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Approaches”, focuses on the pathophysiology of endothelial dysfunction, new biomarkers for
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approaches for endothelial dysfunctions. It includes 13 review articles and 6 research papers, in which

several novel biomarkers or target proteins associated with endothelial dysfunction are described.
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The vascular endothelium is an active tissue that plays a crucial role in the maintenance
of vascular homeostasis. Vascular endothelial cells in adults are composed of about 10-60
trillion cells, weighing about 1 kg and having a body surface area of 1~7 m2 [1]. Vascular
endothelial cells are found in all tissues and are active tissues that deliver nutrients and
secrete various modulators. Endothelial cells also play important roles in regulating blood
flow, making them a target tissue for blood circulation [2]. The chronic exposure of risk
factors, such as hypertension, hypercholesterolemia, or oxidative stress, induces endothelial
dysfunctions and results in a loss of endothelial integrity, smooth muscle cell proliferation,
and macrophage recruitment. In 1980, Furchgott and Zawadzki [3] discovered a substance,
an endothelial cell-derived relaxing factor, and identified it as nitric oxide. This discovery
was a great turning point in the development of drugs and therapeutics in the field of
vascular medicine. The pathophysiology of endothelial dysfunction is complex, and multi-
factorial factors are involved, such as oxidative stress or chronic inflammation. The primary
prevention of cardiovascular risk factors and endothelial dysfunctions, as well as the early
detection or molecular imaging techniques for endothelial dysfunction, help to prevent the
development of cardiovascular disorders. Novel therapeutic approaches or drug delivery
systems for endothelial dysfunctions have had a promising beneficial effect at preclinical or
clinical levels, by affecting the progression of atherosclerotic changes, tumor angiogenesis,
and host–immune reactions near tumor environments.

This Special Issue, entitled “Endothelial Dysfunction: From Pathophysiology to Novel
Therapeutic Approaches”, is focused on the pathophysiology of endothelial dysfunction,
new biomarkers for endothelial dysfunction related to cardiovascular disorders or tumors,
and novel therapeutic approaches for endothelial dysfunctions. This Special Issue includes
13 review articles and 6 research papers, in which several novel biomarkers or target
proteins associated with endothelial dysfunction are described. New concepts, such as new
biomarkers, therapeutic targets, and treatment technologies for endothelial dysfunction
are, included.

In this short editorial, I would like to highlight the paper that introduced a new
concept related to endothelial cell dysfunction. Apurinic/apyrimidinic endonuclease
1/redox factor-1 (APE1/Ref-1) is an essential multifunctional protein. In 2013, the secre-
tion of APE1/Ref-1 into the cultured medium in response to hyperacetylation was first
reported [4]. Lee et al. described the usefulness of APE1/Ref-1, a novel biomarker for
vascular inflammation, suggesting its potential as a serologic biomarker for cardiovascular
disease [5]. APE1/Ref-1 expression is upregulated in aortic endothelial cells/macrophages
of atherosclerotic mice, suggesting that plasma APE1/Ref-1 levels could predict atheroscle-
rotic inflammation [6]. The concept of “electronegative LDL” was first proposed in 1979 [7].
By using fast-protein liquid chromatography, low-density lipoproteins (LDLs) can be di-
vided into five subfractions (L1~L5). Among the LDL subfractions, the L5 LDL showed, in
a novel concept, that it can be used as a clinical biomarker in chronic vascular thrombotic
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disease, including cardiometabolic disorders, acute ischemic events, and autoimmune
diseases [8,9]. Chu et al. summarized that electronegative low-density lipoprotein choles-
terol is a promising biomarker. A reference value of L5 LDL in serum was also presented
so that this guideline for the treatment strategy could be used clinically [8]. In diabetes,
vascular endothelial cell damage and endothelial cell dysfunction can be induced by
changes in the activity of vascular endothelial cells and perivascular macrophages [10].
In particular, the transition from M2 (anti-inflammatory function) to M1 (inflammatory
function) contributes to endothelial dysfunction and insulin resistance. Takeda et al. [11]
described the mechanism of action of drugs that promote various endothelial cell functions.
Sodium–glucose cotransporter 2 (SGLT2) inhibitors, glucagon-like peptide-1 (GLP-1), and
dipeptidyl peptidase-4 (DDP-4) inhibitors, which inhibit M1 transition or promote the
M2 macrophage, may provide good strategies to suppress endothelial dysfunction and
promote the browning of white adipose tissue.

Nannelli G et al. focused on the role of the detoxifying enzyme aldehyde dehydroge-
nase 2 (ALDH2) in the maintenance of endothelial function [12]. ALDH2 in mitochondria
is primarily involved in the detoxification of acetaldehyde. The impairment of ALDH2 is
associated with oxidative stress, aging, and endothelial dysfunction [12]. The development
of therapeutic target drugs that increase the expression of ALDH2 will contribute to the
development of therapeutic agents for cardiovascular diseases. In diabetes, the diverse role
of glycation products needs to be investigated. Hemoglobin A1c (HbA1c) is being used as
a blood biomarker, showing the chronic status of diabetes. Toma et al. summarized the role
of glycated lipoprotein on endothelial cell dysfunction in diabetes and its interaction with
receptors for advanced glycation end products [13]. In diabetes mellitus, the appearance
of advanced glycation end products (AGE) in plasma proteins is an important etiology
of endothelial dysfunction. Concepts for the glycosylation of lipoprotein, including gly-
cated LDL or glycated HDL, would be contributed to endothelial dysfunction and/or
atherosclerosis [13].

There is a new technique for treating endothelial cell dysfunction. Red and near-
infrared photobiomodulation is a technology that uses light of various wavelengths to
inhibit inflammation, angiogenesis, and promote blood vessel function. Although such
long-wavelength light treatment technology requires extensive randomized clinical trials,
it has been partially used in clinical practice [14]. Regular exercise contributes to the
prevention and treatment of arteriosclerosis, diabetes, and hyperlipidemia. Regular exercise
protects vascular endothelial cells and inhibits neointimal formation [15]. Proprotein
convertase subtilisin/Kexin type 9 (PCSK9) is a target protein that induces arteriosclerosis,
and PCSK9 antibody therapy has been developed and used in clinical practice [16]. As an
interesting study, regular exercise significantly inhibits PCSK9 expression in rodent animal
experiments [17].

Finally, scientific efforts for endothelium dysfunction will contribute to the develop-
ment of therapeutic and preventive substances that inhibit endothelial damage in cardio-
vascular diseases. With the worldwide spread of COVID-19, many researchers are working
to develop specific inhibitors to inhibit vascular endothelial dysfunction. We would like
to thank the many scientists who participated in peer reviews, as well as the managing
editors of this Special Issue of Biomedicines.

Funding: This work was supported by grants from the Basic Science Research Program through
the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-
2014R1A6A1029617).

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Vascular calcification (VC) is one of the major causes of cardiovascular morbidity and
mortality in patients with chronic kidney disease (CKD). VC is a complex process expressing similarity
to bone metabolism in onset and progression. VC in CKD is promoted by various factors not limited
to hyperphosphatemia, Ca/Pi imbalance, uremic toxins, chronic inflammation, oxidative stress, and
activation of multiple signaling pathways in different cell types, including vascular smooth muscle
cells (VSMCs), macrophages, and endothelial cells. In the current review, we provide an in-depth
analysis of the various kinds of VC, the clinical significance and available therapies, significant
contributions from multiple cell types, and the associated cellular and molecular mechanisms for the
VC process in the setting of CKD. Thus, we seek to highlight the key factors and cell types driving
the pathology of VC in CKD in order to assist in the identification of preventative, diagnostic, and
therapeutic strategies for patients burdened with this disease.

