- mice increased atherosclerotic collagen
content [36], suppressed VSMCs proliferation and reduced aortic endothelial expression
of MCP1, VCAM1, ICAM1, and PAI1 [37,93] and monocyte migration and macrophage
activation in a NFkB-dependent manner [36]. Other observed actions are the blocking of
proinflammatory monocyte aortic infiltration, the decrease in Cd36 and Acat1 expression,
foam cell formation, LPS-induced IL-6 secretion, and MMP-9 activity [36,37,93].

2.6.3. Studies in Humans with T2DM and CVD

GIP serum levels are elevated in patients with atherosclerotic vascular disease [36]. In
humans, physiological doses of GIP increased heart rate, arterial blood pressure, and blood
levels of osteopontin CCL8 and CCL2, accordingly with reduced CCL2/CCR2-mediated
migration of cultured human monocytes (THP-1 cells) [93].

GLP1R/GIPR co-agonist NNC0090-2746 tested in T2DM patients in a randomized,
placebo-controlled, double-blind phase 2 trial, administered subcutaneously once a day,
showed an important effect in glycemia control and diminished body weight, choles-
terol levels, and leptin [76] (Table 1). On the other hand, the dual co-agonist LY3298176
(tirzepatide) biased towards GIPR agonism obtained promising results as antidiabetic
treatments in T2DM clinical trials as it showed improvements in glycemic and body weight
control although is also showed an increased pulse rate [77,78,96]. Further research is
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needed about their cardioprotective effects, while interest in new GLP1R/GIPR co-agonists
development increases [94].

3. Therapies to Inhibit Sodium-Glucose Co-Transporter 2

3.1. Structure of Sodium-Glucose Co-Transporters and Mechanism of Action

Human sodium-glucose co-transporters (SGLTs), encoded by SLC5, are a family of
12 secondary active glucose transporters, being the SGLT1 and SGLT2 the most important. The
core domain structure of this LeuT-superfamily is a five-helix inverted repeat motif [99,100]
with a substrate-binding site in the middle of the protein and with an outer and an inner
gate. Glucose adsorption by SGLT1 mostly takes place in the intestine and SGLT2 plays
a key role in the renal glucose reabsorption with a highly similar sodium-coupled sugar
transport mechanism.

SGLTs transport glucose across the brush-border membrane of the proximal renal
tubule segments. SGLT2 mostly located in the S1 segment accounts for up to 90% of glucose
reabsorption and SGLT1 in the S3 segment accounts for 10% of reabsorption [100,101]. The
transport mechanism consists of Na+ binding to the transporter in the apical side of the
epithelial cells, the opening of the external gate and glucose binding. This is followed by
the closing of the external gate, the opening of the inner gate, the release of both substrates
to the cytosolic side of the cell and the adoption of the ligand-free conformation [101,102].
Through the basolateral membrane of the epithelial cells, GLUT2 transporters and Na+/K+
pump alleviate the intracellular accumulation of sodium and glucose by delivering both
molecules in the blood.

3.2. Development of SGLT Inhibitors

The rational for developing SGLT2 inhibitors (SGLT2i) is the existence of up to 50 hu-
man mutations of SGLT2 resulting in renal glucosuria and important urinary glucose
losses. These suggested that SGLT2i could be of use for hyperglycemic states such as T2DM
patients [103].

Phlorizin, a glucoside of phloretin found in the apple tree, was the lead of the SGLT
inhibitors as studies on IR diabetic rats showed that its administration subcutaneously nor-
malized plasma glucose profiles and insulin sensitivity [104]. Because of its poor solubility,
low bioavailability, and unselective SGLT1/2 inhibition, it was set aside as a therapeutic
candidate. Their synthetic derivates, T-1095A and T-1095, had better results though their
clinical development did not continue because of the same limitations [103,105].

Novel molecules with a C-glycosylation modification that conferred the phlorizin
resistance to hydrolysis by endogenous β-glucosidases, increasing their half-life, were
developed [103]. Selective SGLT2i based on this meta-C-glycosylated diarylmethane
pharmacophore led to dapagliflozin, canagliflozin, empagliflozin, and ertugliflozin. The
gliflozins have a higher selectivity profiles for SGLT2 over SGLT1, except for sotagliflozin
with a selectivity for SGLT1 of about 20:1. Sergliflozin is another SGLT2i based on ben-
zylphenol glucoside that did not undergo further development after phase II (https:
//adisinsight.springer.com/search). Others SGLT2i are ipragliflozin, tofogliflozin, and
luseogliflozin, which are approved and available in Japan [106].

Effects of gliflozins also include actions on pancreatic islet cells and modulation
of endogenous glucose production in insulin-sensitive tissues. Hence, empagliflozin
treatment of T2DM subjects improved β-cell function [107], while dapagliflozin affects
glucagon secretion by α-cells [108]. Moreover, T2DM patients treated with dapagliflozin
and empagliflozin have shown an endogenous production of glucose and improved insulin
sensitivity [107,109].

3.3. Effect of Gliflozins in Preclinical Models of CVD

Tahara et al. [110] studied different gliflozins (dapagliflozin, empagliflozin, canagliflozin,
luseogliflozin, ipragliflozin, tofogliflozin) in KK/Ay T2DM mice (Table 3). The treatment
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with these gliflozins decreased hyperglycemia, lowered plasma levels of inflammatory
mediators and improved endothelial dysfunction associated with human atherosclerosis.

Table 3. Summary of the studies about the effect of SGLT2i in preclinical animal models and in clinical trials of T2DM patients.

Drug Animal Model Effect on Lipids Effect on Atherosclerosis References

Dapagliflozin

KK/Ay mice

Decreased T-Chol,
TG, and NEFAs
(ipragliflozin and
dapagliflozin)

-Decreased ED (CAMs and E-selectin) and
plasmatic inflammatory parameters [110]

Ipragliflozin

Canagliflozin

Luseogliflozin

Empagliflozin

Tofogliflozin

Empagliflozin db/db mice No change in TG
and T-Chol -Reduced aortic and endothelial cell stiffness [111]

Empagliflozin ZDF rats
No change in TG,
T-Chol, HDL,
and LDL

-Reduced oxidative stress and inflammation
-ED partially prevented [112]

Dapagliflozin db/db mice — -Lower arterial stiffness
-Improved ED and VSMC dysfunction [113]

Ipragliflozin
Dapagliflozin

STZ Apoe-/- mice
db/db mice

No changes in TG,
HDL and T-chol

-Dapagliflozin decreased macrophage
infiltration, atherosclerotic lesions and plaque
size
-Ipragliflozin decreased foam cell formation

[114]

Dapagliflozin Apoe-/- mice — -Attenuated ED and VCAMs expression
-Induced vasorelaxation [115]

Empagliflozin Apoe-/- mice Decreased TG and
increased HDL

-Decreased atherosclerotic plaque and
inflammation [116]

Canagliflozin Apoe-/- mice Decreased TG,
T-chol and LDL

-Increased plaque stability
-Reduced atherosclerosis and inflammatory
parameters

[117]

Dapagliflozin ob/ob mice Decreased of TG -Reduced expression of inflammatory
parameters [118]

Drug Trial Structural basis -Effect on vascular and blood parameters, and
MACE References

Empagliflozin EMPA-REG
OUTCOME

C-glycosyl
compound

-Decreased CV death (HR = 0.86), SBP and DBP
-Increased HDL-C and LDL-C [119]

Canagliflozin CANVAS/CANVAS-R -No effect (HR = 0.86)
-Increased HDL-C and LDL-C [120]

Canagliflozin CREDENCE -Decreased nonfatal stroke/MI and CV death
(HR = 0.80) [121]

Dapagliflozin DECLARE-TIMI 58 -No effect (HR = 0.93)
-Decreased SBP and DBP [122]

Dapagliflozin DEFINE-HF -No decrease in HF (HR = 0.84) [123]

Ertugliflozin VERTIS-CV -No effect (HR = 0.97)
-Decreased SBP [124]

Sotagliflozin SCORED -Decreased CV death (HR = 0.84) [125]

Sotagliflozin SOLOIST-WHF -Decreased CV death (HR = 0.72) [126]

CAMs: cellular adhesion molecules; CV: cardiovascular; CVD: cardiovascular disease; DBP: dyastolic blood pressure; ED: endothelial
dysfunction; HF: heart failure; HR: hazard ratio for three-component; HDL cholesterol; LDL-C: LDL cholesterol; MACE; MACE: major
adverse cardiovascular events; MI: myocardial infarction; SBP: systolic blood pressure; T-chol: total cholesterol; TG: triglycerides; VSM:
vascular smooth muscle; VCAMs: vascular cell adhesion molecules.
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Studies with empagliflozin in diabetic ZDF rats and db/db mice also showed an im-
provement of vascular stiffness and endothelial function by preventing oxidative stress,
AGE-dependent signaling and inflammation [111,112]. Likewise, dapagliflozin treatment
of C57BLKS/J-leprdb/leprdb mice, alleviated arterial stiffness and endothelial and VSMC
dysfunction. Interestingly, a decrease in circulating markers of inflammation and alterations
in microbial richness and diversity were reported [113].

In vascular disease, dapagliflozin decreased atherosclerosis in streptozotozin-induced
diabetic Apoe-/- mice, but not in non-diabetic Apoe-/- mouse counterparts. Moreover,
analysis of peritoneal macrophages from dapagliflozin-treated diabetic Apoe-/- mice and
ipragliflozin-treated db/db mice showed decreased cholesterol-ester accumulation, suggest-
ing less macrophage foam cell formation capacity compared. Both SGLT2i normalized the
expression of lectin-like ox-LDL receptor1 (Lox1), Acat1, and ATP-binding cassette transporter
A1 (Abca1) in peritoneal macrophages from diabetic Apoe-/- and db/db mice. These results
suggested that SGLT2i exert an anti-atherogenic effect in diabetic conditions by modulating
genes involved in cholesterol accumulation in macrophages [114].

Studies carried out in Apoe-/- mice showed that dapagliflozin improved EC func-
tion without variations in plasma glucose concentrations [115] and that empagliflozin
reduced plaque formation in the aortic arch and ameliorated insulin sensitivity [116]. A
decrease in inflammatory mediators, like VCAM and NFκB [115] and TNFα and IL6 [116]
were also observed in these studies. These results point to an atheroprotection through
anti-inflammatory mechanisms. Consistently, high-fat diet fed Apoe-/- mice, treated with
canagliflozin, developed smaller and more stable plaques and displayed decreased Vcam
and Mcp1 expression [117].

In the T2DM mouse model, the ob/ob mice, dapagliflozin improved left ventricular
function, attenuated activation of the Nlrp3 inflammasome and reduced inflammatory
mediators by an AMPK-dependent mechanism. These changes were observed also in
cardiomyofibroblasts derived from mice and were independent of the glucose-lowering
effect [118].

3.4. Clinical Studies of Gliflozins in HF and CVD

In the EMPA-REG OUTCOME (NCT01131676) study, the empagliflozin treatment of
patients with T2DM and CVD reduced MACE, death and hospitalization for HF. Both SBP
and DBP were reduced while HDL-C and LDL-C levels were increased. However, it did
not ameliorate non-fatal MI and stroke, and patients showed an increased rate of genital
infection [119] (Table 3).

In the CANVAS (NCT01032629) and CANVAS-R (NCT01989754) program, canagliflozin
treatment of patients with T2DM at high CV risk resulted in diminished MACE but it did
not alter the occurrence of CV death or overall mortality. Like empaglifliozin, it enhanced
the levels of HDL-C and LDL-C and the treated patients displayed a greater risk of fractures
and amputations [120].

Differences between EMPA-REG OUTCOME and CANVAS trial might be due to the
study design. Thus, in the EMPA-REG all subjects had prior CV disease and additional
treatments (i.e., statins, RAS inhibitors, and acetylsalicylic acid), while in the CANVAS
study only 65% of patients had prior CV disease [127].

Canagliflozin tested in T2DM and albuminuric chronic kidney disease patients in
the CREDENCE (NCT02065791) clinical trial, demonstrated that, besides a lower risk of
cardiovascular death, MI or stroke, this drug also diminishes the risk of end-stage kidney
disease without changes in the amputation and fracture rates [121].

In the DECLARE-TIMI 58 (NCT01730534) trial with T2DM and CVD patients, da-
pagliflozin treatment failed to reduce MACE, although the rates of cardiovascular death or
hospitalization for HF were lower. In this study reductions in SBP and DBP were described
for dapagliflozin-treated patients [122]. Dapagliflozin in the DEFINE-HF (NCT02653482)
trial with patients displaying chronic HF, both patients with or without T2DM, did not
reduce HF determined as B-type natriuretic peptide levels [123].
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Similar to dapagliflozin in the DECLARE-TIMI 58, ertugliflozin in the VERTIS CV
(NCT01986881) trial, which included T2DM and CVD patients, did not reduce MACE or
neither modify the death rate attributed to CV causes. However, ertugliflozin reduced
SBP [124].

Two trials were carried out with sotagliflozin, the SCORED (NCT03315143) clinical
trial [125] with TD2M chronic kidney disease and CVD participants, and the SOLOIST-
WHF (NCT03521934) trial [126], with TD2M patients with HF. In both trials, a decrease in
MACE was observed, but patients in the treatment group of the SCORED trial suffered
more genital infections and volume depletion, in addition to diarrhea and hypoglycemia in
both trials.

4. Lipid-Lowering Therapies Based on the Proprotein Convertase Subtilisin Kexin
9 Inhibition

As mentioned in the introduction one main mechanism for the regulation of blood
LDL-C levels relies on its clearance by LDLR located on the surface of hepatic cells. This
receptor binds the apoprotein B-100 (Apo B-100) present in LDL, VLDL, and IDL particles.
After LDL binding, the receptor leads to the clathrin-mediated endocytosis of the ligand-
receptor complex, which finishes in LDL degradation into amino acids and cholesterol.
LDLR undergoes internalization and degradation by the proprotein convertase subtilisin
kexin 9 (PCSK9), thus playing a pivotal role in the regulation of lipoprotein clearance [128].
PCSK9 gene was identified in 2003 in a family with Familial hypercholesterolemia (FH),
an autosomal dominant disease with elevated LDL-C in blood [129]. FH was attributed to
two missense mutations in the coding region of the PCSK9 gene with “gain of function—
GOF”, hence promoting LDLR degradation [129]. Two years later, lower plasmatic levels
of LDL-C were associated with the existence of two “loss of function mutations—LOF” in
PCSK9 that resulted in elevated LDLR concentration in hepatic cells [130,131]. All these
findings pointed to PCSK9 protein inhibition as a new potential lipid-lowering therapeutic
target. To reduce CVD, PSCK9 inhibition has been set as a therapy in patients with FH, in
those resistant to statin treatment or in subjects that did not reach the LDL-C goal levels at
maximum statin dose [132,133]. By contrary, no recommendations exist today for T2DM
patients’ treatment.

4.1. Biology of PCSK9 in Lipid Metabolism and Vascular Homeostasis

PCSK9, also known as neural apoptosis-regulated convertase 1, is the ninth member
of the secretory serine proteases of the subtilase family. Although it is mainly expressed by
hepatocytes, PCSK9 is also present in the small intestine, kidney, pancreas, brain [128,134,135],
and ischemic heart [136]. The 25-kb PCSK9 human gene on chromosome 1p32 has 12
exons and 11 introns and is under the regulation of SREBP-2 (the sterol regulatory element-
binding protein) [132,135]. It encodes a 692 amino acid serine protease that is synthesized
as an inactive precursor, pre-proPCSK9. The pre-proPCSK9, stored in the ER, is processed
to pro-PCSK9 and this last into mature PCSK9 which is bound to a cleaved prodomain
that acts as a catalytic inhibitor and chaperone until its secretion into the circulation.
The prodomain-mature PCSK9 heterodimer, with a plasma half-life of 5 min, binds to
high-affinity specific proteins, leading to their intracellular degradation [135].

PCSK9 function is to regulate the amount of LDLR by forming a PCSK9-LDLR complex
in the hepatocyte surface which is internalized by endocytosis and engaged into endosomal-
lysosomal degradation [135,137]. PCSK9 can also bind to LDLR intracellularly through a
Golgi-lysosome pathway for degradation [135,138].

Recent findings indicate the participation of PCSK9 in other processes beyond lipid
homeostasis such as cell cycle, apoptosis, and inflammation with a potential effect on
atherosclerosis [139]. Thus, LPS upregulate PCSK9 in liver and kidney in mice, in human
EC and VSMCs [140]. Consistently, the injection of LPS into Pcsk9 deficient mice resulted
in less synthesis of pro-inflammatory IL-6 and TNFα cytokines and reduced expression of
adhesion molecules in ECs and VSMCs [141].
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PCSK9 expression is promoted by TNF in liver and VSMCs and by oxidized LDL in
ECs, macrophages, VSMCs, and DC [140,141]. In experimental atherosclerosis, PCSK9 is
mostly found in VSMCs, although its expression is LDLR-dependent, as Ldlr-/- mice do not
display Pcsk9 expression [142]. Notably, Pcsk9 expression is localized in the artery branches
with low shear stress and mirrors cytokine expression of these sites indicating a proathero-
genic effect [142]. On the other hand, Apoe-/- mice overexpressing human PCSK9 specifically
in the bone marrow displayed augmented levels of proinflammatory Ly6Chi monocyte
infiltration in atheromas. Moreover, human PCSK9-overexpresing macrophages displayed
enhanced pro-inflammatory Tnf and Il1b genes and diminished anti-inflammatory Il10
and Arg genes [143]. In agreement with these, in vivo Pcsk9 gene silencing by lentiviral
transduction of Apoe-/- mice decreased lesion size and macrophage infiltration and expres-
sion of Nfkb, Tnfa, Il1, and Tlr4 in atherosclerotic plaques [144]. In macrophages, PCSK9
stimulates proinflammatory cytokine expression and foam cell formation by upregulating
Sra and Cd36. Other actions of PCSK9 include activation of T cells, monocyte migration,
and VSMC apoptosis [142]. Altogether indicates a role of PCSK9 in atheroma lesion devel-
opment by regulating inflammatory pathways. Notwithstanding, the clinical relevance of
these anti-inflammatory actions remains to be established, as patients treated with PSCK9
inhibitors (PSCK9i) do not display altered levels of the hs-CRP inflammatory marker [142].

4.2. Rational for PCSK9 Inhibition as a Potential Therapy

The main rational for the development of PCSK9i as CVD therapy were the posi-
tive correlation between high PCSK9 levels and increased CVD risk and the association
between different PCSK9 polymorphisms and vascular illness [145,146]. Moreover, the
moderately-high prevalence and the lack of harmful effects of PCSK9 LOF mutations
in healthy individuals suggested a high safety of a potential PCSK9 therapeutic inhibi-
tion [132,146].

On the other hand, experimental animal data also gave a foundation for the develop-
ment of PCSK9i. Pcsk9-/- mice displayed up to 80% decrease in plasma LDL-C levels due
to increased hepatic LDLR and LDL clearance [147], which resulted in dramatic reductions
in aortic atherosclerosis [148].

To date, up to nine PCSK9 inhibitory strategies, acting either preventing its binding to
the LDLR, or its maturation, secretion, or synthesis, have been or are being developed [149].
These therapies, described below and summarized in Table 4, include the use of monoclonal
antibodies (mAb) against PCSK9 [150], antisense oligonucleotides (ASOs), small interfering
RNA (siRNAs), vaccines, and small molecules [151].

Table 4. Pre-clinical and clinical trials studying PCSK9 inhibitors in the context of hypercholesterolemia.

Inhibition Strategy Animal Models Effects on Lipids Effects on Atherosclerosis References

PCSK9 mAb Cynomolgus monkeys Decreased LDL-C (80%),
T-Chol (48%) — [153]

PCSK9 mAb C57BL/6 mice
Cynomolgus monkeys Decreased LDL-C (40%) — [154]

PCSK9 mAb:
alirocumab

APOE*3Leiden.CETP
mice

Decreased non-HDL-C
and TGs

-Decreased inflammation
and atherosclerotic lesion
-Increased plaque stability

[152]

siRNA PCSK9
Cynomolgus monkeys
C57BL/6 mice
Sprague–Dawley rats

Decrease of LDL-C and
T-Chol (60%) — [155]
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Table 4. Cont.

Inhibition Strategy Trial Name Type of Patients Reported Effects References

PCSK9 mAb:
evolocumab

FOURIER/OSLER
[NCT01764633;
NCT01439880]
Phase III

Patients with atherosclerotic
CVD

-Increased LDLR and HDL-C
-Decreased LDL-C (61%),
Total-C (36.1%), TG (12.6%),
and Lp(a) (25.5%).
-Increased Apolipoprotein A1
and HDL-C
-Reduced CV (12–19%)

[156,157]

PCAK9 mAb:
alirocumab

ODYSSEY
[NCT01507831]
Phase III

ACS patients

-Increased hepatic LDLR and
HDL-C (4%)
-Decreased LDL-C (58%),
Total-C (37.8%), TG (15.6%),
and Lp(a) (29.3%) and MACE
-Increased ApoA1 and
HDL-C
-Reduced CV events (48%)

[158,159]

PCSK9 mAb:
alirocumab,
evolocumab

Meta-analysis Alirocumab or
evolocumab-treated patients

-Decreased nonfatal CV
events and mortality.
-Improved atherogenic
events

[150,160]

PCSK9 siRNA:
ALN-PCS

Phase I dose-escalation
study
[NCT01437059]

Healthy adult volunteers -Reduced LDL-C (40%) [161]

PCSK9 siRNA:
ALN-60212 (Inclisirian)

ORION
1 Phase II:
[NCT02597127] Phase
III 10, 11:
[NCT03399370;
NCT03400800]

Patients at CVD risk with
elevated LDL-C and some
receiving statins

-Reduced LDL-C (52.6%)
relative to base-line, as well
as apoB and non-HDL-C.

[162,163]

ACS: Acute coronary syndrome; ApoA1: Apolipoprotein A1; CV: cardiovascular; CVD: cardiovascular disease; HDL-C: HDL cholesterol;
LDL-C: LDL cholesterol; LDLR: LDL receptor; Lp(a): lipoprotein (a); MACE: Major adverse cardiovascular events; Total-C: total cholesterol;
TG: triglycerides.

4.2.1. PCSK9 Monoclonal Antibodies

The only current clinical therapy to inhibit PCSK9 function in use is the administration
of human mAb against soluble PCSK9. A single intravenous injection of the PCSK9 mAb,
alirocumab, in hyperlipidemic APOE*3Leiden.CETP transgenic mice, decreased non-HDL-
C, inflammatory parameters, and atherosclerosis lesion size and improved plaque stability
in a dose-dependent manner [152]. Similarly, administration of a PCSK9 mAb reduced
about 80% the levels of LDL-C in non-human primates [153]. An improved version of this
mAb, with greater antigen affinity and resistance to degradation, achieved a reduction of
around 40% in LDL-C levels at lower doses and an efficiency of 2.8 times longer [154].

The two monoclonal antibodies approved as a PCSK9-blocking therapies are alirocumab
(SAR236553/REGN727 from Regeneron Pharmaceuticals/Sanofi) and evolocumab (AMG145
from Amgen). These are currently prescribed to reduce the risk of atherosclerotic CVD
and lower LDL-C levels in patients with FH and resistance to statin therapy, among
others [150,164]. Alirocumab is a human IgG1 mAb that strongly binds PCSK9 with a maxi-
mum effect between 8 and 15 days after its subcutaneous administration [165]. Evolocumab
is a human mAb of the isotype G2 against PCSK9 with a maximum efficacy between the
first and second week after subcutaneous administration [166].

Evolocumab was tested in the FOURIER (Further Cardiovascular Outcomes Research
with PCSK9 Inhibition in Subjects with Elevated Risk [NCT01764633]) and OSLER (Open-
label Extension Study of Evolocumab [NCT01439880]) trials [156,157], and alirocumab
was evaluated in the ODYSSEY trial (Evaluation of Cardiovascular Outcomes After an

142



Int. J. Mol. Sci. 2021, 22, 660

Acute Coronary Syndrome With Alirocumab) [158,159]. These showed increased hepatic
LDLR and reduced circulating levels of LDL-C by up to 60% as well as VLDL [167]. Both
alirocumab and evolocumab slightly increased HDL levels and apolipoprotein A1 and
diminished plasmatic lipoprotein(a) [132]. A current meta-analysis have shown that PCSK9
antibodies reduce nonfatal cardiovascular events and all-cause mortality [156,160], improve
several atherogenic events [150], and promote plaque regression [168].

Notwithstanding, the use of mAbs as PCSK9 inhibitors for CVD therapy holds several
limitations, such as the high cost (about 14,500 USD per patient each year), a limited
lifetime, and administration frequency of twice a month [149]. Because of this, novel
approaches to pharmacologically inhibit PCSK9 are under development consisting of gene
silencing either with siRNAs or by using ASOs.

4.2.2. Small Interfering RNA (siRNA)

The mechanism of action of PCSK9 gene silencing uses a duplex 20 bp RNA molecule
acting as a siRNA. Within the cell, it renders an anti-sense strand that binds to the mRNA
gene, generating an incomplete duplex RNA later processed by DICER [151], thus prevent-
ing PCSK9 translation and increasing LDLR protein hepatic content.

Pre-clinical trials have shown that PCSK9 gene silencing by siRNA reduced cholesterol
levels in monkeys by 60% due to a 50–70% decrease in the PCSK9 mRNA levels [155].
PCSK9 siRNA suppressed the inflammatory response by diminishing the generation of
ROS and LDL oxidation-induced apoptosis in ECs and macrophages, respectively [145].
In clinical trial phase I, this same PCSK9 siRNA reduced LDL-C levels by 40% [161] but
the effects were not lasting and an improved version of the siRNA was developed giving
rise to Inclisiran (ALN-60212 from Alnylam) [149,169]. Inclisiran has been designed for
hepatic cellular internalization, does not induce immunogenic reactions, and has a greater
resistance to degradation by nucleases [169]. In phase I clinical trial, intravenous injection
of Inclisiran, a siRNA in a lipid nanoparticle (ALN-60212), reduced the levels of PCSK9
and LDL-C by 74.5% and 50.6% respectively, with lasting effects between 3 to 6 months and
decreases in non-HDL-C and apolipoprotein B (apoB) [170]. Phase II trial ORION-1, which
evaluated different Inclisiran doses in patients who had a history of atherogenic CVD
or high atherosclerotic CVD-risk with elevated LDL-C levels, showed a dose-dependent
decrease in PCSK9 and LDL-C levels [162]. Besides, patients who received two doses
presented a reduction of 69.1% and 52.6% of PCSK9 and LDL-C [151,162], without adverse
reactions [169]. Results of ORION phase III trials (ORION 10 and 11) have shown the
effectivity of Inclisiran in patients with CVD, CVD risk or with elevated LDL-C levels
despite statin-treatment at the maximum dose, with reductions in LDL-C, non-HDL-C, and
apoB [163].

Because its potent and long-lasting effect lowering LDL-C levels, the administration
frequency (once/twice per year) [149], low cost and easier long-term storage, Inclisiran
holds great promise as an hypolipemiant agent.

4.3. Other Developing Approaches to PCSK9 Inhibition

Other drug strategies to inhibit PCSK9 function include the use of ASOs (antisense
oligonucleotides), small-molecules inhibitors, PCSK9 vaccination or the CRISPR/Cas9
system (clustered regularly interspaced short palindromic repeat associated protein 9) to
lower PCSK9 concentration [151]. These approaches, in preclinical phase or phase I [150],
are expected to offer a number of several additional benefits such as prolonged effects,
easier production and lower cost [149]. The administration of an ASO, which is a 15–30 pb
single-strand DNA that hybridizes with PCSK9 mRNA and ensues RNase H degradation
route [164], resulted in a high specific decrease of LDL-C and PCSK9 levels of 25–50% and
50–85%, respectively, in a phase I clinical trial [151]. Notably, berberine, a natural product
obtained from a plant, and its derivatives have been shown to inhibit the transcription
of PCSK9, and therefore it could also be useful in the management of patients with CVD
risk [149,168].
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5. Conclusions

The investigations reviewed here indicate that the new emergent clinical therapies
designed to restore metabolic homeostasis have major effects on the cardiovascular system
beyond metabolic control. In addition to their expected anti-diabetic and lipid-lowering
actions, the main common mechanisms for CVD prevention and atheroprotection of the
three class drugs in the studies reviewed here are a direct modulation of vascular and
inflammatory cell phenotypes and an improvement of the vascular and cardiomyocyte
function. These effects of the incretin-therapies, SGLT2i and PCSK9i in vascular, immune
cells and cardiomyocytes have been summarized in Figure 2. These have been shown to
prevent early stages of atherosclerosis such as decreased leukocyte adhesion, endothelial
dysfunction, immune cell recruitment, and foam cell formation. Moreover, several animal
studies also demonstrated that these strategies stabilize atheromas and diminish necrotic
cores of advanced plaques. A promising future of incretin-based therapies and SGLT2i
for their use in cardiovascular prevention, and possibly, the use of small molecules as
PCSK9i for more affordable therapeutics, is anticipated. Notwithstanding, completion
of the ongoing clinical trials and further insight about the mechanisms of action of these
drugs is needed to reduce the burden of CVD in the future.

Figure 2. Common mechanism of action of incretin-therapies, SGLT2i and PCSK9i in immune and vascular cells involved
in atherosclerosis progression and in cardiomyocyte function. The main protective mechanisms of PCSK9i and INCRt
in T cells include the impairment of leukocyte rolling and a decrease in NFkB activation and cytokine secretion. Both
PCSK9i and INCRt also reduce monocyte adhesion and recruitment while in macrophages all three class drugs decrease
macrophage foam cell formation. INCRt also decreases inflammatory genes in macrophages and PCSK9i impairs restrains
proatherogenic apoptosis. Endothelial function is improved by all three class drugs by several mechanisms such as enhanced
eNOS, reduced adhesion of leukocytes and inflammatory molecules and diminished ROS production. Notably, INCrt also
promote endothelial cell repair by the mobilization of EPC from the bone marrow. In VSMCs’ INCRt decrease proliferation
and hyperplasia, PCSK9i promotes plaque stability by enhancing VSMC number, and SGLT2i reduce their dysfunction. All
these mechanisms lead to a decrease in leukocyte retention in the subendothelial space, less foam cell formation, reduced
necrotic core and prevention of plaque rupture that, in patients, ensues the acute cardiovascular events. Lastly, among
the actions observed in cardiomyocytes stands out the improved cardiac function by INCRt and SGLT2i by decreasing
inflammation and fibrosis and necrosis. EPC: endothelial progenitor cell; INCRt: incretin-therapies; SGLT2i: sodium-glucose
co-transporter 2 inhibitor; PCSK9i: proprotein convertase subtilisin kexin 9 inhibitor.
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Abstract: Atherosclerotic disease, such as coronary artery disease (CAD), is known to be a chronic
inflammatory disease, as well as an age-related disease. Excessive oxidative stress produced by
reactive oxygen species (ROS) contributes to the pathogenesis of atherosclerosis. Sestrin2 is an
anti-oxidant protein that is induced by various stresses such as hypoxia, DNA damage, and oxidative
stress. Sestrin2 is also suggested to be associated with aging. Sestrin2 is expressed and secreted
mainly by macrophages, endothelial cells, and cardiomyocytes. Sestrin2 plays an important role in
suppressing the production and accumulation of ROS, thus protecting cells from oxidative damage.
Since sestrin2 is reported to have anti-oxidant and anti-inflammatory properties, it may play a
protective role against the progression of atherosclerosis and may be a potential therapeutic target
for the amelioration of atherosclerosis. Regarding the association between blood sestrin2 levels and
atherosclerotic disease, the blood sestrin2 levels in patients with CAD or carotid atherosclerosis
were reported to be high. High blood sestrin2 levels in patients with such atherosclerotic disease
may reflect a compensatory response to increased oxidative stress and may help protect against
the progression of atherosclerosis. This review describes the protective role of sestrin2 against the
progression of atherosclerotic and cardiac diseases.

Keywords: atherosclerosis; carotid plaque; coronary artery disease; inflammation; oxidative stress; ses-
trin2

1. Introduction

Cardiovascular diseases, especially atherosclerotic diseases, are known to be associ-
ated with oxidative stress produced by excessive reactive oxygen species (ROS) [1,2]. The
sestrin family is comprised of antioxidant proteins, and mammals express three sestrins
that share nearly 50% identical amino acid sequences: sestrin1, sestrin2, and sestrin3. Ses-
trins protect against the oxidative stress that is induced by cell or tissue injury by relieving
oxidative stress [3–5]. In 1999, sestrin1 was identified as p53-activated gene 26 (PA26), and
sestrin2 and sestrin3 were discovered in 2002. Sestrin1 and sestrin2 are recognized to be
PA26-related proteins and are regulated mainly by p53 which is induced by oxidative stress,
genotoxic stress, and oncogenic stress. Sestrin3 was identified as a PA26 structure-related
gene induced by forkhead box O (FOXO) transcription factors, which also contribute to the
induction of sestrin1 [3–5]. Among the members of the sestrin family, sestrin2 has been
most extensively investigated; it has been demonstrated to be an important stress-induced
protein that is responsive to various stresses such as hypoxia, DNA damage, and oxidative
stress, and sestrin2 is widely expressed in mammals [3,6]. Sestrin2 has a protective effect on
physiological and pathological states, mainly by regulating oxidative stress, endoplasmic
reticulum stress, autophagy, metabolism, and inflammation [7]. In addition, sestrin2 regu-
lates cell growth, metabolism and survival in response to various stresses. Its anti-oxidative
and anti-aging roles have been the focus of many recent studies [8].
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This review describes the protective role of sestrin2 against the progression of atheroscle-
rotic and cardiac diseases.

2. Physiopathological Mechanisms of Sestrin2

2.1. Sestrin2 Signaling Pathways

Sestrin2, a homolog of PA26, is a highly conserved anti-oxidant protein that was
originally identified as hypoxia-induced gene 95 (Hi95) [3,4]. Sestrin2 is expressed and
secreted mainly by macrophages, T lymphocytes, endothelial cells, and cardiac fibroblasts
and cardiomyocytes [6,9,10]. Sestrin2 was shown to accumulate in cells exposed to stress
and to play an important role in suppressing the production of ROS, thus protecting cells
from oxidative damage [4]. Sestrin2 is recognized to be a negative regulator of mammalian
target of rapamycin (mTOR) signaling through its activation of AMP-dependent protein
kinase (AMPK) and its phosphorylation of tuberous sclerosis complex 2 (TSC2) [11]. The
expression of sestrin2 is regulated by several transcription factors such as p53, activator
protein-1 (AP-1), hypoxia inducible factor (HIF)-1α, and nuclear erythroid-related factor 2
(Nrf2), which are activated by stress responses [4,10]. Sestrin2 functions as a stress-inducible
metabolic regulator by inhibiting oxidative stress and proinflammatory signaling, mainly
via mechanisms that are dependent on AMPK and mTOR complex 1 (mTORC1) [12,13].

Sestrin2 has been recognized to play a protective role against oxidative stress, mainly
via the two signaling pathways of Kelch-like ECH-associated protein 1 (Keap1)/Nrf2 and
AMPK/mTORC1 as follows:

Keap1 is a cysteine-rich protein that represses Nrf2 activity. Nrf2 localizes in the cyto-
plasm and binds to Keap1. The Keap1/Nrf2 signaling plays a critical role in maintaining
cell homeostasis under oxidative stress. Sestrin2, activated by oxidative stress, increases the
expression of sulfiredoxin through the activation of Nrf2. Sestrin2 can also activate Nrf2
by promoting a p62-dependent autophagic degradation of Keap1. Sestrin2 thus decreases
the accumulation of ROS and stimulates anti-oxidant defenses via Keap1/Nrf2 signaling
activation [8,14].

TOR is a pivotal regulator of cell growth, proliferation, metabolism and autophagy.
TOR was first identified as a protein kinase inhibited by rapamycin. mTOR is present in
two distinct complexes, mTORC1, which is sensitive to rapamycin, and mTORC2, which
is not [15,16]. The regulation of mTORC1 is dependent on tuberous sclerosis complex 1
and 2 (TSC1 and TSC2), of which TSC2 acts as a GTPase-activating protein for the small
GTPase Rheb, which negatively controls Rheb and activates mTOR [15,16]. AMPK is an
important nutrient-sensing protein kinase that plays a critical role in maintaining metabolic
homeostasis [8,17]. The mechanisms of AMPK activation include phosphorylation by
its upstream kinases, such as liver kinase B1 (LKB1). Sestrin2 induced by stress inhibits
mTORC1 through AMPK activation. Moreover, mTORC1 inhibits autophagy, which plays
a critical role in cell viability [18]. As an inhibitor of mTORC1, sestrin2 promotes autophagy.
The AMPK/mTORC1 signaling pathway is known to be critical for the role of sestrin2 in
controlling cell metabolism and survival under stress conditions [8].

The main signaling pathways and pathophysiological mechanisms of sestrin2 are
summarized in Figure 1.
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Figure 1. A summary of the main signaling pathways and pathophysiological mechanisms of
sestrin2.

2.2. Sestrin2 and Oxidative Stress

Sestrin2 acts as an anti-oxidant protein that diminishes the accumulation of ROS and
inhibits mTORC1 signaling. Both the accumulation of ROS and the activation of mTORC1
were shown to be associated with aging and age-related diseases, such as atherosclerotic
disease [19].

Hu et al. showed that the expression of sestrin2 was upregulated in macrophages by
oxidized low-density lipoprotein (LDL) in a time-dependent and dose-dependent manner,
and that the knockdown of sestrin2 with small RNA interference promoted cell apoptosis
and the production of ROS induced by oxidized LDL [9]. They suggested that the induction
of sestrin2 acts as a compensatory response to oxidized LDL for cell survival.

Yang et al. also reported that the downregulation of sestrin2 increased the production
of ROS and elevated blood pressure in mice with dopamine D2 receptor (D2R) silent-
induced hypertension [20]. D2R decreased the renal production of ROS and regulated
blood pressure, in part via the positive regulation of paraoxonase 2. In D2R-deficient mice,
the silencing of D2R in renal proximal tubule cells decreased the expression of sestrin2 and
increased hyperoxidized peroxiredoxins. In contrast, D2R stimulation in renal proximal
tubule cells increased the sestrin2 expression, decreased hyperoxidized peroxiredoxins,
and reduced ROS production. Silencing sestrin2 in renal proximal tubule cells increased
hyperoxidized peroxiredoxins and ROS production, abolished a D2R-induced decrease in
peroxiredoxin hyperoxidation, and prevented the inhibitory effect of D2R stimulation on
ROS production. In mice, renal selective silencing of sestrin2 by small interfering RNA
increased renal oxidative stress and blood pressure values. These findings thus suggest
that D2R, via paraoxonase 2 and sestrin2, maintains the normal renal redox balance, which
contributes to the maintenance of normal blood pressure.

In dendritic cells, sestrin2 knockdown was shown to promote endoplasmic reticulum
(ER) stress-related apoptosis and to exacerbate ER disruption and the formation of dilated
and aggregated structures [21]. The overexpression of sestrin2 in dendritic cells markedly
decreased the apoptotic rate and inhibited ER stress-related protein translation. Moreover,
sestrin-deficient mice demonstrated increased apoptosis and an aggravated extent of ER
stress. These findings suggest that sestrin2 is a potential regulator to inhibit ER stress
signaling that exerts a protective effect on apoptosis in dendritic cells.

The accumulating evidence suggests that sestrin2 acts as an anti-oxidant protein and
reduces the production and accumulation of ROS.
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2.3. Sestrin2 and Inflammation

Atherosclerotic disease such as coronary artery disease (CAD) is recognized to be
a chronic inflammatory disease as well as an age-related disease, and oxidative stress
produced by excessive ROS contributes to the pathogenesis of atherosclerosis [1,22]. The
excessive production of ROS is implicated in vascular injury. Endogenous anti-oxidants
are thought to play a protective role against the progression of atherosclerosis, and the
imbalance in oxidant and anti-oxidant mechanisms leads to a state of oxidative stress [1,22].
Atherosclerotic disease is characterized as involving an imbalance between the formation
of ROS and the ROS-degrading antioxidant system [23]. Since the progression of atheroscle-
rosis is associated with inflammation with oxidative stress [1,22], sestrin2 would play a
protective role against atherosclerotic disease [8,12].

Kim et al. reported that lipopolysaccharide (LPS), a Toll-like receptor 4 (TLR4) ligand,
increased the levels of sestrin2 mRNA and protein in macrophages, whereas sestrin1
mRNA and protein were not affected by LPS [10]. The same researchers also showed
that sestrin2 almost completely inhibited an LPS-induced release of nitric oxide (NO) and
the expression of inducible nitric oxide synthase (iNOS) [24]. Their sestrin2 knockout
experiment confirmed the role of sestrin2 in LPS-activated macrophages. The release
and expression of proinflammatory cytokines such as tumor necrosis factor (TNF)-α,
interleukin (IL)-6 and IL-1β were shown to be inhibited in sestrin2-expressing cells. Sestrin2
prevented LPS-induced apoptosis and ROS production via the inhibition of NADPH
oxidase. Those authors suggested that sestrin2 inhibits TLR-induced proinflammatory
signaling and protects cells by inhibiting c-Jun N-terminal kinase (JNK)- or p38-mediated
c-Jun phosphorylation [24].

Hwang et al. demonstrated that the knockdown of sestrin2 in human umbilical vein
endothelial cells (HUVECs) promoted LPS-induced inflammatory responses, apoptosis,
and ROS production [25]. In sestrin2-knockdown HUVECs, the LPS-mediated nuclear
factor kappa B (NF-κB) phosphorylation, the secretion of pro-inflammatory cytokines
such as TNF-α, monocyte chemotactic protein-1 (MCP-1), and IL-6, and the expression of
adhesion molecules were significantly increased. LPS-induced ROS production, ER stress,
and cell toxicity were also increased after sestrin2 knockdown. All of these effects were
fully abrogated by treatment with an AMPK activator. Treatment with an AMPK activator
was shown to reduce atherosclerotic lesions in apolipoprotein E-knockout mice [26], and
in the aortic tissue samples from the mice, sestrin2 knockdown resulted in the reduction
in AMPK phosphorylation and the induction of LPS-mediated NF-κB phosphorylation,
thereby leading to the up-regulation of adhesion molecules and ER stress-related signal-
ing [25]. These findings thus suggested that sestrin2 knockdown aggravates atherosclerotic
processes by increasing pro-inflammatory reactions and ER stress in the endothelium via
an AMPK-dependent mechanism.

These findings therefore indicate that sestrin2 has anti-oxidant and anti-inflammatory
properties, thereby protecting against the progression of atherosclerosis. Sestrin2 might
be a beneficial target for the amelioration of atherosclerosis, indicating its potential as a
therapeutic target in atherosclerotic diseases.

Angiotensin II (AngII) are recognized to induce apoptosis via the activation of AngII
receptors, and the activation of AngII signaling triggers proinflammatory effects and the
production of ROS in vascular walls by inducing multiple downstream pathways, which
consequently causes endothelial dysfunction and cardiovascular diseases [27]. Yi et al.
showed that AngII induced the expression of sestrin2 in HUVECs in a time-dependent and
dose-dependent manner and that the knockdown of sestrin2 using small RNA interfer-
ence promoted the cellular toxicity of AngII as well as the reduction in cell viability, the
exacerbation of oxidative stress, and the stimulation of apoptosis [28]. They indicated that
sestrin2 induction acts as a compensatory response to AngII for survival, implying that
the stimulation of sestrin2 expression might be an effective pharmacological target for the
treatment of AngII-associated cardiovascular diseases.
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In the early phase of atherosclerosis, macrophage-derived foam cells play a ma-
jor role in atherosclerosis. The AMPK and mTOR signaling pathways were reported
to play an essential role in the initiation and progression of atherosclerosis [29,30], and
sestrin2 was shown to modulate mTOR activity, thereby regulating glucose and lipid
metabolism [31,32]. Sundararajan et al. reported that high-glucose and oxidized LDL
treatment mediated the production of proinflammatory cytokine (M1) with a concomitant
decrease in anti-inflammatory cytokine (M2) levels in macrophages [33]. M2 macrophages
promote the secretion of IL-10, transforming growth factor-β (TGF-β), and extracellular
matrix to protect vessels from atherosclerosis, whereas M1 macrophages secrete matrix met-
alloproteinases (MMPs) and proinflammatory factors such as TNF-α, IL-6, and IL-1β [34].
Glucose and oxidized LDL increased mTOR activation with a marked reduction in AMPK
and sestrin2 expression and increased foam cell formation and monocyte adhesion to en-
dothelial cells [33]. In addition, the overexpression of sestrin2 regulated the polarization of
macrophages toward anti-inflammatory M2, while the knockdown of sestrin2 directed the
polarization toward proinflammatory M1 [33]. These findings suggested that sestrin2 plays
a major role in regulating monocyte activation via the AMPK-mTOR signaling pathway
under diabetic and dyslipidemic conditions and that sestrin2 has a protective role against
atherosclerosis.

3. Sestrin2 and Cardiac Diseases

3.1. Aging and Myocardial Infarction

The hallmarks of aging include accumulated aberrant proteins and oxidative stress,
dysfunction of cellular metabolism and organs, and defective homeostasis. It was shown
that AMPK activation, mTORC1 suppression, and autophagy stimulation are beneficial for
extending lifespan [35]. Sestrin2 is suggested to be associated with aging and age-related
diseases [12,36], and blood sestrin2 levels were reported to correlate with age [37,38].
Kishimoto et al. also reported that plasma sestrin2 levels correlated with age (r = 0.29) in 304
patients undergoing coronary angiography [39]. Moreover, sestrin2 was demonstrated to be
associated with an aging-related process, and physical exercise can upregulate sestrin2 [40].
Sestrin2 is abundantly expressed in skeletal muscles and is important to the maintenance
of muscle homeostasis. Rai et al. reported that the serum sestrin2 levels in 51 frail elderly
subjects were low [41]. These findings suggest that sestrin2 is associated with frailty in the
elderly.

Damaged myocardium from an ischemia reperfusion (I/R) injury initiates inflamma-
tory responses including those involving macrophages, neutrophils, and inflammatory
cytokines [42]. Sestrin2 is suggested to be cardioprotective against inflammation, oxidative
stress, and I/R stress. Morrison et al. reported that sestrin2 knockout mice had greater-
than-normal myocardial infarct sizes and impaired cardiac function with impaired AMPK
activation, and sestrin2 was observed to promote AMPK activation during ischemia and
to initiate AMPK phosphorylation via an interaction with LKB1. These findings suggest
that sestrin2 plays an important role in cardiac protection against I/R injury, serving as
an LKB1-AMPK scaffold to initiate the activation of AMPK during ischemia [43]. The
same research group also showed that sestrin2 is an age-related protein that decreases with
aging and contributes to the susceptibility of the aged heart toward I/R injury [44]. In
mice, ischemic AMPK activation was blunted, and the infarct size was larger in the aged
hearts [44]. Moreover, an adeno-associated virus delivery of sestrin2 significantly rescued
sestrin2 protein level and ischemic tolerance of aged hearts. These findings suggest that (1)
sestrin2 is a scaffold protein that mediates the activation of AMPK in ischemic myocardium,
and (2) decreased sestrin2 levels in aging led to blunted ischemic AMPK activation and
increased the sensitivity to ischemic insults. In addition, the sestrin2 knockout mice showed
an aged-like phenotype in their hearts with excessive oxidative stress, disorganized my-
ocardium, and transcriptomic alterations with I/R stress similar to aged mice [45]. Sestrin2
deficiency increased oxidative stress with up-regulated proinflammatory signaling and
greater myocardial damage after I/R stress. These findings indicate that sestrin2 plays
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critical roles in modulating inflammation and apoptosis in the murine hearts in response to
I/R injury.

The inflammatory response plays a crucial role in the progress of myocardial infarc-
tion (MI), where it is important in the repair of the myocardium but is also involved in
myocardial remodeling and heart failure after an MI. The post-MI inflammatory response
includes a substantial recruitment of circulating leukocytes into the infarcted myocardium.
Among these infiltrating leukocytes, macrophages are critical players in the modulation of
the post-MI inflammatory response [46]. The sestrin2 expression in cardiac macrophages
was shown to be upregulated in a mouse model of MI [47]. Sestrin2 overexpression sup-
pressed the inflammatory response of M1 macrophages through the inhibition of mTORC1
signaling both in vitro and in vivo. Together these findings suggest that sestrin2 plays
a role in the post-MI inflammatory response, thereby leading to myocardial repair and
remodeling.

3.2. Cardiomyopathy

In sestrin2 knockout mice, significantly reduced cardiac function with increased
myocardial fibrosis was demonstrated after irradiation [48]. This suggests that sestrin2 is
involved in the development of cardiomyopathy after irradiation. Li et al. also reported
that the sestrin2 expression was significantly increased after an injection of doxorubicin in
mice [49]. In sestrin2 knockout mice, sestrin2 deficiency rendered the mice more vulnerable
to doxorubicin and exacerbated doxorubicin-induced cardiomyocyte apoptosis and cardiac
dysfunction. Li et al. suggested that sestrin2 is a cardioprotective protein that minimizes
cardiac damage in response to doxorubicin insult.

In rat cardiomyocytes, sestrin2 knockdown reduced the AMPK phosphorylation,
downregulated antioxidant genes, and increased the ROS production upon LPS treat-
ment [50]. LPS-mediated apoptosis and the expression of MMPs were significantly
increased, and these increases were prevented by treatment with 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR), an AMPK activator. Moreover, AMPK phospho-
rylation was shown to be decreased in the heart tissue from sestrin2 knockdown mice,
which was associated with decreased antioxidant gene expression and increased apoptosis.
Decreased AMPK phosphorylation by sestrin2 knockdown increased the LPS-mediated
expression of cardiac fibrotic factors (e.g., collagen type I and type III). These results suggest
that sestrin2 may play a role in the development of cardiomyopathy under inflammatory
conditions.

In rats, sestrin2 knockdown was reported to aggravate the cardiomyocyte hypertrophy
induced by phenylephrine, and sestrin2 overexpression protected cardiomyocytes from
phenylephrine-induced hypertrophy, suggesting a protective effect of sestrin2 against
cardiomyocyte hypertrophy [36]. In addition, Quan et al. reported that sestrin2 knockout
mice had larger hearts and impaired cardiac function after aortic constriction for pressure
overload [51]. Hypertension is the main pathological factor in the development of heart
failure, and heart failure caused by hypertension is characterized by cardiac hypertrophy.
An adeno-associated virus delivery of sestrin2 rescued the sestrin2 expression, attenuated
the activation of mTORC1 and increased the pressure overload tolerance in hearts [51].
These results indicate that sestrin2 inhibits myocardial hypertrophy by inhibiting the
mTORC1 pathway, thereby regulating protein synthesis, metabolism, autophagy, and
apoptosis.

Wang et al. investigated the plasma sestrin2 levels in 220 patients with heart failure
and reported that the patients’ plasma sestrin2 levels were high and that their sestrin2
levels gradually increased as the heart failure progressed from New York Heart Association
(NYHA) functional class II to IV [6]. High sestrin2 levels were also shown to be associated
with major adverse cardiac events in the patients with heart failure. Thus, high plasma
levels of sestrin2 in patients with heart failure may reflect a compensatory response to
the heart failure and may help protect against the development of adverse cardiac events.
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However, the main source and role of high plasma sestrin2 levels in patients with heart
failure remain unclear.

The accumulating evidence suggests a role for sestrin2 in the development and pro-
gression of cardiomyopathy and heart failure. However, further studies in humans are
needed to clarify the roles of sestrin2 in cardiomyopathy and heart failure.

4. Sestrin2 and Atherosclerotic Diseases

4.1. Coronary Artery Disease

Regarding the association between sestrin2 levels and coronary atherosclerosis, Ye et al.
measured the plasma sestrin2 levels in 114 patients with CAD (stable angina (SA), n = 44;
unstable angina (UA), n = 41; acute MI (AMI), n = 29) and 35 without CAD [37]. They
reported that the sestrin2 levels were higher in the patients with CAD than in those without
CAD and that the levels were much higher in the patients with UA or AMI compared to the
patients with SA. However, a multivariate analysis was not performed in that study despite
the involvement of some significant differences in atherosclerotic risk factors between the
patients with and without CAD. Ye et al. also showed that the sestrin2 levels correlated
with the Gensini score (r = 0.46), but this correlation coefficient was analyzed in all patients
with CAD including those with AMI.

Kishimoto et al. recently investigated plasma sestrin2 levels in 304 patients undergoing
coronary angiography for suspected CAD [39]. Patients with acute coronary syndrome,
defined as acute MI and UA, were excluded from the study, and since plasma sestrin2
levels in patients with heart failure were reported to be high [6], patients with heart failure
were also excluded. Notably, the plasma sestrin2 levels were significantly higher in the
patients with CAD than in those without CAD (Figure 2). A stepwise increase in sestrin2
levels was also observed that depended on the severity of CAD (defined as the number of
>50% stenotic vessels), and the sestrin2 levels were highest in the patients with severe CAD
(Figure 2). The sestrin2 levels were significantly but weakly correlated with the number of
>50% stenotic segments (r = 0.12) and age (r = 0.29). In a multivariate analysis, the plasma
sestrin2 level was a significant factor associated with CAD independent of atherosclerotic
risk factors, and the odds ratio for CAD was 1.79 (95%CI: 1.09–2.95) for a high sestrin2 level
(>16.0 ng/mL). Thus, high plasma sestrin2 levels were identified in the patients with CAD.
However, because sestrin2 is secreted by various types of cells including macrophages, T
lymphocytes, endothelial cells, and cardiomyocytes [6,9,10] and because sestrin2 levels
were not measured in the coronary sinus in the Kishimoto et al. study [39], the main sources
of sestrin2 in patients with CAD remain unclear. Moreover, as shown in Figure 2, there
was a substantial overlap in sestrin2 levels between the patients with and without CAD.
Therefore, plasma sestrin2 levels in patients with CAD may reflect not only the degree
of coronary atherosclerosis but also the degree of atherosclerosis in other vascular beds.
Since sestrin2 is considered to have anti-oxidant and anti-inflammatory properties, high
plasma levels of sestrin2 in patients with CAD may reflect a compensatory response to
increased oxidative stress and may contribute to protection against the progression of CAD.
However, further studies are needed to elucidate the main source and role of high plasma
sestrin2 levels in patients with CAD.
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Figure 2. Plasma sestrin2 levels and the presence and severity of CAD. Plasma sestrin2 levels were
significantly higher in patients with CAD than in those without CAD (left). The sestrin2 levels
increased in a stepwise manner depending on the severity of CAD (defined as the number of >50%
stenotic vessels) and were highest in the severe CAD group (right). The central lines represent the
median, and the boxes represent the 25th to 75th percentiles. The whiskers represent the lowest and
highest values in the 25th percentile minus 1.5 interquartile range (IQR) and the 75th percentile plus
1.5 IQR, respectively (modified from Kishimoto et al. [39]).

4.2. Carotid Atherosclerosis

Nutritional abundance can lead to chronic mTORC activation, thereby enhancing
protein and lipid biosynthesis and inhibiting autophagic catabolism [52]. Chronic mTORC1
stimulation with autophagy inhibition in hepatocytes was reported to lead to insulin
resistance and type 2 diabetes mellitus (DM) mainly via the inhibition of phosphorylation
of insulin receptor substrates [32]. In obese sestrin2-knockout mice, sestrin2 deficiency
was shown to exacerbate obesity-induced mTORC activation, glucose intolerance, insulin
resistance, and hepatosteatosis, all of which were reversed by AMPK activation [31]. These
findings suggest that sestrin2 may play a role in glucose metabolism. Since DM is a well-
known atherosclerotic risk factors, sestrin2 may be associated with an increased risk of
atherosclerotic diseases.

Sundararajan et al. reported that the serum sestrin2 levels in 81 patients with type
2 DM were significantly lower compared to those of 46 subjects with normal glucose
tolerance [53]. In contrast, Chung et al. investigated the serum sestrin2 levels and the
carotid intima-media thickness (IMT) measured by ultrasonography in 46 subjects without
DM and 194 with DM [38]; they reported that the sestrin2 levels did not differ among the
normal subjects, the DM patients without carotid atherosclerosis, and the DM patients
with carotid atherosclerosis. No significant correlation was detected between the sestrin2
levels and carotid IMT, but the sestrin2 levels were correlated with the homeostatic model
assessment of insulin resistance (HOMA-IR), waist circumference, percentage body fat,
and truncal fat mass.

Kishimoto et al. investigated the plasma sestrin2 levels in 152 subjects (mean age
65 ± 10 years) undergoing carotid ultrasonography for a medical check-up for an evalua-
tion of atherosclerosis [54]. No significant correlation between sestrin2 levels and carotid
IMT was identified; however, the plasma sestrin2 levels were significantly higher in the
subjects with carotid plaque than in those without plaque (Figure 3). In addition, the ses-
trin2 levels increased in a stepwise manner depending on the severity of plaque (defined as
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the plaque score) and were highest in the subjects with severe plaques (Figure 3). Moreover,
the plasma sestrin2 levels were significantly correlated with the plaque score (r = 0.24). In
a multivariate analysis, age and male gender were significant factors for the presence of
plaque, but the sestrin2 level was not. However, the sestrin2 level was a significant factor
for severe plaque (plaque score ≥2) independent of atherosclerotic risk factors. The odds
ratio for severe plaque was 5.70 (95%CI: 1.99–16.35) for a high sestrin2 level (>13.0 ng/mL).
These findings demonstrated that the plasma sestrin2 levels were high in individuals with
carotid plaques and were associated with the severity of carotid atherosclerosis, as reported
in patients with CAD [39]. High plasma sestrin2 levels may reflect an increased oxidative
stress condition and may function to help protect the body against the progression of
atherosclerosis.

Figure 3. Plasma sestrin2 levels and the presence and severity of carotid plaque. Plasma sestrin2
levels were significantly higher in subjects with plaque than in those without plaque (left). Sestrin2
levels increased in a stepwise manner depending on the severity of plaque and were highest in the
subjects with severe plaque (score ≥ 2) (right) (modified from Kishimoto et al. [54] copyright (2020),
with permission from Elsevier).

4.3. Miscellaneous

In addition to CAD and carotid atherosclerosis, Xiao et al. reported that the sestrin2
expression was upregulated in the aortic specimens from 12 patients with aortic dissection,
which is recognized to be related to atherosclerosis, and that the plasma sestrin2 levels were
high in 120 patients with aortic dissection [55]. They suggested that the upregulation of
sestrin2 may help reduce ROS, inflammation, and apoptosis in the aortic tissues of patients
with aortic dissection. However, it has not been determined whether or not high plasma
sestrin2 levels have a preventative effect on the development of aortic dissection.

Obstructive sleep apnea (OSA) is known to be common among obese individuals.
OSA is characterized by repeated apnea during sleep and by intermittent hypoxia, leading
to serious complications such as hypertension, DM, and CAD, due to oxidative stress.
Intermittent hypoxia increases HIF-1α, thereby leading to an increase in sestrin2 expression.
Jiang et al. reported that plasma sestrin2 levels were high in 36 patients with OSA, and
that sestrin2 levels decreased after 4-week continuous positive airway pressure (CPAP)
treatment [56]. They suggested that high plasma sestrin2 levels may contribute to a
reduction in complications such as CAD as well as oxidative stress.

The blood sestrin2 levels in atherosclerotic and cardiometabolic diseases are summa-
rized in Table 1.
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Table 1. Summary of blood sestrin2 levels in patients with and without atherosclerotic and cardiometabolic diseases.

Study Serum/Plasma Study Subjects Results

Rai et al. [41] Serum 51 frail elderly vs.
41 non-frail elderly

Lower in frail elderly
than in non-frail elderly.

Wang et al. [6] Plasma 220 patients with HF vs.
80 controls

Higher in patients with HF
than in controls

Xiao et al. [55] Plasma 120 patients with aortic dissection vs.
40 without dissection

Higher in patients with aortic dissection
than in those without dissection

Jiang et al. [56] Plasma 36 patients with OSA vs.
21 controls

Higher in patients with OSA
than in controls

Ye et al. [37] Plasma 114 patients with CAD (44 SA, 41 UA,
29 AMI) vs. 35 without CAD

Higher in patients with CAD
than in those without CAD

Higher in patients with UA and AMI
than in those with SA

Kishimoto et al. [39] Plasma 175 patients with CAD vs.
129 without CAD

Higher in patients with CAD
than in those without CAD

Sundararajan et al. [53] Serum 81 patients with DM vs.
46 controls (NGT)

Lower in patients with DM
than in controls

Chung et al. [38] Serum 194 patients with DM vs.
46 without DM

No difference between patients
with and without DM

Chung et al. [38] Serum
80 DM patients with carotid

atherosclerosis vs. 114 DM without
carotid atherosclerosis

No difference between DM patients with
and without carotid atherosclerosis

Kishimoto et al. [54] Plasma 63 subjects with carotid plaque vs. 89
without carotid plaque

Higher in subjects with carotid plaque
than in those without carotid plaque

5. Conclusions

The above results support the notion that sestrin2 has anti-oxidant and anti-inflammatory
properties and that sestrin2 may play a protective role against the progression of atheroscle-
rotic diseases such as CAD and carotid atherosclerosis. Sestrin2 may thus be a potential
therapeutic target in atherosclerotic diseases. However, since the plasma sestrin2 levels in
patients with CAD and those with carotid atherosclerosis were shown to be high, it remains
unclear whether or not an exogenous administration of sestrin2 could be beneficial for the
prevention of atherosclerotic disease. Further studies are needed to elucidate the roles of
high plasma sestrin2 levels in patients with atherosclerotic diseases.
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Abstract: The role of epicardial adipose tissue (EAT) in the pathophysiology of coronary artery
disease (CAD) remains unclear. The present systematic review aimed at compiling dysregulated
proteins/genes from different studies to dissect the potential role of EAT in CAD pathophysiology.
Exhaustive literature research was performed using the keywords “epicardial adipose tissue and
coronary artery disease”, to highlight a group of proteins that were consistently regulated among
all studies. Reactome, a pathway analysis database, was used to clarify the function of the selected
proteins and their intertwined association. SignalP/SecretomeP was used to clarify the endocrine
function of the selected proteins. Overall, 1886 proteins/genes were identified from 44 eligible
studies. The proteins were separated according to the control used in each study (EAT non-CAD or
subcutaneous adipose tissue (SAT) CAD) and by their regulation (up- or downregulated). Using a Venn
diagram, we selected the proteins that were upregulated and downregulated (identified as 27 and 19,
respectively) in EAT CAD for both comparisons. The analysis of these proteins revealed the main
pathways altered in the EAT and how they could communicate with the heart, potentially contributing
to CAD development. In summary, in this study, the identified dysregulated proteins highlight the
importance of inflammatory processes to modulate the local environment and the progression of CAD,
by cellular and metabolic adaptations of epicardial fat that facilitate the formation and progression of
atherogenesis of coronaries.

Keywords: coronary artery disease; epicardial adipose tissue; inflammation; cytokines

1. Introduction

The ever-growing health and socioeconomic burden related to obesity have gathered efforts aimed
at revealing the complex association between adipose tissue and cardiovascular disease [1]. Interest in
organ-specific adiposity is rapidly increasing as a substantial amount of scientific-based evidence
suggests that adipose tissue anatomic specificity is crucial to the pathophysiology of cardiometabolic
and endocrine diseases [2]. In this context, epicardial adipose tissue (EAT) has emerged as an exciting fat
depot due to its location, peculiar metabolic properties, and clinical measurability [3]. Indeed, several
studies have recognized EAT to be an independent predictor of coronary artery disease (CAD) [4,5];
however, the nature of this association remains to be clarified. Thus, this study aims to analyze the
current literature focusing on the molecular signature of EAT derived from CAD patients. Our goal is
to provide an overview of the potential impact of dysfunctional EAT on CAD pathophysiology.
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1.1. Coronary Artery Disease

CAD is one of the most common forms of heart disease and a serious health problem worldwide.
CAD can lead to myocardial ischemia, myocardial infarction, heart failure, and ultimately to death.
CAD is a severe chronic disease, characterized by progressive atherosclerotic occlusion of the coronary
arteries, resulting in a mismatch between myocardial oxygen demand and supply [6]. Atherosclerosis
is described as a low-grade inflammatory state of the intima of medium-sized arteries that is accelerated
by well-known risk factors such as hypertension, diabetes, obesity, and dyslipidemia [7]. In most
observational studies, overweight/obesity has been associated with an increased prevalence of CAD,
suggesting that it is the major risk factor associated with the pathophysiology and progression of the
disease [8].

Moreover, the risk of developing CAD is not the same for individuals with the same percentage of
body fat, which is mainly caused by the different distributions of fat. Patients with visceral obesity
develop CAD quickly, demonstrating that this fat pad can predict CAD onset [9]. Figure 1 illustrates
an overview of atherosclerosis pathophysiology and progression in CAD. More information can be
consulted elsewhere [10,11].

Figure 1. Coronary artery disease progression. LDL, low-density lipoproteins; HDL, high-density
lipoproteins; SMC, smooth muscle cells. The figure was produced using Servier Medical Art.

1.2. Obesity as a Risk Factor for Coronary Artery Disease

Obesity is a worldwide epidemic, representing a public health concern. Obesity is determined
by a body mass index (BMI) above 30 kg/m2 [12]. However, is it widely known that BMI is a weak
measurement of body fat, being influenced by muscle mass, body water content, and other factors.
Furthermore, the relative contribution and burden of central, total, or subcutaneous adiposity to
cardiovascular diseases needs further clarification. In lean subjects, subcutaneous adipose tissue
(SAT) represents approximately 80% of the total adipose tissue mass, while visceral adipose tissue
constitutes 15%. In obese patients, the percentage of visceral adipose tissue increases significantly,
representing the most active fat subtype, which secretes adipocytokines that contribute to a systemic
proinflammatory state and promote the development of cardiovascular atherosclerosis [13]. Moreover,
visceral fat has the highest risk of metabolic dysregulation as a consequence of obesity, type II diabetes
mellitus, or insulin resistance [14].

1.3. Epicardial Adipose Tissue

EAT is the fat depot that confers mechanical protection to the heart. It is directly connected to the
myocardium, without any separating fascia, and shares the same circulation and blood supply [3].
EAT displays metabolic, thermogenic, and mechanical properties, with the higher rates of lipogenesis
and fatty acid metabolism as compared to other fat subtypes. This enrichment and increased metabolism
of free fatty acids (FFA) can be functionally important because the heart mostly depends on FFA
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oxidation as a source of energy [3]. Moreover, as an endocrine organ, EAT is the source of several
bioactive adipocytokines that can either protect or adversely affect the myocardium and coronary
arteries. Under normal physiological conditions, EAT can trigger cardioprotective actions through
paracrine or vasocrine secretion of anti-inflammatory adipocytokines, such as adiponectin. However,
upon adipocytes dysfunction, the balance of epicardial fat secretome is disrupted, the production and
secretion of protective adipocytokines declines, while the release of proinflammatory adipocytokines
through epicardial adipocytes increases [3].

1.4. Epicardial Adipose Tissue and Coronary Artery Disease (CAD)

Currently, several imaging techniques are used to effectively quantify epicardial fat, such as
magnetic resonance imaging, transthoracic echocardiography, and cardiac computed tomography [15].
Several populational studies have extensively described the predictive and associative impact of the
thickness/volume of epicardial fat on the development and progression of CAD [3,16]. An increasing
number of studies has shown that EAT volume was consistently associated with visceral obesity
and metabolic syndrome, and potentially represented a marker of CAD in asymptomatic high-risk
patients [17,18]. Consequently, the interest in studying EAT volume as a predictor of CAD has increased,
demonstrating that it can be a useful marker of CAD in asymptomatic patients with noncalcified
plaques and zero calcium scores. Interestingly, EAT significantly correlates with CAD development,
independently of the existence of cardiovascular risk factors or the volume of other fat depots [19].
Accordingly, EAT volume correlated with coronary calcification independently of global and visceral
abdominal adiposities in a cohort of stable elderly patients [20], supporting the idea that EAT could be
involved in all stages of CAD.

Some studies have favored the idea that EAT facilitated coronary atherosclerosis directly through
an imbalance between cardioprotective and deleterious adipocytokines secreted. These studies strongly
supported adipocytokines paracrine rather than systemic effects [14]. Additionally, EAT from CAD
patients have shown more interaction and adherence between cells and cell-to-matrix, an increased
inflammatory response through the infiltration of complement factors and platelets, as well as
dysfunction of lipid metabolism and mitochondria [21].

2. Methods

2.1. Search Strategy

Records that were published up to December 2019 were retrieved from the PubMed database.
The keywords “epicardial adipose tissue” were combined with “coronary artery disease” for the search.
Two authors (G.C. and D.M.) independently screened records, compared the results, and discussed
discrepancies to obtain consensus at each step based on the criteria of study selection.

2.2. Inclusion and Exclusion Criteria of Study Selection

Studies conducted in CAD patients that performed molecular studies in EAT were included.
Case reports, conference/dissertation abstracts, echocardiographic and clinic studies, animal model
studies, literature reviews, and in vitro experiments were excluded.

2.3. Data Extraction

Data from the reports were manually curated and organized to extract all genes and proteins
that could be identified and whose variation had been assessed between the different conditions.
Only studies that reported significant differences (p < 0.05) were included. We separated the
studies based on the control used (SAT) from CAD patients and EAT from non-CAD patients).
The genes/proteins identified were separated by their regulation (up- or downregulated) as
compared with a selected control. This resulted in four different lists of proteins/genes, namely:
(a) the proteins/genes upregulated in EAT CAD as compared with EAT non-CAD, (b) the proteins
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downregulated in EAT CAD as compared with EAT non-CAD, (c) the proteins upregulated in EAT
CAD as compared with SAT CAD, and (d) the proteins downregulated in EAT CAD as compared with
SAT CAD.

2.4. Bioinformatic Analysis

The identified genes and proteins were analyzed using the following bioinformatics tools:
(1) PANTHER database (http://www.pantherdb.org) was used to perform gene ontology (GO) analyses,
based on the biological process; (2) FunRich tool (http://www.funrich.org) was used to construct
Venn diagrams, to perform an integrative analysis of the proteins/genes between the different groups;
(3) SignalP and SecretomeP bioinformatics analysis were performed to search for putative secreted
proteins [22] to elucidate the endocrine function of EAT in CAD, i.e., SignalP predicts classically secreted
proteins based on signal peptide triggered protein secretion and SecretomeP predicts non-classical
secreted proteins; and (4) Reactome, an open-source, peer-reviewed pathway analysis database [23],
was used to clarify the relevance and to further explore the function of the proteins and their
intertwined associations (http://reactome.org.). The set of selected genes from the Venn diagram and
SignalP/SecretomeP analysis were placed into the “analysis” section of reactome. The program matches
these proteins/genes to pathways and provides a pictogram of significant pathways (see Figure S1).
The Reactome analysis program lists entities found in each pathway, along with a ratio of those
genes found versus total molecules in the pathway, with a p value signifying “overrepresentation”,
i.e., a larger number than would be expected if the set were random, with a Benjamin–Hochberg
correction. Only the top 10 entities in the upregulated and the downregulated groups were detailed.
The list also includes a false discovery rate (FDR) for each entity, indicating the expected proportion of
rejected genes that were incorrect rejections.

3. Results

Over 571 abstracts were retrieved and reviewed, taking into account the exclusion and inclusion
criteria, achieving 44 valid reports for further analysis (Figure 2). In a total of 44 studies, the average
of participants ranged from 45 to 74 years. Mostly, EAT samples were collected adjacent to the right
coronary artery to perform molecular studies, such as polymerase chain reaction (PCR), Western blot,
and other methods. The characteristics for each paper analyzed and a list of the proteins identified can
be found in Table S1.

From these 44 eligible studies, 1886 proteins/genes were identified as dysregulated in EAT and
subjected to bioinformatic analysis to filter the most relevant information, as summarized in Figure 3.
From these, 1108 were identified from studies with SAT CAD as the control and 778 were recognized
from studies EAT CAD versus EAT non-CAD (Table S2). Figure 4A,B illustrates the expression pattern
of each one of these comparisons. From all proteins identified in EAT as compared with EAT from
non-CAD patients, 301 proteins were described as upregulated and 417 proteins as downregulated.
Contrarily, 30 proteins were inconsistently regulated. Relative to EAT proteins with SAT CAD as the
control, 635 proteins were upregulated and 393 proteins were downregulated, and 40 proteins were
inconsistently regulated.

For further understanding of the different proteins differentially identified, the proteins were
queried in the PANTHER database v15.0 and annotated GO terms based on biological processes.
The classification results are illustrated in Figure 4C,D. Independent of the group used as the control,
the 3 main biological processes in EAT CAD with more proteins were metabolic process (GO:0008152,
p = 6.10 × 10−29 vs. EAT non-CAD and p = 1.83 × 10−12 vs. SAT CAD), cellular process (GO:0009987,
p = 2.93 × 10−28 vs. EAT non-CAD and p = 9.99 × 10−16 vs. SAT CAD), and biological regulation
(GO:0065007, p = 4.12 × 10−19 vs. EAT non-CAD and p = 6.13 × 10−29 vs. SAT CAD). In addition,
response to stimulus (GO:0050896, p= 1.55× 10−57 vs. EAT non-CAD and p= 4.90× 10−37 vs. SAT CAD),
cellular component organization or biogenesis (GO:0071840, p = 4.56 × 10−8 vs. EAT non-CAD and
p = 1.41 × 10−6 vs. SAT CAD), localization (GO:0051179, p = 1.79 × 10−21 vs. EAT non-CAD and
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p = 6.71 × 10−21 vs. SAT CAD), signaling (GO:0023052, p = 4.48 × 10−28 vs. EAT non-CAD and
p = 3.43 × 10−26 vs. SAT CAD), developmental process (GO:0032502, p = 6.85 × 10−6 vs. EAT non-CAD
and p = 4.18 × 10−36 vs. SAT CAD), multicellular organismal process (GO:0032501, p = 2.3 × 10−16

vs. EAT non-CAD and p = 1.46 × 10−38 vs. SAT CAD), and immune system process (GO:0002376,
p = 3.73 × 10−29 vs. EAT non-CAD and p = 1.25 × 10−27. SAT CAD) were also consistently highlighted.

A Venn diagram representing the differences in protein expression among groups was
designed to highlight the most significant proteins underlying the interaction between EAT
and CAD (Figure 5 and Table S3). This diagram identifies which proteins were simultaneously
upregulated (27 in Figure 5, upregulated subgroup) and simultaneously downregulated (19 in Figure 5,
downregulated subgroup) in EAT CAD for both comparisons (Table 1). On the one hand, from the
upregulated proteins, one should highlight tumor necrosis factor, C-C motif chemokine 2, C-C motif
chemokine 5, and interleukin (IL)-18. On the other hand, from the downregulated proteins, galectin-3,
gelsolin, cathepsin K, and macrophage scavenger receptor types I and II should be emphasized.

Figure 2. Search strategy flowchart. From the 571 abstracts collected in PubMed, using the keywords
“epicardial adipose tissue and coronary artery disease”, 44 reports were used for the systematic review
and 527 were excluded, according to the criteria above mentioned. CAD, coronary artery disease; EAT,
epicardial adipose tissue.
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Figure 3. The workflow for proteins/genes analysis using bioinformatic tools. SAT, subcutaneous
adipose tissue.

Figure 4. Venn diagram representing the distribution of identified proteins per control evidencing the
overlapped and unique proteins. Proteins identified in EAT from studies using EAT non-coronary artery
disease (non-CAD) as control (A) and corresponding altered biological processes (C); Proteins identified
in EAT from studies using SAT CAD as control (B) and corresponding altered biological processes (D).
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Figure 5. Venn diagram representing the distribution of proteins per control evidencing the overlapped
and unique proteins in EAT, using the protein up- and downregulated in EAT CAD as compared with
EAT non-CAD and SAT CAD.

Table 1. List of upregulated and downregulated proteins selected to characterize EAT. The putative
secreted proteins are identified in bold.

Upregulated Subgroup
(27 Proteins, 18 Secreted Proteins)

Downregulated Subgroup
(19 Proteins, 8 Secreted Proteins)

Tumor necrosis factor
Mitogen-activated protein kinase kinase kinase 8

Scavenger receptor cysteine-rich type 1 protein M130

Tyrosine-protein kinase ABL2
5-aminolevulinate synthase

C-C motif chemokine 2
C-C chemokine receptor type 2

erythroid-specific, mitochondrial
Amphiphysin

Arachidonate 5-lipoxygenase-activating protein
C-C motif chemokine 5

Aminopeptidase N

Nitric oxide synthase, endothelial Cathepsin K

Neutrophil cytosol factor 2
Histone-lysine N-methyltransferase PRDM16 Dynamin-1

C-C motif chemokine 18 Gelsolin

Cathepsin E
Leucine-rich repeat transmembrane protein FLRT3

Interleukin-7 receptor subunit alpha

Macrophage scavenger receptor types I and II
Ubiquitin carboxyl-terminal hydrolase isozyme L1

C-C motif chemokine 13
T-cell surface glycoprotein CD3 zeta chain

Butyrophilin-like protein 9
Zinc finger and BTB domain-containing protein 16

HLA class I histocompatibility antigen protein P5
Toll-like receptor 2

Galectin-3

Interleukin-18 Secreted frizzled-related protein 2

E3 SUMO-protein ligase EGR2 Hormone-sensitive lipase

Early activation antigen CD69
L-selectin Prelamin-A/C

Alpha-1-antichymotrypsin Actin, gamma-enteric smooth muscle

Complement C3 Collagen alpha-1(I) chain

Coronin-1A
Intercellular adhesion molecule 3

Acyl-CoA-binding protein

Integrin beta-2 Fructose-bisphosphate aldolase C
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4. Bioinformatics Analysis Provides a Protein Network Overview from CAD Epicardial
Adipose Tissue

4.1. Functional Protein Categorization and Integrative Analysis with REACTOME

To further understand the biological implications of EAT in CAD condition, we performed network
enrichment analysis using Reactome. The data revealed that upregulated proteins were integrated into
59 pathways and downregulated proteins were integrated into 47 pathways, with a p value restricted
to ≤ 0.05.

The most representative pathways for the upregulated subgroup of proteins were interleukin-10
signaling (p = 8.66 × 10−8), signaling by interleukins (p = 8.91 × 10−7), immune system (p = 9.07 × 10−7),
chemokine receptors bind chemokines (p = 1.15 × 10−5), and innate immune system (p = 6.06 × 10−5,
Table 2). The most representative pathways for the downregulated subgroup of proteins were
depolymerization of the nuclear (p = 4.05 × 10−4), scavenging by class A receptors (p = 5.7 × 10−4),
initiation of nuclear envelope reformation (p = 6.3 × 10−4), apoptotic cleavage of cellular proteins
(p = 2.23 × 10−3), and apoptotic execution phase (p = 4.11 × 10−3, Table 2).

4.2. Predictions of Putative Secreted Proteins

In order to add new insights regarding EAT and CAD crosstalk, SignalP and SecretomeP
bioinformatics analysis of the upregulated and downregulated subgroups of proteins retrieved
which proteins were putatively secreted (Table S5). These proteins are highlighted in bold in
Table 1 and were reanalyzed with Reactome, showing similar results to those presented in Table 2.
Briefly, upregulated secreted proteins were integrated into 47 pathways and downregulated secreted
proteins were integrated into 39 pathways, with a p value restricted to ≤ 0.05. The most prevalent
pathways associated with upregulated secreted proteins were interleukin-10 signaling (p = 8.91 × 10−7),
signaling by interleukins (p = 5.33 × 10−6), immune system (p = 1.14 × 10−5), interleukin-4 and
interleukin-13 signaling (p = 3.08 × 10−5), and interleukin-18 signaling (p = 1.05 × 10−4, Table 3).
In contrast, the most prevalent pathways associated with downregulated secreted proteins were
binding and uptake of ligands by scavenger receptors (p = 7.75 × 10−5), RUNX2 regulates genes
involved in differentiation of myeloid cells (p = 8.6 × 10−4), neutrophil degranulation (p = 3.01 × 10−4),
degradation of the extracellular matrix (ECM) (p = 3.41 × 10−3), and RUNX1 regulates transcription of
genes involved in differentiation of myeloid cells (p = 3.5 × 10−3).
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5. Discussion

This study was the first to compile dysregulated proteins/genes from different studies to
scrutinize the potential role of EAT in CAD. Despite the significant amount of research focusing
on the impact of EAT on CAD, controversial results still preclude a clear vision of this interaction.
This partially results from the fact that some studies have different control groups, while other studies
describe different proteins, even if related to the same biological processes. Lastly, some proteins
are inconsistently regulated, i.e., being upregulated or downregulated, depending on the study
(Figure 5). This inconsistency proves that the same protein can behave differently depending on other
comorbidities that cannot be excluded from human studies. With this systematic review, we were able
to highlight a group of proteins that were consistently regulated among all studies, accounting for the
control used in each study (EAT CAD vs. EAT non-CAD or EAT CAD vs. SAT CAD). The analysis of
these proteins revealed the main pathways altered in the EAT and how they could communicate with
the heart, potentially contributing to CAD development.

5.1. The Contribution of Epicardial Adipose Tissue to the Proinflammatory Profile of CAD

The bioinformatic analysis, presented in this study, revealed innate and adaptive immunity
activation as the most relevant signaling pathways in EAT from CAD patients. Accordingly, it is
currently accepted that the adipose tissue represents an important and highly active part of the
immune system [24]. Adipose tissue is composed of two distinct entities, i.e., adipocytes and the
stromal-vascular fraction formed by ECM with dispersed fibroblasts, preadipocytes, endothelial and
immune cells [25]. Adipose tissue-resident immune cells include almost the full spectrum of
immune cell types, namely macrophages, B cells, T cells, neutrophils, eosinophils, and mast cells [24].
Cytokines and chemokines are released from a wide range of immune cells, as confirmed by our
analysis (Tables 1 and 2). These factors are indispensable for the communication between immune
and non-immune cells and for the coordination of inflammatory responses, as well as the crosstalk
between innate and adaptive immune system [26]. The chemokines overexpression, such as CCL2,
CCL5, CCL13 and CCL18, triggers the recruitment of immune cells and the macrophages migration
(Table 1). Macrophages plasticity endows their diverse activities in response to various environmental
stimuli [27]. The M1 macrophages stimulate the conversion of unpolarized macrophages to M1 through
the release of various proinflammatory and proatherogenic cytokines (IL-6 and TNF-α) and chemokines.
For example, TNF-α initiates and amplifies inflammatory cascades through immune cells recruitment,
chemokine regulation, and cytokine release, as well as the migration and mitogenesis of vascular
smooth muscle and endothelial cells. Indeed, increased levels of TNF-α have been reported in EAT
from CAD patients [28] (Table 1). Inversely, M2 macrophages can be activated by cytokines IL-4/IL-13,
secreted from various cells in adipose tissue and are crucial to the promotion of preadipocyte survival,
wound healing, and control of inflammation via anti-inflammatory cytokines production, such as
IL-10, as evident in Table 2. Several studies have reported the influx of macrophages into the epicardial
fat and have correlated the ratio of M1/M2 macrophages with the severity of CAD [29]. Indeed,
excessive inflammation in CAD results from an imbalance between these two pathways, favoring M1
polarization and proinflammatory environment. Furthermore, other inflammatory pathways have been
observed, such as IL-18 signaling, capable of increasing the atherosclerotic lesion size by T-lymphocytes
attraction. Activated immune cells secrete several cytokines that influence adipocyte function and its
paracrine secretion of cytokines (adipocytokines). Simultaneously, adipocytes produce inflammatory
adipocytokines and ECM proteins, supporting infiltration and activation of immune cells. This vicious
cycle creates an optimal microenvironment for low-grade inflammation, which underlies adipose
tissue dysfunction.

Many studies have reported that CAD progression was closely associated with a higher volume
of EAT, independently of obesity. Inflammation promotes adipose tissue expansion either through
hypertrophy of existing adipocytes or differentiation of new adipocytes from adipogenic precursor
cells (hyperplasia or adipogenesis) [30]. For instance, Sadler et al. showed that low-dose LPS led to
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adipocyte hyperplasia at the site of administration, associated with a net loss of adipose tissue collagen
(Table 2), evidencing that the ability to effectively degrade ECM was essential for adipose tissue
expansion [31,32]. In parallel to ECM remodeling, proinflammatory stimuli also promote angiogenesis
in adipose tissue. These processes are both essential for adipogenesis in vivo [32] and explain the
increased fat volume described in several studies [33]. Moreover, adipocytes hypertrophy is also
associated with higher expression of proinflammatory adipocytokines, further perpetuating the vicious
cycle of inflammation and fat expansion.

5.2. The Contribution of Epicardial Adipose Tissue to the Atherosclerotic Plaque Formation in CAD

Inflammation is also considered to be a central driver of atherogenesis and of the development
of vulnerable atherosclerotic plaques [34,35]. Indeed, the proatherogenic effects of adipose tissue
immune cells are carried out in the endocrine and paracrine manner by increased levels of the putative
secreted proinflammatory proteins, as described above. Interestingly, we found IL-4, IL-10, and IL-13
signaling to be increased. We trust that the upregulation of these anti-inflammatory pathways might
represent a compensatory mechanism to promote M2 polarization and to inhibit many cellular processes
underlying plaque progression, rupture, or thrombosis, which include nuclear factor-κB activation,
metalloproteinase proteinase production, tissue factor expression, and cell death. Further reinforcing
this idea, other studies have shown that these factors were essential to keep the balance of the
inflammatory response, to promote tissue repair, and to ensure plaque stability [36,37]. Interestingly,
our analysis revealed reduced expression of cathepsin K and galectin-3 proteins, which have both
been linked to the progression of atherosclerotic plaque. While cathepsin K has been associated with
progression of unstable plaques and closely associated with CAD [38], galectin-3 has been shown to
contribute to macrophage differentiation, foam cell formation, endothelial dysfunction, and vascular
smooth muscle cells proliferation and migration [39] in the atheroma and its inhibition might reduce
plaque progression [40]. Moreover, galectin-3 deficiency, in a mice model of atherosclerosis (ApoE−/−),
decreased plaque size, its necrotic core, and collagen content [40], which was consistent with our
findings (Table 1). The presence of collagen in the fibrous atherosclerotic plaque cape is essential to
maintain its stability, avoiding plaque rupture [41]. In addition, we found the macrophage scavenger
receptor class A and the transcript factor RUNX2 to be downregulated in EAT. Macrophage scavenger
receptor class A is known to be involved in foam cell development, mediating the influx of lipids into
the macrophages [42], and therefore knockout mice for this gene have shown lower proinflammatory
responses, macrophage apoptosis, and cellular necrosis with better stabilization of atherosclerotic
plaques [43].