Keywords: vascular calcification; chronic kidney disease; CKD; uremic toxins; hyperphosphatemia;
vascular smooth muscle cells; VSMCs; macrophages; endothelium

1. Introduction

Vascular calcification (VC) is a convoluted process that leads to pathological accu-
mulation of calcium phosphate crystals in the intima and media layers of the vessel wall
that worsens the course of atherosclerosis, diabetes, and chronic kidney disease (CKD) [1].
These mineral-enriched plaques induce arterial stiffening, putting patients at risk for fibro-
sis, inflammation, and oxidative stress on a cellular level. From a clinical perspective, VC
is a major problem and is associated with worse outcomes in treatment of coronary artery
disease (CAD) and peripheral artery disease (PAD). Coronary calcification is associated
with worse outcomes after percutaneous coronary intervention (PCI), and VC is associated
with higher risk of amputation after revascularization for lower extremity PAD [2,3]. These
associations of CKD can directly increase risks of many clinical complications of VC such
as worsening atherosclerosis and increased risk of vascular events such as myocardial
infarction, stroke, and vascular occlusive events, which makes it a significant predictor
of cardiovascular disease (CVD) and CKD [4–8]. We must give our attention to these
patients in the clinical setting to detect early signs of VC in CKD and prepare for prevention
and treatment.

VC is now considered as an active and finely regulated process similar to osteogenesis
that involves cell-mediated processes and complex interaction between the inhibitor and
promoter factors of the calcification process [9,10]. Table 1 lists some major promoter and
inhibitor factors involved in VC.
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Table 1. Major promoter and inhibitor factors involved in vascular calcification.

Promoters Inhibitors

Bone morphogenetic protein (BMP) 2, 4, and 6
Osteocalcin
Alkaline phosphatase
(Sex determining region Y)-box 9 (SOX9)
Osterix
Matrix metalloproteinase (MMP) 2, 3, and 7
Runt-related transcription factor 2 (Runx2)
Calcium
Phosphate
Glucose
Advanced glycation end products
Oxidized low-density lipoproteins
Collagen I
Receptor activator of nuclear factor-kB ligand (RANKL)

Matrix Gla protein (MGP)
Osteopontin
Osteoprotegerin
Vitamin K
Magnesium
Bone morphogenetic protein 7 (BMP7)
Fetuin
Klotho
Parathyroid hormone (PTH)
Pyrophosphate
Carbonic anhydrase
Collagen IV
Inorganic pyrophosphate (PPi)

Moderate to severe calcification manifests in the aorta, cardiac valves, and peripheral
vessels, including the tunica intima and tunica medial layers. Intimal calcification is linked
to atherosclerosis, while both intimal and medial calcification has been observed in CKD
patients [8,11,12].

The pathogenesis of this complication involves an excess build-up of calcium deposits
by active and passive means, a surplus in the excretion of osteoid matrix when cells are
triggered by toxic stimuli, or an integrated pathway of both processes [13]. These pathways
may be attributed to underlying mechanisms at the cellular level, such as iron, calcium,
and phosphate metabolism dysfunction. Multiple key processes that attack metabolism
regulation include hyperphosphatemia, calcium phosphate imbalances, and a surge in
reactive oxidation species (ROS) due to iron misdistribution [13]. Environmental stimuli
can trigger these imbalances, transforming vascular smooth muscle cells (VSMCs) into
osteoblast-like cells. This results in the build-up of hydroxyapatite in the various layers of
the major and minor vessels, inducing calcification in vascular cells [13,14].

Other mechanisms contributing to VC are related to high glucose levels, lipids, and
low-density lipoproteins circulating in the endothelial lining [15]. Research efforts demon-
strate how a multitude of these combined actions link VC to CKD, a pathophysiological
process that develops in response to irregular environmental stimuli [13].

Compared to the general population, patients with CKD are at an alarmingly higher
risk of developing cardiovascular morbidity and mortality. About 50% of deaths from
CKD are linked to CVD. Patients with chronic renal disease should be paid attention
to for markers signaling cardiovascular complications [12,16]. Several studies show that
cardiovascular calcifications in patients with renal disease are found to be more progressive
and severe compared to non-CKD patients [6,13,17]. The pathogenesis of VC is enhanced
in CKD through complex pathways. Modifications in iron, calcium, and phosphate levels
due to kidney injury disturb the biochemical equilibrium, affecting bone remodeling in
vascular cells [16]. Figure 1 depicts the pathogenesis of VC in CKD and its interconnection
with altered bone and mineral homeostasis.

In the presence of risk factors such as VC, CKD patients are more likely to develop pul-
monary hypertension (PH), an overlapping complication in patients with renal disease [18].
Additionally, the damaging effects of oxidative stress exacerbate VC in patients with CKD.
Antioxidant defenses and free radical generation are balanced under homeostasis. When
balance is disturbed, oxidative stress becomes a trigger of the cessation of cellular divi-
sion. This becomes a marker of chronic and progressive diseases, including CKD and
VC [16,19]. The prominence of VC in CKD can be attributed mainly to the combination of
CKD traditional risk factors and the underlying uremic-specific mechanisms that induce
the cardiovascular condition.
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Figure 1. Pathogenesis of vascular calcification in chronic kidney disease (CKD). Altered bone
metabolism and mineral homeostasis are commonly found and closely interconnected in CKD pa-
tients. The decline in kidney function also leads to elevated serum FGF23 levels and reduced inorganic
phosphate excretion. The resulting pathological state is reflected by various altered biomarkers such
as OPG, Klotho, PTH, and calcitriol. The disturbed mineral homeostasis also leads to altered serum
and tissue levels of Ca, Pi, and Mg causing inflammation and other metabolic disorders. This leads
to reduced or complete loss of circulating and/or local calcification inhibitors such as fetuin A, PPi,
and MGP, causing vascular calcification. Ca, calcium; FGF23, fibroblast growth factor 23; Mg, mag-
nesium; MGP, matrix Gla protein; OPG, osteoprotegerin; Pi, inorganic phosphate; PPi, inorganic
pyrophosphate; PTH, parathyroid hormone. Upper arrow, increase; lower arrow, decrease.

In this review, we discuss the major cell types involved in the VC process, the major
cellular and molecular mechanisms involved in the disease, and the important diagnostic
and therapeutic interventions that are used clinically to treat patients with VC.

2. Types and Anatomical Presence of VC

VC pathogenesis shares similar mechanisms to that of bone formation. Both processes
involve calcium deposition driven by bone matrix proteins, transcription factors, and steno-
sis. The two major classifications of VC are intimal and medial calcification. Figure 2 is a
schematic representation of intimal and medial calcification and their associated pathologies.
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Figure 2. Schematic representation of intimal and medial calcification and their related pathologies.

A less common type of calcification involving calcium accumulation in arterioles is
termed calciphylaxis. Intimal calcification shares a significant association with atherosclero-
sis, chronic inflammation, and the transformation of vascular smooth muscle cells (VSMCs)
into osteoblast-like cells [8,20]. Medial calcification is more closely linked to elastin degrada-
tion, extracellular matrix remodeling events, and hyperphosphatemia. Diseases associated
with this type include CKD, hypertension, and type 2 diabetes mellitus [20–22]. There is
little known about the true cause of calciphylaxis, though the rare multifactorial syndrome
has been found to have a close relationship with end-stage renal disease [23].

2.1. Intimal Calcification

Intimal calcification develops on the inner layer of vessel walls. This type shares a
close link with disturbed lipid metabolism, making it a major indicator of atherosclerosis.
Atherosclerosis results from excess lipoprotein depositions in the vessels sub-endothelial
walls, resulting in the eccentric obstruction of lumen formation and matrix remodeling
activities [20]. Calcification in atherosclerosis is driven by the osteochondrogenic process,
which is initially induced by overexpression or inhibition of specific bone-related regulatory
factors [7]. Dysfunction in the molecular signaling pathway during regulatory processes
contributes to intimal calcification. A core element of the pathogenesis of this disease
is inflammation. The osteogenic differentiation of VSMCs is promoted by the stimulus
of atherogenic factors, including infiltration of inflammatory cells such as macrophages
and recruitment of oxidized low-density lipoproteins and inflammatory oxylipids. These
inflammatory factors are abundantly present in calcified vessels and therefore enhance the
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osteogenic process of VSMCs to osteoblast-like cells [20,21]. The severity and progression
of VC can be attributed to the overactivity of inflammatory cytokines at the disease site.
Chronic inflammation is linked to lipid accumulation at calcification sites, providing a clear
association between the pathologies [7].

Also expressed in atherosclerotic plaques are bone matrix regulatory proteins and
transcription factors such as bone morphogenetic protein (BMP) 2, osteopontin (OPN),
osteocalcin (OC), and runt-related transcription factor 2 (RunX2). These regulatory factors
function in the nucleation of hydroxyapatite minerals, found in plaques as calcified crys-
tals [11,20]. BMP2 activity is strongly linked to VC development, as the protein is involved
in the trans-differentiation of VSMCs into osteoblast-like cells, production of ROS, and
inflammation. Elevated levels of dephosphorylated OPN have excitatory effects on VC as it
can no longer inhibit calcium mineralization. When upregulated, master transcription fac-
tor RunX2 induces the transition of VSMCs into osteoblast-like cells during the osteogenic
process. The mineralization of matrix vesicles further enhances osteogenic differentiation
due to the metaplastic activity of calcifying vascular cells (CVCs) and VSMCs into chondral
sites [11,20,21].

Intimal calcification in the aortic valve serves the highest mortality when in con-
junction with end-stage renal failure. Atherosclerosis in the setting of renal insufficiency
exacerbates the condition in a vicious cycle of calcific plaque development from excess
calcium and phosphate precipitates [5]. Other conditions associated with the develop-
ment of atherosclerotic intimal calcification include hyperlipidemia, hypertension, and
osteoporosis [7,21].

2.2. Medial Calcification

The more extensive form of calcification in patients is medial artery calcification. It is
significantly associated with cardiovascular complications such as diabetic arteriosclerosis
and accounts for significant cardiovascular mortality [7]. Medial calcific sclerosis is a
concentric process that develops in the medial layer of vascular walls and is more severe in
type 2 diabetes mellitus. Several underlying mechanisms contribute to medial calcification,
many of which are similar to the development of intimal VC. An isolated feature of medial
calcification involves the degradation of the elastin-rich matrix [20]. Elastin, an extracellular
matrix component, is the most abundant protein found in aortic walls. This protein serves
the mechanical and elastic integrity of vessel walls, as they are subject to stress from high
arterial blood pressure [22]. The formation of calcified vascular crystals obstructs the
elastin fibers of arteries and vessels. Loss of this major extracellular constituent incites
atherosclerosis, plaque rupture, and osteogenic differentiation [20,22]. The obstruction
and destruction of elastin fibers predispose stenosis, ventricular hypertrophy, Marfan
syndrome, and other progressive and fatal cardiovascular conditions [20,21].

Like intimal calcification, medial calcification is related to bone-related regulatory pro-
teins and transcription factors, including BMP2, bone alkaline phosphatase (ALP), RunX2,
and Msh Homeobox 2 (MSX2). BMP2 activity induces the transformation of smooth muscle
cells in the medial layer to osteoblast-like cells. In arterial walls, upregulations in ALP
matrix vesicles contribute to elastin degradation [20,21]. Activation of osteogenic tran-
scription factors RunX2, MSX2, and ALP suppresses the activity of calcification inhibitors
and promotes extracellular matrix remodeling and release of extracellular vesicles. With
reduced levels of calcification inhibition, calcium and phosphate minerals accumulate,
accelerating calcific plaque build-up and hyperphosphatemia [11,20]. Exceedingly high
levels of circulating inorganic phosphate (Pi) are found to induce apoptosis in VSMCs. Cal-
cium phosphate mineralization is then induced at the sites of smooth muscle cell apoptotic
bodies, driving medial artery calcification [20].

Research findings suggest that the molecular mechanism behind hyperphosphatemia
contributes to renal insufficiency. In one study using rat models with chronic renal failure,
osteogenic factors and cartilage matrix were present in the aorta media at the site of calcified
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plaques [24]. The calcification process mirrors endochondral bone development, linking
medial calcification to renal insufficiency disorders such as CKD [7,25].

2.3. Calciphylaxis

The rarest and most fatal form of VC is calciphylaxis or calcific uremic arteriolopathy.
This progressive syndrome leads to extensive tissue and vessel necrosis, thrombosis, and
sepsis. Calciphylaxis is found mostly in dialysis patients with end-stage renal disease by
means of infection, prompting the high mortality rates [24,26]. Though this rare syndrome’s
precise etiology is unknown, the condition has been linked to medial calcification, intimal
hyperplasia, and other defects involving the calcium phosphate metabolic pathways [20].
Traditional risk factors and comorbidities also play a key role in the pathogenesis of this
multifactorial disease. These include smoking, female sex, use of vitamin K antagonists,
and overdose on warfarin agents. Comorbidities associated with cardiovascular and renal
complications from calcification have been linked to calciphylaxis, such as diabetes mellitus,
obesity, hyper- and hypoparathyroidism, hyperphosphatemia, and hypertension, chronic
inflammation, and CKD [20,24,26].

Overall, the two major and prevailing calcification types share diverse similarities.
Both intimal and medial calcification are involved in the osteochondrogenic process, be-
ginning with calcium deposition at the site of vascular smooth muscle cells [20]. Vessel
stiffening is also a common feature of both categories of calcification, whether induced by
atherosclerotic intimal plaque development or medial crystal mineralization. The molecu-
lar signaling pathways shared by both involve regulatory proteins and transcription factors
such as BMP2 and RunX2, each of which drives the osteogenic process [20,21].

On the other hand, calciphylaxis is less commonly found and not as well understood.
Diseases such as diabetes, obesity and end-stage renal disease exacerbate it, bringing forth
commonalities in its pathogenesis with intimal and medial calcification [26].

3. Major Cell Types of Vascular Calcification

3.1. Vascular Smooth Muscle Cells (VSMCs)

As we already know, VC is an actively driven process that is regulated by VSMCs.
VSMCs have a contractile functionality responding to multiple signals such as acetylcholine
and norepinephrine to express their phenotype. However, unlike other muscle cells, VSMCs
do not terminally differentiate and exhibit phenotypic plasticity [27]. This allows them to
vary their phenotypic expression based on environmental contexts, such as the various
insults found in CKD. Initially, it was thought that once the initial insult was resolved, the
VSMCs returned to their original contractile phenotype; however, recent findings suggest
that they can continue to express a spectrum of phenotypes [28]. These phenotypes include
osteochondrogenic, adipocytic, and foam cell deposition.

In CKD specifically, there are multiple active triggers that activate the calcification of
primarily the medial layer of the vasculature, including inflammatory cytokines, uremic
toxins, hypercalcemia, and hyperphosphatemia [29,30]. CKD primarily stimulates an osteo-
chondrogenic phenotypic change in VSMCs. CKD is a chronic inflammatory state, and the
accumulation of reactive oxygen species and inflammatory cytokines in the vasculature can
precipitate RUNX2 and BMP-2 expression, which are known to stimulate osteocytic VSMC
expression in the intima and media leading to VC [31–33]. They are normally balanced
out by anti-calcification markers such as MGP, a BMP-2 inhibitor expressed in VSMCs,
which are specifically known to be inhibited in CKD. Loss of these anti-calcification in-
hibitors in CKD has been shown to increase calcification in the vascular media [33,34].
Dysregulation of mineral homeostasis and hyperphosphatemia are considered the leading
determinants of VC in CKD [35,36]. Calcium and phosphate both stimulate an osteochon-
drogenic phenotypic change in VSMCs individually and synergistically. Calcium is a key
signaling mediator for VSMCs at physiologic levels [37]. Though the exact mechanism of
the effect of hypercalcemia on VSMCs is unknown, calcium induces oxidative stress and
can directly deposit in the vasculature. Extracellular calcium deposition can also decrease
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anti-calcification markers such as MGP, leading to increased calcium deposition. VSMCs
express a calcium receptor (CaR), which regulates vascular tone. In vitro, calcified tissue
had downregulated expression of this receptor, and complete removal in vitro from VSMCs
significantly increased VC [35,37,38]. Mineral cellular phosphate transport is mediated by
sodium-dependent phosphate cotransporters PiT-1 and PiT-2 in VSMCs [39]. Knockdown
of PiT-1 has also been shown to decrease osteogenic marker expression such as RUNX2 in
VSMCs and decrease calcification.