Similarly, RUNX2 is activated by atherogenic factors such as lipid-derived products from oxidation
present in valve lesions that can promote calcification and is increased in advanced calcified lesions,
supporting their implication in active osteogenesis and mineralization of human atherosclerotic coronary
arteries [44]. Nevertheless, RUNX2 downregulation seems to be crucial to keep EAT expansion in
response to inflammation, once RUNX2 upregulation restrains adipogenesis [45]. The proteome of
epicardial fat likely acts as a local trigger for coronary plaque growth, calcification and stability in
different stages of CAD. Accordingly, an unbalance between calcification promoters and inhibitors in
epicardial fat has been reported in advanced stages of CAD [20].

5.3. The Epicardial Adipose Tissue and Atheroma Communication

Notably, the cellular composition of adipose tissue is highly plastic and can be regulated
by environmental acute and chronic stimuli [24]. This suggests that the signals arising from the
cardiovascular system can modulate the differentiation and function of adipocytes, and consequently
adipose tissue quality. This concept supports a bidirectional crosstalk between epicardial fat and the
coronary arteries, as represented in Figure 6. Antonopoulos et al., described an increased expression
of adiponectin in perivascular adipose tissue in response to the activation of NADPH oxidase in the
human arterial wall using an ex vivo model of human internal mammary arteries and perivascular
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adipose tissue co-cultures [46]. Moreover, inflammation and alteration in adipokines expression were
reported in perivascular adipose tissue of rats and pigs as a consequence of balloon-induced vascular
injuries and drug-eluting stent-induced coronary vasoconstriction [47,48]. The inflammation present
in atherosclerotic coronary arteries may contribute to attracting immune cells to EAT, as observed by
the increased number of chemokines upregulated (Tables 1 and 2). By doing so, the atheroma may
affect the EAT composition and signaling.

Figure 6. Interactions between EAT and atherosclerotic coronary arteries. In response to inflammatory
cytokines released by atheroma, EAT can modulate the differentiation and function of adipocytes. EAT,
located in close proximity with heart, can secrete adipocytokines which diffuse directly to the coronary
arteries, promoting coronary inflammation. The figure was produced using BioRender and Servier
Medical Art.

5.4. Influence of Epicardial Adipose Tissue Proteome on Cardiac Function and Structure

Beyond the influence of EAT on CAD, EAT is also directly connected to the myocardium.
Inflammatory mediators have significant repercussions in all myocardial cell types, namely in
cardiomyocytes, fibroblasts, and endothelial cells [49,50]. The deleterious effects of the proinflammatory
cytokines include myocardial cell death, blunted β-adrenergic signaling, fetal gene reactivation,
endothelial dysfunction, and collagen deposition [49], which are major determinants in the pathogenesis
of cardiac disorders. There is increasing evidence that proinflammatory adipocytokines trigger
cardiomyocyte hypertrophy and apoptosis, fibroblast differentiation into active myofibroblasts,
and adhesion of immune cells to the endothelium and trans-endothelial migration [49,51,52]. Moreover,
experimental studies have shown that inflammation was responsible for left ventricular (LV) diastolic
and endothelial dysfunction and progression towards heart failure with preserved ejection fraction
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(HFpEF) [53,54]. Cytokines such as TNF-α (Table 1) promote a direct negative inotropic effect,
through downregulation of Ca2+-regulating genes including sarcoplasmic reticulum Ca2+ ATPase
and Ca2+-release channel [55] and stimulate myofibroblasts activation [56,57]. Transgenic mice
with cardiac-specific overexpression of TNF-α developed dilated cardiomyopathy with ventricular
hypertrophy, ventricular dilatation, interstitial infiltrates, interstitial fibrosis, and reduced ejection
fraction [58]. In contrast, IL-10 signaling suppressed the inflammatory response and contributed
to improved LV function and remodeling (Table 2). Treatment approaches with IL-10 seem to be
beneficial for preventing hypertrophy, reducing fibrosis, and preserving cardiac function, through the
maintenance of cytokine homeostasis [59]. IL-4 and IL-13 signaling also modulate physiological
processes, such as tissue repair, ECM remodeling, and metabolism homeostasis [60,61]. Additionally,
we have observed a downregulation of RUNX1, that has been identified as a key regulator of adverse
cardiac remodeling following myocardial infarction. RUNX1-deficient mice or RUNX1 knockout
prevented adverse cardiac remodeling, restrained myocardial scar formation, and assured normal
calcium homeostasis in cardiomyocytes [62]. Considering all the identified pathways, we believe that
EAT fights to maintain cardiovascular homeostasis, orchestrating the inhibition and promotion of
certain pathways.

5.5. Therapeutic Strategies against Inflammation-Related Coronary Artery Disease

Current pharmacological strategies for CAD patients include reducing angina symptoms,
exercise-induced ischemia, and preventing cardiovascular events [63]. Taking into account the analysis
presented in our study regarding the major impact of inflammation in CAD, therapeutic strategies
should target the immune system with anti-inflammatory approaches [52]. Recently, the randomized
clinical trial CANTOS assessed the effect of canakinumab, a human monoclonal antibody against IL-1β
with anti-inflammatory properties. Canakinumab reduced significantly high-sensitivity C-reactive
protein level from baseline in a dose-dependent fashion for three months, which persisted even after
the treatment ended [64]. Moreover, the anti-inflammatory therapy targeting the IL-1β reduced the
recurrence of cardiovascular events in well-treated CAD patients independent of any lowering effects
on low-density lipoproteins (LDL) cholesterol levels [64].

6. Conclusions

The communication between EAT and CAD remains unclear. The dysregulated proteins,
identified herein, highlight the importance of inflammatory processes for modulating the local
environment and the progression of CAD. Inflammation triggers cellular and metabolic adaptations
of epicardial fat that facilitate the formation and progression of atherogenesis of coronaries.
Although several authors have supported that EAT thickness was a predictor for CAD, we also
trust that the quality of epicardial fat should be assessed. For instance, to evaluate EAT-resident
immune cells would ease the comprehension of the dynamic signaling at different time points of
CAD progression.

In conclusion, future studies involving immune interventions should envisage clarifying the
influence of anti-inflammatory drugs in EAT and how to modulate the paracrine and endocrine
communication between epicardial fat and coronary arteries during CAD.
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Abstract: Coronary artery ectasia (CAE) is frequently encountered in clinical practice, conjointly
with atherosclerotic CAD (CAD). Given the overlapping cardiovascular risk factors for patients
with concomitant CAE and atherosclerotic CAD, a common underlying pathophysiology is often
postulated. However, coronary artery ectasia may arise independently, as isolated (pure) CAE,
thereby raising suspicions of an alternative mechanism. Herein, we review the existing evidence
for the pathophysiology of CAE in order to help direct management strategies towards enhanced
detection and treatment.

Keywords: coronary artery ectasia; coronary artery aneurysm; CAD; cytokine; lipidome

1. Introduction

Coronary artery ectasia (CAE) is a relatively common coronary angiographic finding,
with an incidence of 1.5–5% and geographical variations in prevalence. CAE has been
associated with a male predominance (1.7% vs. 0.2%) and more frequently affects the right
coronary artery and the proximal vessels. Currently, the pathogenesis of CAE is not fully
understood, with some evidence suggesting an atherosclerotic aetiology and other reports
describing a distinct pathology [1].

While the terms CAE and coronary artery aneurysm (CAA) are often used interchange-
ably, they carry distinct phenotypes and definitions. CAE is defined as a diffuse dilatation
of the coronary artery of at least 1.5 times the normal artery with a length of over 20 mm
or greater than one third of the vessel. It can be further subdivided into diffuse and focal
dilations by the length of the dilated vessels. Histologically, it presents with extensive
destruction of musculoelastic elements, with marked degradation of collagen and elastic
fibres and disruption of the elastic lamina. Conversely, CAA is a dilatation with a focal
appearance. It is termed saccular if the transverse diameter is greater than the longitudinal,
and fusiform for the opposite [2].

Given that CAE is associated with atherosclerosis in 50% of cases, a common underly-
ing aetiology has been postulated. It is important to note, however, that approximately 30%
of cases are associated with vasculitis including Kawasaki disease and Takayasu arteritis,
and connective tissue diseases such as Ehlers–Danlos or Marfan’s syndrome. The remain-
der are congenital or idiopathic [3]. In particular, congenital CAE has been documented
with other cardiovascular abnormalities including bicuspid aortic valve, aortic aneurysms,
pulmonary stenosis, and ventricular septal defects.
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2. Acute Myocardial Infarction in CAE

CAE patients with acute myocardial infarction (MI) undergoing percutaneous coronary
intervention (PCI) have reported a high thrombus burden and greater use of glycoprotein
IIb/IIIa inhibitors (GPI) and post-procedural anticoagulation [4]. Indeed, thrombus forma-
tion may be inherently related to abnormal flow within coronary ectatic lesions, resulting in
distal embolization. While higher rates of no-reflow and lower Thrombolysis in Myocardial
Infarction (TIMI) flow grades have been observed after percutaneous coronary intervention
(PCI), long term survival is good [5]. One study reported that no stent was deployed in
44% of patients undergoing coronary angiogram, compared with 7.5% in a comparable
group with no CAE [6]. Furthermore, stent deployment conferred a better in-hospital
outcome, although long term outcomes were shown to be similar with relatively high
rates of non-fatal MI and angina. In a large observational study evaluating the long-term
outcomes of 1698 patients with acute MI, the incidence of major adverse cardiac events
(MACE) (p < 0.001), cardiac death (p = 0.004), and non-fatal myocardial infection (p < 0.001)
was significantly higher in patients with CAE [7]. An increased risk of MACE has also been
identified in patients with diffuse CAE as compared to those with focal CAE [8].

3. Clinical Sequelae

While most patients with CAE experience coronary artery disease (CAD), additional
clinical manifestations may be related to increased inflammatory markers in the peripheral
blood [9] and anomalies present in other blood vessels [10]. Possible aetiologies contributing
to the destruction of musculoelastic coronary elements in CAE include vascular endothelial
dysfunction, oxidative stress [11], and enzyme destruction [12].

Angina is a frequently reported symptom, resulting from slow coronary flow due to
turbulence within ectatic segments. Disturbed blood flow patterns directly affect endothe-
lial cells by promoting the sustained activation of atherogenic genes, such as monocyte
chemotactic protein-1 (MCP-1). This subsequently induces monocyte infiltration and
platelet-derived growth factors, further increasing endothelial cell turnover and smooth
muscle cell migration [13]. Previous reports have even elucidated a higher prevalence in
CAE compared with matched patients with severe atherosclerotic CAD [14]. Taken together,
patients with CAE may have a higher relative risk for angina and associated risk of adverse
cardiac-related outcomes when coupled with obstructive CAD.

The incidence of PCI in CAE with CAD is significantly lower than CAD with no
CAE (p < 0.001), reflecting the limitations of current technologies to treat ectatic vessels.
Coronary embolization in CAE can result from stasis in dilated segments and anticoagula-
tion is frequently prescribed to mitigate this. Rupture of aneurysmal segments is a rare but
serious complication [2].

CAE is also associated with ECG markers of arrhythmia including QRS fragmenta-
tion [15]. Conlon et al. reported an association between CAE and ECG markers of ar-
rhythmia including prolonged Tp-Te, QTc dispersion, and P wave dispersion. Long Tp-Te
interval represents a susceptibility to ventricular arrhythmias and is associated with in-
creased mortality in hypertrophic cardiomyopathy, myocardial infarction, and long QT
syndromes [16].

Long term follow-up studies have demonstrated higher incidence of acute coronary
syndrome (ACS) in CAE compared to controls, with increasing ACS in higher grade CAE
(Markis grades 1 and 2) [17]. Mortality and cardiovascular mortality are also higher in CAE
when compared with controls [18], and there is evidence for the role of dilatation extent in
predicting these clinical outcomes.

4. Risk Factors

A recent study demonstrated no difference in the incidence of hypertension, diabetes,
hyperlipidaemia, family history, or smoking between CAE and CAD. However, higher inci-
dences of hypertension, hyperlipidaemia, triglyceride, and low-density lipoprotein/high-
density lipoprotein ratio (LDL/HDL) have been observed in previous studies when CAE
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patients were compared with matched controls (p < 0.001) [19]. This is in accordance with
recent evidence describing reduced HDL-C and higher TG/HDL-C monocyte/HDL-C
ratios in CAE and CAD groups as compared to controls. The LDL-C/HDL-C ratio was
also significantly higher in patients with CAE versus those with CAD [20]. Furthermore,
patients with solely (pure) CAE have been found to be younger, have diffuse disease
involving the three main epicardial coronary branches, and have less traditional CV risk
factors than those with mixed CAE [21].

While coronary angiography is the gold standard diagnostic technique for detecting
CAE, intravascular ultrasound is frequently used to confirm CAE morphology and luminal
dilatation. To further classify anatomical variations, Markis proposed a classification of
CAE based on the extent of ectactic involvement. As described in Table 1, severity type
decreases from Type I, diffuse ectasia of two or three vessels, to Type IV, localized or
segmental ectasia.

Table 1. Markis classification of coronary artery ectasia.

Type I Diffuse ectasia of two or three vessels

Type II Diffuse disease in one vessel only and localised in another
vessel

Type III Diffuse disease in one vessel
Type IV Localised or segmental ectasia

5. Atherosclerotic vs. Non-Atherosclerotic Inflammatory Response in CAE

Given similar histological characteristics, clinical symptoms, and disease co-existence,
an atherosclerotic process has been widely linked to CAE pathogenesis. Indeed, CAE may
represent an exaggerated form of extensive vascular remodelling in response to atheroscle-
rotic plaque formation, with extracellular enzymatic degradation playing a major role in
ectatic vessel formation. The atherosclerotic process may extend through the intima to the
media where hyalinisation and lipid deposition in the intima leads to degradation of the
media due to overexpression of matrix metalloproteinases (MMPs). Consequently, MMPs
are actively involved in the proteolysis of extracellular matrix proteins, resulting in col-
lagen degradation and pathological dilatation. The overproduction of MMPs may lend
itself to the development of ACS and may explain the beneficial role of rosuvastatin in
suppressing MMP expression and reducing inflammation in CAE patients [22]. Of note,
MMP expression is downregulated in diabetes, which may paradoxically explain the lower
incidence of CAE in diabetes.

Local coronary flow disturbances caused by decreased endothelial shear stress has
also been proposed as an alternative explanation for the coexistence of CAD and CAE.
Intravascular ultrasound (IVUS) evidence suggests that atherosclerotic plaques within
ectatic regions of vessels are highly inflamed and meet high-risk plaque criteria [23].
Histopathological evidence of CAE shows intense proteolysis and extracellular matrix
destruction within the vascular wall [14].

On the other hand, risk factors for CAD are not a prerequisite for the development of
CAE, and many patients are found to have no atherosclerotic plaque. Namely, Kawasaki
disease is the second most common aetiology in CAE, presenting with diffuse infil-
tration of the arterial wall by mononuclear cells, lymphocytes, and macrophages [24].
Moreover, infection-linked CAE is associated with pathogenic invasion of the coronary
arteries and immune complex deposition.

6. Immuno-Inflammatory Response in CAE

Mediators of chronic inflammation, such as growth factors and cellular adhesion
models, have been widely described in the pathogenesis of CAE. Specifically, the expression
of specific inflammatory markers, particularly IL-6 and CRP, is known to be higher in
CAE compared with CAD and healthy controls [9]. Most recently, a large meta-analysis
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elucidated the role of other contributory markers, neutrophil to lymphocyte ratio (NLR)
and red cell distribution width (RDW), in the pathogenesis of CAE [25].

A report on immune-inflammatory response in CAE demonstrated significantly higher
systemic levels of INF-gamma, TNF-alpha, IL-1ß, and IL-8, and lower levels of IL-2 and
IL-4 compared with the control group [26]. In comparison with CAD, CAE patients had
significantly higher levels of IL-8 and IL-1ß, and significantly lower levels of IL-2 and IL-4.
Analysis of isolated CAE versus mixed CAE did not demonstrate any differences with
respect to cytokine levels.

Inflammatory markers, C-reactive protein and albumin are believed to be involved in
the progression and severity of CAE. Recently, a significantly higher C-reactive protein-to-
albumin ratio has been associated with isolated CAE when compared to obstructive CAD
and controls. Notably, C-reactive protein-to-albumin ratio also correlated strongly with
the severity of CAE, which provides further evidence for its potential role in detection and
management [27].

While the cytokine milieu in CAE shares similarities with CAD, there are some distinct
differences. Notably, the higher presence of leukocytes in CAE presents as higher levels of
IL-6 and lower levels of IL-2. This cytokine-mediated inflammatory response serves as the
basis for impaired coronary circulation.

High levels of TNF-α are known to be present in CAD where stimulation of the Th1
pathway leads to activated M1 macrophages which promote atherogenesis. CAE in the
absence of CAD is also associated with high levels of TNF-α, which may imply a common
mechanism of macrophage activation. Nevertheless, the low level of IL-2 in CAE may
suggest an alternative trigger for the direct activation of the Th1 pathway.

The pro-inflammatory marker, IL-6, has a role in inhibiting macrophage activation
by inhibiting macrophage scavenger receptor-A, but is not associated with CAD [28].
Additionally, the non-atherogenic process in CAE may be partially explained by lower
levels of IL-4, secreted by Th2. Likewise, the lower levels of IL-2 seen in CAE may also
support a non-atherogenic pathway through the absence of Th1 cell response which is
associated with CAD and acute coronary syndrome.

Another report [29] found some subtle differences in cytokine levels. Triantafyllis et al.
reported high IL-4 and low IL-2 levels in CAE compared with CAD and control subjects,
and high IL-6 in CAE and CAD compared with control subjects. They concluded that Th2
activation (in the presence of high IL-4) is a cardinal feature of CAE (Figure 1, Pathway A).
The relationship of Th2 with atherogenesis is complex as IL-4 produced by Th2 reduces
IFN-y activity and so can be considered antiatherogenic. However, in some circumstances
in mouse models, IL-4 was found to be associated with the promotion of atherosclerosis.
Other Th2 related cytokines such as IL5 and IL33 are antiatherogenic.

In contrast, Bose et al. reported low IL-4 and IL-2 and high IL-6 in CAE compared
with CAD and control groups. They proposed that the activation of smooth muscle cells by
IL-6 leads to vascular remodelling and, in the absence of M2 macrophages to limit tissue
damage, leads to the development of CAE (Figure 1. Pathway B) [30].

A similar histological examination of CAE and CAD supports the notion that ectasia
may be a variant of atherosclerosis. Histology demonstrated extensive destruction of the
musculo-elastic element of the vessel wall with degradation of medial collagen and disrup-
tion of the internal and external elastic lamina. The expansive remodelling of the external
elastic membrane, likely due to the activation of MI macrophages, underlies luminal ex-
pansion in CAE. Specifically, elevated TNFa and IFNy from activated M1 macrophages
promote macrophage transmigration via ICAM1 and VCAM1 into the intima and induce
MMPs that inhibit collagen synthesis.

Further evidence for a common underlying pathogenesis with atherosclerosis emerges
from recent reports demonstrating MCP-1 as an independent predictor of CAE. As previ-
ously mentioned, MCP-1 is directly responsible for disturbed blood flow and is critical in
the development of atherosclerosis, specifically with regard to the recruitment of monocytes
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into the vascular wall. Additionally, higher levels of MCP-1 have also been associated with
higher incidence of acute ischemic events in patients with CAD [13].

Figure 1. Proposed cytokine-mediated pathways resulting in CAE. IL-2 = Interleukin-2; IL-4 = Interleukin-4;
IL-6 = Interleukin-6; Th2 = T-helper 2; CAE = coronary artery ectasia; SMC = smooth muscle cells;
and M2 = M2 macrophages.

Of note, significantly elevated mean platelet volume (MPV) has also been observed
with CAE and CAD groups compared to controls. Elevated MPV levels result from in-
creased platelet activation and therefore predispose patients to a higher risk of thrombotic
events and myocardial infarction [20].

7. Lipid Profiling in CAE

Lipoproteins have been implicated in the remodelling process leading to the devel-
opment of CAE; however, evidence remains highly elusive. Lipids are known to play an
important role in the formation of CAD in the presence of inflammation and oxidative
stress. In addition to well-known lipid classes associated with CAD, such as cholesterol
and triglycerides, advancements in lipidomic profiling have demonstrated additional lipid
classes that are strongly associated with CAD, such as phospholipids [31]. Distinct patterns
of individual lipid species within the phospholipid class can potentially differentiate stable
from unstable CAD [32].

Previously, a higher prevalence of CAE has been demonstrated in patients with
familial hypercholesterolemia alongside higher LDL-C levels, lower HDL-C, and a higher
LDL/HDL ratio [19]. Likewise, an elevated LDL-C/HDL-C ratio carries predictive value
for CAE development [33]. LDL-C binds to elastin, collagen, and proteoglycans and is
subsequently oxidized, hence increasing its affinity to matrix particles. Foam cell formation,
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and the subsequent extracellular matrix (ECM) breakdown results from the stimulation
of macrophages, smooth muscle cells, and ECM-degrading enzymes including MMP-2,
MMP-9, and MMP-12 [23]. This is critical in the pathogenesis of dilating vascular diseases,
such as CAE, as the ECM provides structural support to the vessel wall, thereby influencing
cell behaviour and signalling.

By a similar mechanism, two phospholipid species, specifically sphingomyelin (SM)
and phosphatidylcholine (PC), have been found to be significantly downregulated in CAE
compared with CAD and healthy controls. In the first lipid profiling study reported for
CAE, lipidomic profile in CAE demonstrated distinct patterns of lipid species compared
with CAD and healthy controls [34]. SM are carried into the vessel wall on lipoproteins
and stimulate foam cell formation [30]. They have also been shown to be incorporated in
atherosclerotic plaques in addition to the polyunsaturated cholesteryl esters of long-chain
fatty acids. SM levels are independently predictive of the presence of atherosclerotic CAD, a
finding that implicates SM in the process of atherosclerotic plaque formation. Notably, low
levels of SM in CAE may predispose premature apoptosis within the arterial wall, further
promoting ectasia. Lower phosphatidylcholine levels, specifically 16-carbon fatty acyl
chain phosphatidylcholines, have also been implicated in the pathogenesis of CAE. PC has
a critical role in transporting fatty acids as well as lipid metabolism; thereby providing
important knowledge about lipid regulation and disease manifestation. Taken together,
downregulated phosphatidylcholine levels and a distinct lipidomic profile in CAE may
suggest a non-atherogenic origin of ectasia development.

Similarly, subsequent work in metabolic characterization of fatty acids in patients
with CAE can be distinguished from those of controls and CAD. This provides further
lipidomic profiling findings that isolated plasma fatty acids profiles with CAE could be
seen as biomarkers to distinguish CAE from controls and CAD patients [35].

On the grounds of the aforementioned studies, it may be adequate to conclude that
the CAE lipid profile has a clearly distinct pathophysiology from atherosclerosis profile in
CAD and hence a distinguished metabolic pathway. The proposed mechanistic pathways
underlying the pathogenesis of CAE are depicted in Figure 2.

Figure 2. Schematic of proposed pathways underlying vascular remodelling in the pathogenesis
of CAE. Proposed triggers such as e.g., viral or Gut microbial metabolites are not included in the
figure. IFN-γ = interferon gamma; IFN-α = interferon alfa; IL-6 = interleukin-6; IL-8 = interleukin-8;
IL-1β = interleukin 1-beta; CRP = c-reactive protein; ICAM1 = Intercellular Adhesion Molecule 1;
VCAM1 = Vascular Cell Adhesion Molecule 1; MMP = Matrix Metalloproteinases; SMC = smooth
muscle cells; NO = nitric oxide; ECM = extracellular matrix; SM = sphingomyelin; PC = phosphatidyl-
choline; FAs = fatty acids; and miRNA = microribonucleic acids.
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8. Treatment Options of CAE

Coronary ectasia management is highly dependent on clinical experience and the
diagnosis of the disease remains largely incidental, especially for isolated forms of the dis-
ease without a preceding history from childhood or adolescence. Adding to this challenge,
consensus treatment guidelines have yet to be established, despite increasing evidence of
long-term outcomes related to CAE. Available management options include pharmacologic
therapy, surgery, and percutaneous intervention.

Given that high grade CAE may predispose to thromboembolic-related ACS, formal
anticoagulation has been proposed as a potential treatment strategy. Nevertheless, there still
exists a lack of quality data to support this recommendation, and the use of anticoagulation
remains controversial.

In the presence of CAD, the prognosis and treatment of CAE are similar to CAD
alone. In isolated CAE, however, prognosis is better and antiplatelets are the mainstay
treatment option [36]. A rationale for antiplatelet therapy in the absence of atherosclerotic
coronary disease may be that platelet activation in isolated CAE is heightened through
P-selectin, beta-thromboglobulin and platelet factor 4. Furthermore, given that patients
with CAE have been found to have significant elevations of MPV compared to their healthy
counterparts, anti-thrombotic therapy may have a beneficial role in management. In general,
anticoagulation is recommended with extensive CAE and multi-vessel involvement. In the
context of CAE with acute coronary syndrome with obstructive atherosclerotic CAD, the
management options should follow the standard guidelines for revascularization.

Nitrates may promote dilatation and potentially exacerbate turbulent flow with a
theoretical worsening of ischaemic symptoms, so the use of nitrates is generally avoided.

As statins can inhibit the secretion of MMPs, they may have a therapeutic role in the
management of CAE, especially in younger patients. Higher inflammatory marker levels,
specifically IL-6 and CRP, have also been observed in younger CAE patients, who have
subsequently benefited from rosuvastatin therapy [22].

Overall, standard treatment of co-existent CAD is recommended, including lifestyle
modification strategies and cardiovascular risk factor management. For patients with coex-
isting obstructive lesions and symptoms of significant ischemia despite medical interven-
tion, percutaneous or surgical vascularization may be recommended [37]. Previous reports
have described the use of coronary artery bypass grafting for the treatment of significant
CAD co-existing with ectatic coronary segments [38].

Most recently, evidence for the prognostic role of serum DAMPs in the pathogenesis of
CAE has emerged. The differential regulation of DAMPs S100B, HSP70, DJ-1, and sRAGE
in CAE adds to the growing body of literature for novel biomarkers as therapeutic targets
in CAE management [39].

9. Epigenetics in CAE Pathogenesis

Emerging evidence has focused on the role of epigenetics and gene regulation in
the pathophysiology of cardiovascular disease (CVD) and aging. With regard to CAE,
epigenetic modifications have been observed with endothelial cells, vascular smooth mus-
cle cells, and macrophages, in addition to the inflammatory processes governing CAE
development [40].

To date, the epigenetic contribution to CAD involves histone modifications, DNA
methylation, and RNA-based mechanisms. Interestingly, many of the pro-inflammatory
genes involved in CAE pathogenesis, IFN-y and IL-6, appear to be regulated through DNA
methylation [41]. In a study investigating the relationship between IL-6 methylation status
and CVD risk, lower methylation levels were found in patients with CAD, suggesting an
inverse relationship between methylation and CAD risk [42]. Given the tissue heterogeneity
of atherosclerosis, the precise mechanisms of DNA methylation in atherosclerosis remain
to be elucidated.

Due to the impact of foam cell formation in the pathogenesis of CAE, it is important
to note that several cellular microribonucleic acids (miRNAs) have been identified in
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this process. miRNAs play a role in the inhibition of macrophage cholesterol efflux via
ABCA1 [43] as well as regulating the balance between pro-atherosclerotic M1 and anti-
atherosclerotic M2 phenotypes specifically via miR-33 [44]. For these reasons, future
research should explore circulating miRNAs as potential diagnostic biomarkers in various
CAD settings.

As the role of genome sequencing and metabolomics continues to evolve, there is
also an increasing need to explore gut microbiome dysbiosis in the progression of CAD.
Multiple studies have identified microbial stains associated with CAD [45,46], while alter-
ations in the gut microbiome have been related to the development of several cardiovascular
risk factors including diabetes mellitus [47] and obesity [48]. Interestingly, a decrease of
Bacterioidetes and increase of Firmicutes, Escherichia-Shigella, and Enterococcus in the gut
of CAD patients suggests that a shift in microbiota may underpin the development of
CVD [49].

10. Gut Microbial Metabolites in CAE

Metabolites of the gut microbiome, such as trimethylamine (TMA), may promote
atheromatous plaque formation through metabolic processes in the systemic circulation.
TMA is generated by the gut microbiota from dietary phosphatidylcholine and carnitine
and oxidized in the liver to form TMAO, which results in forma cell aggregation [50].
Elevated serum levels of TMAO have been associated with early atherosclerosis, increased
risk of CVD mortality, and severity of peripheral artery disease [51]. A larger-scale prospec-
tive study established the prognostic value of TMAO in the identification of patients at
risk for incident adverse cardiac events at 5 years, including MI and MACE (MI and
cardiovascular death) [52].

However, gut microbiome dysregulation decreases the expression of tight junction
proteins, thereby increasing the permeability of the intestinal mucosa and allowing Gram-
negative bacterial lipopolysaccharide (LPS), or endotoxins, to enter the blood circula-
tion [50]. This triggers the expression of chemokines and cell adhesion molecules, further
stimulating the formation of foam cells and the adhesion of monocytes to endothelial cells.
Indirectly, bacterial LPS triggers the release of many pro-inflammatory factors involved in
CAE pathogenesis, such as TNF-a and IL-1B, while inhibiting the expression of cholesterol
transporters [53].

This explanation supports the different metabolite profiling for CAE from both
atherosclerotic and normal coronaries [34].

11. Conclusions

While CAE remains an important clinical coronary pathology with associated morbid-
ity and mortality, its exact underlying etiopathogenesis has yet to be fully elucidated. Due to
its strong association with coronary atherosclerosis, a heightened immuno-inflammatory
response is largely believed to contribute to its pathogenesis. However, CAE can develop
in the presence or absence of CAD, suggesting that there may be more than one mechanism
involved. Indeed, there are significant differences in the cytokine milieu and the lipidomic
profile in CAE compared with CAD and healthy controls, which strongly suggests a dis-
tinct pathogenesis is at play, in addition to the development of CAD. Recent evidence has
strengthened postulates of an inflammatory mechanism by establishing the role of novel
inflammatory markers such as MCP-1 in the pathogenesis of CAE. The mainstay treatment
of CAE includes optimal management of coexistent CAD and antiplatelet therapy for the
treatment of isolated CAE. Earlier studies confirmed the role of anticoagulant in extensive
CAE, however, further studies are warranted to confirm that at larger scale of patients.
Novel biomarker targeted therapy in CAE management is considered the ultimate effective
approach. CAE has a proven different aetiopathology, metabolites profile, worse clinical
prognosis and anatomical appearance than simply atherosclerotic corornaries and hence
CAE may represent a different disease.
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Abstract: A rapidly increasing incidence of non-alcoholic fatty liver disease (NAFLD) is noted world-
wide due to the adoption of western-type lifestyles and eating habits. This makes the understanding
of the molecular mechanisms that drive the pathogenesis of this chronic disease and the develop-
ment of newly approved treatments of utmost necessity. Animal models are indispensable tools for
achieving these ends. Although the ideal mouse model for human NAFLD does not exist yet, several
models have arisen with the combination of dietary interventions, genetic manipulations and/or
administration of chemical substances. Herein, we present the most common mouse models used
in the research of NAFLD, either for the whole disease spectrum or for a particular disease stage
(e.g., non-alcoholic steatohepatitis). We also discuss the advantages and disadvantages of each model,
along with the challenges facing the researchers who aim to develop and use animal models for
translational research in NAFLD. Based on these characteristics and the specific study aims/needs,
researchers should select the most appropriate model with caution when translating results from
animal to human.

Keywords: non-alcoholic fatty liver disease; NAFLD; non-alcoholic steatohepatitis; NASH;
animal models; mouse; cirrhosis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of a cluster of
conditions associated with metabolic dysfunction and is characterized by the accumulation
of fat in the liver [1]. The global prevalence of NAFLD is constantly increasing and is
estimated to be around 25% in the general population [2]. Histopathologically, NAFLD
begins with the development of steatosis (accumulation of fat in the form of triglycerides
in hepatocytes) with or without mild inflammation (non-alcoholic fatty liver, NAFL) and
may progress to non-alcoholic steatohepatitis (NASH) characterized by variable degrees
of mainly macrovesicular steatosis, necroinflammation with enlarged and rounded (bal-
looned) hepatocytes, the development of cytoplasmic inclusions (Mallory-Denk bodies),
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variable and mixed inflammatory infiltrate and the development of fibrosis with a pre-
dominantly perivenular and pericellular distribution [3,4]. Prolonged inflammation with
increased oxidative stress, accompanied by DNA damage and consecutive disorganized cell
regeneration and apoptosis, can further exacerbate the disease and may lead to advanced
fibrosis, cirrhosis and/or the development of hepatocellular carcinoma (HCC) in a minority
of patients [3].

The underlying mechanisms leading to NAFLD development and progression are
now considered to be complex and multifactorial [5]. Indeed, to describe the consequence
of events driving the NAFLD pathophysiology, the “two hits hypothesis” was initially
proposed [5]. According to that hypothesis, the rapidly growing consumption of high-fat
diets in combination with the adoption of a sedentary lifestyle leads to obesity and insulin
resistance, which culminate in hepatic accumulation of lipids, an event that acts as the first
hit, further sensitizing the liver to other insults. These insults constitute the "second hit",
which in turn activates inflammatory cascades and fibrogenesis [5]. However, this model
became outdated since it was viewed as too simplistic to explain the underlying complexity
of NAFLD pathogenesis, and, thus, it was replaced by the “multiple-hit hypothesis”,
according to which the dietary habits and lifestyle, as well as environmental and genetic
factors, can cause obesity, insulin resistance, ectopic adipose tissue accumulation and
alterations in the intestinal microbiome, all of which are implicated in NAFLD pathogenesis
and progression [5]. In this context, insulin resistance through the concomitant upregulated
de novo lipogenesis in the liver and the reduced inhibition of lipolysis in the adipose tissue
drives the upregulated transport of fatty acids to the liver that leads to steatosis/NASH,
while fat accumulation further activates mechanisms related to mitochondrial dysfunction,
oxidative stress, endoplasmic reticulum (ER) stress and production of reactive oxygen
species (ROS), all of which leads to liver inflammation [5]. On the other hand, the genetic
or epigenetic environment can further influence the fat content of liver cells, reinforcing
the activation of the aforementioned mechanisms and can also affect several enzymatic
procedures and the hepatic inflammatory status [5]. So, in conclusion, the mechanisms
of insulin resistance, fat accumulation, mitochondrial dysfunction, oxidative stress, ER
stress and ROS production, in association with genetic or epigenetic factors which can
alter NAFLD predisposition, affect the fat content of hepatocytes, as well as hepatic pro-
inflammatory pathways, culminating in chronic hepatic inflammation which can evolve
into hepatocellular death, and activation of hepatic stellate cells that drive fibrogenesis [5].

Although significant efforts have been made over the last 40 years to elucidate the
exact natural history and underlying biology of NAFLD, several challenges still exist [1].
The disease is under-recognized to a great extent by healthcare professionals as well as from
society as a whole, while the lack of a trustworthy biomarker that would ideally diagnose
NAFLD and its possible progression to NASH/HCC, renders invasive techniques, such
as liver biopsy, indispensable for diagnosis, thereby inhibiting the early identification of
persons in high risk [1]. Another challenge related to the elusive aspects of the underlying
NAFLD biology is the significant heterogeneity of the disease and the currently restricted
comprehension of its phenotypes [1]. Moreover, while several new drugs are being tested
in clinical trials, so far, there are no approved therapies specifically for NAFLD/NASH,
with most treatment guidelines focusing on lifestyle modifications with the adoption of a
healthier lifestyle with weight loss and regular physical activity, and on the pharmacological
treatment of comorbidities, such as anti-obesity and anti-diabetic drugs, and lipid-lowering
drugs [1,3].

The need to fully decipher NAFLD pathogenesis and progression, as well as to conduct
preclinical testing for potential therapeutic agents, has led to the need for reliable animal
models of the disease that ideally display a liver phenotype similar to human NAFLD
and can progress to inflammation, fibrosis (NASH), cirrhosis and HCC. Furthermore,
these models should also display features of the metabolic syndrome, such as obesity
and disturbances in lipid, glucose and insulin metabolism [6]. Towards this direction,
several diet- or chemically-induced and genetic animal models have been introduced. Diet-
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induced models are mainly used in order to recapitulate a situation that mimics metabolic
syndrome and to reproduce its main aspects, such as obesity and insulin resistance, that
are crucially implicated in NAFLD development [7]. Due to that, the diet-induced models
can better mimic the mechanisms, patterns and temporal sequence of events involved
in human NAFLD pathogenesis. However, most of them differ from human disease
in terms of clinical, morphologic and/or metabolic features [7]. Genetic models have
been created to either mimic a human polymorphism implicated in NAFLD occurrence
[such as the patatin-like phospholipase domain-containing 3 (PNPLA3) polymorphic mice], to
recapitulate characteristics of the human metabolic syndrome better than diet induction
(such as leptin- or leptin receptor-deficient mice), to better depict or to more rapidly proceed
to a particular stage of the NAFLD spectrum. These models can prove to be valuable for
the investigation of specific molecular pathways, the mechanisms by which they can alter
hepatic homeostasis contributing to NAFLD development and the consequences of their
deregulation [8]. However, the genetic induction needed usually makes these mice different
from humans who do not have these genes altered [8]. Moreover, many of the genetic
murine models are monogenic, while NAFLD and its contributors, such as obesity, are
multifactorial situations, and there is more than one route leading to its pathogenesis [9].
Chemically induced NAFLD mouse models are used to better study the progression from
one disease stage to another. However, these interventions lead to artificial progression that
does not recapitulate human etiology and pathology. Owing to the multifactorial nature of
NAFLD, the combination of two or more inductions (diet, genetic or chemical) is a usual
approach to better mimic human disease. The choice of the most appropriate model to be
used depends on each particular researcher and study question. In this review, we present
the key animal models that are currently utilized in each particular stage of NAFLD: (1)
non-alcoholic fatty liver (simple steatosis-NAFLD), (2) NASH and (3) NASH-associated
HCC.

2. NAFLD Mouse Models

2.1. Diet-Induced Models
2.1.1. High-Fat Diet (HFD)

The increasing incidence of NAFLD in Western countries and its close association
with obesity has led to the administration of a high-fat diet (HFD, developed to match
Western diets) in order to lead to NAFLD development in animal models [10]. These
HFDs range in fat content and source, with fat constituting 45% to 75% of the total calorie
intake (kcal) and being derived from saturated fatty acids, polysaturated fatty acids and
combinations of them [10–12]. These can lead to the development of metabolic syndrome,
hepatic steatosis and NASH in experimental animals [13]. Samuels et al. were the first
to implement such an HFD (fat constituted 80% of the total calories) in rats, which led
to higher blood glucose levels observed at baseline and during exercise [14]. The most
typical of these HFDs consists of 60% kcal as fat, 20% kcal as protein and 20% kcal as
carbohydrates [6,15]. However, other such HFDs include a diet that contains 71% total
calories (kcal) as fat, 11% as carbohydrate and 18% as protein (first HFD administered to
rats inducing NASH) [16,17], or a diet consisting of 45% fat, 35% carbohydrates, and 20%
protein [10]. Of note, HFDs fed to wild-type (WT) C57BL/6 mice can have varying effects
depending on the time they are administered [6]. More specifically, when WT C57BL/6
mice are fed an HFD for 10–12 weeks, they develop steatosis, as shown by increased
lipid accumulation, hyperlipidemia, hypercholesterolemia, hyperinsulinemia and glucose
intolerance [10,15], whilst when the HFD is administered for 16 weeks then hepatocyte fat
accumulation, ballooning, and Mallory-Denk bodies are observed, as well as decreased
serum levels of the anti-inflammatory adipokine adiponectin and higher fasting serum
glucose levels [6,17]. After feeding mice an HFD for 19 weeks, further hepatic triglyceride
accumulation is observed, accompanied by inflammatory cell infiltration induction [15],
while significant increases in circulating liver enzyme levels, i.e., alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), are observed after administration of the HFD
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for 34–36 weeks [6,15]. However, these mice show only minor signs of inflammation and
fibrosis even after consuming an HFD for up to 50 weeks [6,15]. Interestingly, an HFD has
also been administered as a chronic feeding scheme to C57BL/6 male mice for 80 weeks
in order to mimic the lifetime consumption of a diet high in fat by humans [18]. This
prolonged HFD feeding led to the development of obesity and insulin resistance, as well as
to distinct histopathologic features of NAFLD, such as hepatic steatosis, cell injury, portal
and lobular inflammation, fibrosis and hepatic ER stress [18]. Furthermore, this chronic
HFD consumption caused changes in gut bacterial composition and led to gut-bacterial
dysbiosis, a finding also observed in NAFLD patients [18]. HFD without other ingredients
induced only mild steatohepatitis and minimal fibrosis, while the addition of lard enhanced
steatosis and fibrosis [7]. In another study, C57BL/6 mice fed an HFD (58% of kcal as
fat) supplemented with sucrose for 24–28 weeks displayed microvesicular steatosis and
perisinusoidal focal hepatic fibrosis [19]. Overall, in HFD regimes, a higher percentage of
cells enriched in fat is observed compared to other types of diets [10].

2.1.2. High-Cholesterol Diet (HCD)

Dietary cholesterol has been recognized by several studies as a key contributor to the
development of steatohepatitis in animal models and humans [10,20]. As such, a high-
cholesterol diet (HCD) supplemented with 1% cholesterol has been fed to WT C57BL/6
mice [20]. Administration of this HCD leads to the development of simple hepatic steatosis
with little inflammation and no fibrosis, as well as a marked increase in serum insulin lev-
els [20]. However, liver weight, plasma triglyceride levels, free fatty acid levels, and serum
ALT levels are similar or only slightly elevated compared to the control diet group [10,20].
The addition of cholesterol to this diet reduces bile acid and very low-density lipoprotein
(VLDL) synthesis as well as the β-oxidation of fatty acids, mechanisms that could possibly
contribute further to the hepatic lipid loading [20].

2.2. Genetic Models
2.2.1. db/db Mice

Leptin is the prototype adipokine regulating—among other functions—the feeding
behavior by reducing food intake through the promotion of satiety at the level of the
hypothalamus [8,10]. db/db mice are homozygous for the autosomal recessive diabetic
gene (db) [21], encoding a point mutation that leads to a lack of the long isoform of the
leptin receptor (Ob-Rb), thus resulting in defective leptin signaling [8,10,22]. Consequently,
these mice have normal or elevated levels of leptin, but are resistant to its effects [7,8], thus
have persistent hyperphagia and are obese and diabetic, exhibiting severe hyperglycemia,
hyperinsulinemia, insulin resistance, elevated serum leptin levels and development of
macrovesicular hepatic steatosis [7,8,21]. Of note, db/db mice do not spontaneously develop
inflammation when fed a normal control diet. However, calorie overconsumption for one
month or longer could result in more aggravated hepatic inflammation [22]. In the absence
of additional interventions, db/db mice are good models of NAFLD but not of NASH, since
they rarely show NASH features when fed a normal control diet [10]. Despite that, when
these mice are challenged with a “second hit” in terms of dietary interventions, they can
develop NASH, as will be discussed in the next section [10,22].

2.2.2. ob/ob Mice

The ob/ob mice were discovered by chance as a mutation arose in a colony at Jackson
Laboratory in 1949 [23]. This mutation is recessive, causing sterility in the homozygotes,
whilst these mice start becoming phenotypically distinguishable when they reach four to six
weeks of age [23]. From that age on, they increase rapidly in weight until they reach a weight
three to four times that of normal WT mice [23]. The ob gene was identified by positional
cloning and was found to encode leptin [24,25]. By carrying this autosomal recessive
mutation in the leptin gene, ob/ob mice have functional leptin receptors (in contrast to db/db
mice), but they encode truncated and non-functional leptin [10]. Accordingly, ob/ob mice are
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obese, hyperphagic, inactive, hyperinsulinemic, hyperglycemic, hyperlipidemic, resistant to
insulin, and develop intestinal bacterial overgrowth and spontaneous liver steatosis [7,10].
These mice develop fatty liver without fibrosis when fed a normal chow diet, and their
resistance to hepatic fibrosis—unlike db/db mice—can be attributed to the requirement of
leptin for fibrosis development [10,26]. Although ob/ob mice do not develop steatohepatitis,
the latter can also be induced—like in db/db mice—with secondary hits/insults, such as
diets other than chow feeding, exposure to low doses of lipopolysaccharide endotoxin [27],
ethanol or hepatic ischemia/reperfusion challenge [10,28]

2.2.3. PNPLA3 Polymorphism

The PNPLA3 (patatin-like phospholipase domain-containing 3) protein is an enzyme
with lipase activity towards triglycerides and retinyl esters and with acyltransferase activity
on phospholipids [29]. The human PNPLA3 gene encodes for a protein of 481 amino-acids,
whilst the PNPLA3 rs738409 variant is a cytosine to guanine substitution, which encodes
for the isoleucine to methionine substitution at position 148 (I148M) of the protein [29]. The
PNPLA3 I148M variant in humans has been found to increase susceptibility to the whole
spectrum of hepatic damage associated with NAFLD while it also promotes hepatic fat
accumulation without directly affecting adiposity and insulin resistance to a significant
extent [30]. Notably, it has also been associated with a higher risk of liver-related mortality
in NAFLD patients and in the general population [30]. In order to mimic PNPLA3-induced
fatty liver disease, transgenic mice in a C57BL/6 background were generated that express
human PNPLA3 wild-type (PNPLA3WT) or the 148M variant (PNPLA3I148M) in the liver
and adipose tissue [31], or the codon 148 of Pnpla3 in the mouse genome was changed from
ATT to ATG, substituting methionine for isoleucine (PNPLA3I148M) [32]. PNPLA3I148M mice
with overexpression in the liver mimicked the fatty liver phenotype and other metabolic
characteristics caused by this allele in humans and were presented with upregulated
amounts of fatty acids and triacylglycerol [31]. Interestingly, when PNPLA3I148M mice were
fed a high-sucrose diet (58% sucrose, 0% fat, or 74% sucrose) for 6 or 4 weeks, respectively,
the hepatic triacylglycerol levels, as well as the levels of other lipids, increased up to
3-fold leading to steatosis development compared to PNPLA3WT transgenic mice or WT
(non-transgenic) animals, while no such effect was observed under an HFD (45% kcal from
fat) [31,32]. However, PNPLA3I148M mice display no changes in the expression of genes
involved in triglyceride lipolysis, fatty acid oxidation, hepatic inflammation, or fibrosis
after high-sucrose diet feeding [32].

2.2.4. Gankyrin (Gank)-Deficient Mice

Gankyrin (Gank) is a subunit of the 26S proteasome and an oncogene expressed in
several types of cancer. Moreover, it also drives liver proliferation and has recently been
implicated in NAFLD development [19]. When Gank was selectively deleted from the livers
of mice, Gank liver-specific knockout mice were generated and were administered an HFD
(58% of kcal as fat) supplemented with sucrose for 24–28 weeks [19]. The livers of these
mice displayed reduced proliferation and no fibrosis with strong macrovesicular steatosis,
which was surprisingly associated with health improvement in the animals, while the livers
of WT mice under the same diet developed fibrosis but with lower levels of steatosis [19].

3. NASH Mouse Models

3.1. Diet-Induced Models
3.1.1. Methionine and Choline Deficient Diet (MCD)

The typical dietary NASH-inducing model is a diet consisting of high amounts of
sucrose (40% of total calorie intake), moderately enriched in fat (10%), which also lacks
the essential components of animal and human nutrition methionine and choline [10,11].
Methionine is an essential amino acid necessary for the synthesis of glutathione, an antiox-
idant protein, which also participates in the regulation of cell proliferation [33]. Choline
is the precursor of phosphatidylcholine, which in turn is needed for VLDL secretion [34].
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VLDL forms a lipoprotein complex that transports fatty acids from the liver to the adipose
tissue [35]. Mice fed an MCD diet develop hepatic steatosis due to the high levels of
fatty acid uptake and low levels of VLDL secretion, presenting hepatic inflammation after
2 weeks of feeding, as well as fibrosis after 6 weeks [10,11,36]. Plasma AST and ALT levels
are increased, while lobular inflammation and ballooning degeneration of hepatocytes are
also observed [10,37]. Furthermore, oxidative stress and an increase in pro-inflammatory
cytokines/adipokines and pathways, such as nuclear factor-κB (NF-κB), occur in MCD-fed
mice, which exacerbates hepatic damage [11,38,39].

3.1.2. Atherogenic Diet (High Cholesterol and High Cholate)

An atherogenic diet typically contains high cholesterol and high cholate; cholesterol
(1–1.25%) and cholate (0.5%) [7,40]. Increased plasma and liver lipid levels are observed
in mice fed an atherogenic diet [40], which induces progressive steatosis, fibrosis, and
inflammation, in a time-dependent manner ranging from 6 to 24 weeks. Furthermore,
hepatocellular ballooning develops after 24 weeks on this diet [40].

3.1.3. High-Fat (HF) Atherogenic Diet

The high cholesterol and high cholate atherogenic diet can be further supplemented
with an additional high-fat component, such as 60% fat derived from cocoa butter [40].
Feeding mice this particular diet for 34 weeks leads to steatosis and NASH-like lesions,
such as Mallory–Denk bodies and hepatocyte ballooning [7,41]. Furthermore, this diet
worsens the histologic severity of NASH and induces insulin resistance and oxidative stress
(downregulation of genes encoding antioxidant enzymes) whilst it further enhances the
activation of hepatic stellate cells [7,40]. Interestingly, the HF atherogenic diet (60% fat,
20% carbohydrate, 20% protein, 1.25% cholesterol and 0.5% cholic acid) has been compared
to the MCD diet (21% fat, 63% carbohydrate, 16% protein), and certain key differences
between the two are noteworthy [6,42]. More specifically, while WT C57BL/6 mice fed
both diets have high levels of hepatic free fatty acids, the MCD diet-fed mice mainly
accumulate triglycerides in their livers, whereas the livers of HF-atherogenic diet-fed
mice predominantly accumulate cholesterol [42]. Moreover, the administration of an HF-
atherogenic diet does not cause a reduction in the weights of animal livers, while the MCD
diet causes such a reduction [42]. Furthermore, compared to the HF-atherogenic diet, the
MCD diet exacerbates the hepatic damage (e.g., as indicated by more increased circulating
ALT and AST levels) and induces the formation of lipogranulomas (inflammatory nodules
composed of macrophages surrounding a lipid droplet), and more pronounced fibrosis [42].
However, both the MCD and the HF-atherogenic diets are considered to induce the classic
hepatic histopathological features of NASH, namely steatosis, hepatocyte ballooning and
lobular inflammation to the same degree [42]. Additionally, transcriptional analysis has
displayed that—although MDC and HF-atherogenic diets lead to the upregulation of
hepatic stellate cell activation markers, pro-fibrogenic markers and extracellular matrix
proteins—the expression of a subset of genes involved in extracellular matrix remodeling
and production, as well as in hepatic stellate cell activation, is more dysregulated in
MCD-fed mice than in atherogenic-fed mice [42]. Therefore, a more severe form of NASH
is observed in MDC diet-fed mice, where extensive hepatic inflammation and fibrosis
are observed quickly after the start of administration (2–10 weeks), probably due to the
reduced VLDL synthesis and hepatic-β oxidation [6,42,43]. Notably, liver inflammation,
steatohepatitis and elevated serum liver enzyme levels were normalized after switching
the diet back to the control within 16 weeks, but fibrosis and CD68-positive macrophages
remained present [44].

3.1.4. High-Fat, High-Cholesterol (HFHC) Diets

NASH features are more striking when a high amount of cholesterol is combined
with a high amount of fat or cholate in the diet [10]. The administration of a high-fat
(33% kcal as fat) and high cholesterol (1% cholesterol) (HFHC) diet to WT C57BL/6 mice
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leads to greater weight gain, more pronounced hepatic lipid accumulation and steatosis,
substantial inflammation, and perisinusoidal fibrosis (namely steatohepatitis) compared
to the HCD [20]. This is also associated with adipose tissue inflammation [as indicated by
high macrophage gene expression and increased gene expression of monocyte chemotactic
factor genes and of the pro-inflammatory cytokine tumor necrosis factor α (TNF-α)], a
reduction in circulating adiponectin levels, and a 10-fold elevation of serum ALT levels [20].
In addition, the HFHC diet also induces additional features of human NASH, including
hypercholesterolemia and obesity [20].

In another regimen of high fat and cholesterol-enriched diet (containing 45% kcal fat
and 0.12% cholesterol), WT C57BL/6 mice become obese and also develop hepatomegaly
and hepatic steatosis, with varying degrees of liver fibrosis and steatohepatitis after con-
suming this diet for a long time (7 months) [45]. Furthermore, about 87% of the mice on
this diet for 7 months have elevated plasma ALT [45].

In another study, the long-term consumption (for 20 weeks) of a high-caloric (43%)
Western-type diet containing soybean oil with high n-6-polyunsaturated fatty acids (PUFA)
(25 g/100 g) and 0.75% cholesterol induces steatosis, ballooning, inflammation and fibro-
sis, accompanied by hepatic lipid peroxidation, activation of Kupffer cells and oxidative
stress in the liver of C57BL/6 mice [46]. Furthermore, the animals under this diet display
increased weight gain and insulin resistance compared to those fed either a normal diet
or a cholesterol-free HFD, thus showing a phenotype that reflects all clinical features of
NASH in patients with metabolic syndrome [46].

In other cholesterol-enriched or choline-deficient high-fat diets, when C57BL/6 mice
consumed a high-fat (23%), high-sucrose (424 g/kg) and high-cholesterol (1.9 g/kg) diet or
a choline-deficient high-fat diet (CD-HFD) for three months developed marked steatohep-
atitis [10].

3.1.5. High-Fat, High-Fructose (HFHF) Diets

Modern, western-style diets usually contain significant amounts of food rich in fruc-
tose, and this has been associated with a high incidence of obesity and NASH [47]. In
order to mimic this pattern of nutrition, male WT C57BL/6 mice were fed a high-fat,
high-fructose (HFHF) diet consisting of 58% kcal fat plus drinking water enriched with
42 g/L of carbohydrates at a ratio of 55% fructose and 45% sucrose (w/v) [47]. As a com-
parison, control animals were administered either a chow diet or an HFD containing 58%
kcal fat to assess the effects of fructose consumption. Although weight gain, body fat,
insulin resistance, hepatic steatosis, inflammation, and apoptosis were similar between
the HFHF diet-fed and HFD-fed mice and increased compared to chow-fed ones, hepatic
oxidative stress, pro-inflammatory monocyte populations (probably indicative of stellate
cell activation), numbers of CD11b+F4/80+Gr1+ macrophages in the liver, transforming
growth factor (TGF)-β1-driven fibrogenesis and collagen deposition were all elevated in
the animals consuming the HFHF diet compared to those under the HFD [47]. These data
suggest that fructose consumption is necessary for the progression of liver fat deposition to
fibrogenesis [47]. In another study, C57BL/6 male mice were fed an HFHF diet (consisting
of 60% of kcal as fat and 35% fructose) for 16 weeks, which, apart from the aforementioned
increases in hepatic free fatty acid content, serum insulin levels, insulin resistance and
oxidative stress, further led to hepatic iron overload, a finding often observed in humans
with NAFLD [48].

3.1.6. Amylin Liver NASH (AMLN) Model

Due to the variability in disease onset/progression and the lack of a preclinical mouse
model that precisely reproduces the NAFLD-NASH phenotype, the Amylin Liver NASH
(AMLN) model was developed [6,49]. The diet administered to these mice consisted of
40% fat (of which nearly 18% was trans-fat), 22% fructose, and 2% cholesterol, with the
WT C57BL/6 mice that consumed this diet developing the three stages of NAFLD, namely
steatosis, steatohepatitis with fibrosis, and cirrhosis, as assessed histologically and bio-
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chemically [49]. In these mice, the development of severe steatosis with necroinflammation
and fibrosis, together with the appearance of periportal inflammation and hepatocellular
ballooning, which are signs of progression to NASH, occurs after about 30 weeks on the
AMLN diet [49]. However, the acceleration of this process and the development of more
serious NASH is achieved by the combination of this dietary model with a genetic model.
More specifically, when ob/ob mice were fed the AMLN diet for at least 8 weeks, key mark-
ers and histopathological features of NASH were induced [50,51]. This diet can act as a
stimulus leading to NASH development in ob/ob mice since they cannot spontaneously
proceed from NAFLD to NASH due to leptin absence, given that leptin is necessary for
hepatic fibrosis development [26].

3.1.7. Gubra Amylin NASH (GAN) Diet

Following the guidelines of the Food and Drug Administration (FDA) regarding the
ban of trans-fats as food additives [52], there was a need for a non-trans-fat Western-type
diet that would lead to NASH-like metabolic and hepatic histopathological changes com-
parable to those caused by the AMLN diet [53]. Thus, the Gubra amylin NASH (GAN) diet
was developed with a composition and caloric density similar to the AMLN diet (40% kcal
as high-fat, 22% fructose, 10% sucrose, 2% cholesterol) but with the substitution of trans-fat
by saturated fat, i.e., palm oil (of the 40% high-fat, 0% was trans-fat and 46% was saturated
fatty acids by weight) [53]. Notably, ob/ob mice fed the GAN diet for 16 weeks developed
steatosis, fibrotic NASH (confirmed with biopsy), lobular inflammation, hepatocyte bal-
looning, fibrotic liver lesions and hepatic transcriptome changes, features similar to those
induced in ob/ob mice on the AMLN diet and to those in patients with NASH [53]. The
GAN diet induces fibrotic NASH in WT C57BL/6 mice as well, although, within a more
prolonged time interval (28 weeks), similar to that needed by the AMLN diet to provoke
the same NASH hallmarks [53]. However, the GAN-fed WT C57BL/6 mice displayed
significantly higher body weight gain compared to those on the AMLN diet [53]. Moreover,
C57BL/6 mice on the GAN diet for 38 weeks or more display morphological characteristics
comparable to those in patients with NASH, with similar increases in markers of hepatic
lipid accumulation, inflammation and collagen deposition as indicated by histomorpho-
metric analysis. Furthermore, liver biopsies from GAN-fed WT mice and patients with
NASH show comparable dynamics in several differentially expressed genes involved in
key metabolic and histopathological features of NASH, such as nutrient metabolism, im-
mune function and extracellular matrix organization [54]. Overall, the GAN diet is more
obesogenic and impairs glucose tolerance compared to the AMLN diet [53].

3.1.8. Fast-Food-like Diet (High-Fat/High-Fructose/High-Cholesterol Diet)

The administration of a different fast-food-like diet based on a different content of
increased fat, fructose and cholesterol concentrations (41% fat, 30% fructose, 2% cholesterol)
leads to NASH in different animal models, including the WT C57BL/6, ob/ob and KK-Ay

mice; the latter being generated when the yellow obese gene (Ay) was transferred into
KK-background mice, and exhibiting hyperphagia, obesity and hyperinsulinemia without
fully progressing to NASH under normal chow diet [55,56]. Among these models, the
ob/ob mice developed more marked NAFLD activity scores, fibrosis progression, obesity
and hyperinsulinemia [55]. Interestingly, steatohepatitis- and fibrosis-related molecular
pathways started displaying alterations after only two weeks of administering this fast-
food-like diet in ob/ob mice [55]. In another study, C57BL/6 mice were fed an HFHF diet
supplemented with high cholesterol as well (providing 40% of energy as fat, with 2%
cholesterol and high-fructose corn syrup at 42 g/L final concentration administered in the
drinking water of mice) which after six months led to the development of obesity, insulin
resistance and steatohepatitis with pronounced ballooning and progressive fibrosis [57].
This was also accompanied by gene expression signature of increased fibrosis, inflammation,
ER stress and lipoapoptosis, all key features of the metabolic syndrome and NASH with
progressing fibrosis in humans [57].
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3.2. Genetic Models
3.2.1. db/db Mice with Iron Supplementation

When genetically obese db/db mice are fed a chow diet supplemented with high iron
content (20,000 ppm vs. an iron content of 280 ppm in a normal chow diet), they develop
a phenotype progressing from NAFLD to NASH [58]. Notably, this was characterized by
hepatocellular ballooning, increased hepatic oxidative stress, inflammasome activation,
impaired hepatic mitochondrial biogenesis and fatty acid β-oxidation, and activation of
other pro-inflammatory/immune mediators [58].

3.2.2. foz/foz Mice

Fat Aussie (foz/foz) mice bear a spontaneous deletion of 11bp in the Alms1 gene, which
is mutated in the Alström syndrome in humans, a disorder with distinct metabolic and
endocrine features characterized by childhood-onset obesity, metabolic syndrome, and
diabetes [59]. The ALMS1 protein localizes at the basal bodies of cilia, playing a role in
intracellular trafficking, with the ALMS1-containing cilia in hypothalamic neurons being
implicated in the control of satiety [59,60]. Accordingly, foz/foz mice fed a chow diet are
hyperphagic, obese and glucose intolerant, with insulin resistance, decreased adiponectin
levels, and increased total cholesterol, as well as increased hepatic weight, impaired hep-
atic function and steatosis [61]. Administration of an HFD (21–23% fat, energy content
19.4–20.0 megajoule/kg, 43% energy as fat) to foz/foz mice leads to severe NASH progres-
sion with significant upregulation of ALT levels, hepatocyte ballooning, inflammation, and
fibrosis, as well as further decreased serum adiponectin levels, increased cholesterol levels,
and higher hepatic triglyceride levels [59,62]. However, the characteristics and severity
of diet-induced NASH are strain-dependent in foz/foz mice [63]. More specifically—while
both foz/foz C57BL/6 and foz/foz BALB/c mice were similarly obese-hepatomegaly, hyperin-
sulinemia, hyperglycemia, and lower adiponectin levels occurred only in foz/foz C57BL/6
mice and not in foz/foz BALB/c mice after consuming either chow diet or HFD [63]. On
the other hand, obese foz/foz BALB/c mice had more adipose tissue compared to foz/foz
C57BL/6 [63]. HFD-fed foz/foz C57BL/6 mice present more severe NAFLD, as indicated
by serum ALT levels, steatosis, hepatocellular ballooning, liver inflammation and NAFLD
activity score, which were all higher compared to foz/foz BALB/c mice [63]. Of note, fibrosis
after an HFD was severe in foz/foz C57BL/6 but absent in foz/foz BALB/c mice [63].

3.2.3. MS-NASH Mice

The MS-NASH mouse (formerly known as FATZO/Pco) is a recombinant inbred
cross of two strains prone to obesity when fed high-fat, high-calorie diets: C57BL/6J and
AKR/J [64,65]. Crossing and selective inbreeding of these two strains lead to obesity,
accompanied by significant insulin resistance, hyperlipidemia and hyperglycemia, as well
as metabolic syndrome [66]. MS-NASH mice become obese and insulin resistant even when
consuming a standard chow diet [64]. When these are fed a high-fat Western-type diet
supplemented with 5% fructose in the drinking water for 20 weeks, they become heavier
with higher body fat and hypercholesterolemia, with high AST, ALT, hepatic triglyceride
levels, and liver over body weight [67]. Additionally, under the aforementioned Western-
type, fructose-supplemented diet, markers of liver damage and evidence of NAFLD/NASH
progression become more pronounced, particularly in male, and MS-NASH mice develop
hepatic steatosis, lobular inflammation, hepatocellular ballooning and fibrosis [64,67].

3.2.4. Ldlr−/− (Low-Density Lipoprotein Receptor Knockout)/Ldlr−/−.Leiden Mice

Deletion of the low-density lipoprotein receptor (ldlr) gene in mice has highlighted this
gene as an important regulator of the transport of lipids and lipoproteins on macrophages
and Kuppfer cells, opening a new field for NASH research [6,68]. Hyperlipidemic ldlr−/−
mice are one of the two best characterized dyslipidemic models [69] and were first used as
a model for atherosclerosis research, but when they were fed a high-fat diet with choles-
terol (HFC) (21% milk butter, 0.2% cholesterol) for seven days the female mice developed
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steatosis with severe inflammation characterized by infiltration of macrophages and in-
creased NF-κB signaling, while the male ones developed severe hepatic inflammation
in the absence of steatosis [68]. Interestingly, a continuation of this diet for 3 months
led to sustained hepatic inflammation in ldlr−/− mice, accompanied by increased apop-
tosis and hepatic fibrosis [70]. Furthermore, ldlr−/− mice under this HFC diet display
high levels of low-density lipoprotein (LDL) and low levels of high-density lipoprotein
(HDL), mimicking the corresponding human lipidemic profile [70]. Analogous to these
findings, the administration of a “diabetogenic” high-fat diet supplemented with choles-
terol (35.5% carbohydrate, 36.6% fat, 0.15% cholesterol) leads to obesity, insulin resistance,
hyperinsulinemia, dyslipidemia, increased hepatic triglycerides and ALT, exacerbated
hepatic macrophage infiltration, apoptosis, and oxidative stress, as well as to micro- and
macrovesicular steatosis, inflammatory cell foci, and fibrosis in the livers of the ldlr−/−
mice [71]. Another substrain of the ldlr−/− mice have been created with 94% C57BL/6
background and 6% 129S1/SvImJ background, namely the Ldlr−/−.Leiden mice (TNO,
Metabolic Health Research, Leiden, The Netherlands) [72]. When ldlr−/−.Leiden mice are
fed an HFD containing 45% kcal fat from lard and 35% kcal from carbohydrates (primarily
sucrose) or a fast food diet (FFD) containing 41% kcal fat from milk fat and 44% kcal
from carbohydrates (primarily fructose), they develop obesity, hyperlipidemia, hyperinsu-
linemia, increased ALT and AST levels, progressive macro- and microvesicular steatosis,
hepatic inflammation, and fibrosis, along with atherosclerosis [72]. Interestingly, the HFD
has been found to cause more severe hyperinsulinemia in these mice, while the FFD induces
more severe hepatic inflammation with advanced bridging fibrosis, as well as more severe
atherosclerosis [72].

3.2.5. Prostaglandin E2-Deficient Mice

Although prostaglandins, and particularly prostaglandin E2 (PGE2), play a key role
during pro-inflammatory processes [73], the role of PGE2 in liver inflammation is not fully
elucidated [6,73]. To explore this, mice lacking microsomal PGE synthase 1 (mPGES-1), the
key enzyme needed for the production of the majority of PGE2 during inflammation, were
fed for 20 weeks a cholesterol-containing HFD with a high content of ω6-polyunsaturated
fatty acids (PUFA) (255 g/kg fat, 0.75% cholesterol), which has previously been shown to
induce NASH in mice [73]. Of note, these mice presented a strong infiltration of monocyte-
derived macrophages and an increase in TNF-α expression in the liver, with the latter
causing upregulated interleukin 1β (IL-1β) levels, primarily in hepatocytes and augmented
hepatocyte apoptosis [73].

3.2.6. Apolipoprotein E2 Knock-In (APOE2ki) Mice

The Apolipoprotein E2 (APOE2) knock-in (APOE2ki) mouse model was generated
when the murine Apoe gene was replaced by a human Apolipoprotein E2 (APOE*2) gene
allele via targeted gene replacement in embryonic stem cells and was first used as a
model for hyperlipoproteinemia and atherosclerosis [74]. When APOE2ki mice are fed a
high-fat/high-cholesterol diet (42% energy as milk butter/fat, 0.2% cholesterol, 46% car-
bohydrates) from 7/10 days up to three months, they develop early (from the first seven
days) increased inflammation indicative of NASH compared to C75BL/6 mice on the same
diet which only develop simple steatosis and minor signs of an increase in the infiltrating
inflammatory cells [70,75].

3.2.7. Apolipoprotein E-deficient (ApoE−/−) Mice

Apolipoprotein E (ApoE) acts as a significant component of lipoprotein metabolism
in humans and mice [76]. When it is absent, hypercholesterolemia, atherosclerosis and
obesity have been reported to occur, thus Apolipoprotein E-deficient (ApoE−/−) mice dis-
play spontaneously increased inflammation and high levels of cholesterol compared to WT
mice, and have traditionally served as a metabolic syndrome model used in cardiovascular
research [76]. Indeed, ApoE−/− mice constitute the other most well-characterized dyslipi-
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demic model [69]. However, when ApoE−/− mice consume a Western-type, cholesterol-
enriched diet [42% energy as fat (with coconut oil), 1.25% cholesterol] for seven weeks, they
show abnormal glucose tolerance, increased levels of fasting glucose, hepatomegaly, weight
gain and develop the full spectrum of NASH spanning from hepatic steatosis and hepato-
cyte ballooning to inflammation and fibrosis [76]. Recently, ApoE−/− mice on HFD (with
compositions ranging from 37–60% of kcal as fat, with a carbohydrate content of 38–44%
and supplementation of 0.02–1.5% cholesterol and of 0.5% cholate, administered from
seven to 24 weeks [77–91]) have been utilized as NAFLD/NASH models to investigate the
pathogenesis and progression of this disease, as well as potential therapeutic treatments.

3.3. Chemically Induced Models
3.3.1. Carbon Tetrachloride (CCl4) Administration

A way to explore the development of hepatic fibrosis is by inducing it with chemical
agents, such as carbon tetrachloride (CCl4). When male BALB/c mice were given an in-
traperitoneal injection with CCl4 (0.4 mL/kg) twice a week for six weeks, their serum levels
of aminotransferase and alkaline phosphatase were increased, whilst the anti-oxidative
status of the liver was also disturbed [92]. The administration of CCl4 also caused extensive
fibrosis [92]. Moreover, in a more recent model, male C57BL/6 mice were administered
CCl4 and a Liver X receptor (LXR) agonist in combination with HFD feeding, which led
to the development of insulin resistance and histopathological characteristics of NASH,
such as macrovesicular hepatic steatosis, ballooning hepatocytes, Mallory-Denk bodies,
lobular inflammation and fibrosis [93]. In this latter model, the TNF-α and interleukin-6
(IL-6) serum levels were significantly elevated, as well as the expression of mRNAs related
to lipogenesis, oxidative stress, fibrosis and steatosis [93].

3.3.2. Thioacetamide (TAA) Administration in Combination to Fast-Food Diet

Thioacetamide (TAA) serves as a hepato-toxin used to induce acute or chronic liver
injury in mice and rats [94]. Combined administration of TAA (75 mg/kg, intraperitoneally,
three times a week) with a fast food diet [12% saturated fatty acids (SFA) and 2% cholesterol
with high fructose corn syrup (42 g/L final concentration)] to C57BL/6 mice for eight weeks
leads to the appearance of key histological features of NASH, namely hepatic inflammation,
hepatocellular ballooning, collagen deposition and bridging fibrosis [94].

3.4. Thermoneutral Housing

Apart from the genetic and dietary models trying to mimic the human NAFLD spec-
trum, a novel model focuses on the housing conditions of the animals and their effects
on NAFLD development [95]. While mice are usually housed in a temperature range of
20–25 ◦C, this seems to be based on a human comfort zone and to stress the animals, while
the thermoneutral zone or the temperature of metabolic homeostasis, for Mus musculus is
30–32 ◦C [95]. Wild-type C57BL/6 mice housed under thermoneutral conditions display
exacerbated pro-inflammatory immune responses that were inhibited under standard hous-
ing conditions, and when they simultaneously receive an HFD (60% kcal from fat), they
develop signs of deteriorating HFD-induced NASH, including increased steatosis, hepato-
cyte ballooning, exacerbated hepatic chemokine expression and macrophage infiltration of
the liver, as well as more pronounced hepatic damage and elevated expression of genes
associated with fibrosis, [95].

4. NASH-HCC Mouse Models

4.1. Diet-Induced Models
4.1.1. Choline-Deficient L-Amino Acid-Defined (CDAA) Diet

The choline-deficient L-amino acid-defined (CDAA) diet is a modification of the MCD
diet, in which proteins are substituted by an equimolar mixture of L-amino acids [7,11].
In WT C57BL/6 mice, this causes liver injury that mimics NASH features and can lead
to the development of HCC [10]. More specifically, the CDAA diet reduces fatty acid
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oxidation in hepatocytes of mice, increases lipid deposition (especially after three months
of treatment), induces oxidative stress and causes hepatic steatosis and inflammation
(after six weeks) [96–98]. However, liver fibrosis develops gradually and takes quite a
long time to occur: steatosis and lobular inflammation are induced after six weeks, slight
features of fibrosis are displayed after 22 weeks, and finally, HCC is developed after about
36 weeks [96–98]. Although mice under the CDAA diet do not lose weight, they do not
gain weight as well at least after 20 weeks on the CDAA diet compared to the control diet
(choline-supplemented L-amino acid-defined diet), whilst their insulin sensitivity remains
unchanged [99]. However, according to another study by Miura et al., insulin resistance
sensitivity can be developed in CDAA-fed mice after 22 weeks, with obesity and increased
plasma triglyceride and cholesterol levels, discrepancies probably attributed to the dietary
compositions of the diet (e.g., percentage of fat) and the duration of the feeding [11,100].

4.1.2. Choline-Deficient, Ethionine-Supplemented (CDE) Diet

Ethionine is a non-proteinogenic amino acid, the ethyl analog of methionine (an ethyl
group instead of a methyl group) [11]. The choline-deficient, ethionine-supplemented
(CDE) diet, which is derived from the MCD diet, induces steatohepatitis and inflammation
shortly after the start of its administration, which is followed by fibrosis, cirrhosis and HCC
in the long-term [11,101]. However, contrary to the NAFLD phenotype in humans, this diet
leads to weight loss in CDE-fed animals, whilst it also causes high mortality [11,102,103].
To limit this mortality, some studies alternate the administration of CDE with a normal
chow diet or combine a 100% CDE diet with a control diet to reduce the strength of the
CDE diet to 75%, 70% or even 67% [101]. This approach minimizes morbidity and mortality
while maintaining hepatic steatosis, inflammation and carcinogenesis [11,101].

4.1.3. American Lifestyle-Induced Obesity Syndrome (ALIOS) Diet

In an attempt to recapitulate the western, modern lifestyle and its consequences on
liver physiology, a frequently used diet is the American lifestyle-induced obesity syndrome
(ALIOS) diet, which is based on the nutritional constitution of commonly consumed fast
food, using WT mice kept in conditions that promote sedentary behavior [104]. Mice
fed the ALIOS diet were consuming 45% calories in the chow from fat and 30% of the
fat as trans-fat in the form of partially hydrogenated vegetable oil [28% saturated, 57%
monounsaturated fatty acids (MUFA), 13% PUFA] and were also administered high-fructose
corn syrup (HFCS) equivalent (55% fructose, 45% glucose by weight) in drinking water
at a concentration of 42 g/L [104]. Furthermore, the cage racks were removed in order
to prevent the physical activity of the ALIOS mice and mimic sedentary life [104]. After
16 weeks, the high trans-fat diet without the addition of fructose led to the development
of a NASH-like phenotype with associated necroinflammatory changes, obesity, insulin
resistance, and high plasma ALT levels accompanied by inflammatory and profibrogenic
responses (as shown by the increased liver TNF-α and procollagen mRNA levels), as well
as elevated levels of plasma insulin, resistin, and leptin [104,105]. The inclusion of fructose
further increased food consumption, obesity, and impaired insulin sensitivity, while it
did not alter the plasma ALT levels and the degree of steatosis [104]. The expression of
some profibrogenic genes was upregulated, although no histologically detectable fibrosis
was found in the mice, at least up to 16 weeks of ALIOS diet consumption [104]. A
more prolonged administration of the ALIOS diet led Tetri et al. to the observations that
mice display features of early NASH with mild or moderate steatosis at six months and
characteristics of more advanced NASH at 12 months, including severe steatosis, liver
inflammation, and bridging fibrosis, while Harris et al. reported that the characteristics
of more advanced NASH are already present from 6.5 months [105,106]. Furthermore,
increased expression of lipid metabolism genes (regulators of lipogenesis and β-oxidation)
and insulin signaling genes was observed after six months of the ALIOS diet, which for
some continued up to 12 months [106]. Notably, hepatocellular neoplasms were developed
in 60% of the ALIOS-fed mice after 12 months, when there was also observed a marked
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expansion of murine hepatic stem cells, which were closely associated with the neoplastic
foci [106]. The ALIOS diet has also been found to change the hepatic transcriptome of mice
with the upregulation of genes associated with the reorganization of cellular structures,
collagen binding, and inflammatory and immune responses, while genes associated with
protein processing and metabolic procedures were downregulated [105].

4.1.4. Diet-Induced Animal Model of Non-Alcoholic Fatty Liver Disease (DIAMOND)

The diet-induced animal model of non-alcoholic fatty liver disease (DIAMOND)
was based on an isogenic strain that was derived from a cross between the common WT
C57BL/6J strain and the 129S1/SvImJ strain, the latter being a commonly used model to
create mice with targeted mutations [6,107]. Almost 60% of this strain’s genes come from the
C57BL/6 background, while the isogenic nature of mice and the disease phenotype has been
followed and confirmed over many generations [8,107]. These mice were fed a Western-
type (high fat, high carbohydrate) diet consisting of 42% kcal from fat and 0.1% cholesterol,
while they had ad libitum consumption of water with a high fructose and glucose content
(23.1 g/L D-fructose plus 18.9 g/L D-glucose) [107]. These rapidly develop obesity, insulin
resistance, hypertriglyceridemia, and increased levels of the total- and LDL-cholesterol,
AST and ALT [107]. Following administration of this diet for longer periods, these mice
gradually develop steatosis (4–8 weeks), steatohepatitis (16–24 weeks), progressive fibrosis
(16 weeks onwards), with severe bridging fibrosis (by week 52) and spontaneous HCC
(in 89% of mice between 32 and 52 weeks) [107]. Interestingly, DIAMOND mice display a
pattern of pathway activation at the transcriptomic level similar to humans with NASH,
with lipogenic, inflammatory and apoptotic signaling pathways being activated [107].

4.2. Genetic Models
4.2.1. Tm6sf2 Hepatic Knockdown or Knockout

Transmembrane 6 superfamily member 2 (TM6SF2) in humans regulates qualitative
triglyceride enrichment in VLDL, lipid synthesis and the number of secreted lipoprotein
particles [30]. The rs58542926 C > T polymorphism results in an A-to-G substitution in
coding nucleotide 499 which replaces glutamate at residue 167 with lysine in the TM6SF2
protein (c.499A > G; p.Glu167Lys/E167K) [30,108]. The E167K variant of the Tm6sf2 gene is
strongly associated with hepatic triglyceride content and favors hepatic fat accumulation
in intracellular lipid droplets since it decreases lipid secretion, leading to increased sus-
ceptibility to liver damage, including NASH and severe fibrosis, whilst it also predisposes
humans to NAFLD with progression to HCC [30,108]. Furthermore, this variant has been
associated with an increase in serum ALT, consistent with marked hepatic injury [108].
Selective knockdown of Tm6sf2 levels in the livers of mice through the introduction of re-
combinant adeno-associated viral vectors expressing short hairpin RNAs (shRNAs) against
Tm6sf2 leads to 3-fold upregulation of hepatic triglyceride content, a significant decrease of
plasma cholesterol levels and a tendency towards lower plasma triglyceride levels, findings
consistent with a defect in VLDL secretion in mice consuming a chow diet ad libitum [108].
Feeding these mice with a high-sucrose fat-free diet (74% kcal from sucrose) for four weeks
exacerbated the effects of Tm6sf2 knockdown since levels of triglycerides and cholesterol
esters were further upregulated in the liver and decreased in plasma [108]. Newberry et al.
generated liver-specific Tm6sf2 knockout mice, which developed spontaneous liver steato-
sis, with increased numbers of large lipid droplets, triglycerides and diacylglycerol species
in the liver, as well as decreased hepatic VLDL triglyceride secretion under normal chow
diet [109]. Moreover, Tm6sf2 liver-specific knockout mice exhibited increased steatosis and
fibrosis after the consumption of a high milk-fat diet (60.3% kcal from fat, primary milk
fat) for three weeks, with those phenotypes being further exacerbated when mice were fed
fibrogenic, high fat/fructose diets for 20 weeks [either a trans-fat, fructose supplemented
diet with 45.3% kcal from fat, containing 22% hydrogenated vegetable oil and consuming
sugar water containing 55% fructose/45% glucose (4.2g/L) or a palm oil diet (40% kcal
fat) supplemented with 20% kcal fructose and 2% cholesterol] [109]. Finally, Tm6sf2 liver-
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specific knockout mice are more susceptible to HCC since they display increased steatosis,
greater tumor burden, and increased tumor area compared to non-transgenic floxed control
mice when tumorigenesis is chemically/dietary induced [109]. Of note, a new rodent
model was generated by Luo et al. by inactivating Tm6sf2 in rats [110]. These Tm6sf2−/−
rats display a 6-fold higher mean hepatic triglyceride content and lower plasma cholesterol
levels than their WT littermates [110].

4.2.2. Fatty Liver Shionogi (FLS) Mice

Inbreeding of dd Shionogi (DS) mice in 1984 resulted in some mice which developed
spontaneous fatty liver without obesity, namely the Fatty liver Shionogi (FLS) mice [111].
These also display 5-fold higher hepatic triglyceride concentrations compared to DS mice
and higher plasma AST and ALT levels, suggestive of hepatocellular lesions and inflam-
mation [111]. After 2–4 months of age, mononuclear cell infiltration and clusters of foam
cells appear in the fatty liver of FLS mice, accompanied by elevated serum ALT levels,
suggesting the presence of NASH with inflammatory responses and liver injury [112]. Inter-
estingly, FLS mice over 12 months may develop hepatocellular adenoma and/or HCC, with
a frequency of 40% in males at 15–16 months and 9.5% in females at 20–24 months [112].
Interestingly, lipocalin-2 (LCN2), an adipokine, was overexpressed in the liver of FLS mice,
particularly in hepatocytes localized around almost all inflammatory cell clusters, while the
chemokine C-X-C motif ligand 1 (CXCL1), a pro-inflammatory chemokine exhibited hepatic
overexpression localized in steatotic hepatocytes, and CXCL9 (another pro-inflammatory
chemokine) was also overexpressed in hepatocytes and the sinusoidal endothelium local-
ized in some areas of inflammatory cell infiltration [113]. When FLS mice were backcrossed
to ob/ob mice, FLS-Lepob/Lepob or FLS-ob/ob mice were generated, which display remarkable
hyperphagia, obesity, type 2 diabetes, severe hyperinsulinemia and hyperlipidemia, as
well as histologically proven severe steatosis, inflammatory changes, increased oxidative
stress with advanced fibrosis, and elevated levels of apoptosis later in life with spontaneous
hepatic tumors [114,115].

4.2.3. Phosphatase and Tensin Homolog (PTEN)-Deficient Mice

PTEN is a tumor suppressor gene encoding a multifunctional phosphatase, with both
protein and lipid phosphatase activities, whose lipid phosphatase activity is associated
with tumor suppression [116,117]. PTEN is mutated in multiple human cancers and is
important for maintaining homeostasis and preventing oncogenesis in the liver, where it has
been identified as a metabolic regulator of glycose metabolism and insulin signaling [117].
Hepatocyte-specific null mutation of Pten in mice has led to PTEN-deficient mice that
display massive hepatomegaly and steatohepatitis with an accumulation of triglycerides,
inflammatory cells and Mallory-Denk bodies, followed by liver fibrosis and HCC, closely
mimicking the NASH phenotype/progression in humans [117,118]. These also develop
insulin hypersensitivity [117]. Notably, liver tumors appear in 66% of the male and 30% of
the female PTEN-deficient mice at 40–44 weeks of age and in 100% of PTEN-deficient mice
at 74–78 weeks, with 66% of the tumors at 74-78 weeks being HCC (83% in male and 50%
in female mice of that genotype) [117].

4.2.4. Augmenter of Liver Regeneration (Alr) Hepatic Knockout (ALR-H-KO) Mice

Augmenter of liver regeneration (ALR) protein (encoded by the Gfer [growth factor
ERV1 homolog of Saccharomyces cerevisiae]) is pleiotropic and exhibits high expression in
the liver (predominantly in hepatocytes), functioning as a hepatic growth factor which is
critical for lipid homeostasis and mitochondrial function [119,120]. Global knockout of Alr
in mice is embryonically lethal, so in order to investigate its role in the liver, mice with
hepatocyte-specific deletion of Alr [Alr hepatic knockout (ALR-H-KO)] have been generated
by Gandhi et al. [119]. These mice are normal at birth, but up to the second week of life,
present low levels of ALR and ATP in their livers and have diminished mitochondrial
respiratory function and increased oxidative stress, compared with livers from control mice,
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whilst also developing excessive steatosis and hepatocyte apoptosis [119]. Surprisingly, at
weeks 2–4 after birth, hepatic lipid accumulation reverses, leading to a reduction in the
levels of steatosis and apoptosis, while the numbers of cells that express ALR increase,
along with ATP levels [119]. However, at 4–8 weeks after birth, and despite the reversion
of steatosis, livers of ALR-H-KO mice develop hepatic inflammation, with hepatocellular
necrosis, ductular proliferation, and fibrosis, whilst HCC appears in almost 60% of the
mice by 12 months after birth [119]. When ALR-H-KO mice were administered a high-
fat/high-carbohydrate (HF/HC) diet (60% kcal fat plus 2.3% fructose and 1.9% sucrose
in drinking water) and were compared to WT and hepatocyte-specific ALR-heterozygous
(ALR-H-HET) mice consuming the same diet, it was shown that the ALR-H-KO mice
gained the least weight and had the least steatosis, whilst also had lower insulin resistance
(all these HF/HC-fed mice developed insulin resistance) [120]. In addition, this HF/HC
feeding led to severe fibrosis and/or cirrhosis in ALR-H-KO mice, contrary to the ALR-H-
HET that only developed modest fibrosis and to WT that did not proceed to fibrosis and
cirrhosis [120].