VSMCs not only have an osteochondrogenic phenotypic expression but can differ-
entiate into foam cell-like macrophages, which deposit primarily in the vascular intima.
VSMCs were found to be a contributing factor in many atheroma formations in the coronary
arteries accounting for high levels of CD48 cells [40]. The differentiation of this phenotypic
expression is understudied in CKD patients. However, the suspected trigger is increased
oxidative stress as oxidation by reactive oxygen species is an early-stage contributor to
atheroma formation [40].

VC in CKD is associated with increased deposition of VSCM-associated extracellular
vesicles, which include matrix vesicles and apoptotic bodies [41–43]. Normally, contractile
VSMCs release matrix vesicles to maintain homeostasis; however, in pathologic envi-
ronments such as CKD (hyperphosphatemia, oxidative stress, inflammation), they can
transform into a synthetic phenotype and increase secretion of matrix vesicles [44]. These
transform target cells into calcified states, which then aggregate to form microcalcifications.
They also decrease the expression of calcification inhibitors such as MGP and fetuin-A, like
the osteogenic phenotypes [45].

Along with phenotypic changes, VSMC apoptosis and autophagy play a significant
role in VC in CKD. Due to increased oxidative and uremic stress in CKD, there is a sig-
nificant increase in VSMC apoptosis. Apoptotic bodies have significantly high calcium
concentrations. Upon apoptosis or necrosis of VSMCs, these vesicles release calcium and
DNA, which ultimately deposit on the ECM of the vascular media leading to extensive
calcification. Extracellular DNA has been shown to precipitate calcium and phosphate,
which may contribute to arterial calcification. This is especially prominent in CKD or ESRD
patients undergoing hemodialysis, as it can lead to increased VSMC apoptosis/necrosis
through direct membrane contact and complement activation [46]. In normal physiologic
conditions, low basal rates of autophagy are required for the removal of unwanted metabo-
lites from the circulation [47]. The increased mineral levels and stress in CKD upregulate
these rates and degrade the proteins necessary to maintain the contractile phenotype. This
leads to the differentiation of phenotype along with direct calcific deposition in the vascu-
lature [48]. A summary of the major mechanisms involved in VC in CKD is presented in
Figure 3, with VSMC-associated osteochondrogenesis playing a central role in the process.

3.2. Macrophages

Monocytes and monocyte-derived macrophages are the crux of our innate immune
system. They perform numerous tasks, including host defense, immune regulation, and
tissue repair/regeneration [49]. Macrophages secrete many inflammatory substances such
as TNF-a, IL-6, and IL-1b. These factors yield several processes that contribute to VC.
Firstly, the factors lead to the differentiation of vascular wall cells into chondrocytes and
osteoblasts. They can also stimulate the expression of bone morphogenetic protein and
increase oxygen free radical production [50]. Calcium burden within the coronary artery is
also positively correlated with IL-1b.
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Figure 3. Major mechanisms involved in vascular calcification: Vascular calcification is an active pro-
cess with multifactorial origins. Significant contributors to this include failure in the anti-calcification
process, imbalance in bone homeostasis, osteochondrogenesis of VSMCs, calciprotein particles, cell
death, elastin degradation, and extracellular vesicle formation and release. The combination of these
factors in the setting of CKD leads to the development of both intimal and medial calcification. VSMC,
vascular smooth muscle cell; Ca, calcium; Pi, inorganic phosphate; Ppi, inorganic pyrophosphate;
MGP, matrix Gla protein; TGF, transforming growth factor; ROS, reactive oxygen species.

There are different subsets of macrophages that have unique roles in the process of
calcification. The two most common subsets that are of interest to investigators are the
M1, or “classical activated macrophage”, and M2, or “alternative activated macrophage”.
The M1 type is activated by bacterial lipopolysaccharides and interferon-γ (IFN-γ). These
macrophages typically produce reactive oxygen species (ROS), pro-inflammatory cytokines,
and reactive nitrogen groups [51]. In certain conditions, and stimuli in various microen-
vironments, M1 and M2 macrophages display considerable plasticity and can trasnform
between one phenotype and another [52]. M1 macrophages can directly release onco-
statin M (OSM), which is a cytokine that belongs to the interleukin 6 cytokine group and
stimulates vascular smooth muscle cells to take on an osteoblastic phenotype via the JAK-
3-STAT3 pathway [53]. This subset of macrophages is also responsible for maintaining a
persistent state of chronic inflammation that can interfere with the normal mechanism
of VSMCs to differentiating into osteoblasts, leading to interspersed areas of fragmented
calcification [54]. This chronic state of inflammation maintained by the M1 macrophages
is associated with high levels of TNF-α and IL-6, suggesting that a causal link between
macrophage-mediated inflammation and cardiovascular calcification exists in the setting of
CKD [55]. Cartilage oligomeric matrix protein (COMP) is an interesting regulator as it facili-
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tates macrophage polarity via integrin β3, which is a COMP-binding protein present on the
surface of macrophages. It is known that COMP deficiency results in macrophages trans-
forming into the M1 phenotype (osteogenic phenotype) and at the same time inhibiting
macrophages from exhibiting the M2 phenotype, i.e., osteoclast-like cells [56].

The M2 phenotype is activated by Th2 cytokines, and these macrophages have an anti-
inflammatory effect. They are involved in parasitic infection resistance, lipid metabolism,
allergic reactions, and tumor progression [57]. Ricardo et al. studied how M2 macrophages
are able to attenuate VSMCs from differentiating into osteogenic cells via the use of co-
cultures of macrophages and smooth muscle cells where they are not in direct contact
with each other [58]. Ricardo et al. also demonstrated that the inhibitory effect of M2 is
related to increased secretion of adenosine triphosphate (ATP) secretion and the synthesis
of pyrophosphoric acid (PPi) via fatty acid β-oxidation [58]. Another study illustrates that
extracellular PPi functions as an endogenous inhibitor of vascular calcification both in vivo
and in vitro [59]. PPi is generated from extracellular ATP by ectonucleotide pyrophos-
phatase/phosphodiesterase 1 (ENPP1), and a study by Johnson et al. shows that deleting
ENPPI yields aortic calcification in mice [60].

Other functional substances secreted by macrophages include osteogenic genes such as
tissue nonspecific alkaline phosphatase (TNAP), osteoprotegerin (OPN), and runt-related
transcription factor 2 (Runx2), which further promote the osteogenic process [61]. Addi-
tionally, a recent study by Dube et al. showcased that the M1 subtype of macrophages
differentiated from mice bone marrow-derived macrophage (BMDM) exhibits osteogenic
properties via the constitutive activation of BMP-2 signaling [62]. Dube and colleagues
have also discovered that deleting transient potential classical receptor 3 (TRPC3), a nonse-
lective calcium channel in macrophages, leads to a reduction in apoptosis of macrophages
triggered by endoplasmic reticulum stress and downregulates the expression of Runx2 and
BMP2, leading to a reduction in calcification in advanced atherosclerotic plaques [63–65].

The formation of Ca/P nanocrystals in the vessels as a result of CKD stimulates
macrophages to secrete pro-inflammatory cytokines, which in turn exacerbates VC [66]. In
addition to the secretion of pro-inflammatory markers, high concentrations of Ca/P also
trigger macrophages to release matrix vesicles (MVs). The MVs that are released have a
proteomic profile similar to the MVs released by bone osteoblasts [67]. In the early stages
of the development of VC, macrophages release an abundance of calcifying matrix vesicles
(MVs), which contain the phosphatidylserine-annexin V-S100A9 complex [68]. Sophie et al.
further studied this and confirmed that phosphatidylserine forms complexes with annexin
V and S100A9 on the surface of macrophage-derived MV membranes. This complex then
allows the entrance of calcium ions into the vesicles. The calcium and phosphate ions
that enter the MVs via phosphate channels form calcium phosphorus complexes, which
accumulate, forming the initial hydroxyapatite crystals [61]. These hydroxyapatite crystals
continue to grow, rupturing the membrane, and keep growing to form calcified nodules.
Studies have shown that the pro-inflammatory mediators mentioned earlier, such as IL-6,
TNF-a, IL-1b, and oncostatin M, are not only involved in the osteochondrogenic transition
of vascular/valvular cells but also the release of calcifying MVs [69].