4.2.5. Melanocortin 4 Receptor Knockout (Mc4r−/−) Mice

Melanocortin 4 receptor (MC4R) is a seven-transmembrane G protein–coupled receptor
expressed in the hypothalamic nuclei, which regulates food intake and body weight [121].
In humans, MC4R mutations constitute the most common known monogenic cause of
obesity [121]. Deletion of this receptor in mice results in the generation of Melanocortin 4
receptor knockout (Mc4r−/−) mice, which under a normal chow diet develop late-onset
obesity, hyperphagia, hyperinsulinemia, and hyperglycemia [122]. Mc4r−/− mice con-
suming an HFD (60% energy as fat) for 20 weeks develop hepatic microvesicular and
macrovesicular steatosis, ballooning degeneration, inflammation and pericellular fibrosis,
a phenotype compatible with NASH, associated with obesity, insulin resistance, and dys-
lipidemia [121]. Overall, Mc4r−/− mice under HFD for 20 weeks develop both obesity
and NASH with moderate fibrosis [123]. Interestingly, these mice when fed a western
diet (41% kcal from fat, 43% kcal from carbohydrate, 17% kcal from protein) for 12 weeks,
accompanied by intraperitoneal injection of lipopolysaccharide (LPS) twice a week for the
last four weeks, develop NASH with rapid accumulation of fibrosis compared to HFD-fed
Mc4r−/− mice [124]. Of note, Mc4r−/− mice further develop well-differentiated HCC
after consuming HFD for 12 months [121].

4.2.6. Tsumura-Suzuki Obese Diabetes (TSOD) Mice

Tsumura Suzuki obese diabetes (TSOD) mice spontaneously develop diabetes mellitus,
obesity, glucosuria, hyperglycemia, and hyperinsulinemia without any special interven-
tion/treatment, such as gene manipulation or an HFD [125]. The livers of TSOD mice
display NASH-like features in the early stage at 3 months of age, which is exacerbated after
4 months of age, with microvesicular steatosis, hepatocellular ballooning, and Mallory-
Denk bodies, with all these features worsening over time [125,126]. Interestingly, after
12 months of age, TSOD mice develop hepatic nodules with nuclear and structural atypia,
characteristic of human HCC, with increased oxidative stress and elevation of glucose
metabolites and L-arginine in the liver [125,127,128]. Although this model is not so com-
mon, it has been used over the last years in certain studies that investigated mechanisms
implicated in NASH and hepatic carcinogenesis, as well as potential therapeutic agents
against these conditions [129,130].

4.2.7. Keratin 18-Deficient (Krt18−/−) Mice

Keratin 18 deficiency in mice (Krt18−/− mice) results in mild to moderate degree
of steatosis after 17–20 months from birth, with lobular inflammation and mononuclear
cell infiltration, an image that closely resembles NASH in humans [131]. These mice also
develop liver tumors resembling human HCC with stemness features, frequently on the
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basis of chromosomal instability, at a frequency of ~80% and ~35% in male and female
mice, respectively [131].

4.2.8. Methionine Adenosyltransferase 1A (Mat1a) Knockout Mice

Methionine adenosyltransferases (MATs) are products of two genes, Mat1a and Mat2a,
and catalyze the formation of S-adenosylmethionine (AdoMet), the principal biological
methyl donor [132]. Mat1a is expressed in the liver, while Mat2a is expressed in extrahepatic
tissues [132]. Mice with Mat1a gene deletion (Mat1a knockout mice) have increased hepatic
weight compared to WT animals under a normal chow diet, while at eight months of age,
they develop spontaneous macrovesicular steatosis and predominantly periportal mononu-
clear cell infiltration, signs of NASH [132]. Interestingly, these mice spontaneously develop
HCC with increasing age (after 18 months of age) at a frequency of around 60% [133].
Notably, it has been now shown that the Mat1a gene deficiency impairs VLDL synthesis
and dysregulates plasma lipid homeostasis, thereby contributing to the development of the
NAFLD spectrum in these mice [134].

4.2.9. Liver-Specific Deletion of NF-κB Essential Modulator (Nemo) in Mice
(NEMOLPC-KO Mice)

NEMO/IKKγ is a subunit of the IkB kinase (IKK), which is essential for the activation
of the transcription factor NF-κB, thus regulating cellular responses to inflammation [135].
Deletion of NEMO in hepatic parenchymal cells leads to the development of steatosis
and steatohepatitis characterized by immune cell infiltration of the liver parenchyma in
8-week-old NEMOLPC-KO mice [135]. This is followed by inflammatory fibrosis and the
appearance of dysplastic nodules at six months of age that culminate in the spontaneous
development of HCC in 12-month-old mice [135].

4.2.10. Circadian Rhythm Oscillations

Circadian rhythm has been found to exert multiple effects associated with NAFLD
since it drives oscillations in mitochondria dynamics, oxidative stress, hepatic insulin
resistance and triglyceride levels [136,137]. Liver-specific Bmal1 knockout (LBmal1KO)
mice accumulate oxidative damage and have been found to develop fatty liver and hepatic
insulin resistance [136]. Bmal1 knockout mice exhibit higher body fat than their WT
littermates, impaired glucose metabolism, and high insulin sensitivity [138]. Notably,
when these are fed an HFD (60% kcal fat) for 12 weeks, their insulin sensitivity is further
increased, and they develop early obesity, to which they rapidly adapt [138]. In Per1/2−/−
mice that lack a functional clock and consequently feeding rhythms, circadian oscillations
in hepatic triglycerides levels persist, although with a completely different phase, pointing
towards a role for additional mechanisms that control their circadian accumulation [137].
Interestingly, chronic disruption of the circadian rhythm has been found to disrupt the liver
clock and induce NAFLD to NASH progression (high ALT and AST levels, hepatomegaly,
chronic liver inflammation and fibrosis), which ultimately leads to HCC [139]. Furthermore,
CLOCK mutant mice (ClkΔ19/Δ19) display steatosis and steatohepatitis with age when fed
a chow diet compared to WT littermates (with differences being evident from 6 up to
12 months). Of note, their hepatic steatosis is accelerated when fed a cholate-containing
high-fat diet (37% kcal from fat, 1.25% cholesterol and 0.5% cholate) and a Western diet
(42% kcal from fat, 0.2% cholesterol), whilst they develop cirrhosis when challenged with
LPS, which induces an inflammatory response, on top of a Western diet [140].

4.3. Chemically Induced Models
4.3.1. Carbon Tetrachloride (CCl4) Administration in Combination with Western Diet

In a further attempt to accelerate the progression of extensive fibrosis and tumor
development, a Western-type diet (high-fat, high-fructose and high-cholesterol, 42% kcal
from fat, 41% sucrose and 1.25% cholesterol by weight) together with a high sugar solution
(23.1 g/L D-fructose and 18.9 g/L D-glucose) was fed to WT C57BL/6 mice, while CCl4
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at the dose of 0.2 μL (0.32 μg)/g of body weight was also injected intraperitoneally [141].
This approach resulted in the acceleration of the progression of the disease from simple
NAFLD to NASH and tumor development, resulting in rapidly progressive steatosis, stage
3 fibrosis at 12 weeks, and HCC at 24 weeks [141].

4.3.2. STAM Model

Streptozotocin (STZ) is an antibiotic that damages pancreatic islet β-cells and is widely
used to generate a model of type 1 diabetes mellitus [142]. Indeed, STZ treatment causes
insulin deficiency and hyperglycemia in mice and rats [142]. Accordingly, as an animal
model to better understand the progression of NASH to HCC, the STAM mouse model
was generated, in which neonatal WT C57BL/6 mice received a single low-dose (200 μg)
STZ injection two days after birth followed by administration of an HFD (60% kcal from
fat) after four weeks of age [143]. These mice display steatosis with first signs of lobular
inflammatory accumulation at six weeks of age, marked inflammation with hepatocyte
ballooning and progressive fibrosis at 8–12 weeks of age, and finally, HCC at 16–20 weeks
of age [143].

5. Conclusions

The need for better animal models for the whole spectrum of NAFLD becomes even
more relevant for translational research, as the NAFLD prevalence is increasing worldwide
due to the increasing adoption of Western-type lifestyles and eating habits. Such mod-
els would advance our understanding of the molecular mechanisms that drive NAFLD
pathogenesis, as well as facilitate the ongoing research for new NAFLD/NASH treatments.
HFD feeding in mice is currently a widely used approach that, in comparison to other mod-
els, closely mimics the histopathology and pathogenesis of human NAFLD whilst it also
presents important features that compose the broader clinical presentation of the disease.
However, HFD alone can typically lead only to hepatic steatosis, and further combined
interventions are needed to proceed to NASH and HCC in the utilized animal models.
Moreover, HFD feeding is a very broad term that exhibits great variations regarding the
utilized diet composition and duration of feeding, while it also seems to have different
effects on mice of different genetic backgrounds. Similar issues, and especially the lack of a
standardized diet regimen, are raised with other dietary interventions that lead to NASH,
such as the high fat, high fructose (HFHF) diet or the fast-food-like diet (High-fat/high-
fructose/high-cholesterol diet). Moreover, these diets and other NASH-inducing dietary
models, such as the methionine and choline-deficient diet (MCD), either display discrepan-
cies from the NASH in humans or require a long time to induce NASH features. Thus, most
of the utilized NASH-inducing diets (e.g., the MCD, AMLN, GAN, and fast-food-like-diets)
are usually administered to leptin-deficient (ob/ob) or leptin receptor-deficient (db/db) mice.
Overall, the genetic alterations that have been introduced/utilized in mice models for
NAFLD are rarely found in humans, or those that predispose to NAFLD in humans and
are used to create mouse models (e.g., the PNPLA3I148M and Tm6sf2 hepatic knockdown or
knockout mice) do not seem to induce the same effects in the animal models. Therefore, so
far, these models have certain limitations and fail to meet the features of an “ideal” NAFLD
animal model. Furthermore, the genetic mouse models for NASH, such as the Prostaglandin
E2-deficient mice, the APOE2ki and ApoE−/− mice, need a dietary stimulus as well to
induce key NASH features. Finally, the administration of chemical agents, such as CCl4,
TAA and STZ (in the STAM model), has the additional disadvantage of not reflecting the
pathogenesis of NAFLD in humans.

Particularly, for research on NAFLD progression to HCC, the latter can be successfully
caused by dietary modifications of the MCD diet (such as the CDAA or CDE diets), as well
as by other diet regimes, but these models usually have discrepancies from what is noted
in patients. Certain genetic models that have been created (Krt18−/−, Mat1a knockout
and NEMOLPC-KO mice) seem promising for the study of NASH and NASH-HCC since
they display several key characteristics of the human disease. However, these have not
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been used in many studies yet, and thus remain to be further validated as appropriate
models. TSOD mice seem another promising model that can develop all stages of NAFLD
over time, with hepatic carcinogenesis being developed in a reasonable time range (after
12 months of age), whilst crucially these mice progress from NAFLD to NASH and HCC
without the need for the addition of a genetic mutation/manipulation or a specific diet.
Although not so common, this model has been used in some recent studies on the NAFLD
spectrum [129,130], and its further use will reveal its exact potential as a more holistic
NAFLD animal model.

On the other hand, there are also mouse models that can more properly replicate
a specific stage of the NALFD but not its entire spectrum. For example, ldlr−/− mice
exhibit an inflammatory response developing early within NASH. Thus, this model can
serve to study the early onset of NASH [70]. Although not appropriate for mimicking the
complete NAFLD human pathophysiology, these animal models provide the opportunity
for research into a particular NAFLD stage and/or mechanism.

Given that the ideal animal model for NAFLD does not exist yet, the various animal
models that are currently utilized for NAFLD research, with various dietary interventions,
genetic manipulations, and administration of chemical substances and their combinations
should be critically viewed within the context of their advantages and disadvantages
for basic and translational research, as presented in Table 1. Accordingly, taking into
consideration the specific research hypothesis/objectives of each study, there are models
that can be successfully utilized in order to investigate the NAFLD-related pathophysiologic
mechanisms and/or treatments.

Table 1. Key advantages and disadvantages of animal models that are commonly utilized for NAFLD
research, according to the stage of the disease they mimic.

Advantages Disadvantages

NAFLD Mouse Models

Diet-Induced Models

High-fat diet (HFD)

• HFD-fed animals, in contrast to other
NAFLD models, closely mimic both the
histopathology and pathogenesis of human
NAFLD [10].

• Animals on a HFD display the most
prominent features of NAFLD observed in
humans as well, including obesity and
insulin resistance [10].

• HFD does not seem to be the best option to
study NAFLD due to extensive variations
related to dietary compositions (source,
nature and composition of fatty acids in the
diet), the age at which HFD feeding starts,
duration of HFD feeding, gender and mouse
strains (e.g., C57BL/6 mice seem to be
susceptible to HFD effects, while BALB/c
exhibit reduced hepatic lipid accumulation,
maintain normal glucose tolerance and
insulin action) [11,144,145].

• Hepatic steatosis in HFD feeding varies in
degree and seems to be dependent on various
factors other than the diet, including the
animal strain [10].

High-cholesterol diet
(HCD)

• HCD causes the development of simple
hepatic steatosis and a striking increase in
serum insulin levels [20].

• HCD-fed mice display similar or only slightly
increased liver weight, plasma triglyceride
levels, free fatty acid levels, and serum ALT
levels compared to the control diet fed
animals [10,20].
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Table 1. Cont.

Advantages Disadvantages

NAFLD Mouse Models

Genetic Models

db/db and ob/ob mice

• db/db and ob/ob mouse models develop
characteristics and simulate many aspects of
human metabolic syndrome, in contrast to
various diet models [7,10].

• Useful models of NAFLD, since they develop
marked hepatic steatosis under the
administration of a standard diet without
additional hits [10].

• They can develop steatohepatitis and be used
to study NASH, as well, when a second hit is
added, such as another type of diet [10].

• Congenital leptin deficiency or resistance
caused by leptin or leptin receptor mutations
are extremely rare in NASH patients and
leptin levels poorly correlate with the
progression of simple steatosis to
steatohepatitis, limiting the ability of db/db
and ob/ob mice to reflect the etiology of
human obesity, insulin resistance, and hepatic
steatosis [7,10,146].

• Leptin deficiency does not seem to play a role
in NAFLD and NASH development in
humans; on the contrary, serum leptin levels
have been found elevated in NAFLD and
NASH patients [147–149].

• db/db and ob/ob mice consist monogenic
animal models and the observations derived
from them may not apply to humans in
whom obesity is typically multifactorial [11].

PNPLA3I148M mice
(PNPLA3

polymorphism)

• PNPLA3I148M mice with PNPLA3I148M

overexpression in the liver develop hepatic
steatosis characterized by increased levels of
triacylglycerol and other lipids [31].

• PNPLA3I148M mice under high-sucrose diet
present even higher triacylglycerol and fatty
acid levels and more pronounced steatosis
[31,32].

• Hepatic fat levels remained unaltered and
steatosis was not observed in PNPLA3I148M

mice under HFD [31].
• PNPLA3I148M mice develop diet-dependent

hepatic steatosis, pointing towards diet as
being the primary cause for
PNPLA3-polymorphism-associated steatosis,
thus rendering these mice a model that does
not cover the full spectrum of NAFLD [6,32].

Gankyrin
(Gank)-deficient mice

• Gank liver-specific knockout mice with
reduced liver proliferation develop
pronounced macrovesicular hepatic steatosis,
but no fibrosis after 6–7 months of
HFD-feeding, in contrast to wild type
littermates under the same diet that display
lower steatosis and fibrosis [19].

• This animal model led to the conclusion that
liver proliferation drives fibrosis, while
steatosis could probably play a protective role
and thus potential NAFLD therapeutic
approaches oriented towards inhibition of
proliferation rather than inhibition of
steatosis should be further investigated [19].
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Methionine and
Choline Deficient diet

(MCD)

• MCD diet better emulates the pathological
image and mechanisms implicated in the
pathogenesis of NASH in humans than other
dietary models [10].

• Inflammation, fibrosis and apoptosis of
hepatocytes developed more rapidly and
severely than in mice fed an HFD or Western
diets [10].

• Oxidative stress, endoplasmic reticulum
stress, and autophagocytic stress, three
important cell stress-related mechanisms
implicated in human NASH pathogenesis are
significantly more active in MCD than in
other dietary models [150].

• Collectively, the MCD diet model is
appropriate for studying histologically
advanced NASH and the inflammation and
fibrosis mechanisms in NASH [10].

• Significant differences from the metabolic
profile of human NASH exist in MCD diet:
mice fed an MCD diet are not obese, but on
the contrary show significant weight loss,
cachexia, no insulin resistance, and low
serum insulin, fasting glucose, leptin and
triglyceride levels [10,151,152]. The main risk
factors for the development of NAFLD and
NASH in humans, namely increased weight
and insulin resistance are lacking in this
model [11]. These discrepancies limit the use
of MCD diet models.

• Due to the aforementioned discrepancies,
MCD diets are often fed to db/db or ob/ob mice
to better mimic human NASH [10]. For
example, db/db mice fed an MCD diet show
marked hepatic inflammation and fibrosis
[153].

• Mallory-Denk bodies have not been observed
in MCD diet-fed mice [7].

• Different mouse strains display variable
responsiveness to the MCD diet [10,11,154].
For example, C57BL/6N mice are more
susceptible to NASH development when
receiving the MCD diet in comparison with
C3H/HeN mice [154].

Atherogenic diet
• Atherogenic diet simulates some etiologic

aspects of human NASH [7].

• Weight loss, attenuation of insulin resistance
and decreased serum triglyceride levels
caused by atherogenic diet are not found in
human NASH [7,40].

High-fat,
high-cholesterol

(HFHC) diets

• Supplementation of dietary cholesterol and
combination with high fat content triggers
experimental hepatic inflammation and
fibrosis and closely resembles clinical NASH
features [20].

High-fat,
High-fructose (HFHF)

diets

• The obesity induced by HFHF diets appears
to be a more robust model for human obesity
in comparison with HFD [11].

• HFHF diets appear to be a more robust
model of NASH compared to HFD as well.

• Lack of a standardized diet regime interferes
with reproducibility [11].

Amylin Liver NASH
(AMLN) model

• The modifications made to the ALIOS model
based on which the AMLN model was
developed, namely the higher cholesterol
content (2%) and the fact that fructose (22%
by weight) was included in the food pellets
rather than the drinking water, better
mimicked the Western-type diet and the
subsequent NASH occurrence [49].

• NASH takes quite a long time to develop in
wild type C57BL/6 mice after AMLN diet
consumption [49], while acceleration of this
process requires the administration of this
diet to leptin-deficient ob/ob mice [50,51].
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Gubra amylin NASH
diet (GAN diet)

• GAN diet is highly obesogenic and leads to
the development of fibrotic NASH
characteristics in ob/ob and wild type
C57BL/6 mice, rendering it a suitable diet for
preclinical therapeutic testing against NASH
[53,54].

• This diet induces a NASH image similar to
that caused by AMLN diet, but with the
substitution of trans-fats with saturated fats,
following the latest FDA guidelines and by
better replicating the Western type diet
consumed by humans [53].

• Fibrotic NASH takes longer to develop in
wild type C57BL/6 mice after GAN diet
consumption, compared to leptin-deficient
ob/ob mice [53].

Fast-food-like diet
(High-fat/high-
fructose/high-

cholesterol
diet)

• ob/ob mice consuming fast-food like diet
develop metabolic, histological and
transcriptomic characteristics similar to
human NASH, and, thus, can serve as a
preclinical model for testing drugs against
NASH [55].

Genetic Models

db/db mice with iron
supplementation

• Progression from NAFLD to NASH when
genetically obese db/db mice are fed a chow
diet with high iron content points towards a
multifactorial role for iron overload in NASH
pathogenesis in the setting of obesity and
metabolic syndrome [58].

• NASH development with a chow diet (even
in the presence of excess iron) raises concerns
about the translatability of this model [8].

foz/foz mice

• foz/foz mice fed a chow diet are obese,
hyperphagic, develop glucose intolerance,
insulin resistance, decreased adiponectin
levels, increased total cholesterol, and their
livers have increased weight, impaired
function and steatosis [61].

• Administration of an HFD leads to severe
NASH progression with major upregulation
of ALT levels, hepatocyte ballooning,
inflammation, and fibrosis, among other
manifestations [59,62].

• While both foz/foz C57BL/6 and foz/foz
BALB/c mice become similarly obese after
HFD feeding, foz/foz C57BL/6 develop more
severe NASH, as indicated by higher NAFLD
activity scores, fibrosis, hepatocyte
ballooning and other necroinflammatory
changes, implying that the severity of NASH
in foz/foz mice is inconsistent and
strain-dependent [63].

• The exact role of Alms1 gene is not fully
understood and as a consequence the
translational character of foz/foz model is
rather limited [6].
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MS-NASH mice

• Unlike monogenic leptin deficient ob/ob or
db/db mice, the MS-NASH mice are a
polygenic model prone to obesity and type 2
diabetes when fed a standard chow diet, but
have an intact leptin pathway, making this
model more translatable to the human
disease [67].

• Given the metabolic status dysregulation
when these mice are fed a Western-type,
fructose-supplemented diet, this model can
serve as a novel tool for studying
NAFLD/NASH with high translational value
[6].

• Selective inbreeding can cause significant
decrease in the genetic variability that may
introduce a bias in preclinical drug testing
[11].

Ldlr−/− (low-density
lipoprotein receptor

knockout)/
Ldlr−/−.Leiden mice

• While most animal models for NASH imitate
particularly the late stages of human disease,
ldlr−/− mice focus on inflammatory response
developing early within NASH, thus they can
serve as a physiological model to study the
early onset of NASH [70].

• Although fibrosis is rather mild, the ldlr−/−
mice develop more fibrosis compared to
C57BL/6 mice consuming a similar high-fat
diet supplemented with cholesterol [70].

• ldlr−/−.Leiden mice can serve as a
translational model of NASH with
progressive liver fibrosis and simultaneous
atherosclerosis development that can
recapitulate human NASH, as indicated by
hepatic transcriptome analysis [72].

• Adaptation of the fat content of the HFD or
fast food diet (FFD) administered to
ldlr−/−.Leiden mice, can aggravate either the
insulin resistance (HFD), or the hepatic
inflammation and fibrosis (FFD) of the
animals [72].

• Sex differences are observed between
ldlr−/−.Leiden mice when fed an HFD (45%
kcal fat) for 18 weeks, with female mice being
characterized by increased perigonadal fat
mass, marked macrovesicular hepatic
steatosis and liver inflammation and male
mice displaying increased mesenteric fat
mass, pronounced adipose tissue
inflammation and microvesicular hepatic
steatosis [155].

• At young age, male ldlr−/−.Leiden mice are
more susceptible to the detrimental effects of
HFD than female ones [155].

Prostaglandin
E2(PGE2)-deficient

mice

• Attenuation of PGE2 production by mPGES-1
ablation in mice enhanced the inflammatory
responses caused by TNF-α as well as
hepatocyte apoptosis in diet-induced NASH
[73].

• The lack of genotype-specific differences in
macrophage infiltration or fibrosis in PGE2
deficient mice under a cholesterol-enriched
HFD denotes that duration of the feeding
intervention (20 weeks) was probably not
long enough to allow the development of
more advanced stages of the disease [73].

APOE2ki mice

• APOE2ki mice on an HFC (42% energy as
milk butter/fat, 0.2% cholesterol, 46%
carbohydrates) develop early-onset (from the
first seven days) increased inflammation
indicative of NASH [70,75].

• The inflammatory response is not sustained
in APOE2ki mice, as shown by the gene
expression levels of inflammatory genes, and
the numbers of infiltrating inflammatory cells
that are reduced after three months of HFC
diet [70].

• Thus, probably the APOE2 isoform is not
directly implicated in inflammation [70].
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Apolipoprotein
E-deficient (ApoE−/−)

mice

• ApoE−/− mice rapidly develop NASH
within seven weeks of HFD usually—but not
always—supplemented with cholesterol. In
contrast, other dietary NASH models require
a minimum of 15 weeks of diet or even longer
induction time [76].

• ApoE−/− mice spontaneously developed
atherosclerotic plaques, while displaying
some difference from humanized lipoprotein
profiles, which suggests that this model is
probably less suitable for human NAFLD
research [6,76,156].

• ApoE−/− mice show an obesity-resistant
phenotype, resulting in remarkable insulin
sensitivity, which is in contrast to what is
noted for NAFLD in humans [157].

Chemically Induced Models

Carbon tetrachloride
(CCl4) administration

• CCl4 administration is an alternative way to
study the development and progression of
liver fibrosis [92].

• Combined administration of HFD, CCl4 and
a Liver X receptor (LXR) agonist led to the
generation of an experimental model with
histopathology and pathophysiology similar
to human NASH [93].

• The exact pathophysiological mechanism
driving fibrinogenesis in the liver, and the
role of hepatic stellate cells need further
investigation [6].

Thioacetamide (TAA)
administration in

combination to
fast-food diet

• This model develops hepatic inflammation,
fibrosis, and collagen deposition, hallmarks
of human NASH and NASH-related liver
injury [94].

• The rapid development of these features in
eight weeks makes this model promising for
drug discovery investigation [94].

• The mice of this model do not gain weight
compared to control mice on chow diet and
with no TAA injection, which is a significant
discrepancy from human NAFLD/NASH
[94].

Thermoneutral Housing

Thermoneutral
housing

• Thermoneutral housing combined with HFD
leads to increased intestinal permeability and
intestinal microbiome dysbiosis, features
mimicking human NASH [95].

• No signs of liver fibrosis were observed
neither in male nor in female mice under
HFD and thermoneutral housing, pointing
towards the need for an additional dietary
stimulus to induce liver fibrosis development
[6,95].

NASH-HCC Mouse Models

Diet-Induced Models

Choline-deficient
L-amino acid-defined

(CDAA) diet

• The combination of CDAA diet with HFD
(CDAA + 60% kcal fat and 0.1% methionine
by weight) can act as an improved CDAA
model of rapidly progressive liver fibrosis,
capable of reproducing the development of
NASH, providing better understanding of
human NASH and useful for the
development of efficient therapies [6,98].

• Humanized features of metabolic
disturbances are missing in this model [6].

• Due to low reproducibility among the
different sources of CDAA diet, this model
should not be used to study the metabolic
profile of the disease [11].
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Choline-deficient,
ethionine-

supplemented (CDE)
diet

• CDE diet induces steatohepatitis and
inflammation in a relatively short period of
time [11,101].

• It recapitulates most of the stages of the
spectrum of human NAFLD, progressing
from liver damage to fibrosis, and finally
HCC [102].

• The fact that ethionine is also
hepatocarcinogenic (produces
hypomethylated DNA) makes this diet an
interesting model for the study of
steatohepatitis-related HCC [11,102,158].

• CDE diet leads to weight loss in the animals
to which it is administered and brings about
high levels of mortality, reaching 60% after 4
months of feeding [11,102,103].

American lifestyle
induced obesity

syndrome (ALIOS)
diet

• The ALIOS diet when administered in mice
mimics many of the clinical characteristics of
NAFLD and, due to this reason, it serves as a
robust and reproducible model for the
investigation of NAFLD pathogenesis and
progression [105].

• The dietary composition of ALIOS diet differs
from that normally consumed by humans,
since the amount of trans fat per kilogram is
greater than in commonly consumed fast
food [6,104].

Diet-induced animal
model of non-alcoholic

fatty liver disease
(DIAMOND)

• DIAMOND mice when fed a Western-type
diet (42% kcal fat, 0.1% cholesterol, 23.1 g/L
D-fructose and 18.9 g/L D-glucose in
drinking water) progressively mimic all key
physiological, metabolic, histologic,
transcriptomic and cell-signaling features of
human NAFLD with progression to NASH
and culminating in HCC after four months
[107].

• This model can serve as a preclinical model
for the development of therapeutic targets of
NASH [107].

• A limitation of the DIAMOND model is that
HCC develops in a high frequency, while in
humans only a small proportion of NAFLD
patients finally develops HCC [107].

• DIAMOND mice do not develop neither
significant atherosclerosis, nor fully
established cirrhosis by week 52, features
commonly seen in humans with obesity and
NAFLD [107].

Genetic Models

Tm6sf2 hepatic
knockdown or

knockout

• Tm6sf2 knockdown or knockout in mice
livers upregulates hepatic triglyceride
content and significantly decreases plasma
cholesterol levels, leading to hepatic steatosis
pointing towards a defect in VLDL secretion
under normal chow diet, with these effects
being exacerbated when those mice consume
high-sucrose diets, leading to fibrosis
development and even HCC after
chemical/dietary tumorigenesis induction
[108,109].

• Therefore, knockdown of Tm6sf2 selectively
in mouse liver mimics the effects on hepatic
triglyceride content and plasma lipids of the
Glu167Lys TM6SF2 variant observed in
humans [108].

• Tm6sf2−/− mice replicate the human
phenotype of the disease but are not very
suitable for detailed mechanistic studies, a
fact that led Luo et al. to the development of
Tm6sf2−/− rats [110].
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Fatty liver Shionogi
(FLS) mice and
FLS-ob/ob mice

• FLS mice spontaneously develop hepatic
steatosis, NASH after 2–4 months of age and
liver tumors, including HCC after 12 months,
although at a frequency less than 50%
[111,112]. FLS-ob/ob mice are hyperphagic,
obese with type 2 diabetes, hyperlipidemic
and hyperinsulinemic, with severe steatosis
in their livers, inflammatory changes,
increased oxidative stress with advanced
fibrosis, elevated levels of apoptosis later in
life and spontaneous appearance of liver
tumors [114,115]. Thus, it seems that these
models can mimic the whole spectrum and
progression of NAFLD.

• The FLS mice (and not the FLS-ob/ob) display
a very low rate of HCC incidence and
heterogeneity of tumorigenesis; this model
needs a long time to be established, and
together with the fact that spontaneous HCC
models are considered uncontrollable and
unpredicted system, this model is rarely used
[159].

Phosphatase and tensin
homolog

(PTEN)-deficient mice

• PTEN-deficient mice develop hepatic
steatosis, progressing to NASH and HCC
development as they grow older up to 74–78
weeks of age, thus this model can prove
useful for understanding NASH
pathogenesis, progression from NASH to
HCC and even for the development of
potential NASH treatments [116,118].

• These mice show insulin hypersensitivity and
decreased body fat mass, characteristics that
contrast with human NASH and limit the
translational potential of the model [160].

Augmenter of liver
regeneration (Alr)
hepatic knockout
(ALR-H-KO) mice

• ALR-H-KO mice develop hepatic steatosis
early in life, and although this is reversed
between 2–4 weeks of age, they proceed to
developing NASH, while HCC occurs at a
frequency of about 60% after one year of life,
thus they can provide a useful model for
investigating the pathogenesis of
steatohepatitis and its complications and can
help in better understanding the progression
from hepatic necrosis, inflammation and
fibrosis to carcinogenesis [6,119].

Melanocortin 4 receptor
knockout (Mc4r−/−)

mice

• Mc4r−/− mice can serve as a NASH model
used to investigate the sequence of events
that lead to diet-induced hepatic steatosis,
liver fibrosis, and HCC [121].

• HFD-fed Mc4r−/− mice closely mimic the
liver pathology and function of human
NASH and could prove useful for the study
of hepatic dysfunction during the fibrotic
stage and generally advanced stages of
NASH and of the potential effects of drugs on
NASH development after HFD feeding [123].
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Tsumura-Suzuki
Obese Diabetes

(TSOD) mice

• TSOD mice spontaneously develop NAFLD
features, such as obesity, type 2 diabetes,
hyperglycemia without any special treatment,
diet or genetic manipulation, that quickly
(after 3–4 months) proceed to NASH and lead
to HCC after 12 months of age [125–127].

• The NASH and HCC that the mice develop
display many human-like characteristics,
rendering this model a promising one for
translational research of the
NAFLD/NASH-HCC sequence and for the
development of potential therapies [125,127].

Keratin 18-deficient
(Krt18−/−) mice

• Krt-18−/− mice develop steatosis increasing
with age, as well as progression to NASH and
HCC that share several key characteristics
with human disease, suggesting that this
model can be used to dissect molecular
pathways between NASH and HCC [131].

• Interestingly, the male mice of this animal
model display liver tumor formation at a
higher frequency than female mice, as also
observed in humans [131].

Methionine
adenosyltransferase 1A

(Mat1a) knockout mice

• Methionine adenosyltransferase 1A (Mat1a) gene
deletion in mice impaired VLDL synthesis
and plasma lipid homeostasis, thereby
contributing to NAFLD development and
spontaneous progression to NASH and HCC
with increasing age [132–134].

Liver-specific deletion
of NF-κB essential

modulator (Nemo) in
mice (NEMOLPC-KO

mice)

• Liver-specific deletion of NF-κB essential
modulator (Nemo) leads to the occurrence of
steatosis, NASH, inflammatory fibrosis and
subsequently HCC with increasing age [135].

Circadian clock
oscillations

• Chronic disruption of circadian rhythm can
spontaneously lead to NAFLD progressing to
NASH, fibrosis, and cirrhosis, similar to the
human situation, pointing towards its
translational value [6,139].

Chemically Induced Models

Carbon tetrachloride
(CCl4) administration
in combination with

Western diet

• Combination of Western type diet, high-sugar
drinking solution and CCl4 results in a
mouse model with rapid progression of
steatosis, advanced fibrosis and HCC, which
also shares many histological, immunological
and transcriptomic characteristics with
human NASH, rendering it a possible useful
experimental tool for preclinical drug testing
[141].

• The addition of CCl4 to Western diet results
in blunting of weight gain and insulin
resistance in those mice, typical features of
NAFLD patients [141].
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STAM model

• Hepatic lipidemic profile of STAM mice
shares many common characteristics with
human NASH, despite the chemical
intervention and the absence of obesity in this
model [161].

• NAFLD progression is an artificial process in
this model and cannot accurately mimic the
human disease pathology, limiting its
preclinical potential [6].

• This model represents NASH with diabetic
background [143].

• Weight gain and insulin levels of the STAM
model mice are reduced compared to
HFD-fed mice [161].
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is an ‘umbrella’ term, comprising a spectrum
ranging from benign, liver steatosis to non-alcoholic steatohepatitis, liver fibrosis and eventually
cirrhosis and hepatocellular carcinoma. NAFLD has evolved as a major health problem in recent years.
Discovering ways to prevent or delay the progression of NAFLD has become a global focus. Lifestyle
modifications remain the cornerstone of NAFLD treatment, even though various pharmaceutical
interventions are currently under clinical trial. Among them, sodium-glucose co-transporter type-2
inhibitors (SGLT-2i) are emerging as promising agents. Processes regulated by SGLT-2i, such as
endoplasmic reticulum (ER) and oxidative stress, low-grade inflammation, autophagy and apoptosis
are all implicated in NAFLD pathogenesis. In this review, we summarize the current understanding
of the NAFLD pathophysiology, and specifically focus on the potential impact of SGLT-2i in NAFLD
development and progression, providing current evidence from in vitro, animal and human studies.
Given this evidence, further mechanistic studies would advance our understanding of the exact
mechanisms underlying the pathogenesis of NAFLD and the potential beneficial actions of SGLT-2i
in the context of NAFLD treatment.

Keywords: non-alcoholic fatty liver disease; NAFLD; MAFLD; SGLT-2; sodium-glucose co-transporter
type-2 inhibitors; metabolic syndrome

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) has become a major health problem world-
wide with an increasing prevalence ranging from 13% in Africa to 42% in South-East
Asia [1,2]. The term NAFLD includes a variety of diseases, ranging from liver fat de-
position in more than 5% of hepatocytes (steatosis—non-alcoholic fatty liver (NAFL)) to
necroinflammation and fibrosis (non-alcoholic steatohepatitis (NASH)), which can progress
into NASH-cirrhosis, and eventually to hepatocellular carcinoma [3,4]. Determining ways
to delay the progression of NAFLD has become a global focus.
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Lifestyle modifications—namely improved diet, weight management and increased
physical activity—play a fundamental role in the treatment in NAFLD, since more than
half of the patients with NAFLD have a high body mass index (BMI) [5,6]. Of note, drugs
for specifically treating NAFLD are now being developed/approved, thus management of
co-morbidities such as obesity, dyslipidemia or type 2 diabetes mellitus (T2DM) remains
the cornerstone for the treatment of NAFLD patients [7,8].

Interestingly, since the cardiometabolic disorders associated with NAFLD account for
the increased morbidity and mortality in these patients, the term metabolic (dysfunction)
associated fatty liver disease (MAFLD) has been recently proposed by a panel of interna-
tional experts as more appropriate, reflecting the underlying pathogenesis of the NAFLD
spectrum [9–11]. Masarone et al., revealed that the prevalence of NAFLD was 94.82%
among patients with metabolic syndromes (MS) and was presented in all T2DM patients
with elevated transaminases when they performed biopsy [12]. Surprisingly, 58.52% of
MS and 96.82% of T2DM patients in this study were diagnosed with NASH. As insulin
resistance (IR) is crucially linked with both T2DM and NASH pathophysiology [13], they
concluded that NASH may be one of the early clinical manifestations of T2DM [12]. Of note,
NAFLD, particularly steatohepatitis, has also been associated with an increased risk of
cardiovascular-related mortality regardless of age, sex, smoking habit, cholesterolemia and
the remaining elements of MS [11]. Several prospective, observational and cross-sectional
studies and meta-analyses demonstrated that NAFLD is associated with enhanced preclini-
cal atherosclerotic damage as well as coronary, cerebral and peripheral vascular events with
a negative impact on patients’ outcome [14]. Furthermore, the severity of liver biopsy-based
fibrosis has been independently associated with the worsening of both systolic and diastolic
cardiac dysfunction [15,16].

Sodium-glucose co-transporter type-2 (SGLT-2) inhibitors (SGLT-2i) are glucose-lowering
agents that improve glucose control, whilst promoting weight loss and lowering serum
uric acid levels. These agents have shown great advantages even in patients with no
diabetes, gaining approval of use in non-diabetic patients with heart failure and chronic
kidney diseases [17,18]. In addition to the anti-hyperglycemic effects and their ability
to reduce body weight, SGLT-2i seem to exert potent antioxidant and anti-inflammatory
effects making them promising candidates for NAFLD treatment.

Indeed, recent data from animal studies and clinical trials have demonstrated beneficial
effects of SGLT-2i on fatty liver accumulation, as judged by improvement of biological
markers of NAFLD, as well as by imaging techniques, albeit mainly in T2DM patients.

Herein, we provide current insights into the effects of SGLT-2i on the progression
of NAFLD, focusing on the underlying mechanisms of action. Endoplasmic reticulum
(ER) stress, oxidative stress, low-grade inflammation, autophagy and apoptosis are among
the SGLT-2i-regulated processes that have been shown to mediate the beneficial effects of
SGLT-2i on NAFLD. Accordingly, we present the available evidence from in vitro, animal
and human studies regarding the potential impact of SGLT-2i on NAFLD development and
progression.

2. Overview of NAFLD Pathogenesis

The main theory concerning the pathophysiology of NAFLD has changed over time,
reflecting the advances in our understanding of this multi-factorial disease. For years, the
“two-hit” theory was the prevailing one. According to this theory, the pathophysiology of
NAFLD consisted of a first “hit” representing the stage of simple steatosis alone (NAFL),
which involves hepatocytic lipid accumulation and hepatic insulin resistance [19], as well as
of a second “hit” from other factors (e.g., oxidative stress, ER stress, other injury), which was
required for the development and progression of hepatic inflammation (NASH) and fibrosis.
Replacing this initial theory, the “multiple parallel-hit” model [20] has been more recently
proposed to better explain the complex pathogenesis and progression of NAFLD. According
to this theory, as its name suggests, different amalgamations of numerous (epi)genetic and
environmental factors, representing “hits”, dynamically interplay with each other, and can
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drive the development and progression of NAFLD. These factors include specific genetic
polymorphisms and epigenetic modifications [21], features of metabolic syndrome [22–25]
(western diet, lack of physical activity, central obesity, dysregulation of adipoknes and IR),
lipotoxicity [26,27], dysbiosis of the gut microbiota [26], dysregulation of autophagy and
mitochondrial function [28–30], ER stress [31], hepatocyte homeostasis and death [32,33],
as well as inflammatory and fibrotic responses [34,35]. Notably, when the hepatic capacity
to handle the primary metabolic energy substrates is overwhelmed, toxic lipid species
accumulate in the liver, leading to hepatocyte dysfunction and apoptosis, along with
metabolically triggered inflammation and subsequent fibrosis [36].

The hallmark of NAFLD pathogenesis seems to be an increased adipocyte-like (dys)fu-
nction of the hepatocytes, when the capacity of adipose tissue to store excess energy
from the diet is diminished [37–40]. In conditions of energy surplus, increased metabolic
substrates in tissues [27] drive hepatic de novo lipogenesis [41–43], while enhancing IR
leading to a vicious cycle. The accumulation of intrahepatic lipid levels are governed by
the balance between lipids synthesis, uptake and lysis [44]. Loss of equilibrium between
lipogenesis and lipolysis leads to intracellular accumulation of free fatty acids (FFA) and
subsequent hepatocellular damage, IR, worsening of liver function, formation of hepatic
steatosis and progression to NASH, cirrhosis, and hepatocellular carcinoma [44].