The accumulation of uremic toxins in the circulation of CKD patients is the main
driver of VC through the recruitment of monocytes and modulation of cells’ inflammatory
capabilities [70]. The high levels of uremic toxins lead to the development of atherosclerotic
calcification and Monckeberg’s medial calcification. There are two notable uremic toxins:
indoxyl sulfate (IS) and paracresyl sulfate (pCS). IS and pCS are correlated with the presence
of inflammatory markers such as TNF-a, IL-6, and IL-1B in CKD patients [71,72].

Experiments by Six et al. determined a high expression of adhesion molecules such
as VCAM-1 and ICAM-1 when CKD mice were fed a high-phosphate diet [73]. This
study essentially suggests when the expression of adhesion molecules by endothelial cells
and monocytes is promoted, exposure to uremic toxins such as phosphate and IS leads
to monocyte extravasation into cardiovascular tissues and thus inflammation-induced
VC [70]. Evidence from several experimental studies suggest phosphate (Pi)/IS-induced
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monocyte recruitment, inflammation, lipid accumulation, and fibrosis are the major drivers
of atherosclerotic plaque development and calcific aortic valve disease in CKD patients [70].
On the other hand, IS can also stimulate monocytes and macrophages to differentiate into
the M2 phenotype [74]. The M2 phenotype leads to the expression of markers such as
IL-10 and TGF-B, which yield an increase in profibrotic inflammatory macrophages [70].
The M2 macrophages demonstrate anti-calcific properties, which suggests that there is a
compensatory mechanism. This mechanism protects tissues from developing pathologic
calcifications associated with elevated serum phosphate levels [74].

pCS is another uremic toxin that is produced by intestinal bacteria. Various studies
suggest that there is an association between increased pCS levels and renal function de-
terioration, atherosclerosis, and inflammation [70]. Experiments by Jing and colleagues
demonstrate that when endothelial cells and macrophages are cultured with pCS in vitro,
there is an increase in expression of inflammatory factors such as TNF-a and MCP-1, adhe-
sion molecules [75]. Their studies show that the high levels of pCS seen in CKD patients
could potentially be responsible for medial and intimal calcification [70]. The production of
uric acid (UA) comes from the metabolism of nucleotides and ATP. It is the end product of
purine metabolism [70,76]. It is seen that in patients undergoing hemodialysis, intimal and
medial calcification are independently associated with blood uric acid levels. Geraci et al.
suggest that in non-CKD patients with asymptomatic hyperuricemia, elevated serum UA
levels are associated with carotid-intima media thickness [77]. The high UA levels are also
associated with coronary artery calcification [78–80]. Nevertheless, the exact mechanism of
how hyperuricemia leads to VC is unclear.

In supporting the findings of UA’s effects on macrophages, one study outlined the
effects of allopurinol in reducing vascular inflammation. Allopurinol is a xanthine oxidase
inhibitor used in treating gout and uric acid kidney stones. Xanthine oxidase is the enzyme
responsible for the production of uric acid during purine metabolism. A study in mice
showed that administering allopurinol led to reduced arterial stiffness, macrophage accu-
mulation, decrease in vascular oxidative stress, and macrophage polarization to M1 [81].
This study outlines the integral role that UA plays in vascular inflammation, even though
the exact causal link is yet to be determined. One key finding from Andrews and colleagues
shows that UA may have an even more significant role in VC progression as the adminis-
tration of allopurinol among stage 3 CKD patients did not impact the carotid-intima media
thickness [82]. Among the many roles monocytes and macrophages are involved in, the
complex array of phenotypes these cells exhibit is remarkable, especially in the develop-
ment of VC in the context of CKD. These macrophages secrete many pro-inflammatory
markers as outlined, differentiate into osteoclast-like cells, and also demonstrate protec-
tive mechanisms against inflammation and calcification. From the supporting studies
and experiments, it is evident that the intermediate monocyte subtype plays a key role
in the phenomenon of chronic inflammation leading to VC in patients with CKD [83].
Regardless of the many data and experiments that suggest the role of uremic toxins in
promoting monocyte/macrophages to exhibit procalcific properties, the exact mechanism
by which this event occurs is still unknown. Understanding the role of macrophages in
the development of VC in CKD patients is critical. Given the diverse properties these
cells exhibit in promoting this chronic disease, it is critical to understand the mechanisms
whereby macrophages contribute to the calcification process for future studies regarding
drug targets and treatments.

3.3. Endothelial Cells

The development of vascular pathogenesis is largely facilitated by the stability of the
endothelium. Lack of integrity in this structure is a driving force of many vascular diseases,
including VC [7,84]. Studies show that endothelial cells secrete soluble factors that play
a key role in the calcification of the VSMCs [85–87]. The endothelial progenitor cells like
macrophages are also known to be involved in the VC in CKD by expressing osteogenic
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factor osteocalcin [88]. Figure 4 highlights a central role of cytokines and osteogenic factors
produced by both endothelial cells and macrophages that leads to calcification in VSMCs.

 

Figure 4. The cellular trifecta of vascular calcification: Endothelial cells and macrophages can secrete various cytokines and
osteogenic factors that lead to the activation and progression of calcification in vascular smooth muscle cells.

Endothelial cells also have the capacity to transform into mesenchymal stem cells to at-
tain multipotency before they can differentiate into various cell types. This transformation
is known as endothelial–mesenchymal transition (EndMT) [89]. EndMT is a vital mecha-
nism for endothelial cells to undergo osteo/chondrogenesis and secrete factors involved in
VC [87,90,91]. Studies by Min Wu et al. show that the use of calcimimetic suppresses the
upregulation of mesenchymal markers and the downregulation of the endothelial marker,
leading to reduced VC in the aortic samples of uremic rats [92].

Shear and mechanical stress are other factors that disrupt the endothelium and lead
to worsening of VC. Vascular wall mechanical stress may contribute to endothelial and
interstitial cell proliferation, altering the expression of calcification-related genes in cul-
tured endothelial cells and fibroblasts [93]. Mechanical stress triggers the differentiation of
preosteoblasts into mature osteoblasts and can drive the progenitors down the osteogenic
lineage [94]. Mechanical stretch can upregulate the pro-osteogenic factors BMP-2 and
Sprouty-1 [93,95], and both of these factors modulate the basal expression of osteogenic
factors in untreated vascular fibroblasts. Additionally, the application of steady tension
to fibroblasts results in downregulation of anti-calcification factors periostin and osteo-
pontin [96,97]. Furthermore, mechanical stress leads to elevation of osteogenic genes
thrombospondin and BMP-2 as well as other calcification-related genes [92,97].
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Vascular endothelial cells are exposed to shear stress induced from patterns of blood
flow [92]. Pulsatile endothelial shear stress can be very pronounced depending on the
location and shape of the vessel [98]. This contributes to very turbulent blood flow and
shear stress, where bifurcations in arterial tress are the most critical areas for calcifica-
tion [99,100]. However, disrupted blood flow, with irregular flow and recirculation, can
contribute to the development of atherosclerosis [94,99]. The hemodynamic forces, like
fluid shear stretch and hydrostatic pressure, caused by pulsatile blood flow and pressure,
cause significant stress on endothelial cells [94,100]. Shear stress is a critical modulator
of endothelial phenotypes, activating mechanosensors on the endothelial cytoskeleton,
which triggers the phosphorylation and activation of genes leading to increased endothelial
distress [94]. Furthermore, the stress-induced expression of factors that leads to proin-
flammatory, procoagulant, proliferative, and proapoptotic functions can contribute to
worsening atherosclerosis and VC [94].

Specifically, in CKD uremic vascular calcification occurs in part due to endothelial
dysfunction. In a study by Yi-Chou Hou et al., vitamin D is discussed as having a preventa-
tive role in VC, especially for those with CKD. Vitamin D deficiency is common in CKD, in
part due to proteinuria, the lower therapeutic active dose of vitamin D, and the decline
of the glomerular filtration rate [101]. Supplementation of vitamin D has been shown to
improve the dysfunction of the endothelium and protect against VC. The effect of vitamin D
supplementation has on the endothelium in the vasculature is related to its suppression of
the renin–angiotensin–aldosterone system (RAAS), decreased insulin resistance, decreased
cholesterol via fewer foam cells, and vascular regeneration [101]. Interestingly, this study
suggested that coronary artery calcification progression in those with diabetes mellitus and
preserved renal function can be estimated with microalbuminuria.

Hyperphosphatemia, another condition prevalent in CKD due to the high concen-
tration of inorganic phosphate, suppresses the mammalian target of rapamycin (mTOR)
signaling. This leads to an increase in the protective autophagic process for endothelial cells
by counteracting the reactive-oxygen-species-induced VC [102]. LC3, a protein associated
with the autophagosome process, was increased in the endothelial cells of the CKD rat
model compared to the controls. During autophagy, LC3 positive vesicles join with ubiqui-
tin and p62, autophagy adaptor. Next, the proteins combine with the lysosomal marker
LAMP1 to complete the autophagy process. The end result is calcium and phosphate
build-up, contributing to VC [103].

Furthermore, a study by Bouabdallah, et al. shows that Pi and IS together fostered the
secretion of interleukin-8 (IL-8) from the endothelial cells of human aortic smooth muscle
cells, which induced calcification. It was proposed that IL-8 blocked the production of
the potent calcification inhibitor, osteopontin. When antibodies to IL-8 were used, this
prevented aortic calcification [104].

Hypertension and VC usually occur together and are ultimately related to one another.
Both diseases share endothelial dysfunction. Meng, et al. looked at the aortic calcification
in hypertensive rats. They observed a correlation with the expression of the calcium-
promoting proteins, MMP-2, and MMP-9 levels in endothelial cells and vascular smooth
muscle cell calcification [105]. This is yet another example of endothelial cell dysfunction
leading to VC.

In conclusion, endothelial damage leading to VC stems mainly from a variety of
reasons, which cause oxidative stress and an increase in an inflammatory response to the
endothelium. Crucial factors that lead to endothelial dysfunction include CKD, dyslipi-
demia, protein-bound uremic toxins, and hypertension.

4. Clinical Implications and Diagnosis of Vascular Calcification in CKD

Vascular disease is the most common cause of death in patients with CKD. In CKD,
there are multiple contributing factors to increased VC, such as hyperphosphatemia, hy-
percalcemia, and increased levels of parathyroid hormone (PTH) [37,106]. High levels of
these electrolytes and hormones cause increased cellular activity that increases matrix
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mineralization, deposition of hydroxyapatite, and inflammation in the vascular intimal
and medial walls [107–109].

Amongst CKD patients, VC has been proven to increase cardiovascular mortality and
morbidity; however, its predictive value is not clear. Additionally, the increased amount of
VC increases one’s risk for heart failure, limb ischemia, stroke, and myocardial infarction.
Because no data suggest that early detection benefits patients, we generally do not screen
CKD patients for VC. Moreover, it is controversial whether interventions that delay the
progression of calcification can clinically improve patient outcomes [110].

VC can be diagnosed, detected, and monitored through multiple modalities of imag-
ing, including ultrasound, plain radiographs, and computed tomography (CT) scan. Ultra-
sound is usually limited to large superficial vessels such as the carotid and femoral arteries,
but the information received is qualitative at best and not good for monitoring [111]. Plain
radiographs have been used more often for the detection and quantitation of VC. This is
normally seen when assessing larger arteries such as the aorta, femoral, and iliac arteries
on both anteroposterior and lateral films. The limitation of this imaging modality is that
it is difficult to measure VC progression over short periods of time and can be subjective
based on the reader [111]. It is also semiquantitative and not as sensitive as a CT scan,
which is a superior modality of assessment. VC is detected in >80% of patients undergoing
dialysis, which are mostly late CKD and early end-stage renal disease (ESRD) patients. The
prevalence amongst non-dialysis CKD patients is around 47% to 83% [110,112–118]. Multi-
slice CT (MSCT) scans are often used for diagnosis and follow up for VC in CKD patients.
The high image quality allows for precise, quantitative measurements of VC [110,111]. VC
in CKD patients is known to be prominent in the media; however, none of these modalities
can definitively differentiate intimal from medial calcification [111]. Currently, there are
many controversies on the benefit of screening CKD patients for VC. Even if routine screen-
ing is performed, there is limited evidence that modifying risk factors and therapies have
a significant impact on clinical outcomes [119]. The Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines do weakly recommend screening for VC in CKD patients
with either lateral radiographs or CT scan [114,120].

5. Treatment Options for Vascular Calcification in CKD

Treatment options for VC in patients with chronic kidney disease include lifestyle
modifications, pharmacologic agents, and surgical interventions. One of the most impor-
tant lifestyle modifications that decreases mortality rates in these patients is smoking
cessation [121].

Medical management in these patients is four-fold. Antiplatelet therapy to reduce
platelet aggregation, blood pressure control, anti-lipid therapy for plaque-stabilization, and
calcium/phosphate balance to prevent further calcification. Antiplatelet therapy, such as
aspirin or clopidogrel, has been shown to reduce major cardiovascular events and overall
mortality [122]. Blood pressure control is essential; however, there are no specific studies
that show that aggressive blood pressure control has altered the course of peripheral artery
disease in patients with CKD. Antilipid therapy such as statins significantly reduces the
risk of major atherosclerotic events by stabilizing plaques from rupturing.

Though these three targets are important controls of peripheral vascular disease in
CKD, calcium and phosphate balance is essential in preventing the progression of VC.
Maintaining a calcium phosphate product of less than 60 is imperative in preventing
the rapid progression of VC and complications such as calciphylaxis. Phosphate binders
are recommended in all patients in CKD to lower phosphate levels [123]. There are two
types of phosphate binders, calcium-based and non-calcium-based. Non-calcium-based
phosphate binders such as sevelamer are more frequently used due to providing an all-
cause mortality benefit in patients in CKD vs. calcium-based phosphate binders such
as calcium acetate/magnesium carbonate [124]. Calcimimetics such as Cinacalcet act on
calcium-sensing receptors providing a negative feedback loop to decrease PTH levels in
an attempt to decrease serum calcium and phosphate levels. Though effective in reducing
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serum PTH levels, these medications have a questionable impact on all-cause mortality
in patients with CKD [125]. Additional studies still need to be performed for assessment.
Vitamin D supplements decrease PTH levels by a negative feedback mechanism. Vitamin
D deficiency can cause endothelial dysfunction, which can worsen VC. Preventing this by
supplementation can attenuate VC in CKD patients [126]. Currently, the KDIGO guidelines
recommend vitamin D supplementation in all patients with CKD stage 4 and 5 [120].

Other options include osteoclast activity inhibitors such as bisphosphonates and
denosumab. Bisphosphonates such as alendronate are antiresorptive drugs that inhibit
osteoclast activity, preventing the release of calcium and phosphate into the bloodstream.
They are usually well tolerated but bisphosphonates can cause worsening nephrotoxicity,
focal segmental glomerulosclerosis, and osteonecrosis of the jaw [127,128]. Denosumab is
a monoclonal antibody that inhibits NFkB-ligand (RANKL), which blocks its osteoclastic
and resorptive properties. Few studies have been performed on the effect on VC in vivo
and mortality benefits of both bisphosphonates and denosumab in CKD patients; therefore,
their clinical benefit is still unclear, and they are not routinely recommended in these
patients [123]. Other options also include magnesium supplementation, which has been
shown to decrease phosphate-induced calcification in vitro; however, there are very few
studies that have shown a statistically significant impact on reducing VC in CKD patients
in vivo [123,129].

Interventions include revascularization or amputation. Revascularization via open
surgical bypass or percutaneous angioplasty/stenting (also called endovascular revascular-
ization) is usually used in patients experiencing acute limb ischemia or chronic claudication
or critical limb ischemia with non-healing wounds. There are no clear data on which type
of revascularization is more beneficial, but many physicians would prefer an endovascular
first approach if the anatomy is amenable. Amputation is usually reserved for patients
that fail revascularization or have non-viable limbs as suggested by symptoms such as
paralysis, severe ulceration, or gangrene. Dialysis patients have an extremely high rate of
nontraumatic lower extremity amputation compared with the general population [130]. As
noted earlier, VC is associated with worse prognosis after coronary or peripheral vascular
revascularization procedures [2,3].