In most individuals with NAFLD, dysregulation of adipokines (e.g., leptin and adiponec-
tin) and metabolic-induced inflammation impair insulin signaling in adipocytes [45,46]. This
impairment, in turn, contributes to reduced FA uptake and accelerated lipolysis in subcuta-
neous adipose tissue, resulting in exces sive delivery to the liver [45–47]. When hepatocytes
are overloaded with lipids, physiologically minor pathways of β-oxidation in the peroxi-
somes and the ER are upregulated, thus increasing the hepatocyte reactive oxygen species
(ROS) production [41,48] and generating highly reactive aldehyde by-products [49]. This
phenomenon leads to nuclear and mitochondrial DNA damage, phospholipid membrane
disruption and cell death. Moreover, due to the mitochondrial dysfunction and the conse-
quent impaired β-oxidation found in patients with NAFLD, FA are alternatively esterified
and collected in lipid droplets in the ER [50,51], generating toxic lipid metabolites, such as
diacylglycerols [24], ceramides [52,53], and lysophosphatidyl choline species [53], which
in turn lead to hepatocyte dysfunction (lipotoxicity) [54,55] and ER stress. The adaptive
homeostatic mechanism of ER stress, called the unfolded protein response (UPR) [56], is
impaired in NAFLD patients and, thus further cell stress-sensors are activated, whilst
inflammatory and apoptotic pathways are upregulated [57,58]. In addition, the gut mi-
crobiota seem to also play a critical role in NAFL and NASH pathogenesis. Gut-derived
pathogens and damage-associated molecular patterns activate an intrahepatic inflamma-
tory process via Toll-like receptor signaling and NLR family pyrin domain containing-3
(NLRP3) inflammasome activation [35,59,60]. Hepatic innate immune cells, including
Kupffer cells and dendritic cells, as well as hepatic stellate cells (HSCs) are then activated
and the liver parenchyma is progressively infiltrated by recruited neutrophils, monocytes,
T-lymphocytes, and macrophages [34,61]. Subsequently, the secreted cytokines and growth
factors intensify the inflammatory process and further contribute to the fibrotic process as
an ineffective attempt for tissue regeneration [35]. Overall, NAFLD is characterized by a
complex pathogenetic mechanism, where various pathways are implicated, making the
discovery of a “wonder drug” a difficult task (Figure 1).
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Figure 1. SGLT-2 inhibitors as a promising therapeutic agents for treatment of NAFLD/NASH
patients. SGLT-2i treatment contributes to alleviation of NAFLD by reduction of hyperglycaemia,
improvement of systematic insulin resistance, elevation of caloric loss and reduction of body weight
mostly due to glycosuria. Apart from that, SGLT-2i play a hepatoprotective effect through reduction
of hepatic de novo lipogenesis, hepatic inflammation, apoptosis, ER-stress, oxidative stress, and
increase of hepatic beta-oxidation. Reduced activation of hepatic satellite cells and p53/p21 pathways
by SGLT-2i leads to amelioration of hepatic fibrosis and HCC development. FFA: Free fatty acids;
DNL: De novo lipogenesis; HCC: Hepatocellular carcinoma; TC: Total cholesterol; TG: Triglycerides;
LDL: Low density lipoprotein; VLDL: Very low density lipoprotein; GNG: Gluconeogenesis; HSC:
Hepatic stellate cells; IR: Insulin resistance; ROS: Reactive oxygen species; ER-stress: Endoplasmic
reticulum stress.

3. SGLT-2i Overview

Phlorizin, a b-Dglucoside, was the first natural non-selective SGLT-2i isolated from
the bark of the apple tree in 1835 and was initially used for fever relief and treatment of
infectious diseases [62,63]. Phlorizin contains a glucose moiety and an aglycone in which
two aromatic carbocycles are joined by an alkyl spacer. Approximately fifty years later,
scientists observed that phlorizin in high dose lowered plasma glucose levels through glu-
cosuria independently of insulin secretion [62–64]. However, the mechanism of phlorizin
action through the active glucose transport system of the proximal tubule was revealed in
the early 1970s [62,65].
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Thereafter, researchers began to discover the exact mechanism of phlorizin action and
its potential application in the management of hyperglycaemia. Phlorizin, when delivered
orally, undergoes hydrolysis of the O-glycosidic bond by intestinal glucosidases, leading to
formation of phloretin, which is capable of GLUT transporter inhibition and uncoupling of
oxidative phosphorylation. Due to Phlorizin’s low SGLT-2 selectivity, rapid degradation,
inhibition of the ubiquitous glucose transporter 1 (GLUT1), poor intestinal absorption and
its gastrointestinal side effects (e.g., diarrhea and dehydration), possibly due to its higher
potency for SGLT-1, it failed to be developed as an antidiabetic drug [62,66–68].

Nevertheless, in order to overcome the aforementioned side effects of phlorizin, a
researcher developed a devphlorizin-based analog with improved bioavailability/stability
and more selectivity towards SGLT-2 than SGLT-1. Initially, they focused on the devel-
opment of O-glucoside analogs such as T-1095, sergliflozin and remogliflozin [69,70].
However, due to their poor stability and incomplete SGLT-2 selectivity, pharmaceutical
industries turned to another derivative of phlorizin known as C-glucosides [62].

Since then, there have been numerous attempts to synthesize phlorizin C-glucoside
analogs with sufficient potency and selectivity for inhibition of SGLT-2. These attempts
led to development of dapagliflozin by Meng et al., in 2008 [71]. Dapagliflozin demon-
strated more than 1200-fold higher potency for human SGLT-2 versus SGLT-1. Apart from
dapagliflozin, during the next years, several other C-glucoside inhibitors have been devel-
oped and approved by United States Food and Drug Administration (FDA). Canagliflozin,
characterized by a thiophene derivative of C-glucoside, showed over 400-fold difference in
inhibitory activities between human SGLT-2 and SGLT-1 [72]. Thereafter, empagliflozin,
which has the highest selectivity for SGLT-2 over SGLT-1 (approximately 2700-fold), was
the third agent approved by both the European Medicines Agency (EMA) and the FDA,
while other SGLT-2i, namely luseogliflozin and topogliflozin, are approved so far for use
only in Japan, and ipragliflozin only in Japan and Russia [73–77].

The structure of phlorizin and currently FDA-approved SGLT-2 inhibitors in the United
States, including dapagliflozin, canagliflozin, empagliflozin, and ertugliflozin, along with
their chemical formulae and brand names are presented in Figure 2 [78]. Diverse structures
of other SGLT-2 inhibitors have been previously disclosed in various articles and in a
number of patents [79,80].

Figure 2. Structure of phlorizin and FDA-approved SGLT-2 inhibitors.
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4. SGLT-2 Inhibitors in NAFLD

4.1. Laboratory Experiments
4.1.1. In Vitro Data

The expression of both SGLT-1 and SGLT-2 co-transporters has been reported in human
hepatocellular carcinoma cells (HepG2) [81–83], whilst SGLT-2 has also been identified in
immortalized human primary hepatocyte cells (HuS-E/2), as well as immortalized normal
human hepatocyte-derived liver cells (L02) [84,85].

Studies have indicated that most SGLT-2i exert anti-proliferative activity in several
hepatocellular cell lines, through—among other mechanisms—attenuation of glucose up-
take [86]. Incubation of both L02 and HepG2 cells with canagliflozin at various concentra-
tions for 24 h resulted in a significant reduction of cell proliferation through an increase in
G0/G1 and a decrease in G2/M phase cell population [86]. In addition, an apoptotic effect
was exhibited through activation of caspase 3 in HepG2 cells [87]. From a mechanistic point
of view, cell growth regulators, cyclins and cyclin-dependent kinases (CDKs) have been in-
dicated as direct targets of SGLT-2i to control proliferation and survival processes. As such,
canagliflozin-treated HepG2 cells demonstrated increased expression of the cell growth
regulator hepatocyte nuclear factor 4α (HNF4α) [82]. Furthermore, reduced expression
of cyclin D1, cyclin D2 and cdk4 leading to cell cycle arrest in a hepatocellular carcinoma
(HCC) cell line have been reported after treatment with canagliflozin [82,87]. In another
study, incubation of HepG2 cells with canagliflozin resulted in reduced clonogenic cell
survival and elevation of anti-carcinogenic potential of γ-irradiation through modulation
of ER stress-mediated autophagy and cell apoptosis [88]. On the contrary, trilobatin, a
novel SGLT-1/2 inhibitor, increased the HepG2 cell proliferation rate at a dose of 10, 50
and 100 μM, while incubation of human HCC cells with tofogliflozin at various concen-
trations did not alter the HCC cell proliferation rate [89]. Incubation of HepG2 cells with
dapagliflozin, canagliflozin and empagliflozin had no effect on cancer cell survival [81,86]
and adhesion capacity [81], while the cell sensitivity to dapagliflozin was induced after
UDP Glucuronosyltransferase Family 1 Member A9 (UGT1A9) silencing, indicated by an
increased number of floating HepG2 cells; of note, UGT1A9 metabolizes and deactivates
dapagliflozin [81].

Dapagliflozin treatment remarkably suppressed oleic acid (OA)-induced lipid accu-
mulation and TG content in L02 cells through increased FA β-oxidation, as indicated by
elevated proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α) levels and
activation of the AMP-activated protein kinase (AMPK)/mammalian target of rapamycin
(mTOR) signaling pathway [84]. Several in vitro studies have shown that AMPK is a key
regulator that mediates the various beneficial effects of SGLT-2i related to cholesterol and
glucose metabolism in hepatic cells. AMPK activation by dapagliflozin prevented glu-
cose absorption through reduced SGLT-2 expression in OA-stimulated HuS-E/2 cells [90].
This effect was eliminated after incubation of cells with compound C, a potent AMPK
inhibitor [84]. Moreover, treatment of HepG2 cells with canagliflozin facilitated hepatic
cholesterol efflux via activation of AMPK. In turn, AMPK activation led to increased ex-
pression of the liver X receptor (LXR) and its downstream proteins, resulting in subsequent
stimulation of cholesterol reverse transport [91]. LXR activation also accelerates fecal choles-
terol disposal through regulation of ATP-binding cassette (ABC) transporters ABCG5 and
ABCG8 expression [92]. Canagliflozin treatment resulted in reduced expressions of ABCG5
and ABCG8 and LXR, while this effect was inhibited after treatment of cells with compound
C [91]. An increased AMP/ADP ratio leads to AMPK activation. It is known that SGLT-2i
reduces cellular ATP levels and indirectly activates the AMPK signaling pathway [83,93].
It has been shown that dapagliflozin alleviates the intracellular ATP levels via regulation of
glucose metabolism [84].
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Stimulation of hepatic cell lines with palmitic acid (PA) mimics hepatocyte situation in
NASH [94,95]. Incubation of PA-stimulated L02 and HepG2 cell lines with dapagliflozin
resulted in a significant reduction of intracellular lipid accumulation. This effect was at-
tributed to down-regulation of proteins related to lipid synthesis, up-regulation of genes
involved in fatty acid oxidation (e.g., peroxisome proliferator-activated receptor alpha
(PPARα) and carnitine palmitoyltransferase 1 (CPT1a)), regulation of AMPK/mTOR path-
way and autophagy. Interestingly, incubation of cells with compound C abolished the
dapagliflozin beneficial effect on reduction of intracellular lipid accumulation [85]. Col-
lectively, these data suggest that SGLT-2i induced improvement of NAFLD is directly
dependent on AMPK signaling activation.

The divergent results of the various relevant studies suggest that the effects of SGLT-2i
on cell proliferation, survival and apoptosis—which are important processes in hepatocellular
carcinoma development and progression—appear to be drug-, dose- and duration-dependent.

4.1.2. Animal Studies

Overall, the animal models of NAFLD/NASH can be divided into two categories.
Of these, one comprises genetically modified animal models, such as leptin deficient
(ob/ob), leptin-resistant (db/db), Agouti mutation (KK-Ay), and apolipoprotein E knockout
(ApoE−/−) mice, as well as the Prague hereditary hypertriglyceridemic (HHTg) rats, Zucker
diabetic fatty (ZDF) rats and Otsuka Long-Evans Tokushima Fatty (OLETF) rat. The other
category includes dietary/pharmacological manipulation-induced NAFLD/NASH animal
models, such as those fed with either a methionine/choline-deficient (MCD) diet, the
trans-fat containing AMLN (amylin liver non-alcoholic steatohepatitis, NASH) diet, and
the methionine-reduced, choline-deficient and amino acid defined (CDAA) diet, as well
as a high-fat diet (HFD), and a HFD + cholesterol diet or a high-fat, high-calorie (HFHC)
diet [30,96–100]. Most of the recent data indicate that both SGLT-1 and SGLT-2 genes
are expressed in hepatic tissues of mice and rats [30,85,87,101]. High levels of SGLT-2
protein have also been detected in hepatic macrophages and T cells [101]. While the exact
underlying molecular mechanisms of SGLT-2i-induced beneficial effects on NAFLD have
not yet been fully clarified, most of our knowledge regarding the potential hepato-protective
mechanism(s) of SGLT-2i actions comes from animal studies.

Although the SGLT-2i-induced weight loss seems to play an important role in hepato-
protective effects on NAFLD in humans [102–104], data from animal studies suggest that other
mechanisms are more likely responsible for the noted SGLT-2i-mediated hepato-protection.

Administration of SGLT-2i leads to net loss of calories and consequent attenuation
of body weight gain, while reducing the accumulated white adipose tissue [99,105–107].
In fact, it has been found that SGLT-2i promote weight loss through improvement of
systemic IR, increased body temperature and basal metabolism via regulation of the
AMP/ATP ratio [19]. Petito da Silva et al., reported that empagliflozin (Table 1) at a
dose of 10 mg/kg/day given for five weeks significantly reduces body weight and body
mass in HFD-fed male C57Bl/6 mice, despite a slight increase in their appetite [107]. Similar
results were observed in HFD-fed C57BL/6J male mice after administration of canagliflozin
(Table 2) at 30 mg/kg dose for four weeks in parallel with improvement of liver function,
liver TG content and NAS score [108]. Additionally, short term and low dose administra-
tion of dapagliflozin (Table 3) reduced both ALT levels and body weight in both HFD and
HFD+MCD diet fed C57BL/6J mice [109]. However, it should be noted that not all studies
point towards a beneficial effect of SGLT-2i on body weight. Several studies have shown
that administration of SGLT-2i does not exert any significant effect on body weight gain,
epididymal fat weight or food intake [30,105,110,111]. In addition, although several studies
reported strong effects of low dose ipragliflozin (Table 4) on weight loss [100,112,113],
supplementation of an AMLN diet with 40 mg ipragliflozin/kg for 8 weeks did not sig-
nificantly alter the body weight of AMLN diet fed mice, while it improved liver function,
hepatic fibrosis and NA score [114]. Empagliflozin at the dose of 10 mg/kg/day improved
liver function and NAFLD status, while it had no significant effect on the body weight of
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ZDF, HHTg and Wistar rats [115,116], as well as on the body weight and appetite of ApoE
knockout mice [30].

Although there are studies showing that administration of SGLT-2i does not exert any
significant effect on body weight gain [30,100,110–114], the vast majority of the literature
points towards a beneficial effect on weight loss.

However, the protective role of SGLT-2i against NAFLD progression also seems to be
mediated by effects beyond those on body weight. Indeed, it has been shown that SGLT-2i
treatment improves IR and ameliorates the intracellular FFA, total cholesterol (TC) and TG
accumulation through reducing the expression of genes involved in de novo lipogenesis,
FA uptake and hepatic TG secretion, whilst it also promotes the expression of key regula-
tory genes of fatty acid β-oxidation [30,84,100,107,109,112,117]. Specifically, empagliflozin
administration has been shown to reduce hepatic triacylglycerol (TAG) levels and im-
prove IR through reduction of lipotoxic intermediates formation, such as diacylglycerols
(DAG) [115], which at elevated levels contribute to IR by activating the protein kinase C
(PKC)ε pathway [118]. Of note, a recent study by Hüttl et al., demonstrated that reduction
of hepatic lipid accumulation following empagliflozin treatment is mediated via increased
nuclear factor erythroid 2-related factor 2 (Nrf2), fibroblast growth factor 21 (FGF21) and
altered gene expression of the P450 (CYP) enzyme superfamily of cytochrome [115]. In-
terestingly, Nrf2 and FGF21 regulate lipid metabolism through inhibiting lipogenesis and
improving insulin sensitivity, respectively [119,120].

Sterol regulatory element-binding transcription factor 1 (SREBP1) is one of the key
regulators of hepatic lipogenesis and plays a crucial role in the regulation of lipogenic
genes, such as fatty acid synthase (Fasn), acetyl-CoAcarboxylase 1 (Acc1), and stearoyl-CoA
desaturase1 (Scd-1). Increased SREBP1 expression has been linked to the aggravation of
hepatic steatosis [121]. While reduced expression of SREBP1 and Scd-1 by both canagliflozin
and empagliflozin has been observed in several studies [30,107,108,115], Kern et al., found
that empagliflozin treatment for eight weeks does not markedly affect the Scd-1 levels in
db/db mice [122]. Dapagliflozin (1 mg/kg/day) treatment for nine weeks resulted in down-
regulation of Scd-1 gene expression, as well as reduced ACC1 phosphorylation in ZDF rats.
Taking into account that SREBP1 activity is directly regulated by mTOR signaling [123],
reduced expression of SREBP1 and its downstream lipogenic targets could be due to the
reduced mTOR expression/activity observed after SGLT-2i administration [84,123].

Peroxisome proliferator-activated receptor gamma (PPAR-γ) upregulation triggers
de novo lipogenesis and consequent deposition of lipid droplets into hepatocytes [124].
Eight weeks of dapagliflozin treatment reduced hepatic weight and prevented progression
of hepatic steatosis compared to mice treated with insulin glargine [125]. This effect was
found to be mediated through decreased expression of PPAR-γ targeted genes involved in
fatty acid synthesis, such as Scd-1, monoacylglycerol O-acyltransferase 1 (Mogat1), Cell
death inducing DFFA like effector A (Cidea) and cell death inducing DFFA like effector C
(Cidec), without affecting insulin sensitivity, liver TC or oleate content [125].

SGLT-2i have been also shown to reverse the HFD-induced down regulation of
genes involved in FA β-oxidation and lipolysis in the liver of various mouse models
of NAFLD [30,84,107,108]. Indeed, it has been shown that expression of PPARα is induced
by SGLT-2i [84,105,107,114]. PPARα activation is predominant for regulation of genes
related to the FA β-oxidation process in mitochondria, such as peroxisomal acyl-CoA
oxidase1 (ACOX1) and enoyl-CoA hydratase, CPT1, and cytochrome-mediated (CYP4A1
and CYP4A3) [44]. Ipragliflozin treatment has been shown to result in acceleration of
β-oxidation and export of very-low-density lipoprotein (VLDL) through upregulation of
PPARα, CPT1A, and Microsomal Triglyceride Transfer Protein (MTTP) gene expression
in the liver of AMLN-fed C57BL/6J mice. MTTP plays a crucial role in export of hepatic
LDL [114]. Similarly, dapagliflozin attenuated hepatic lipid accumulation in ZDF rats via
up-regulation of the FA β-oxidation enzyme ACOX1 [85]. Tofogliflozin administration
induced the expression of genes related to FA β-oxidation in non-tumorous liver lesions,
while it had no effect on their expression in tumorous liver tissues [126]. However, not all
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studies show a promotive effect of SGLT-2i on the expression of enzymes and transcription
factors involved in the regulation of FA β-oxidation [107,114,126]. Of note, the expression
of PPARα remained unaffected in both Wistar and HHTg rats after eight weeks of em-
pagliflozin administration [107,115]. Administration of canagliflozin at doses of 10 and
20 mg/kg/day ameliorated the HFD-induced down-regulation of the expression of the key
regulatory molecule of hepatic lipolysis, known as zinc alpha 2 glycoprotein (ZAG). When
the same SGLT-2i was given in KK-Ay mice, it reduced the accumulation of lipid droplets in
the liver by increasing hepatic prostaglandin E2 (PGE2) protein levels [111]. Furthermore,
the combined therapy with canagliflozin and exercise exerted an additive effect on hepatic
PPARγ Coactivator 1 Beta (PGC1b) elevation, and reduced expression of hepatic lipogenic
genes, such as Scd1 [108]. Notably, PGC1 plays a central role in the control of hepatic
gluconeogenesis, while its overexpression has been associated with stimulation of hepatic
FA oxidation [127].

The inhibition of de novo lipogenesis, and enhanced lipolysis and β-oxidation by
SGLT-2-i lead to a consequent reduction in oxidative stress, hepatic inflammation and
apoptosis [128]. Administration of canagliflozin to HFD-fed diabetic Wistar adult male rats
resulted in reduced hepatic steatosis through amelioration of oxidative stress, inflammation
and apoptosis, as indicated by reduced plasma malondialdehyde (MDA) levels, serum tu-
mor necrosis factor (TNF) and caspase-3 levels, as well as hepatic expression of interleukin-6
(IL-6) [128,129]. Moreover, dapagliflozin treatment reduced the expression of hepatic in-
flammatory cytokine (TNF-α, IL-1β, IL-18) content and improved hepatic steatosis in HCHF
fed male Wistar rats [130]. Tahara et al., have also shown anti-oxidative stress and anti-
inflammatory effects of ipragliflozin on HFD-fed and streptozotocin–nicotinamide-induced
type 2 diabetic mice [131]. Similarly, dapagliflozin treatment at a dose of 1 mg/kg/day
decreased hepatic ROS production of myeloperoxidase (MPO) and F4/80, thus ameliorat-
ing serum ALT levels and hepatic fibrosis [132]. MPO is a chlorinating oxidant-generating
enzyme that regulates the initiation of an acute inflammatory response and promotes the
development of chronic inflammation through oxidant production [133]. Furthermore,
canagliflozin treatment of F344 rats for 16 weeks resulted in reduced hepatic ROS pro-
duction and MDA and 8-hydroxy-2′-deoxyguanosine (8-OHdG) levels [110]. MDA and
8-OHdG are known biomarkers of lipid peroxidation and oxidative DNA damage, respec-
tively. Of note, canagliflozin and teneligliptin combination therapy showed a stronger effect
on reduction of hepatic oxidative stress and amelioration of hepatic inflammation [110].
Treatment with both remogliflozin and ipragliflozin also reduced oxidative stress levels, as
evaluated by decreased thiobarbituric acid reactive substances (TBARS) levels [100,134].
Instead, administration of dapagliflozin at 1 mg/kg/twice/day for four weeks had no
significant effect either on hepatic TBARS and TG levels or on plasma ALT levels [135].
In addition, reduction of oxidative stress by empagliflozin treatment resulted in amelio-
ration of hepatic inflammation [30,107,116] and steatosis, as judged by down-regulation
of inflammatory markers [30,107,115]. Of interest, decreased macrophage infiltration ex-
pression [107,117,134] as well as elevation of autophagy markers [30,117] have also been
linked to the anti-inflammatory actions of SGLT-2-i in the liver. Specifically, oxidative
stress was reduced after empagliflozin treatment via up regulation of Nrf2, which led
to increased antioxidant enzyme activity (SOD) and reduced hepatic inflammation [115].
Empagliflozin exerted anti-inflammatory actions in diet-induced obese mice and NASH
mouse models through, at least in part, suppression of hepatic nuclear factor kappa-light-
chain-enhancer of activated B cells (NFκB), monocyte chemoattractant protein-1 (MCP-1)
and TNF-α expression, as well as inhibition of the IL17/IL23 axis [115,117,136]. Reduced
hepatic inflammation has also been reported in mice and rats after treatment with low
dose (1 mg/kg/day) dapagliflozin and ipragliflozin. Indeed, ipragliflozin administration
for 12 weeks alleviated hepatic fibrosis through reduced expression of pro-inflammatory
markers Emr1 and Itgax in non-tumoric lesions [126]. On the contrary, a recent study
in mice by Hupa-Breier et al., demonstrated that four weeks treatment of diet-induced
NASH with empagliflozin alone at a dose of 10 mg/kg/day did not exert any beneficial
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effect on NASH, while it significantly increased expression of pro-inflammatory and pro-
fibrotic genes. In the same study, the combination of dulaglutide (a GLP-1 agonist) and
empagliflozin exhibited a hepato-protective effect on diabetic background mice through
modulation of the pro-inflammatory immune response and microbiome dysbiosis [137].

Meng et al., demonstrated that induction of AMPK/mTOR activity is dominant path-
way in empagliflozin-induced beneficial effects on liver inflammation and ALT levels [117].
Dapagliflozin treatment also induced AMPK/mTOR pathway activation through phospho-
rylation of liver kinase B1 (LKB1; a ubiquitously expressed master serine/threonine kinase
that activates downstream kinases of the AMPK pathway) [105,138]. Previous studies
have demonstrated that AMPK activation is required for SGLT-2i induced autophagy-
dependent lipid catabolism [30,117]. Both dapagliflozin and empagliflozin promote hepatic
autophagy through increased AMPK phosphorylation and BECLIN gene expression, as
well as reduced P62 levels and mTOR levels and activity [30,85].

Apart from impaired autophagy, ER stress is also implicated in the development of
steatosis and the progression of NAFLD/NASH [30,107]. Consistent with the regulatory
role of ER stress in the autophagy process, Nasiri-Ansari et al., demonstrated that stim-
ulation of autophagy by empagliflozin leads to amelioration of ER stress and reduced
hepatic cell apoptosis [30]. In particular, empaglifilozin administration protects against
HFD-induced NAFLD through inhibiting all three branches of ER stress, namely inositol-
requiring enzyme 1 (IRE1a), X-box binding protein 1 (Xbp1), activating transcription
factor 4 (ATF4), C/EBP homologous protein (CHOP) and activating transcription factor
6 (ATF6) [30,107]. A recent study by Chen et al., also showed that down-regulation of
the ATF6 signaling diminished ER stress-induced inflammation and apoptosis of hepatic
cells [139]. The synergistic ER stress response and autophagy process regulated hepatic cell
apoptosis in HFD-fed ApoE−/− mice with NASH, by reducing cleaved caspase 3 levels
and elevation of B-cell lymphoma-2 (Bcl-2)/BCL2 Associated X (Bax) ratio [30]. Of note,
canagliflozin was previously found to exert an anti-apoptotic effect on HFD-fed mice as
revealed by robust Bcl-2 hepatic expression [129].

Chronic liver inflammation leads to transformation of hepatic stellate cells to myofi-
broblasts, thus contributing to liver fibrosis and progression of NAFLD to NASH [140].
Transforming growth factor beta (TGF-β) is known as the most potent inducer of liver fibro-
sis. Administration of canagliflozin for 16 and 20 weeks reduced the expression of hepatic
TGF-β in both F344 rats and MC4R-KO mice, respectively [101,110]. Interestingly, TGF-β
activation leads to increased fibronectin and collagen types I, II, and IV production [141].
Treatment of mice with both empagliflozin and canagliflozin resulted in reduced expres-
sion of different types of collagen, implying synergistic action(s) [87,137]. Luseogliflozin
also exerts anti-fibrotic effects through reduction of collagen1a1, collagen1a2, TGF-β and
smooth muscle actin (SMA) expression [142]. Extensive data exist regarding the crucial
role of tissue inhibitors of metalloproteinases (TIMPs) in the progression of hepatic fibrosis.
Reduced expression of TIMPs and amelioration of hepatic fibrosis have been observed
after luseogliflozin and canagliflozin administration [101,126,142]. On the contrary, em-
pagliflozin treatment did not affect the expression of stellate cell functionality markers,
such as galectin-3, a-SMA, and collagen1a1 [99].

NASH has been associated with an increased risk of cirrhosis and HCC development.
Hepatic tumorogenesis is the result of DNA instability caused by several factors, such
as hepatic lipotoxicity, aberrant metabolism and inflammation [141,143]. As a protective
effect of SGLT-2i on NAFLD/NASH progression has been shown in the vast majority of
the studies, further research aimed to evaluate the effect of SGLT-2i on development and
progression of HCC [87,101,142]. Activation of the hepatic P53/P21 signaling pathway is
positively correlated with induced fibrosis and hepatocellular carcinogenesis. A 14-week
treatment with tofogliflozin has been shown to effectively reduce the P21 expression, al-
leviating the progression of NASH through, at least in part, mitigating genes related to
the hepatocyte cellular senescence-associated secretory phenotype [89]. Daily adminis-
tration of canagliflozin prevented the occurrence of HCC in both STAM mice—a NASH
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model—(11 weeks) and HFD-fed MC4R-KO mice (52 weeks), as indicated by a significantly
reduced number of hepatic tumorous lesions [87,101]. Moreover, 66 weeks administration
of canagliflozin to CDAA-fed F344 rats exerted an anti-carcinogenic effect, as indicated by a
reduced number of cells positively stained for placental glutathione S-transferase (a promi-
nent marker of hepatocarcinogenesis) [110]. Finally, canagliflozin administration reduced
the development of hepatic preneoplastic lesions in CDAA-fed rats through suppression
of hepatic neovascularization markers, namely cluster of differentiation 31 (CD31) and
vascular endothelial growth factor (VEGF) [110]. Overall, the key animal studies regarding
the impact of SGLT-2i on NAFLD/NASH/HCC are summarized in Tables 1–4.
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4.2. Human Trials

A number of clinical studies have highlighted the benefit of SGLT-2i in patients
with T2DM and NAFLD (Table 5) [145–169]. In the majority of them, the administration
of SGLT-2i has resulted in improvement of serum levels of liver enzymes and hepatic
steatosis, as evaluated by magnetic resonance imaging (MRI), ultrasound (U/S), non-
invasive biomarkers, such as AST to platelet ratio (APRI) index, NAFLD fibrosis score
(NFS) and Fibrosis-4 (FIB-4) score, or even by liver biopsy (LB). In some of these studies,
improvement in hepatic fibrosis was found, using transient elastography (TE) or LB, even
though this finding was not univocal [146,153,158,159,164,165,168].

Of note, the overall improvement in hepatic steatosis is also found in patients treated
with other classes of anti-diabetic drugs, like thiazolidinediones and dipeptidyl peptidase-4
(DPP-4) inhibitors, raising the question of steatosis improvement due to glycemic con-
trol [148,160,162,170]. Moreover, the vast majority of the aforementioned studies are limited
by the small sample size, heterogenous inclusion criteria, especially regarding the presence
of NAFLD, as well as the duration of follow up, thus meta-analyses have been conducted to
better assess the true benefit of SGLT-2i in patients with DM and NAFLD [171–173]. In the
largest one, comprising 9 randomized trials, with 7281 and 4088 patients in the SGLT-2i and
control arm, (standard of care (SOC) or placebo), respectively, the use of SGLT-2i resulted
in improvement of serum transaminases, body weight, and liver fat as measured by proton
density fat fraction. Accordingly, the authors discuss that this improvement derives mainly
from the achievement of glycemic control and weight loss. However, in a 2020 study
by Kahl et al., including 84 patients with DM and excellent glycemic control, randomly
assigned to empagliflozin or placebo, patients on empagliflozin had improved liver fat
content, as assessed by MRI [161], strongly suggesting that the good glycemic control and
weight loss are not the only mechanisms associated with the beneficial effects of SGLT-2i
treatment on hepatic steatosis.

In non-DM patients, only a small single center study exists which studied 12 patients
under dapagliflozin and 10 patients under teneligliptin, a DPP4 inhibitor, for a total of
12 weeks, showing that after this intervention period, serum transaminases were decreased
in both groups, while in the dapagliflozin group, total body water and body fat decreased,
leading to decreased total body weight [174].

Regarding the pathophysiology of NAFLD improvement under SGLT-2i treatment,
various mechanisms have been suggested. Treatment with SGLT-2i results in decreases
in both glucose and insulin levels (especially in patients with DM), which lead to a large
reduction of hepatic de novo lipid synthesis [175]. Moreover, glucagon-secreting alpha
pancreatic cells also express SGLT-2, thus the administration of SGLT-2i stimulates glucagon
secretion [175–177]. In turn, the subsequently elevated plasma glucagon levels stimulate
β-oxidation, and this shift from carbohydrate to fatty acid metabolism leads to reduced liver
triglyceride content and consequently hepatic steatosis [175,178,179]. Another potential
mechanism is mediated by the antioxidant effects of SGLT-2i. Apart from their ability
to reduce high glucose-induced oxidative stress, SGLT-2i reduce free radical generation,
suppress pro-oxidants, and upregulate antioxidant systems, such as superoxide dismutases
(SODs) and glutathione (GSH) peroxidases (Figure 1) [116,180–184].
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5. Conclusions

There is increasing interest regarding the promising effect(s) of SGLT-2i for the treat-
ment of NAFLD, regardless of the co-existence of T2DM. In addition to weight loss, the
beneficial effect(s) of SGLT-2i on NAFLD development and progression appear to be medi-
ated directly through regulation of multiple processes, including ER stress, oxidative stress,
low-grade inflammation, autophagy and apoptosis, as revealed by in vitro, animal and
clinical studies. Moreover, the observed different effects between members of the SGLT-2i
class suggest that there are features specific to individual drugs of this class regarding the
underlying mechanism(s) of action and their corresponding effects on NAFLD.
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dissociate steatosis and insulin resistance in patients with non-alcoholic fatty liver disease. J. Hepatol. 2016, 64, 1167–1175.
[CrossRef]

53. Han, M.S.; Park, S.Y.; Shinzawa, K.; Kim, S.; Chung, K.W.; Lee, J.H.; Kwon, C.H.; Lee, K.W.; Lee, J.H.; Park, C.K.; et al.
Lysophosphatidylcholine as a death effector in the lipoapoptosis of hepatocytes. J. Lipid Res. 2008, 49, 84–97. [CrossRef] [PubMed]

54. Fassnacht, M.; Kreissl, M.C.; Weismann, D.; Allolio, B. New targets and therapeutic approaches for endocrine malignancies.
Pharmacol. Ther. 2009, 123, 117–141. [CrossRef] [PubMed]

55. Yamaguchi, K.; Yang, L.; McCall, S.; Huang, J.; Yu, X.X.; Pandey, S.K.; Bhanot, S.; Monia, B.P.; Li, Y.X.; Diehl, A.M. Inhibiting
triglyceride synthesis improves hepatic steatosis but exacerbates liver damage and fibrosis in obese mice with nonalcoholic
steatohepatitis. Hepatology 2007, 45, 1366–1374. [CrossRef] [PubMed]

56. Puri, P.; Mirshahi, F.; Cheung, O.; Natarajan, R.; Maher, J.W.; Kellum, J.M.; Sanyal, A.J. Activation and dysregulation of the
unfolded protein response in nonalcoholic fatty liver disease. Gastroenterology 2008, 134, 568–576. [CrossRef]

57. Wei, Y.; Wang, D.; Pagliassotti, M.J. Saturated fatty acid-mediated endoplasmic reticulum stress and apoptosis are augmented by
trans-10, cis-12-conjugated linoleic acid in liver cells. Mol. Cell Biochem. 2007, 303, 105–113. [CrossRef]

58. Wei, Y.; Wang, D.; Topczewski, F.; Pagliassotti, M.J. Saturated fatty acids induce endoplasmic reticulum stress and apoptosis
independently of ceramide in liver cells. Am. J. Physiol. Endocrinol. Metab. 2006, 291, E275–E281. [CrossRef]

59. Li, C.; Xu, M.M.; Wang, K.; Adler, A.J.; Vella, A.T.; Zhou, B. Macrophage polarization and meta-inflammation. Transl. Res. 2018,
191, 29–44. [CrossRef]

60. Tilg, H.; Moschen, A.R.; Szabo, G. Interleukin-1 and inflammasomes in alcoholic liver disease/acute alcoholic hepatitis and
nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. Hepatology 2016, 64, 955–965. [CrossRef]

61. Gomes, A.L.; Teijeiro, A.; Burén, S.; Tummala, K.S.; Yilmaz, M.; Waisman, A.; Theurillat, J.P.; Perna, C.; Djouder, N. Metabolic
Inflammation-Associated IL-17A Causes Non-alcoholic Steatohepatitis and Hepatocellular Carcinoma. Cancer Cell 2016, 30,
161–175. [CrossRef]

62. Choi, C.I. Sodium-Glucose Cotransporter 2 (SGLT2) Inhibitors from Natural Products: Discovery of Next-Generation Antihyper-
glycemic Agents. Molecules 2016, 21, 1136. [CrossRef]

63. Hardman, T.C.; Rutherford, P.; Duprey, S.W.; Wierzbicki, A.S. Sodium-glucose co-transporter 2 inhibitors: From apple tree to
‘Sweet Pee’. Curr. Pharm. Des. 2010, 16, 3830–3838. [CrossRef]

64. Blaschek, W. Natural Products as Lead Compounds for Sodium Glucose Cotransporter (SGLT) Inhibitors. Planta Med. 2017, 83,
985–993. [CrossRef]

65. Vick, H.; Diedrich, D.F.; Baumann, K. Reevaluation of renal tubular glucose transport inhibition by phlorizin analogs. Am. J.
Physiol. 1973, 224, 552–557. [CrossRef]

66. Ehrenkranz, J.R.; Lewis, N.G.; Kahn, C.R.; Roth, J. Phlorizin: A review. Diabetes Metab. Res. Rev. 2005, 21, 31–38. [CrossRef]
67. Tian, L.; Cao, J.; Zhao, T.; Liu, Y.; Khan, A.; Cheng, G. The Bioavailability, Extraction, Biosynthesis and Distribution of Natural

Dihydrochalcone: Phloridzin. Int. J. Mol. Sci. 2021, 22, 962. [CrossRef]
68. Lehmann, A.; Hornby, P.J. Intestinal SGLT1 in metabolic health and disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 310,

G887–G898. [CrossRef]

253



Int. J. Mol. Sci. 2022, 23, 3107

69. Katsuno, K.; Fujimori, Y.; Takemura, Y.; Hiratochi, M.; Itoh, F.; Komatsu, Y.; Fujikura, H.; Isaji, M. Sergliflozin, a novel selective
inhibitor of low-affinity sodium glucose cotransporter (SGLT2), validates the critical role of SGLT2 in renal glucose reabsorption
and modulates plasma glucose level. J. Pharmacol. Exp. Ther. 2007, 320, 323–330. [CrossRef]

70. Oku, A.; Ueta, K.; Arakawa, K.; Ishihara, T.; Nawano, M.; Kuronuma, Y.; Matsumoto, M.; Saito, A.; Tsujihara, K.; Anai, M.; et al.
T-1095, an inhibitor of renal Na+-glucose cotransporters, may provide a novel approach to treating diabetes. Diabetes 1999, 48,
1794–1800. [CrossRef]

71. Meng, W.; Ellsworth, B.A.; Nirschl, A.A.; McCann, P.J.; Patel, M.; Girotra, R.N.; Wu, G.; Sher, P.M.; Morrison, E.P.; Biller, S.A.;
et al. Discovery of dapagliflozin: A potent, selective renal sodium-dependent glucose cotransporter 2 (SGLT2) inhibitor for the
treatment of type 2 diabetes. J. Med. Chem. 2008, 51, 1145–1149. [CrossRef]

72. Nomura, S.; Sakamaki, S.; Hongu, M.; Kawanishi, E.; Koga, Y.; Sakamoto, T.; Yamamoto, Y.; Ueta, K.; Kimata, H.; Nakayama, K.;
et al. Discovery of canagliflozin, a novel C-glucoside with thiophene ring, as sodium-dependent glucose cotransporter 2 inhibitor
for the treatment of type 2 diabetes mellitus. J. Med. Chem. 2010, 53, 6355–6360. [CrossRef]

73. Hsia, D.S.; Grove, O.; Cefalu, W.T. An update on sodium-glucose co-transporter-2 inhibitors for the treatment of diabetes mellitus.
Curr. Opin. Endocrinol. Diabetes Obes. 2017, 24, 73–79. [CrossRef]

74. Markham, A.; Elkinson, S. Luseogliflozin: First global approval. Drugs 2014, 74, 945–950. [CrossRef]
75. Poole, R.M.; Dungo, R.T. Ipragliflozin: First global approval. Drugs 2014, 74, 611–617. [CrossRef]
76. Poole, R.M.; Prossler, J.E. Tofogliflozin: First global approval. Drugs 2014, 74, 939–944. [CrossRef]
77. Xu, J.; Hirai, T.; Koya, D.; Kitada, M. Effects of SGLT2 Inhibitors on Atherosclerosis: Lessons from Cardiovascular Clinical

Outcomes in Type 2 Diabetic Patients and Basic Researches. J. Clin. Med. 2021, 11, 137. [CrossRef]
78. Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, J.R.; Sajed, T.; Johnson, D.; Li, C.; Sayeeda, Z.; et al. DrugBank

5.0: A major update to the DrugBank database for 2018. Nucleic Acids Res. 2018, 46, D1074–D1082. [CrossRef]
79. Isaji, M. Sodium-glucose cotransporter inhibitors for diabetes. Curr. Opin. Investig. Drugs 2007, 8, 285–292.
80. Isaji, M. SGLT2 inhibitors: Molecular design and potential differences in effect. Kidney Int. Suppl. 2011, 79 (Suppl. S20), S14–S19.

[CrossRef]
81. Okada, J.; Yamada, E.; Saito, T.; Yokoo, H.; Osaki, A.; Shimoda, Y.; Ozawa, A.; Nakajima, Y.; Pessin, J.E.; Okada, S.; et al.

Dapagliflozin Inhibits Cell Adhesion to Collagen I and IV and Increases Ectodomain Proteolytic Cleavage of DDR1 by Increasing
ADAM10 Activity. Molecules 2020, 25, 495. [CrossRef]

82. Kaji, K.; Nishimura, N.; Seki, K.; Sato, S.; Saikawa, S.; Nakanishi, K.; Furukawa, M.; Kawaratani, H.; Kitade, M.; Moriya, K.; et al.
Sodium glucose cotransporter 2 inhibitor canagliflozin attenuates liver cancer cell growth and angiogenic activity by inhibiting
glucose uptake. Int. J. Cancer 2018, 142, 1712–1722. [CrossRef]

83. Hawley, S.A.; Ford, R.J.; Smith, B.K.; Gowans, G.J.; Mancini, S.J.; Pitt, R.D.; Day, E.A.; Salt, I.P.; Steinberg, G.R.; Hardie, D.G.
The Na+/Glucose Cotransporter Inhibitor Canagliflozin Activates AMPK by Inhibiting Mitochondrial Function and Increasing
Cellular AMP Levels. Diabetes 2016, 65, 2784–2794. [CrossRef]

84. Luo, J.; Sun, P.; Wang, Y.; Chen, Y.; Niu, Y.; Ding, Y.; Xu, N.; Zhang, Y.; Xie, W. Dapagliflozin attenuates steatosis in livers of
high-fat diet-induced mice and oleic acid-treated L02 cells via regulating AMPK/mTOR pathway. Eur. J. Pharmacol. 2021, 907,
174304. [CrossRef] [PubMed]

85. Li, L.; Li, Q.; Huang, W.; Han, Y.; Tan, H.; An, M.; Xiang, Q.; Zhou, R.; Yang, L.; Cheng, Y. Dapagliflozin Alleviates Hepatic
Steatosis by Restoring Autophagy via the AMPK-mTOR Pathway. Front. Pharmacol. 2021, 12, 589273. [CrossRef] [PubMed]

86. Wang, L.; Liu, M.; Yin, F.; Wang, Y.; Li, X.; Wu, Y.; Ye, C.; Liu, J. Trilobatin, a Novel SGLT1/2 Inhibitor, Selectively Induces the
Proliferation of Human Hepatoblastoma Cells. Molecules 2019, 24, 3390. [CrossRef] [PubMed]

87. Jojima, T.; Wakamatsu, S.; Kase, M.; Iijima, T.; Maejima, Y.; Shimomura, K.; Kogai, T.; Tomaru, T.; Usui, I.; Aso, Y. The SGLT2
Inhibitor Canagliflozin Prevents Carcinogenesis in a Mouse Model of Diabetes and Non-Alcoholic Steatohepatitis-Related
Hepatocarcinogenesis: Association with SGLT2 Expression in Hepatocellular Carcinoma. Int. J. Mol. Sci. 2019, 20, 5237.
[CrossRef]

88. Abdel-Rafei, M.K.; Thabet, N.M.; Rashed, L.A.; Moustafa, E.M. Canagliflozin, a SGLT-2 inhibitor, relieves ER stress, modulates
autophagy and induces apoptosis in irradiated HepG2 cells: Signal transduction between PI3K/AKT/GSK-3beta/mTOR and
Wnt/beta-catenin pathways; in vitro. J. Cancer Res. Ther. 2021, 17, 1404–1418. [CrossRef] [PubMed]

89. Obara, K.; Shirakami, Y.; Maruta, A.; Ideta, T.; Miyazaki, T.; Kochi, T.; Sakai, H.; Tanaka, T.; Seishima, M.; Shimizu, M. Preventive
effects of the sodium glucose cotransporter 2 inhibitor tofogliflozin on diethylnitrosamine-induced liver tumorigenesis in obese
and diabetic mice. Oncotarget 2017, 8, 58353–58363. [CrossRef] [PubMed]

90. Chiang, H.; Lee, J.C.; Huang, H.C.; Huang, H.; Liu, H.K.; Huang, C. Delayed intervention with a novel SGLT2 inhibitor NGI001
suppresses diet-induced metabolic dysfunction and non-alcoholic fatty liver disease in mice. Br. J. Pharmacol. 2020, 177, 239–253.
[CrossRef]

91. Zhao, Y.; Li, Y.; Liu, Q.; Tang, Q.; Zhang, Z.; Zhang, J.; Huang, C.; Huang, H.; Zhang, G.; Zhou, J.; et al. Canagliflozin Facilitates
Reverse Cholesterol Transport through Activation of AMPK/ABC Transporter Pathway. Drug Des. Devel. Ther. 2021, 15,
2117–2128. [CrossRef]

92. Wang, B.; Tontonoz, P. Liver X receptors in lipid signalling and membrane homeostasis. Nat. Rev. Endocrinol. 2018, 14, 452–463.
[CrossRef]

254



Int. J. Mol. Sci. 2022, 23, 3107

93. Zhou, J.; Zhu, J.; Yu, S.J.; Ma, H.L.; Chen, J.; Ding, X.F.; Chen, G.; Liang, Y.; Zhang, Q. Sodium-glucose co-transporter-2
(SGLT-2) inhibition reduces glucose uptake to induce breast cancer cell growth arrest through AMPK/mTOR pathway. Biomed.
Pharmacother. 2020, 132, 110821. [CrossRef]

94. Xiao, Q.; Zhang, S.; Yang, C.; Du, R.; Zhao, J.; Li, J.; Xu, Y.; Qin, Y.; Gao, Y.; Huang, W. Ginsenoside Rg1 Ameliorates Palmitic
Acid-Induced Hepatic Steatosis and Inflammation in HepG2 Cells via the AMPK/NF-kappaB Pathway. Int. J. Endocrinol. 2019,
2019, 7514802. [CrossRef]

95. Soret, P.A.; Magusto, J.; Housset, C.; Gautheron, J. In Vitro and In Vivo Models of Non-Alcoholic Fatty Liver Disease: A Critical
Appraisal. J. Clin. Med. 2020, 10, 36. [CrossRef]

96. Anstee, Q.M.; Goldin, R.D. Mouse models in non-alcoholic fatty liver disease and steatohepatitis research. Int. J. Exp. Pathol. 2006,
87, 1–16. [CrossRef]

97. Ibrahim, S.H.; Hirsova, P.; Malhi, H.; Gores, G.J. Animal Models of Nonalcoholic Steatohepatitis: Eat, Delete, and Inflame. Dig.
Dis. Sci. 2016, 61, 1325–1336. [CrossRef]

98. Nakamura, A.; Terauchi, Y. Lessons from mouse models of high-fat diet-induced NAFLD. Int. J. Mol. Sci. 2013, 14, 21240–21257.
[CrossRef]

99. Perakakis, N.; Chrysafi, P.; Feigh, M.; Veidal, S.S.; Mantzoros, C.S. Empagliflozin Improves Metabolic and Hepatic Outcomes in a
Non-Diabetic Obese Biopsy-Proven Mouse Model of Advanced NASH. Int. J. Mol. Sci. 2021, 22, 6332. [CrossRef]

100. Tahara, A.; Takasu, T. Therapeutic Effects of SGLT2 Inhibitor Ipragliflozin and Metformin on NASH in Type 2 Diabetic Mice.
Endocr. Res. 2020, 45, 147–161. [CrossRef]

101. Shiba, K.; Tsuchiya, K.; Komiya, C.; Miyachi, Y.; Mori, K.; Shimazu, N.; Yamaguchi, S.; Ogasawara, N.; Katoh, M.; Itoh, M.; et al.
Canagliflozin, an SGLT2 inhibitor, attenuates the development of hepatocellular carcinoma in a mouse model of human NASH.
Sci. Rep. 2018, 8, 2362. [CrossRef]

102. Brown, E.; Wilding, J.P.H.; Barber, T.M.; Alam, U.; Cuthbertson, D.J. Weight loss variability with SGLT2 inhibitors and GLP-1
receptor agonists in type 2 diabetes mellitus and obesity: Mechanistic possibilities. Obes. Rev. 2019, 20, 816–828. [CrossRef]

103. Cai, X.; Yang, W.; Gao, X.; Chen, Y.; Zhou, L.; Zhang, S.; Han, X.; Ji, L. The Association between the Dosage of SGLT2 Inhibitor
and Weight Reduction in Type 2 Diabetes Patients: A Meta-Analysis. Obesity 2018, 26, 70–80. [CrossRef] [PubMed]

104. Cherney, D.Z.I.; Dekkers, C.C.J.; Barbour, S.J.; Cattran, D.; Abdul Gafor, A.H.; Greasley, P.J.; Laverman, G.D.; Lim, S.K.; Di Tanna,
G.L.; Reich, H.N.; et al. Effects of the SGLT2 inhibitor dapagliflozin on proteinuria in non-diabetic patients with chronic kidney
disease (DIAMOND): A randomised, double-blind, crossover trial. Lancet Diabetes Endocrinol. 2020, 8, 582–593. [CrossRef]

105. Han, T.; Fan, Y.J.; Gao, J.; Fatima, M.R.; Zhang, Y.L.; Ding, Y.M.; Bai, L.A.; Wang, C.X. Sodium glucose cotransporter 2 inhibitor
dapagliflozin depressed adiposity and ameliorated hepatic steatosis in high-fat diet induced obese mice. Adipocyte 2021, 10,
446–455. [CrossRef] [PubMed]

106. Obata, A.; Kubota, N.; Kubota, T.; Iwamoto, M.; Sato, H.; Sakurai, Y.; Takamoto, I.; Katsuyama, H.; Suzuki, Y.; Fukazawa, M.;
et al. Tofogliflozin Improves Insulin Resistance in Skeletal Muscle and Accelerates Lipolysis in Adipose Tissue in Male Mice.
Endocrinology 2016, 157, 1029–1042. [CrossRef]

107. Petito-da-Silva, T.I.; Souza-Mello, V.; Barbosa-da-Silva, S. Empaglifozin mitigates NAFLD in high-fat-fed mice by alleviating
insulin resistance, lipogenesis and ER stress. Mol. Cell Endocrinol. 2019, 498, 110539. [CrossRef]

108. Tanaka, K.; Takahashi, H.; Katagiri, S.; Sasaki, K.; Ohsugi, Y.; Watanabe, K.; Rasadul, I.M.D.; Mine, K.; Nagafuchi, S.; Iwata, T.;
et al. Combined effect of canagliflozin and exercise training on high-fat diet-fed mice. Am. J. Physiol. Endocrinol. Metab. 2020, 318,
E492–E503. [CrossRef]

109. Yabiku, K.; Nakamoto, K.; Tsubakimoto, M. Effects of Sodium-Glucose Cotransporter 2 Inhibition on Glucose Metabolism, Liver
Function, Ascites, and Hemodynamics in a Mouse Model of Nonalcoholic Steatohepatitis and Type 2 Diabetes. J. Diabetes Res.
2020, 2020, 1682904. [CrossRef]

110. Ozutsumi, T.; Namisaki, T.; Shimozato, N.; Kaji, K.; Tsuji, Y.; Kaya, D.; Fujinaga, Y.; Furukawa, M.; Nakanishi, K.; Sato, S.;
et al. Combined Treatment with Sodium-Glucose Cotransporter-2 Inhibitor (Canagliflozin) and Dipeptidyl Peptidase-4 Inhibitor
(Teneligliptin) Alleviates NASH Progression in A Non-Diabetic Rat Model of Steatohepatitis. Int. J. Mol. Sci. 2020, 21, 2164.
[CrossRef]

111. Yoshino, K.; Hosooka, T.; Shinohara, M.; Aoki, C.; Hosokawa, Y.; Imamori, M.; Ogawa, W. Canagliflozin ameliorates hepatic fat
deposition in obese diabetic mice: Role of prostaglandin E2. Biochem. Biophys. Res. Commun. 2021, 557, 62–68. [CrossRef]

112. Komiya, C.; Tsuchiya, K.; Shiba, K.; Miyachi, Y.; Furuke, S.; Shimazu, N.; Yamaguchi, S.; Kanno, K.; Ogawa, Y. Ipragliflozin
Improves Hepatic Steatosis in Obese Mice and Liver Dysfunction in Type 2 Diabetic Patients Irrespective of Body Weight
Reduction. PLoS ONE 2016, 11, e0151511. [CrossRef]

113. Tahara, A.; Takasu, T. SGLT2 inhibitor ipragliflozin alone and combined with pioglitazone prevents progression of nonalcoholic
steatohepatitis in a type 2 diabetes rodent model. Physiol. Rep. 2019, 7, e14286. [CrossRef]

114. Honda, Y.; Imajo, K.; Kato, T.; Kessoku, T.; Ogawa, Y.; Tomeno, W.; Kato, S.; Mawatari, H.; Fujita, K.; Yoneda, M.; et al. The Selective
SGLT2 Inhibitor Ipragliflozin Has a Therapeutic Effect on Nonalcoholic Steatohepatitis in Mice. PLoS ONE 2016, 11, e0146337.
[CrossRef]

115. Huttl, M.; Markova, I.; Miklankova, D.; Zapletalova, I.; Poruba, M.; Haluzik, M.; Vaneckova, I.; Malinska, H. In a Prediabetic
Model, Empagliflozin Improves Hepatic Lipid Metabolism Independently of Obesity and before Onset of Hyperglycemia. Int. J.
Mol. Sci. 2021, 22, 11513. [CrossRef]

255



Int. J. Mol. Sci. 2022, 23, 3107

116. Steven, S.; Oelze, M.; Hanf, A.; Kroller-Schon, S.; Kashani, F.; Roohani, S.; Welschof, P.; Kopp, M.; Godtel-Armbrust, U.; Xia, N.;
et al. The SGLT2 inhibitor empagliflozin improves the primary diabetic complications in ZDF rats. Redox Biol. 2017, 13, 370–385.
[CrossRef]

117. Meng, Z.; Liu, X.; Li, T.; Fang, T.; Cheng, Y.; Han, L.; Sun, B.; Chen, L. The SGLT2 inhibitor empagliflozin negatively regulates
IL-17/IL-23 axis-mediated inflammatory responses in T2DM with NAFLD via the AMPK/mTOR/autophagy pathway. Int.
Immunopharmacol. 2021, 94, 107492. [CrossRef]

118. Petersen, M.C.; Shulman, G.I. Roles of Diacylglycerols and Ceramides in Hepatic Insulin Resistance. Trends Pharmacol. Sci. 2017,
38, 649–665. [CrossRef]

119. Chambel, S.S.; Santos-Goncalves, A.; Duarte, T.L. The Dual Role of Nrf2 in Nonalcoholic Fatty Liver Disease: Regulation of
Antioxidant Defenses and Hepatic Lipid Metabolism. Biomed. Res. Int. 2015, 2015, 597134. [CrossRef]

120. Su, X.; Kong, Y.; Peng, D. Fibroblast growth factor 21 in lipid metabolism and non-alcoholic fatty liver disease. Clin. Chim. Acta
2019, 498, 30–37. [CrossRef]

121. Eberle, D.; Hegarty, B.; Bossard, P.; Ferre, P.; Foufelle, F. SREBP transcription factors: Master regulators of lipid homeostasis.
Biochimie 2004, 86, 839–848. [CrossRef]

122. Kern, M.; Kloting, N.; Mark, M.; Mayoux, E.; Klein, T.; Bluher, M. The SGLT2 inhibitor empagliflozin improves insulin sensitivity
in db/db mice both as monotherapy and in combination with linagliptin. Metabolism 2016, 65, 114–123. [CrossRef]

123. Bakan, I.; Laplante, M. Connecting mTORC1 signaling to SREBP-1 activation. Curr. Opin. Lipidol. 2012, 23, 226–234. [CrossRef]
[PubMed]

124. Souza-Mello, V. Peroxisome proliferator-activated receptors as targets to treat non-alcoholic fatty liver disease. World J. Hepatol.
2015, 7, 1012–1019. [CrossRef]

125. Omori, K.; Nakamura, A.; Miyoshi, H.; Takahashi, K.; Kitao, N.; Nomoto, H.; Kameda, H.; Cho, K.Y.; Takagi, R.; Hatanaka, K.C.;
et al. Effects of dapagliflozin and/or insulin glargine on beta cell mass and hepatic steatosis in db/db mice. Metabolism 2019, 98,
27–36. [CrossRef] [PubMed]

126. Yoshioka, N.; Tanaka, M.; Ochi, K.; Watanabe, A.; Ono, K.; Sawada, M.; Ogi, T.; Itoh, M.; Ito, A.; Shiraki, Y.; et al. The sodium-
glucose cotransporter-2 inhibitor Tofogliflozin prevents the progression of nonalcoholic steatohepatitis-associated liver tumors in
a novel murine model. Biomed. Pharmacother. 2021, 140, 111738. [CrossRef] [PubMed]

127. Morris, E.M.; Meers, G.M.; Booth, F.W.; Fritsche, K.L.; Hardin, C.D.; Thyfault, J.P.; Ibdah, J.A. PGC-1alpha overexpression results
in increased hepatic fatty acid oxidation with reduced triacylglycerol accumulation and secretion. Am. J. Physiol. Gastrointest.
Liver Physiol. 2012, 303, G979–G992. [CrossRef] [PubMed]

128. Chrysavgis, L.; Papatheodoridi, A.M.; Chatzigeorgiou, A.; Cholongitas, E. The impact of sodium glucose co-transporter 2
inhibitors on non-alcoholic fatty liver disease. J. Gastroenterol. Hepatol. 2021, 36, 893–909. [CrossRef] [PubMed]

129. Kabil, S.L.; Mahmoud, N.M. Canagliflozin protects against non-alcoholic steatohepatitis in type-2 diabetic rats through zinc
alpha-2 glycoprotein up-regulation. Eur. J. Pharmacol. 2018, 828, 135–145. [CrossRef] [PubMed]

130. ElMahdy, M.K.; Helal, M.G.; Ebrahim, T.M. Potential anti-inflammatory effect of dapagliflozin in HCHF diet- induced fatty liver
degeneration through inhibition of TNF-alpha, IL-1beta, and IL-18 in rat liver. Int. Immunopharmacol. 2020, 86, 106730. [CrossRef]
[PubMed]

131. Tahara, A.; Kurosaki, E.; Yokono, M.; Yamajuku, D.; Kihara, R.; Hayashizaki, Y.; Takasu, T.; Imamura, M.; Li, Q.; Tomiyama, H.;
et al. Effects of SGLT2 selective inhibitor ipragliflozin on hyperglycemia, hyperlipidemia, hepatic steatosis, oxidative stress,
inflammation, and obesity in type 2 diabetic mice. Eur. J. Pharmacol. 2013, 715, 246–255. [CrossRef]

132. Tang, L.; Wu, Y.; Tian, M.; Sjostrom, C.D.; Johansson, U.; Peng, X.R.; Smith, D.M.; Huang, Y. Dapagliflozin slows the progression
of the renal and liver fibrosis associated with type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 2017, 313, E563–E576. [CrossRef]

133. Klebanoff, S.J. Myeloperoxidase: Friend and foe. J. Leukoc. Biol. 2005, 77, 598–625. [CrossRef]
134. Nakano, S.; Katsuno, K.; Isaji, M.; Nagasawa, T.; Buehrer, B.; Walker, S.; Wilkison, W.O.; Cheatham, B. Remogliflozin Etabonate

Improves Fatty Liver Disease in Diet-Induced Obese Male Mice. J. Clin. Exp. Hepatol. 2015, 5, 190–198. [CrossRef]
135. Ookawara, M.; Matsuda, K.; Watanabe, M.; Moritoh, Y. The GPR40 Full Agonist SCO-267 Improves Liver Parameters in a Mouse

Model of Nonalcoholic Fatty Liver Disease without Affecting Glucose or Body Weight. J. Pharmacol. Exp. Ther. 2020, 375, 21–27.
[CrossRef]

136. Jojima, T.; Tomotsune, T.; Iijima, T.; Akimoto, K.; Suzuki, K.; Aso, Y. Empagliflozin (an SGLT2 inhibitor), alone or in combination
with linagliptin (a DPP-4 inhibitor), prevents steatohepatitis in a novel mouse model of non-alcoholic steatohepatitis and diabetes.
Diabetol. Metab. Syndr. 2016, 8, 45. [CrossRef]

137. Hupa-Breier, K.L.; Dywicki, J.; Hartleben, B.; Wellhoner, F.; Heidrich, B.; Taubert, R.; Mederacke, Y.E.; Lieber, M.; Iordanidis,
K.; Manns, M.P.; et al. Dulaglutide Alone and in Combination with Empagliflozin Attenuate Inflammatory Pathways and
Microbiome Dysbiosis in a Non-Diabetic Mouse Model of NASH. Biomedicines 2021, 9, 353. [CrossRef]

138. Kuwako, K.I.; Okano, H. Versatile Roles of LKB1 Kinase Signaling in Neural Development and Homeostasis. Front. Mol. Neurosci.
2018, 11, 354. [CrossRef]

139. Chen, Z.; Liu, Y.; Yang, L.; Liu, P.; Zhang, Y.; Wang, X. MiR-149 attenuates endoplasmic reticulum stress-induced inflammation and
apoptosis in nonalcoholic fatty liver disease by negatively targeting ATF6 pathway. Immunol. Lett. 2020, 222, 40–48. [CrossRef]

140. Heyens, L.J.M.; Busschots, D.; Koek, G.H.; Robaeys, G.; Francque, S. Liver Fibrosis in Non-alcoholic Fatty Liver Disease: From
Liver Biopsy to Non-invasive Biomarkers in Diagnosis and Treatment. Front. Med. 2021, 8, 615978. [CrossRef]

256



Int. J. Mol. Sci. 2022, 23, 3107

141. Zisser, A.; Ipsen, D.H.; Tveden-Nyborg, P. Hepatic Stellate Cell Activation and Inactivation in NASH-Fibrosis-Roles as Putative
Treatment Targets? Biomedicines 2021, 9, 365. [CrossRef]

142. Qiang, S.; Nakatsu, Y.; Seno, Y.; Fujishiro, M.; Sakoda, H.; Kushiyama, A.; Mori, K.; Matsunaga, Y.; Yamamotoya, T.; Kamata, H.;
et al. Treatment with the SGLT2 inhibitor luseogliflozin improves nonalcoholic steatohepatitis in a rodent model with diabetes
mellitus. Diabetol. Metab. Syndr. 2015, 7, 104. [CrossRef]

143. Anstee, Q.M.; Reeves, H.L.; Kotsiliti, E.; Govaere, O.; Heikenwalder, M. From NASH to HCC: Current concepts and future
challenges. Nat. Rev. Gastro Hepat. 2019, 16, 411–428. [CrossRef] [PubMed]

144. Hayashizaki-Someya, Y.; Kurosaki, E.; Takasu, T.; Mitori, H.; Yamazaki, S.; Koide, K.; Takakura, S. Ipragliflozin, an SGLT2
inhibitor, exhibits a prophylactic effect on hepatic steatosis and fibrosis induced by choline-deficient l-amino acid-defined diet in
rats. Eur. J. Pharmacol. 2015, 754, 19–24. [CrossRef] [PubMed]

145. Bando, Y.; Ogawa, A.; Ishikura, K.; Kanehara, H.; Hisada, A.; Notumata, K.; Okafuji, K.; Toya, D. The effects of ipragliflozin
on the liver-to-spleen attenuation ratio as assessed by computed tomography and on alanine transaminase levels in Japanese
patients with type 2 diabetes mellitus. Diabetol. Int. 2017, 8, 218–227. [CrossRef] [PubMed]

146. Akuta, N.; Watanabe, C.; Kawamura, Y.; Arase, Y.; Saitoh, S.; Fujiyama, S.; Sezaki, H.; Hosaka, T.; Kobayashi, M.; Kobayashi, M.;
et al. Effects of a sodium-glucose cotransporter 2 inhibitor in nonalcoholic fatty liver disease complicated by diabetes mellitus:
Preliminary prospective study based on serial liver biopsies. Hepatol. Commun. 2017, 1, 46–52. [CrossRef] [PubMed]

147. Ito, D.; Shimizu, S.; Inoue, K.; Saito, D.; Yanagisawa, M.; Inukai, K.; Akiyama, Y.; Morimoto, Y.; Noda, M.; Shimada, A. Comparison
of Ipragliflozin and Pioglitazone Effects on Nonalcoholic Fatty Liver Disease in Patients with Type 2 Diabetes: A Randomized,
24-Week, Open-Label, Active-Controlled Trial. Diabetes Care 2017, 40, 1364–1372. [CrossRef]

148. Seko, Y.; Sumida, Y.; Tanaka, S.; Mori, K.; Taketani, H.; Ishiba, H.; Hara, T.; Okajima, A.; Umemura, A.; Nishikawa, T.; et al. Effect
of sodium glucose cotransporter 2 inhibitor on liver function tests in Japanese patients with non-alcoholic fatty liver disease and
type 2 diabetes mellitus. Hepatol. Res. 2017, 47, 1072–1078. [CrossRef]

149. Choi, D.H.; Jung, C.H.; Mok, J.O.; Kim, C.H.; Kang, S.K.; Kim, B.Y. Effect of Dapagliflozin on Alanine Aminotransferase
Improvement in Type 2 Diabetes Mellitus with Non-alcoholic Fatty Liver Disease. Endocrinol. Metab. 2018, 33, 387–394. [CrossRef]

150. Eriksson, J.W.; Lundkvist, P.; Jansson, P.A.; Johansson, L.; Kvarnström, M.; Moris, L.; Miliotis, T.; Forsberg, G.B.; Risérus, U.; Lind,
L.; et al. Effects of dapagliflozin and n-3 carboxylic acids on non-alcoholic fatty liver disease in people with type 2 diabetes: A
double-blind randomised placebo-controlled study. Diabetologia 2018, 61, 1923–1934. [CrossRef]

151. Itani, T.; Ishihara, T. Efficacy of canagliflozin against nonalcoholic fatty liver disease: A prospective cohort study. Obes. Sci. Pract.
2018, 4, 477–482. [CrossRef]

152. Kuchay, M.S.; Krishan, S.; Mishra, S.K.; Farooqui, K.J.; Singh, M.K.; Wasir, J.S.; Bansal, B.; Kaur, P.; Jevalikar, G.; Gill, H.K.; et al.
Effect of Empagliflozin on Liver Fat in Patients with Type 2 Diabetes and Nonalcoholic Fatty Liver Disease: A Randomized
Controlled Trial (E-LIFT Trial). Diabetes Care 2018, 41, 1801–1808. [CrossRef]

153. Miyake, T.; Yoshida, S.; Furukawa, S.; Sakai, T.; Tada, F.; Senba, H.; Yamamoto, S.; Koizumi, Y.; Yoshida, O.; Hirooka, M.; et al.
Ipragliflozin Ameliorates Liver Damage in Non-alcoholic Fatty Liver Disease. Open Med. 2018, 13, 402–409. [CrossRef] [PubMed]

154. Shibuya, T.; Fushimi, N.; Kawai, M.; Yoshida, Y.; Hachiya, H.; Ito, S.; Kawai, H.; Ohashi, N.; Mori, A. Luseogliflozin improves
liver fat deposition compared to metformin in type 2 diabetes patients with non-alcoholic fatty liver disease: A prospective
randomized controlled pilot study. Diabetes Obes. Metab. 2018, 20, 438–442. [CrossRef]

155. Shimizu, M.; Suzuki, K.; Kato, K.; Jojima, T.; Iijima, T.; Murohisa, T.; Iijima, M.; Takekawa, H.; Usui, I.; Hiraishi, H.; et al.
Evaluation of the effects of dapagliflozin, a sodium-glucose co-transporter-2 inhibitor, on hepatic steatosis and fibrosis using
transient elastography in patients with type 2 diabetes and non-alcoholic fatty liver disease. Diabetes Obes. Metab. 2019, 21,
285–292. [CrossRef] [PubMed]

156. Sumida, Y.; Murotani, K.; Saito, M.; Tamasawa, A.; Osonoi, Y.; Yoneda, M.; Osonoi, T. Effect of luseogliflozin on hepatic fat content
in type 2 diabetes patients with non-alcoholic fatty liver disease: A prospective, single-arm trial (LEAD trial). Hepatol. Res. 2019,
49, 64–71. [CrossRef] [PubMed]

157. Akuta, N.; Kawamura, Y.; Watanabe, C.; Nishimura, A.; Okubo, M.; Mori, Y.; Fujiyama, S.; Sezaki, H.; Hosaka, T.; Kobayashi, M.;
et al. Impact of sodium glucose cotransporter 2 inhibitor on histological features and glucose metabolism of non-alcoholic fatty
liver disease complicated by diabetes mellitus. Hepatol. Res. 2019, 49, 531–539. [CrossRef] [PubMed]

158. Yamashima, M.; Miyaaki, H.; Miuma, S.; Shibata, H.; Sasaki, R.; Haraguchi, M.; Fukushima, M.; Nakao, K. The Long-term Efficacy
of Sodium Glucose Co-transporter 2 Inhibitor in Patients with Non-alcoholic Fatty Liver Disease. Intern. Med. 2019, 58, 1987–1992.
[CrossRef]

159. Akuta, N.; Kawamura, Y.; Fujiyama, S.; Sezaki, H.; Hosaka, T.; Kobayashi, M.; Kobayashi, M.; Saitoh, S.; Suzuki, F.; Suzuki,
Y.; et al. SGLT2 Inhibitor Treatment Outcome in Nonalcoholic Fatty Liver Disease Complicated with Diabetes Mellitus: The
Long-term Effects on Clinical Features and Liver Histopathology. Intern. Med. 2020, 59, 1931–1937. [CrossRef]

160. Han, E.; Lee, Y.H.; Lee, B.W.; Kang, E.S.; Cha, B.S. Ipragliflozin Additively Ameliorates Non-Alcoholic Fatty Liver Disease in
Patients with Type 2 Diabetes Controlled with Metformin and Pioglitazone: A 24-Week Randomized Controlled Trial. J. Clin.
Med. 2020, 9, 259. [CrossRef]

161. Kahl, S.; Gancheva, S.; Straßburger, K.; Herder, C.; Machann, J.; Katsuyama, H.; Kabisch, S.; Henkel, E.; Kopf, S.; Lagerpusch, M.;
et al. Empagliflozin Effectively Lowers Liver Fat Content in Well-Controlled Type 2 Diabetes: A Randomized, Double-Blind,
Phase 4, Placebo-Controlled Trial. Diabetes Care 2020, 43, 298–305. [CrossRef]

257



Int. J. Mol. Sci. 2022, 23, 3107

162. Kinoshita, T.; Shimoda, M.; Nakashima, K.; Fushimi, Y.; Hirata, Y.; Tanabe, A.; Tatsumi, F.; Hirukawa, H.; Sanada, J.; Kohara, K.;
et al. Comparison of the effects of three kinds of glucose-lowering drugs on non-alcoholic fatty liver disease in patients with type
2 diabetes: A randomized, open-label, three-arm, active control study. J. Diabetes Investig. 2020, 11, 1612–1622. [CrossRef]

163. Yano, K.; Seko, Y.; Takahashi, A.; Okishio, S.; Kataoka, S.; Takemura, M.; Okuda, K.; Mizuno, N.; Taketani, H.; Umemura, A.; et al.
Effect of Sodium Glucose Cotransporter 2 Inhibitors on Renal Function in Patients with Nonalcoholic Fatty Liver Disease and
Type 2 Diabetes in Japan. Diagnostics 2020, 10, 86. [CrossRef]

164. Arai, T.; Atsukawa, M.; Tsubota, A.; Mikami, S.; Ono, H.; Kawano, T.; Yoshida, Y.; Tanabe, T.; Okubo, T.; Hayama, K.; et al. Effect
of sodium-glucose cotransporter 2 inhibitor in patients with non-alcoholic fatty liver disease and type 2 diabetes mellitus: A
propensity score-matched analysis of real-world data. Ther. Adv. Endocrinol. Metab. 2021, 12, 1–13. [CrossRef]

165. Chehrehgosha, H.; Sohrabi, M.R.; Ismail-Beigi, F.; Malek, M.; Reza Babaei, M.; Zamani, F.; Ajdarkosh, H.; Khoonsari, M.; Fallah,
A.E.; Khamseh, M.E. Empagliflozin Improves Liver Steatosis and Fibrosis in Patients with Non-Alcoholic Fatty Liver Disease and
Type 2 Diabetes: A Randomized, Double-Blind, Placebo-Controlled Clinical Trial. Diabetes Ther. 2021, 12, 843–861. [CrossRef]

166. Euh, W.; Lim, S.; Kim, J.W. Sodium-Glucose Cotransporter-2 Inhibitors Ameliorate Liver Enzyme Abnormalities in Korean
Patients with Type 2 Diabetes Mellitus and Nonalcoholic Fatty Liver Disease. Front. Endocrinol. 2021, 12, 613389. [CrossRef]

167. Gaborit, B.; Ancel, P.; Abdullah, A.E.; Maurice, F.; Abdesselam, I.; Calen, A.; Soghomonian, A.; Houssays, M.; Varlet, I.; Eisinger,
M.; et al. Effect of empagliflozin on ectopic fat stores and myocardial energetics in type 2 diabetes: The EMPACEF study.
Cardiovasc. Diabetol. 2021, 20, 57. [CrossRef]

168. Takahashi, H.; Kessoku, T.; Kawanaka, M.; Nonaka, M.; Hyogo, H.; Fujii, H.; Nakajima, T.; Imajo, K.; Tanaka, K.; Kubotsu, Y.;
et al. Ipragliflozin Improves the Hepatic Outcomes of Patients with Diabetes with NAFLD. Hepatol. Commun. 2021, 6, 120–132.
[CrossRef]

169. Yoneda, M.; Honda, Y.; Ogawa, Y.; Kessoku, T.; Kobayashi, T.; Imajo, K.; Ozaki, A.; Nogami, A.; Taguri, M.; Yamanaka, T.; et al.
Comparing the effects of tofogliflozin and pioglitazone in non-alcoholic fatty liver disease patients with type 2 diabetes mellitus
(ToPiND study): A randomized prospective open-label controlled trial. BMJ Open Diabetes Res. Care 2021, 9, e001990. [CrossRef]

170. Pradhan, R.; Yin, H.; Yu, O.; Azoulay, L. Glucagon-Like Peptide 1 Receptor Agonists and Sodium-Glucose Cotransporter 2
Inhibitors and Risk of Nonalcoholic Fatty Liver Disease Among Patients with Type 2 Diabetes. Diabetes Care 2022. Online ahead
of print. [CrossRef]

171. Sinha, B.; Datta, D.; Ghosal, S. Meta-analysis of the effects of sodium glucose cotransporter 2 inhibitors in non-alcoholic fatty liver
disease patients with type 2 diabetes. JGH Open 2021, 5, 219–227. [CrossRef]

172. Mo, M.; Huang, Z.; Liang, Y.; Liao, Y.; Xia, N. The safety and efficacy evaluation of Sodium-Glucose co-transporter 2 inhibitors for
patients with non-alcoholic fatty Liver disease: An updated meta-analysis. Dig. Liver Dis. 2021, in press. [CrossRef]

173. Wong, C.; Yaow, C.Y.L.; Ng, C.H.; Chin, Y.H.; Low, Y.F.; Lim, A.Y.L.; Muthiah, M.D.; Khoo, C.M. Sodium-Glucose Co-Transporter
2 Inhibitors for Non-Alcoholic Fatty Liver Disease in Asian Patients with Type 2 Diabetes: A Meta-Analysis. Front. Endocrinol.
2020, 11, 609135. [CrossRef] [PubMed]

174. Tobita, H.; Yazaki, T.; Kataoka, M.; Kotani, S.; Oka, A.; Mishiro, T.; Oshima, N.; Kawashima, K.; Ishimura, N.; Naora, K.; et al.
Comparison of dapagliflozin and teneligliptin in nonalcoholic fatty liver disease patients without type 2 diabetes mellitus: A
prospective randomized study. J. Clin. Biochem. Nutr. 2021, 68, 173–180. [CrossRef] [PubMed]

175. Daniele, G.; Xiong, J.; Solis-Herrera, C.; Merovci, A.; Eldor, R.; Tripathy, D.; DeFronzo, R.A.; Norton, L.; Abdul-Ghani, M.
Dapagliflozin Enhances Fat Oxidation and Ketone Production in Patients with Type 2 Diabetes. Diabetes Care 2016, 39, 2036–2041.
[CrossRef] [PubMed]

176. Wang, D.; Luo, Y.; Wang, X.; Orlicky, D.J.; Myakala, K.; Yang, P.; Levi, M. The Sodium-Glucose Cotransporter 2 Inhibitor
Dapagliflozin Prevents Renal and Liver Disease in Western Diet Induced Obesity Mice. Int. J. Mol. Sci. 2018, 19, 137. [CrossRef]

177. Bonner, C.; Kerr-Conte, J.; Gmyr, V.; Queniat, G.; Moerman, E.; Thévenet, J.; Beaucamps, C.; Delalleau, N.; Popescu, I.; Malaisse,
W.J.; et al. Inhibition of the glucose transporter SGLT2 with dapagliflozin in pancreatic alpha cells triggers glucagon secretion.
Nat. Med. 2015, 21, 512–517. [CrossRef]

178. Ferrannini, E.; Baldi, S.; Frascerra, S.; Astiarraga, B.; Heise, T.; Bizzotto, R.; Mari, A.; Pieber, T.R.; Muscelli, E. Shift to Fatty
Substrate Utilization in Response to Sodium-Glucose Cotransporter 2 Inhibition in Subjects without Diabetes and Patients with
Type 2 Diabetes. Diabetes 2016, 65, 1190–1195. [CrossRef]

179. Yokono, M.; Takasu, T.; Hayashizaki, Y.; Mitsuoka, K.; Kihara, R.; Muramatsu, Y.; Miyoshi, S.; Tahara, A.; Kurosaki, E.; Li, Q.; et al.
SGLT2 selective inhibitor ipragliflozin reduces body fat mass by increasing fatty acid oxidation in high-fat diet-induced obese
rats. Eur. J. Pharmacol. 2014, 727, 66–74. [CrossRef]

180. Terami, N.; Ogawa, D.; Tachibana, H.; Hatanaka, T.; Wada, J.; Nakatsuka, A.; Eguchi, J.; Horiguchi, C.S.; Nishii, N.; Yamada, H.;
et al. Long-term treatment with the sodium glucose cotransporter 2 inhibitor, dapagliflozin, ameliorates glucose homeostasis and
diabetic nephropathy in db/db mice. PLoS ONE 2014, 9, e100777. [CrossRef]

181. Tahara, A.; Kurosaki, E.; Yokono, M.; Yamajuku, D.; Kihara, R.; Hayashizaki, Y.; Takasu, T.; Imamura, M.; Li, Q.; Tomiyama, H.;
et al. Effects of sodium-glucose cotransporter 2 selective inhibitor ipragliflozin on hyperglycaemia, oxidative stress, inflammation
and liver injury in streptozotocin-induced type 1 diabetic rats. J. Pharm. Pharmacol. 2014, 66, 975–987. [CrossRef]

182. Yaribeygi, H.; Atkin, S.L.; Butler, A.E.; Sahebkar, A. Sodium-glucose cotransporter inhibitors and oxidative stress: An update. J.
Cell Physiol. 2019, 234, 3231–3237. [CrossRef]

258



Int. J. Mol. Sci. 2022, 23, 3107

183. Oshima, H.; Miki, T.; Kuno, A.; Mizuno, M.; Sato, T.; Tanno, M.; Yano, T.; Nakata, K.; Kimura, Y.; Abe, K.; et al. Empagliflozin, an
SGLT2 Inhibitor, Reduced the Mortality Rate after Acute Myocardial Infarction with Modification of Cardiac Metabolomes and
Antioxidants in Diabetic Rats. J. Pharmacol. Exp. Ther. 2019, 368, 524–534. [CrossRef]

184. Osorio, H.; Coronel, I.; Arellano, A.; Pacheco, U.; Bautista, R.; Franco, M.; Escalante, B. Sodium-glucose cotransporter inhibition
prevents oxidative stress in the kidney of diabetic rats. Oxid Med. Cell Longev. 2012, 2012, 542042. [CrossRef]

259



 International Journal of 
Molecular Sciences

Article

Empagliflozin Attenuates Non-Alcoholic Fatty Liver Disease
(NAFLD) in High Fat Diet Fed ApoE(-/-) Mice by Activating
Autophagy and Reducing ER Stress and Apoptosis

Narjes Nasiri-Ansari 1,† , Chrysa Nikolopoulou 1,†, Katerina Papoutsi 1,†, Ioannis Kyrou 2,3,4,

Christos S. Mantzoros 5,6, Georgios Kyriakopoulos 1,7, Antonios Chatzigeorgiou 8, Vassiliki Kalotychou 9,

Manpal S. Randeva 10, Kamaljit Chatha 11, Konstantinos Kontzoglou 12, Gregory Kaltsas 13,

Athanasios G. Papavassiliou 1 , Harpal S. Randeva 2,10,14,*,‡ and Eva Kassi 1,13,*,‡

Citation: Nasiri-Ansari, N.;

Nikolopoulou, C.; Papoutsi, K.;

Kyrou, I.; Mantzoros, C.S.;

Kyriakopoulos, G.; Chatzigeorgiou,

A.; Kalotychou, V.; Randeva, M.S.;

Chatha, K.; et al. Empagliflozin

Attenuates Non-Alcoholic Fatty Liver

Disease (NAFLD) in High Fat Diet

Fed ApoE(-/-) Mice by Activating

Autophagy and Reducing ER Stress

and Apoptosis. Int. J. Mol. Sci. 2021,

22, 818. https://doi.org/10.3390/

ijms22020818

Received: 4 December 2020

Accepted: 12 January 2021

Published: 15 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biological Chemistry, Medical School, National and Kapodistrian University of Athens,
11527 Athens, Greece; nnasiri@med.uoa.gr (N.N.-A.); chrysa_nikolopoulou@hotmail.com (C.N.);
pap.katerina@hotmail.com (K.P.); geokyr11@hotmail.gr (G.K.); papavas@med.uoa.gr (A.G.P.)

2 Warwickshire Institute for the Study of Diabetes, Endocrinology and Metabolism (WISDEM),
University Hospitals Coventry and Warwickshire NHS Trust, Coventry CV2 2DX, UK; kyrouj@gmail.com

3 Aston Medical Research Institute, Aston Medical School, Aston University, Birmingham B4 7ET, UK
4 Division of Biomedical Sciences, Warwick Medical School, University of Warwick, Coventry CV4 7AL, UK
5 Division of Endocrinology, Diabetes and Metabolism, Beth Israel Deaconess Medical Center, Harvard Medical

School, Boston, MA 02215, USA; cmantzor@bidmc.harvard.edu
6 Section of Endocrinology, Boston VA Healthcare System, Harvard Medical School, Boston, MA 02215, USA
7 Department of Pathology, Evangelismos Hospital, 10676 Athens, Greece
8 Department of Physiology, Medical School, National and Kapodistrian University of Athens,

11527 Athens, Greece; achatzig@med.uoa.gr
9 1st Department of Internal Medicine, Laiko Hospital, Medical School, National and Kapodistrian University

of Athens, 11527 Athens, Greece; vkalotyc@med.uoa.gr
10 Human Metabolism Research Unit, WISDEM Centre, NHS Trust, Coventry CV2 2DX, UK;

manpalrandeva@hotmail.com
11 Department of Biochemistry & Immunology, University Hospitals Coventry and Warwickshire NHS Trust,

Coventry CV2 2DX, UK; kamaljit.chatha@uhcw.nhs.uk
12 Laboratory of Experimental Surgery and Surgical Research N.S. Christeas, Athens University Medical School,

National and Kapodistrian University of Athens, 11527 Athens, Greece; kckont@med.uoa.gr
13 Endocrine Oncology Unit, 1st Department of Propaupedic Internal Medicine, Laiko Hospital, National and

Kapodistrian University of Athens, 11527 Athens, Greece; gkaltsas@endo.gr
14 Division of Translational and Experimental Medicine-Metabolic and Vascular Health, Warwick Medical

School, University of Warwick, Coventry CV4 7AL, UK
* Correspondence: harpal.randeva@uhcw.nhs.uk (H.S.R.); ekassi@med.uoa.gr (E.K.)
† Joint first authors.
‡ Joint last authors and corresponding authors.

Abstract: Aims/hypothesis: SGLT-2 inhibitors (SGLT-2i) have been studied as potential treatments
against NAFLD, showing varying beneficial effects. The molecular mechanisms mediating these
effects have not been fully clarified. Herein, we investigated the impact of empagliflozin on NAFLD,
focusing particularly on ER stress, autophagy and apoptosis. Methods: Five-week old ApoE(-/-) mice
were switched from normal to a high-fat diet (HFD). After five weeks, mice were randomly allocated
into a control group (HFD + vehicle) and Empa group (HFD + empagliflozin 10 mg/kg/day) for
five weeks. At the end of treatment, histomorphometric analysis was performed in liver, mRNA
levels of Fasn, Screbp-1, Scd-1, Ppar-γ, Pck-1, Mcp-1, Tnf-α, Il-6, F4/80, Atf4, Elf2α, Chop, Grp78, Grp94,
Xbp1, Ire1α, Atf6, mTor, Lc3b, Beclin-1, P62, Bcl-2 and Bax were measured by qRT-PCR, and protein
levels of p-EIF2α, EIF2a, CHOP, LC3II, P62, BECLIN-1 and cleaved CASPASE-8 were assessed
by immunoblotting. Results: Empagliflozin-treated mice exhibited reduced fasting glucose, total
cholesterol and triglyceride serum levels, as well as decreased NAFLD activity score, decreased
expression of lipogenic enzymes (Fasn, Screbp-1c and Pck-1) and inflammatory molecules (Mcp-1 and
F4/80), compared to the Control group. Empagliflozin significantly decreased the expression of ER
stress molecules Grp78, Ire1α, Xbp1, Elf2α, Atf4, Atf6, Chop, P62(Sqstm1) and Grp94; whilst activating
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autophagy via increased AMPK phosphorylation, decreased mTOR and increased LC3B expression.
Finally, empagliflozin increased the Bcl2/Bax ratio and inhibited CASPASE-8 cleavage, reducing
liver cell apoptosis. Immunoblotting analysis confirmed the qPCR results. Conclusion: These novel
findings indicate that empagliflozin treatment for five weeks attenuates NAFLD progression in
ApoE(-/-) mice by promoting autophagy, reducing ER stress and inhibiting hepatic apoptosis.