There are few experimental therapies that are being studied to combat VC such as
ethylenediaminetetraacetic acid (EDTA) chelation therapy, inducing a certain amount of
metabolic acidosis, and the use of autologous osteoclasts [11]. EDTA is an amino acid that
can bind calcium potentially decreasing free calcium in the blood. While a small human
trial showed regression of VC in patients using EDTA, the study was confounded by
the lack of an appropriate control group [131]. A state of metabolic acidosis can activate
osteoclasts via RANKL and has been shown to decrease VC in vivo and in vitro; how-
ever, there are negative side effects of acidosis, and the risks vs. benefits have not been
studied [132,133]. Lastly, localized osteoclast therapy from rat-derived bone marrow has
been shown to decrease VC in vitro. This has promising potential as it can be used to treat
or even prevent VC in certain areas; however, the clinical application of this approach is
speculative [130,134]. Along these lines, there are many experimental treatments under
active investigation, but more pre-clinical and clinical data will be necessary to determine
the efficacy and safety of these treatments.

6. Animal Models of Vascular Calcification

Various animal models have been evaluated in the investigation of VC mechanisms
and complications. These studies contribute to understanding the complications that lead
to calcification in humans [135]. One review examined CKD rodent models from multiple
trials, where the animals developed varying degrees of vascular calcification in the CKD
setting. It was found that a particular rodent model shared strong similarities in the
symptom development with CKD patients in the clinical setting [136]. This particular rat
model developed CKD through the supplementation of adenine, a renal toxin, which was
later found to cause nephrotoxicity as a result of 2,8-hydroxyadenine accumulation in the
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urinary tract [136]. This symptom overlaps with CKD development in patients, providing
a useful animal model for CKD-related VC examinations [135]. Several rodent models
present conditions including hyperparathyroidism, hyperphosphatemia, and increased
levels of both blood urea nitrogen and plasma creatinine [136]. Differences in calcification
severity were attributed to varying diet plans, genotypes, and level of kidney damage. As
these CKD-related VC animal models share several similarities with the development of
VC in CKD patients, they may help reveal important pre-clinical insights [135,136].

Induction of VC through the modification of calcium phosphate levels, alterations
in lipid metabolism, downregulation of calcification inhibitors, and promotion of uremic
conditions is another approach to modeling VC in CKD [137]. Following these modifica-
tions, the mechanisms of VSMCs in the mineralization of the vessel walls of the models is
quite similar to the role of VSMCs in humans. These VSMCs are of particular importance
as they are associated with VC across multiple species, thus underscoring the hallmark
contribution of this cell type [135]. This point is highlighted by several studies where
VSMCs have been demonstrated to play an essential role in VC induction. Inhibition of the
matrix-gla protein (MGP) yielded substantial VC where VSMCs formed profound cartilage
in vessels through osteogenic differentiation [137]. Deficiency in osteopontin (OPN) is
another mediator of calcification that induces mineralization in mouse models [135,137].

Altogether, the results in VC animal models provide valuable insight into the mech-
anisms of VC development in humans [137]. The many factors of VC regulation are
comparable across various species from mice to humans making these animal models
appropriate for the study of this complex disease and allowing for the needed pre-clinical
development of therapeutic interventions [138].

7. Conclusions

Altogether, an extensive multitude of associated factors relates VC to CKD. A wide
range of comorbidities escalates VC pathogenesis, including hypertension, hyperglycemia,
hyperphosphatemia, hyperlipidemia, inflammation, oxidative stress, and uremia. Struc-
tural factors such as the anatomical location of the affected vessel and histological sites of
calcification also lead to the advancement of VC. There likewise exists a variety of molec-
ular mechanisms that play essential roles in the pathogenesis of the vessel’s calcification.
Conventional and alternative prevention mechanisms such as regular exercise, maintaining
a healthy diet, and therapeutic approaches are opportunities to decrease the VC burden in
CKD. However, there is limited research demonstrating that these mechanisms effectively
improve the severity of VC. By defining the exact pathology of the various forms of VC
in CKD, targeted and rationale strategies can be developed to understand the clinical
importance and address the potential pathological sequalae in this at-risk population.
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Abstract: Background: Under physiological conditions, endothelial cells are the main regulator
of arterial tone homeostasis and vascular growth, sensing and transducing signals between tissue
and blood. Disease risk factors can lead to their unbalanced homeostasis, known as endothelial
dysfunction. Red and near-infrared light can interact with animal cells and modulate their metabolism
upon interaction with mitochondria’s cytochromes, which leads to increased oxygen consumption,
ATP production and ROS, as well as to regulate NO release and intracellular Ca2+ concentration.
This medical subject is known as photobiomodulation (PBM). We present a review of the literature
on the in vitro and in vivo effects of PBM on endothelial dysfunction. Methods: A search strategy
was developed consistent with the PRISMA statement. The PubMed, Scopus, Cochrane, and Scholar
electronic databases were consulted to search for in vitro and in vivo studies. Results: Fifty out
of >12,000 articles were selected. Conclusions: The PBM can modulate endothelial dysfunction,
improving inflammation, angiogenesis, and vasodilatation. Among the studies, 808 nm and 18 J
(0.2 W, 2.05 cm2) intracoronary irradiation can prevent restenosis as well as 645 nm and 20 J (0.25 W,
2 cm2) can stimulate angiogenesis. PBM can also support hypertension cure. However, more
extensive randomised controlled trials are necessary.

Keywords: low-level laser therapy; phototherapy; endothelium; vascular disease; healing; angiogen-
esis; ischemia; hypertension; inflammation; nitric oxide

1. Introduction

An increase in the prosperity and the prevention of childhood mortality through
socioeconomic and scientific progress has led to a shift, over the last two decades years,
from risks for infancy diseases towards those for adulthood diseases [1,2].

Indeed, the main disease risk factors implicated for worldwide deaths are hyperten-
sion (approximately 7–18%), ischemic heart disease (approximately 5–14%), and cerebrovas-
cular disease (approximately 4–14%), which are all threats of cardiovascular illness [3].

The endothelium is a monolayer of endothelial cells cladding the lumen of the vascular
beds of the entire cardiovascular system, from the heart to the smallest capillaries.

It is a metabolically and mechanically dynamic organ, separating the vessel wall from
the blood- and its components [4]. The endothelium, which was for a long time considered
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to be a relatively inert cellular monolayer, has recently been recognised as an important
modulator of key physiological functions [1].

The endothelium’s role is carried out through membrane-bound receptors for hor-
mones, proteins, metabolites, lipid transporting particles, as well as through specific
junctional proteins and receptors that regulate cell–cell and cell-matrix interactions [5,6].

Recently, the important regulatory role of mitochondria on endothelial cells’ cyto-
protective phenomena have been evidenced. In addition, stimuli affecting mitochondrial
dynamics of endothelial cells can affect the production of reactive oxygen species (ROS) and
adenosine triphosphate (ATP), leading to physiological or pathological response [7]. Addi-
tionally, endothelial functions may also depend on changes in intracellular calcium (Ca2+)
concentration, depending on depletion of Ca2+ stores and in-out-in Ca2+ signalling events,
as well as multiple transient receptor potential (TRP) channel isoforms activation [8,9].

Under physiological conditions, endothelial cells are the main regulators of arterial
tone homeostasis and vascular growth, sensing and transducing signals between tissue and
blood [6]. Endothelial cells, through different antiplatelet and anticoagulant mechanisms,
counteract thrombosis and, by regulating the expression of binding sites for procoagulant
and anticoagulant agents, control the clotting system. Additionally, platelet adhesion to
leukocytes represents the initial stage leading to exudation of leukocytes to inflammation
or infection areas, followed by a platelet–leukocyte interaction and aggregation, and then
vascular occlusion [6]. Lastly, endothelial cells, thanks to several vasoactive substances
such as endothelin, angiotensin, nitric oxide (NO), vascular endothelial growth factor
(VEGF), for instance, exert a regulatory role in vessel tone and growth, as well as cell
proliferation and angiogenesis [1,5,6].

The dynamic features of the endothelium permit rapid response to diverse stimuli such
as coagulation proteins, microbial components, shear stress, growth factors, and cytokines.
These “activation” responses have evolved for host defence against microorganisms and
the repair of tissue injury and are generally localised and beneficial [10].