Keywords: NAFLD; SGLT-2 inhibitors; autophagy; ER stress; apoptosis; inflammation

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common causes of chronic
liver disease worldwide [1,2]. NAFLD ranges from simple steatosis without inflammation
to non-alcoholic steatohepatitis (NASH), which, in some cases, can lead to cirrhosis and
even hepatocellular carcinoma [1,2]. Despite its high prevalence and morbidity, there is
currently no approved therapy for NAFLD/NASH.

Higher prevalence of type 2 diabetes (DMT2) has been documented among NAFLD
and NASH patients, while NAFLD also markedly increases the risk of developing DMT2 [3].
NAFLD and DMT2 share common pathophysiologic features, with insulin resistance
playing a key pathogenic role [4]. As such, anti-diabetic drugs (e.g., metformin, thiazo-
lidinediones and GLP-1 analogues) have been studied as potential treatments against
NAFLD/NASH development and progression [5,6]. Sodium-glucose co-transporter-2
inhibitors (SGLT-2i) represent a new class of anti-diabetic drugs which act mainly through
increasing urinary glucose excretion and, thus, improve glucose control independently of
insulin secretion [7]. In addition to glucose reduction, SGLT-2i has also been shown to exert
certain beneficial cardio-metabolic effects, including weight reduction and cardiovascular
disease (CVD) protection [8–10].

Recently, a number of randomized and non-randomized clinical trials have reported
beneficial effects of SGLT-2i on NAFLD, as assessed either by surrogate biomarkers/indices
(e.g., alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl
transferase (γ-GT), triglycerides, hepatic insulin sensitivity indices), or by intrahepatic
fat content on CT, MRI and proton-magnetic resonance spectroscopy imaging [6,11]. Of
note, a recent large, placebo-controlled randomized clinical trial, i.e., the EMPA-REG
OUTCOME trial, further supported these results, showing that empagliflozin treatment
for 24 weeks in patients with DMT2 significantly reduced glutamic-pyruvic transaminase
(SGPT) levels (a surrogate biomarker of liver fat) independently of changes in haemoglobin
A1c (HbA1c) and body weight [12]. Interestingly, this improvement was more pronounced
in the empagliflozin-treated arm compared to glimepiride, suggesting direct empagliflozin-
induced effects on NAFLD progression, irrespective of glycemic control [12]. The E-LIFT
trial also showed that treatment with empagliflozin (10 mg daily) for 20 weeks significantly
reduced liver enzymes and liver fat in in 50 patients with DMT2 and NAFLD [13]. Although
such data indicate that SGLT-2i may constitute a promising treatment option against
NAFLD/NASH, the molecular mechanisms mediating the beneficial effects of SGLT-2i on
biochemical and/or histological NAFLD features remain incompletely explored.

Recently, endoplasmic reticulum (ER) stress and autophagy have emerged as impor-
tant underlying mechanisms in NAFLD/NASH development and progression, both regu-
lating hepatic cell apoptosis [14,15]. Indeed, it is now well-known that both hyperglycaemia
and lipid accumulation can cause proteostasis and trigger ER stress in hepatocytes [16]. In
turn, an adaptive signalling pathway, i.e., the unfolded protein response (UPR), is activated
to restore it [16]. To that effect, UPR enhances ER protein folding and induces clearance of
aggregate-prone proteins by promoting autophagy. Subsequently, autophagy stimulates
the degradation of intracellular lipid droplets (lipophagy). However, under chronic ER
stress the UPR turns from adaptive to terminal, leading to hepatocyte death by increasing
inflammation, reducing autophagic processes and activating pro-apoptotic pathways [17].
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Although a number of studies have investigated SGLT-2i effects on ER stress in renal
tubular cells, cardiomyocytes and pancreatic β-cells [18–20] data on their role in ER stress
related pathways in NAFLD are sparse [21], and even completely lacking regarding the
potential impact of SGLT-2i in NAFLD-related autophagy processes. As such, the aim of
the present study was to investigate the effect of empagliflozin in NAFLD progression,
focusing specifically on ER stress, autophagy and apoptosis.

2. Results

2.1. Empagliflozin Administration for Five Weeks Improves Fasting Blood Glucose and Lipid Profiles

No significant difference in daily food intake was observed between the two groups
(p = 0.5). Empagliflozin administration had no significant effect on body weight as both
HFD-fed ApoE(-/-) mice groups significantly increased their body weight at the end of the
five-week intervention compared to baseline (18.7% and 17.9% increase in body weight
in the Empa and the control group, respectively). Empagliflozin treatment resulted in
significantly reduced fasting glucose, total cholesterol, and triglyceride serum levels at the
end of the five-week intervention compared to baseline (all p-values < 0.01). Additionally,
fasting glucose, total cholesterol, and triglyceride serum levels were significantly lower in
the Empa group compared to the control group at the end of the five-week intervention
(p < 0.01, p < 0.01, and p < 0.001, respectively) (Figure 1a).

Recent data indicate that the triglyceride/HDL cholesterol ratio can be used as a new
marker for prediction of endothelial dysfunction and as an indicator of increased risk
of developing metabolic and cardiovascular complications in human [22]. To this end,
we next measured the TG/HDL ratio in mice, and our result showed that at the end of
Empagliflozin/placebo oral treatment, there was a significant difference from baseline in
TG/HDL (p < 0.05) between groups (Figure 1b).

After completion of the five-week empagliflozin treatment, oxaloacetic transaminase
(SGOT) levels were marginally decreased (p = 0.07), while a significant reduction in SGPT
levels (p = 0.048) was observed in the Empa group as compared to the control group
(Figure 1c).

2.2. Empagliflozin Administration for Five Weeks Improves Hepatic Lipid Accumulation

ApoE mice in the control group had higher liver weights than the Empa group
(p = 0.047); however, the liver weight to body weight ratio was not different (p = 0.2)
between the two groups (Figure 2B).

The effect of empagliflozin/vehicle treatment on hepatic lipid accumulation and injury
was evaluated in H&E staining. In the Empa group an overall beneficial effect was noted on
steatohepatitis-related parameters, including decreased steatosis percentage, intrahepatic
ballooning and lobular inflammation, thus leading to significantly improved liver histology
(Figure 2A). As such, NAS was significantly lower in the Empa group compared to control
(p = 0.04), attributed mainly to the significantly reduced lobular inflammation (p = 0.04)
and steatosis (p = 0.04) (Figure 2C).

Of note, no liver fibrosis was detected at the end of intervention neither in the control
nor Empa group (data not shown).
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Figure 1. Serum fasting glucose, lipid, SGOT and SGPT concentrations in the Empa and control groups after five weeks
of empagliflozin/vehicle oral administration. (a). A significant reduction in fasting blood glucose, total cholesterol,
triglyceride levels was observed in the Empa group at the end of the treatment period compared to baseline. Fasting glucose
was the only significantly increased parameter in the control group at the end of intervention as compared to baseline
values. (b). Significant changes were detected from baseline in triglyceride/HDL ratio between two groups. (c). Serum
SGOT and SGPT levels were reduced in Empa group as compared to Control group (p = 0.07 and p = 0.048, respectively)
(n = 8 per group). Data are shown as the mean ± SD (***: p < 0.001; **: p < 0.01, *: p < 0.05).
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Figure 2. Histological assessment of NAFLD/NASH severity. (A) Representative images of H&E-stained slides of ApoE(-/-)

mice after five weeks of empagliflozin/vehicle oral administration. Lobular inflammation, ballooning cells and cytoplasmic
lipid droplets are shown by red, yellow and green arrows, respectively. (B) The liver weight and the ratio of liver weight to
body weight. (C) Histological evaluation of steatosis, hepatocellular ballooning, lobular inflammation and NAS score. Data
are shown as the mean ± SD (*: p < 0.05).

2.3. Empagliflozin Administration for Five Weeks Reduces the Expression of Lipogenic Enzymes
and Inflammatory Markers

Peroxisome proliferator-activated receptor-gamma (Ppar-γ) is a known regulator of
de novo lipogenesis (DNL) and its upregulation leads to the consequent lipid droplets
deposition within hepatocytes. The Srebp1c plays a central role in controlling expression of
genes involved in DNL such as Acaca, Fasn and Scd-1. Pck1 is a regulator of re-esterification
of free fatty acid into triacylglycerol [16,21]. As such, we evaluated whether empagliflozin
had an impact on the hepatic lipogenesis pathway by measuring the expression of these
lipogenic genes. The Fasn, Srebp-1c and Pck-1 gene expression was significantly lower in
Empa group as compared to the Control group (p = 0.03, p = 0.02, p = 0.02, respectively). A
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marginal reduction in the expression of Acaca and Scd-1 was also observed in Empa group
when compared to the Control group (p < 0.1) (Figure 3A). No difference was observed in
Ppar-γ expression between the two groups (p = 0.2).

Figure 3. The hepatic expression of lipogenic enzymes and inflammatory markers in ApoE(-/-)

mice after five weeks of empagliflozin/vehicle oral administration. (A). The mRNA levels of Fasn,
Screbp-1 and Pck-1 were significantly reduced in the Empa group as compared to the Control group.
(B) Empagliflozin oral administration for five weeks resulted in significant reduction in Mcp-1 and
F4/80 mRNA levels. Data are shown as the mean ± SEM (*: p < 0.05).

Mcp-1 recruits and activates monocytes/macrophages to the site of tissue injury, and
regulates the expression of pro-inflammatory cytokines, such as TNF-α and IL-6. F4/80 is
a known marker of resident macrophages. Thus, we assessed the effect of empagliflozin on
the expression of the aforementioned pro-inflammatory genes. Our results showed that the
expression of Mcp-1 and F4/80 was significantly reduced by five weeks of empagliflozin
administration (p = 0.02 in both cases). A borderline decrease in the expression of TNF-
α and IL-6 in the Empa group was observed, compared to the control group (p < 0.1)
(Figure 3B).

Of note, the liver in all mice expressed SGLT-1 mRNA levels without any significant
difference between two groups, while SGLT-2 mRNA was faintly detected in almost half of
the animals in each groups.

2.4. Empagliflozin Administration for Five Weeks Reduces the Expression of ER Stress Markers

The mRNA levels of factors involved in the regulation of the ER stress response
(GRP78, eIF2a, ATF4, IRE1, Xbp1, ATF-6, GRP94 and CHOP) were evaluated by qPCR,
whereas protein levels of eIF2a, p-eIF2a and CHOP were evaluated by Western blot. Our
results demonstrated that the five-week empagliflozin treatment resulted in significantly
lower mRNA expression of GRP94, eIF2α, GRP78, IRE1, Xbp1, CHOP and ATF6 compared
to control (p = 0.03, p = 0.03, p = 0.03, p = 0.015, p = 0.02, p = 0.02 and p = 0.02, respectively)
(Figure 4).
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Figure 4. Changes of ER stress core genes mRNA levels after five weeks of empagliflozin/vehicle oral administration in the
liver of ApoE(-/-) mice. The mRNA levels of elf2α, ATF-4, GRP78, CHOP, IRE1, XbP1, ATF-6 and GRP94 were significantly
reduced after five weeks of empagliflozin treatment. Data are shown as the mean ± SEM (*: p < 0.05).

Moreover, marginally significant lower ATF4 mRNA levels were also observed in the
Empa group (p = 0.05) (Figure 4).

Western blot analysis revealed that CHOP protein levels, as well as the p-eIF2a/eIF2a
protein levels ratio, were significantly lower in empagliflozin-treated mice compared to the
control group (p = 0.004 and p = 0.04, respectively) (Figure 5A,B).
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Figure 5. Empagliflozin administration for five weeks reduces protein levels of ER stress markers. (A). Western blot analysis
of CHOP, total elf-2α and phospho elf-2α in liver tissues. (B) Quantitative analyses showed that empagliflozin reduces
the protein levels of CHOP, p-elf-2α/elf-2α ratio. Data are expressed as the mean ± SEM (*: p < 0.05; **: p < 0.01; I.C:
Internal control).

2.5. Empagliflozin Administration for Five Weeks Activates the Hepatic Autophagic Flux

Both mRNA and protein levels of autophagy (macro-autophagy) markers were also
assessed. Results of the qRT-PCR analysis demonstrated that, compared to the control
group, the five-week empagliflozin treatment resulted in significantly lower mTOR mRNA
levels (p = 0.03), while LC3B mRNA levels were higher in the Empa group almost reaching
statistical significance (p = 0.06) (Figure 6A). No differences were observed in Beclin-1, p62,
AMPKa1 and AMPKa2 mRNA levels between the two groups (p = 0.2, p = 0.5, p = 0.12 and
p = 0.17, respectively) at the end of the five-week treatment period (data not shown).

However, compared to the control group, p62 protein levels were significantly lower
in the Empa group (p = 0.04) at the end of this five-week intervention, while Beclin-1 and
the ratio of phospho-AMPK/AMPK protein levels were significantly higher (p = 0.046 and
p = 0.005, respectively) (Figure 6B,C).
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Figure 6. The mRNA and protein expression profiles of the autophagy-related genes. (A) Relative mRNA levels of LC3B was
increased while the mTOR mRNA expression was reduced after five weeks of empagliflozin administration. (B) Western
blot analysis of p62, Beclin-1, total AMPKa and phospho-AMPKa in liver tissues. (C) Quantitative analyses showed that
empagliflozin reduces p62, while it increases the p-AMPKa/AMPKa ratio and Beclin-1 protein levels. Data are shown as
the mean ± SEM (*: p < 0.05; **: p < 0.01; I.C: Internal control).
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2.6. Empagliflozin Administration for Five Weeks Attenuates Hepatic Apoptosis

The Bcl-2/Bax ratio is a known indicator of cell susceptibility to apoptosis, thus, we
quantified both Bcl-2 and Bax mRNA levels. Our results show that the Bcl-2/Bax ratio was
significantly higher in the Empa group (p = 0.02) compared to the control group at the
end of the five-week treatment (Figure 7A). In addition, at this time point, the protein
expression of cleaved caspase-8 was found to be significantly lower in the Empa group
compared to the control group (p = 0.006) (Figure 7B).

Figure 7. The mRNA and protein levels of apoptosis related molecules. (A) Empagliflozin treatment for five weeks
significantly increased the mRNA Bcl2/Bax ratio. (B) Western blot analysis of cleaved caspase-8 with quantitative analyses
showing that empagliflozin reduces the protein levels of cleaved caspase-8. Data are shown as the mean ± SEM (*: p < 0.05;
**: p < 0.01; I.C: Internal control).

3. Discussion

The therapeutic potential of SGLT-2i on NAFLD has been previously reported in
animal and in human studies [21,23–28]. To shed light on the underlying molecular
mechanisms, we present here novel data showing that empagliflozin treatment for five
weeks in HFD-fed ApoE(-/-) mice not only decreases fasting glucose, total cholesterol and
triglycerides serum levels, but also improves the underlying NAFLD histological features
by activating autophagy, alleviating ER stress, and attenuating apoptosis. In the context
of this study, HFD-fed ApoE(-/-) mice were used as a NAFLD model since a high-fat,
cholesterol-rich diet has been shown to accelerate development of NASH with fibrosis in
this animal model [29,30].

Of note, in contrast to human studies [31], in the present study empagliflozin did not
reduce the body weight in the treated mice compared to control. Indeed, both ApoE(-/-)

mice groups consumed similar amounts of food and gained weight without significant
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differences between them during the five-week treatment period of our study. This is in
accord with previous studies from our group which also showed that canagliflozin and
empagliflozin administration for 5 and 10 weeks, respectively, did not promote weight loss
in ApoE deficient mice under HFD conditions [9,10]. Interestingly, conflicting results exist
in the relevant literature with respect to SGLT-2i effects on body weight in animal models.
As such, previous studies have showed that empagliflozin did not affect significantly the
body weight of Zucker diabetic fatty (ZDF) rats (a type 2 diabetes animal model) at doses
of 10 and 30 mg/kg/day, whereas it can decrease the body weight in ApoE(-/-) mice at a
dose of 1–3 mg/kg/day for eight weeks [32,33]. Recently, Petito da Silva et al. reported that
empagliflozin administration at a dose of 10 mg/kg/day for five weeks results in decreased
body weight in HFD-fed male C57Bl/6 mice [21]. The divergent results in existing animal
studies regarding the effects of SGLT-2i on body weight could be attributed, at least in
part, to differences in the used animal models, doses and durations of treatment, and
underlying diets.

In addition to lowering fasting blood glucose levels, our data further show that in
HFD-fed ApoE(-/-) mice empagliflozin can also reduce total cholesterol and triglyceride
serum levels over a five-week treatment period. This is in agreement with previous studies
from our group and others conducted in various animal models (e.g., ob/ob or wild type
mice) and with varying treatment regimens, which showed similar empagliflozin-induced
effects on fasting lipid profiles [9,34]. Moreover, in line with our findings, recent studies
demonstrated that administration of empagliflozin for 5 and 10 weeks at a dose of 10 mg/jg
and 1.5 mg/jg/day, results in significantly reduced serum SGPT levels of HFD-fed male
C57BL/6 and ob/ob(-/-) mice, respectively [21,34].

It must be highlighted that, histological findings in the context of the present study
showed a marked reduction of liver steatosis, lobular inflammation, ballooning and hep-
atocellular degeneration in the empagliflozin-treated group, resulting in significantly
improved NAS compared to the control group. Similar improvements in hepatic steatosis
and steatohepatitis have also been reported in other animal studies with administration
of different SGLT-2i, including luseogliflozin, empagliflozin, remogliflozin, ipragliflozin
and NGI001 [21,23–27]. Based on these studies, key mechanisms which appear to mediate
these effects involve mainly the regulation of insulin resistance/glucose tolerance and
changes in the expression of enzymes implicated in beta-oxidation and hepatic de novo
lipogenesis [21,23–27]. In line with most of these studies, we found a reduction in the
expression of six key-enzymes of lipogenesis which was more pronounced for Screbp-1c,
Fasn and pck-1. Of note, Petito da Silva et al. recently reported reduced liver mRNA
expression of Srebp1c, Ppar-γ, Acc1, Scd-1 and Fasn in male C57Bl/6 mice treated with
empagliflozin for five weeks [21].

The reduction of lipogenesis enzymes following empagliflozin administration could
explain—at least in part—the decreased steatosis and fatty droplets area observed within
hepatocytes. Accordingly, we found a decreased expression of inflammatory markers, such
as Mcp-1 and F4/80, and to a lesser extent TNF-α and IL-6, with empagliflozin treatment.
The decrease in the expression of the aforementioned inflammatory indices has been shown
to reduce macrophage infiltration and lobar inflammation in liver leading to alleviation of
hepatic steatosis and inflammation [21,23,24,26].

Notably, the present study further expanded on the mechanisms underlying such
empagliflozin-induced beneficial effects on NAFLD/NASH, focusing on the gene and
protein hepatic expression of factors involved in ER stress, autophagy and apoptosis which
are crucial processes implicated in NAFLD development and progression [35–39]. Indeed,
it is now well-established that under normal (unstressed) conditions, IRE1, PERK and ATF6
are inactivated upon binding to GRP78/BiP, whereas under stress conditions GRP-78/BiP
dissociates from the ER stress sensors, thus activating the three arms of the UPR [37].
Here, we found reduced expression of GRP78/BiP in the liver of the empagliflozin-treated
ApoE(-/-) mice compared to control. Overall, existing data regarding GRP78/BiP expression
in NAFLD are conflicting [35,36]. Of note, Jo et al. [40] showed that tunicamycin, which
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can induce liver steatosis, increases GRP78/BiP expression. Moreover, dietary-induced
obese mice have been shown to express higher hepatic GRP78/BiP levels compared to lean
counterparts [41]. It might be expected here that, since GRP78 is a chaperone responsive
to glucose, empagliflozin should decrease its expression through reducing glucose levels.
However, using liver tissue from obese mice and cultured rat liver cells, Ozcan et al. found
that hyperglycemia did not induce GRP78 expression, suggesting that its regulation is not
likely related, at least exclusively, to glycemia [41].

Moreover, we showed here that the three branches of the UPR adaptive pathway, i.e.,
PERK, IRE1a and ATF6, were attenuated in the liver tissues of the empagliflozin-treated
group compared to control. Specifically, we noted suppression of the PERK-elf2a-ATF4 arm
in the liver, as indicated by the decreased phosphorylation of the elf protein and decreased
mRNA expression of the transcription factor ATF4. Notably, this pathway is known to
regulate lipogenesis and steatosis with ATF4-deficient mice exhibiting decreased synthesis
of fatty acids and lower triglyceride serum levels [14].

Furthermore, our results revealed suppression of the IRE1a pathway in the empagliflozin-
treated group, as indicated by the decreased mRNA expression of both IRE1a, and Xbp1
which is the transcription factor activated by IRE1a. The IRE1a pathway is also an important
regulator of hepatic lipogenesis. Indeed, Xbp1 ablation has been reported to ameliorate
liver steatosis and injury, as well as hyperlipidemia in ApoE(-/-) mice [42]. Lee et al.
showed that selective deletion of Xbp1 in the liver led to decreased hepatic production of
lipids through down regulation of critical lipogenic genes, such as Scd-1, diacyl glycerol
acetyltransferase 2 (Dgat2) and acetyl coA carboxylase 2 (Acc2), and subsequently to
marked hypocholesterolemia and hypotriglyceridemia [43]. Recently, it has been shown
that activation of UPR-IRE-Xbp-1 can trigger activation of the Srebp-1c signalling pathway,
leading to increased liver steatosis [44]. Therefore, the decreased activation of both PERK-
elf2a-ATF4 and IRE1a-Xbp1 pathways could substantially contribute to the lower total
cholesterol and triglyceride serum levels noted with empagliflozin treatment. Similarly, our
findings further show that ATF6 expression is also reduced in the liver of the empagliflozin-
treated ApoE(-/-) mice compared to control. A recent study by Chen et al. also showed that
down-regulation of the ATF6 signalling pathway alleviates the progression of NAFLD by
inhibiting ER stress-induced inflammation and apoptosis of liver cells [45].

Interestingly, ATF4, Xbp1 and ATF6 pathways are known to activate UPR target genes
implicated in autophagy and apoptosis through regulating CHOP [14]. In our study, the
applied five-week empagliflozin treatment resulted in lower mRNA and protein CHOP
levels compared to controls. Currently, there are only a few studies exhibiting beneficial
effects of SGLT-2i (dapagliflozin and ipragliflozin) on ER stress markers, mostly relating
to renal tubular cell inflammation injury in diabetic mice [19,20]. Empagliflozin has also
been found to induce a protective effect against diabetic cardiomyopathy by inhibiting
IRE1a-Xbp1 and ATF4-CHOP pathways [46], whilst it can also improve β-cell mass in
streptozotocin-treated mice through down-regulation of Xbp1, BiP and ATF4 [18]. To
the best of our knowledge, there is only one previous study investigating the effects of
empagliflozin on ER stress in a diet-induced NAFLD mice model [21]. Indeed, in accord
with our findings, Petito da Silva et al. have shown that empagliflozin can mitigate NAFLD
development by reducing the expression of genes involved in the elf2α-ATF4-CHOP-
GADD45 pathway of UPR activation [21].

As ER stress is a well-established regulator of autophagy via mainly ATF4 and Xbp-
1 [17] it is also important to explore autophagic processes in the context of NAFLD. Au-
tophagy breaks down, among others, the intracellular lipids in hepatocytes through a
degradation pathway known as lipophagy [20]. Moreover, impaired autophagic flux in
the liver is closely related to the development of hepatic steatosis [47]. Overall, the pro-
cess of autophagosome formation involves three major steps, namely initiation which is
mediated by AMPK activation; nucleation with the Beclin-1/class III PI3K complex; and
elongation of the isolation membrane with the help of LC3 lipidation [47]. As such, we
investigated the effect of empagliflozin on these autophagic processes. Although we noted
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no significant increase in the mRNA expression of both isoforms of the catalytic subunit of
AMPK (AMPKa1 and AMPKa2), our findings demonstrate increased phosphorylation at
the N-terminus of the a subunit (Thr172) of AMPK in the liver of empagliflozin-treated
ApoE(-/-) mice. The latter is required for full activation of AMPK. In line with our findings,
a recent study by Xu et al. reported that administration of empagliflozin for 16 weeks in
HFD-induced obese mice increased the phosphorylation of AMPK [48].

It is known that activated AMPK promotes autophagy through various mechanisms,
including negative regulation of mTORC1 [49]. Interestingly, we found decreased mTOR
mRNA expression with empagliflozin treatment, and increased Beclin-1 protein levels
which promote the step of nucleation. Furthermore, out data indicate that empagliflozin
upregulates the expression of LC3B (both at mRNA and protein level) which is also
necessary for the autophagosome formation. In addition, we assessed liver P62/SQSTM1
protein levels which is a selective substrate of autophagy, usually used as an index of
impaired autophagic flux [50]. P62/SQSTM1 protein levels were lower in the empagliflozin-
treated mice of our study, indicating activation of autophagic flux by this SGLT-2i. It could
be argued that the effects of empagliflozin can be attributed primarily to the decrease
in glucose levels which could activate the energy-sensor AMPK, causing, in turn, the
mTOR-mediated inhibition of autophagy. However, the noted glucose level decrease was
not to a degree that can trigger this AMPK-induced mechanism, which is mainly activated
under starvation conditions [51].

Taken together, these findings suggest that empagliflozin can activate all these steps
of the autophagy process in the liver of HFD-fed ApoE(-/-) mice.

Of note, these findings appear to partly contradict the existing knowledge that de-
creased ER stress leads to a diminished autophagy [52]. However, it should be noted that
SGLT-2i has been found to primarily induce autophagy by a mechanism which has not been
fully clarified. Indeed, in the myocardium and immune cells SGLT-2i appear to promote a
state that resembles nutrient and oxygen deprivation [53,54]. This state can trigger -among
other pathways- AMPK activation which is a main regulator of autophagy [55]. Similarly,
compared to control, higher AMPK phosphorylation in the liver of empagliflozin-treated
ApoE(-/-) mice was also noted in our study. Additional studies are still required to fully
clarify the SGLT-2i-induced effects on autophagy in the liver and other tissues.

Considering that both ER stress and autophagy can eventually regulate apoptosis, here
we also investigated the effect of empagliflozin in hepatic apoptosis processes, showing
that empagliflozin treatment leads to higher Bcl-2/Bax ratio and inactivated caspase-8 in
the liver of HFD-fed ApoE(-/-) mice. The former is a well-known apoptosis switch, with a
progressive reduction of the Bcl-2/Bax ratio having been reported during the progression
of NAFLD to NASH which correlates to the apoptosis percentage of hepatocytes [56]. Of
interest, CHOP, which according to our results was lower with empagliflozin treatment,
has been shown to inhibit Bcl-2 and up-regulate Bax, thus triggering the intrinsic apoptotic
pathway [57].

Similarly, the lower hepatic caspase-8 cleavage levels we noted in empagliflozin-
treated mice compared to control have also important implications for apoptotic pathways,
since activated caspase-8 is required for extrinsic apoptosis and plays a crucial role in
Free fatty acid (FFA)-mediated apoptosis in hepatocytes [58]. Interestingly, hepatocyte-
specific caspase-8 knockout mice fed a methionine choline-deficient diet (a frequently-
used nutritional NASH model) have been shown to exhibit decreased apoptosis and
inflammatory processes [59].

Autophagy could also inhibit apoptosis via elimination ofp62/SQSTM1, which was
found to be lower in the empagliflozin-treated mice of the present study. Of note, SQSTM1/p62
is not only an autophagy-specific substrate, but, when is abnormally accumulated, it can
also stimulate the production of reactive oxygen species (ROS) and activate the DNA
damage response [60]. As such, our results suggest that activation of autophagy by em-
pagliflozin could directly inhibit hepatic apoptosis by both decreasing caspase-8 activation
and eliminating SQSTM1/p62. However, the diminished ER stress (in particular the atten-
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uation of PERK-elfa-ATF-4-CHOP pathway) could also mediate the decreased activation of
caspase-8 [61]. The relative contribution of each of these pathways remains unclear and
requires further study.

In addition, the reduced ER stress via CHOP could also directly inhibit apoptosis
through increasing the Bcl-2/Bax ratio. Thus, it can be hypothesized that a potent au-
tophagic flux due to empagliflozin treatment may attenuate the adaptive HFD-induced
ER stress of hepatocytes, in a negative feedback loop. As such, both increased autophagy
and reduced ER stress could eliminate hepatic apoptosis and alleviate NAFLD progression.
Indeed, it has been demonstrated that autophagy can reduce ER stress, and so it can act
protectively by inhibiting apoptosis through caspase inactivation [62]. Of further interest,
a study by Zhou et al. in HFD-fed mice showed that inhibition of Scd-1 (a key enzyme
in lipid metabolism) enhanced AMPK activity and autophagy (lipophagy), leading to
decreased hepatic steatosis [63]. Emphasizing the role of AMPK in hepatic lipogenesis, an-
other recent study documented that AMPK-dependent phosphorylation of insulin-induced
gene (Insig) can prevent the activation of Srebp-1c and, consequently, its lipogenic en-
zymes which regulate triglyceride and fatty acid synthesis, including ATP citrate lyase
(ACLY), glycerol-3-phosphate acyltransferase (GPAT), ACC1 and DGAT2 [64]. It becomes
evident that, whether empagliflozin can act directly on AMPK which can initiate autophagy
and regulate de novo lipogenesis, or on other molecules upstream of AMPK (e.g., Scd-1)
remains to be further explored.

Finally, in support of our hypothesis that empagliflozin-triggered increased autophagy
can decrease ER stress-induced NAFLD progression, Carloni et al. have demonstrated that
rapamycin-induced autophagy inhibits ischemia-induced ER stress, thus protecting against
brain injury [65,66]. In this context, administration of 3-methyadenine (an autophagy
inhibitor) reversed this beneficial effect and accelerated the ER stress-induced neuronal
death [65,66].

Whether the effects of empagliflozin on autophagy, ER stress and apoptosis are me-
diated directly through SGLT-2 inhibition in the liver tissue is a matter of great scientific
interest. According to our data, SGLT-2 was low-expressed in half of the liver samples,
without differences in the expression between the control group and Empa group. Interest-
ingly, Obara et al. demonstrated the protein expression of SGLT-2 in human hepatocytes
and hepatoma cell lines [67]. More interestingly, SGLT-1 was expressed in the total of
the liver tissues (both control and intervention group) suggesting its possible role in the
attenuation of NAFLD in our model. Of note, empagliflozin can also bind to SGLT-1, albeit
with a lower affinity than SGLT-2; strengthening the suggestion that empagliflozin could
act, among others, through SGLT-1, dual SGLT-1/SGLT-2 inhibitor phlorizin recently found
to ameliorate NAFLD in Type 2 diabetic mice [68]. Nevertheless, the existence of other,
unknown yet, protein(s) which could be a direct target of empagliflozin in hepatocytes
cannot be excluded.

Expanding on our previous data [9], we also demonstrated that empagliflozin results
in the reduction of pro-atherogenesis markers in aorta, including inflammatory markers
(Il-6, Tnf-α), adhesion molecules (Vcam-1) and gelatinolytic activity (Timp-1/Mmp-2 ratio),
although no significant effect on atheroma plaque formation is present at the end of this
five-week treatment period (Supplementary Data S1). This is in line with results which we
have previously shown, where empagliflozin administered for 10 weeks in ApoE(-/-) mice
attenuates the progression of atherosclerotic plaque [9]. Notably, the strong bidirectional
relationship between NAFLD and CVD is well established. Indeed, Kim et al. recently
showed that NAFLD has prognostic value for identifying individuals who are at higher
risk for CVD [69].

A limitation of our study is the lack of body composition assessments of the studied
mice. However, the noted changes in total body weight during the five-week study
intervention did not differ significantly between the empagliflozin-treated and control
groups. Another study limitation is the lack of insulin sensitivity assessments before and
after the empagliflozin treatment. Based on the study by Petito da Silva et al., empagliflozin
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has been shown to increase insulin sensitivity when given for five weeks in diet-induced
NAFLD in C57Bl/6 mice [21].

4. Materials and Methods

4.1. Animals

Male C57BL/6J apolipoprotein E (ApoE) knockout mice (ApoE(-/-)) were originally
purchased from “The Jackson Laboratory” and were bred in the animal facility of the
National and Kapodistrian University of Athens. All animals were kept at a specific
pathogen free (SPF) controlled environment (22–26 ◦C temperature, 40–60% humidity and
12 h light/dark cycle), with free access to water and regular chow diet until the age of
five weeks. All animal experiments were approved by the local Animal Care and Use
Committee (366495-09/07/2019).

4.2. Experimental Protocol

Male ApoE(-/-) mice (n = 16) were used for the study experiments. At five weeks of age,
all mice were switched to a high-fat diet (HFD: 20–23% by weight; 40–45% kcal from fat),
containing cholesterol (0.2% total). After five weeks on this HFD, the ApoE(-/-) mice were
randomly divided into the following two groups: (1) Empagliflozin group (10 mg/kg/day
empagliflozin, n = 8), and (2) control group (same volume of 0.5% hydroxyl ethylcellulose
per day, n = 8). Empagliflozin or vehicle was administered orally by gavage daily for a
period of five weeks. Empagliflozin was purchased from MCE (Cat.No.HY-15409) and
dissolved in 0.5% hydroxyl ethylcellulose. During the five-week study treatment, food
intake and body weight were measured once weekly. Blood glucose levels were also
measured after 8–10 h fasting via tail puncture at baseline (before empagliflozin/vehicle
oral administration), and at the study endpoint. At the end of the five-week study treatment,
all mice were sacrificed under isoflurane anaesthesia by transection of the diaphragm and
the liver and aorta was rapidly excised.

4.3. Serum Analysis of Biochemical Parameters

Venipuncture was performed once at baseline from the facial vein and once by heart
puncturing after culling. Serum glucose, total-cholesterol and triglycerides were determined
using appropriate enzymatic kits (Biosis TM, Athens, Greece) in a dedicated autoanalyzer.

4.4. RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from fresh frozen liver tissues using NucleoSpin RNA Plus
kit (Macherey-Nagel, Düren, Germany). The concentration and quality of extracted mRNA
were evaluated by a NanoDrop™ instrument (Thermo Scientific, Waltham, MA, USA). Ex-
tracted RNA (1000 ng) was reverse transcribed into cDNA using LunaScript® RTsynthesis
kit ((New England Biolabs, Ipswich, MA, USA). Real-time PCR analysis was performed
as described previously [10]. Expression of key regulatory molecules involved in lipo-
genesis such as fatty acid synthase (Fasn), sterol regulatory element-binding protein 1
(Screbp-1), acetyl CoA carboxylase (Acaca), stearoyl-CoA desaturase 1 (Scd-1), Peroxisome
proliferator-activated receptor gamma (Ppar-γ) and phosphoenolpyruvate carboxykinase
1 (Pck-1), inflammatory markers such as monocyte chemoattractant protein-1(Mcp-1), tu-
mour necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and EGF-like module-containing
mucin-like hormone receptor-like 1(F4/80), molecules involved in UPR regulation includ-
ing activating transcription factor 4 (ATF4), binding immunoglobulin protein (GRP78),
IRE1, eukaryotic initiation factor 2 alpha (eIF2a), X-box binding protein 1 (Xbp1), glucose-
regulated protein 94 (GRP94), activating transcription factor 6 (ATF6) and C/EBP ho-
mologous protein (CHOP), as well as molecules involved in the regulation of autophagy,
such as microtubule-associated protein 1 light chain 3B (LC3B), phosphoenolpyruvate
carboxykinase 1 (p62/SQSTM1), mechanistic target of rapamycin kinase (mTOR), Beclin-1,
AMP-activated protein kinasesubunit alpha-1 (AMPKa1), AMP-activated protein kinas-
esubunit alpha-2 (AMPKa2) acetyl CoA carboxylase (Acaca), apoptosis markers such as
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B-cell lymphoma 2 (Bcl-2) and BCL2-associated X protein (Bax), and the hepatic mRNA
levels of SGLT-1 and SGLT-2 were measured using Luna® Universal qPCR Master Mix
(New England Biolabs, Ipswich, MA, USA) on a CFX96 (Bio-RAD, Hercules, CA, USA). A
melting curve analysis was performed to confirm the specificity of quantitative polymerase
chain reaction (qPCR) products. Fold-changes were calculated using the 2−ΔΔCt method
and all values were normalized against 18 s mRNA expression. Differentially expressed
genes were identified through fold change filtering where a minimum of two-fold change
was considered significant. All reactions were performed in triplicates and repeated at least
three times. The sequences of primers used for RT-PCR analysis in this study are listed in
Supplementary Table S1.

4.5. Liver Histological Analysis

Mouse liver tissues were fixed in 10% neutral buffered formalin and embedded in
paraffin blocks. The 4 μm-thick sections were stained with hematoxylin–eosin (H&E)
(Sigma-Aldrich, St. Louis, MO, USA) and used for histopathological analysis while liver
fibrosis was evaluated by Masson’s trichrome staining. For NAFLD/NASH diagnosis, per-
centage of steatosis, quantification of lobular inflammation and presence of hepatocellular
degeneration were measured according to the NAFLD activity score (NAS). NAS scoring
was performed in a blinded manner by two independent pathologists. On average three
(2–4) tissue sections from each animal were used for histopathological evaluation.

4.6. SDS-PAGE and Western-Blot Analysis

Western blot analysis was performed as previously described. Briefly, whole protein
was extracted from 60 mg of liver tissue using 2× lysis buffer (Cell Signalling Technology,
MA, USA) supplemented with PMSF. Samples containing 30 μg of protein were resolved by
electrophoresis gels and transferred to a PVDF membrane. After blocking for 1 h with 5%
skim milk in TBST, membranes were incubated overnight at 4 ◦C with antibodies against β-
actin (MAB1501 Millipore), LC3B (L7543 Sigma), Beclin-1 (G-11 Santa Cruz Biotechnology),
p62 (D-3 Santa Cruz Biotechnology), AMPK (#5831 Cell Signalling), phospho-AMPK (#2531
Cell Signaling), CHOP/GADD153 (H5- Santa Cruz Biotechnology), eIF2a (#9722 Cell
Signaling), phospho-eIF2a (Ser51) (#9721 Cell Signalling) and cleaved caspase-8 (Asp387)
(#8592 Cell Signalling). Membranes were then probed with goat anti-mouse IgG-HRP
(31430, Thermo Scientific) or with goat anti-rabbit IgG-HRP conjugate (12–348, Millipore)
secondary antibodies at room temperature for 1 h. An aliquot of pooled standard sample
was loaded in one lane of each gel. The pooled sample served as an internal standard
to minimize the inter-assay variation for samples run in different gels. Detection of the
immuno-reactive bands was performed using the Clarity Western ECL Substrate (BioRad).
β-actin served as a loading control. Densitometric analysis was performed using Image J
software (NIH, Bethesda, MD, USA).

4.7. Statistical Analysis

Data are presented as mean values ± standard deviation (SD) and percentages, un-
less stated otherwise. Student’s t-test, Welch’s test or Mann–Whitney test were used, as
appropriate, for comparisons of quantitative variables (body weight and biochemical pa-
rameters) between the Empa- and control animal groups. Normality of distribution for
these variables was tested with the Shapiro–Wilk test and the equality of variances with
the Levene’s test. Comparisons between groups for qualitative variables were performed
with the Fisher’s exact test, as appropriate. Within each group, paired t-tests were used
to compare levels of each studied parameter before and after the five-week intervention
period. A p value < 0.05 was considered statistically significant. All statistical analyses
were performed using GraphPad Prism Software (v.7) (Graph Pad software, San Diego,
CA, USA).
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5. Conclusions

We provide novel evidence that empagliflozin treatment for five weeks in HFD-fed
ApoE(-/-) mice can attenuate NAFLD by not only improving metabolism and inflammation
progression but also by promoting autophagy, reducing HFD-induced ER stress and
inhibiting hepatocyte apoptotic processes. Further research studies with longer duration
and various empagliflozin doses are required to expand on our present findings and further
delineate possible dose and duration-dependent differential effects of empagliflozin on
NAFLD development and progression. Clarifying the precise molecular mechanisms
underpinning the empagliflozin-induced increase in autophagic flux in hepatocytes will
advance our understanding regarding the role of empagliflozin as a potential therapeutic
option for NAFLD/NASH prevention and/or treatment.
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7/22/2/818/s1, Data S1: The effect of empagliflozin on atherosclerotic plaque formation; Figure S1:
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treated with either 10 mg/kg/day Empagliflozin (Empa-group) or vehicle (control-group) for 5 weeks;
Table S1: List of primer sequences used for RT-PCR analysis in this study.
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Abbreviations

ApoE Apolipoprotein E
ATF4 Activating Transcription Factor 4
ATF6 Activating Transcription Factor 6
ALT Alanine aminotransferase
AST Aspartate aminotransferase
ACLY ATP citrate lyase
Acc2 Acetyl coA carboxylase 2
AMPKa1 AMP-activated protein kinase alpha 1
AMPKa2 AMP-activated protein kinase alpha 2
Bcl-2 B-cell lymphoma 2
Bax BCL2-associated X protein
CHOP C/EBP homologous protein
CVD Cardiovascular disease
Dgat2 Diacyl glycerol acetyltransferase 2
DMT2 Diabetes mellitus type 2
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Empa Empagliflozin
ER Endoplasmic reticulum
elF2α Eukaryotic Initiation Factor 2 alpha
Fasn Fatty acid synthase
F4/80 EGF-like module-containing mucin-like hormone receptor-like 1
FFA Free fatty acid
GRP78 Binding immunoglobulin protein
GRP94 Glucose-regulated protein 94
GPAT Glycerol-3-phosphate acyltransferase
HFD High-fat diet
HbA1c Hemoglobin A1c
ICAM-1 Intercellular adhesion molecule-1
Il-6 Interleukin 6
Insig Insulin-induced gene
IRE1α Inositol-requiring enzyme 1 α

LC3B Microtubule-Associated Protein 1 Light Chain 3B
mTOR Mechanistic Target Of Rapamycin Kinase
Mcp-1 Monocyte chemoattractant protein-1
NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NAS NAFLD Activity Score
Ppar-γ Peroxisome proliferator-activated receptor gamma
Pck-1 Phosphoenolpyruvate carboxykinase 1
p62(Sqstm1) Sequestosome 1
qPCR Quantitative polymerase chain reaction
ROS Reactive oxygen species
SGLT-2i Sodium-glucose cotransporter-2 inhibitors
Screbp-1 Sterol regulatory element-binding protein 1
Scd-1 Stearoyl-CoA desaturase 1
SGOT Glutamic oxaloacetic transaminase
SGPT Glutamic-pyruvic transaminase
TNF-α Tumor necrosis factor alpha
UPR Unfolded protein response
VCAM-1 Vascular cell adhesion molecule-1
XBP1 X-box binding protein 1
ZDF Zucker diabetic fatty
γ-GT Gamma-glutamyl transferase
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