However, this well-balanced endothelial regulation of vascular function can be af-
fected by several disease risk factors, leading to both unbalanced homeostasis and an
unphysiological state of healthy endothelial cells, which is known as endothelial dysfunc-
tion. As a consequence, endothelium shows reduced vasodilation induction, experiences
a proinflammatory state, and prothrombic properties, which are associated with most
forms of cardiovascular diseases, such as coronary artery disease, hypertension, periph-
eral vascular disease, chronic heart failure, chronic kidney, diabetes, failure, and severe
viral infections [10].

However, as carefully reviewed by Daiber et al. [1], the evidence that the progression
of endothelial dysfunction can be counteracted and reversed increases the possibility
of retarding and, in some cases, preventing the progression of the related diseases and
encourages efforts to explore new therapies.

Routinely, treatments applied for patient care have focused on indirect pleiotropic
antioxidant properties and modulating NADPH oxidase enzymes and mitochondrial
activities to prevent endothelial nitric oxide synthase (eNOS) uncoupling and stimulating
anti-inflammatory effects, leading to improved endothelial function. Pharmacological
agents can also be employed to equilibrate the oxidatively impaired activity of soluble
guanylyl cyclase of smooth muscle [1].

In addition, mitochondria- and calcium-targeted therapeutics to counteract oxidative stress
and improve endothelial dysfunction in cardiovascular disease have also been developed [11].

As fully detailed in the next paragraph, light in the red and near-infrared range of
wavelength can interact with animal cells and can modulate their metabolism. Indeed,
studies conducted by our research team have shown that modulation in oxygen consump-
tion, ATP production, and ROS, after interaction of those wavelengths with mitochondrial
cytochromes, as well as light, can regulate the NO release and the intracellular Ca2+ concen-
tration [12–15]. This medical topic has been defined as low-level laser therapy, but recently,
the more appropriate definition of photobiomodulation (PBM) was introduced [14].
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Photobiomodulation can, thereby, counteract inflammation, stimulate growth factor
expression, and modulate many cellular pathways [12,14] by different strategies, as de-
scribed in the paragraph below. Therefore, PBM can support clinicians and their patients
to manage and experience faster healing. In this review, we explore the ability of red
and near-infrared (NIR) light to modulate cell homeostasis with particular attention to
the endothelial cell line, in vitro. Additionally, the in vivo therapeutic effects of PBM on
animal and human subjects are discussed. In particular, we present a review from the cell
to patient literature on the effect of PBM on endothelial dysfunction.

1.1. Molecular Targets of Red and Near-Infrared Light: Primary and Secondary Effects

Interactions of light at the visible-red and near-infrared wavelengths with non-plant
cells have been described [12]. Animal cells interacting with light evolved the ability to use
specific light stimuli for vitamin-D production and vision, as examples. Although animal
cells did not choose sunlight as a source of energy for their metabolism, a process close to
photosynthesis, i.e., light–cell interaction can also take place in cells. This process is referred
to as photobiomodulation and describes the ability of photons to interact with atoms and
molecules within the cell and induces biological modulation on tissue homeostasis [12].
Specifically, following the standard model of particle physics, i.e., a paradigm of quantum
field theory, the four known forces are settled by a fundamental carrier particle, the boson.
Photons, belonging to the family of bosons, are the core particle of light and they can
carry electromagnetic force [16]. Therefore, they can behave as a power source, where the
brightness of light describes the photons’ number and their colour is the result of energy
contained in each photon. In this way, photons are theoretically able to interact with cells,
and then energetically modulate the homeostasis of the tissue [12,16]. However, to make
photobiomodulation happen, an energy conversion needs to take place. Indeed, molecules
in living systems can absorb photons’ energy, reaching an electronically excited state that
temporarily modifies their conformation and function.

The uptake of photons’ energy by cells needs biomolecules that may undergo an
excited state [12]. In the life forms, two types of molecules exist, those specialised to absorb
light, such as the photoreceptors, and non-specialised molecules, such as the photoaccep-
tors. The latter are more common than photoreceptors and are part of ubiquitous metabolic
pathways not directly related to light processing [17]; this explains how photobiomodula-
tion can affect key cellular pathways of all life forms, from protozoa to humans [12].

Not all molecules feature light-acceptor ability. Organic cofactors or metal ions are
fundamental elements that allow excitation of molecules from the ground state to an excited
state and their change in conformation and function [18].

Water deserves a separate discussion, as a polar molecule with more hydrogens than
atoms, as well as nonlinear and time-dependent chaotic behaviours, because it display
extremely complex vibrations. As effectively discussed by Santana-Blank and collaborators,
water was considered to be an innocuous medium for a long time [16]. However, recently
its key role in physiologic mechanisms has been reconsidered, and therefore the possibility
that external radiant energies may route its organisation and selectively lead biological
function. For this reason, water in the 600–1100 nm range, can behave as a biological
photoacceptor, despite its relatively low coefficient of absorption, and therefore can lead
and improve biological reactions [16,19].

Among the different molecules within cells, haemoglobin is a well-known photoaccep-
tor, which reacts with visible and NIR light based on wavelengths and its redox state. Ad-
ditionally, behaviour such as photoacceptors was also described in other cellular molecules
such as catalase, cytochromes, cryptochromes, nitric oxide synthase, nitrosothiols and di-
nitrosyl iron complexes, and superoxide dismutase [17,18]. Therefore, since many of these
photoacceptors were described in the mitochondria, it is not strange that this organelle is
considered to be the elective cellular target to explain the light and animal–cell interaction
for photobiomodulation. The parallel and convergent evolution of both chloroplasts and
mitochondria, from ancestral bacteria, has to be also taken into account to explain mito-
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chondria’s ability for responding to light stimuli [12]. Experiments have demonstrated
that isolated mitochondria are sensitive to red and NIR spectrum and that the interac-
tion increases ATP synthesis and oxygen consumption, as well as ROS generation, Ca2+

modulation, and photodissociation of NO from cytochrome c oxidase [12]. In particular,
the cytochrome c oxidase (complex IV) has been shown to be activated in vitro by a red
laser (633 nm) [20]. According to metal-ligand systems and absorption spectra, such as
450, 620–680, and 760–895 nm, characteristically different peaks may be related to it [21].
In previous papers, we have shown that 808 nm stimulated complex IV electively and
that complex III was excited poorly, while complexes I and II were not affected [12,22]. At
980-nm the interaction behaved as a window effect and it interested complexes III and
IV [23]. In addition, by increasing the wavelength to 1064 nm, complexes I, III, and IV were
influenced, while the extrinsic mitochondrial membrane complex II seems again to be not
receptive to photons at this wavelength [24]. Lastly, red and NIR light exposure induces
NO release from S-nitrosothiols and di-nitrosyl iron complexes in a wavelength-dependent
modality [25], as well as NO concentration, which can be changed by modulation of eNOS
activity and expression after light exposure [13,26]. Lastly, Wang et al. [27] showed, for
the parameters tested, that 980 nm affected temperature-gated Ca2+ ion channels, also
probably via water resonance influence and transient “heating”. Altogether, this direct and
immediate photochemical change in the photoacceptor’s primary targets by light can be
considered to be primary effects [12,17] (Figure 1A). They lead to the secondary effects of
photobiomodulation, which involve the expression or activation of second messengers,
modulation of gene expression and enzyme activities, and then signalling pathways that
result in macroscopical physiological consequences [12,17] (Figure 1B). In this way, the
PBM, irradiated by intravenous, transmucosal, transcranial, or transcutaneous mode, can
affect, after minutes as well as days, the homeostasis of tissue and represents a novel
paradigm to treat altered physiological conditions [12,14,17].
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Figure 1. Endothelial-cell pathways modulated by red and near-Infrared laser lights, primary tar-
gets and secondary effects. As the first step, both red and near-infrared light interacted with the
primary target, inducing immediate photochemical changes in the photoacceptor. This controlled
the stimulation of the primary effects (A), such as the modulation’s levels of adenosine triphos-
phate (ATP), reactive oxygen species (ROS), intracellular calcium concentration (Ca2+), and nitric
oxide (NO). The primary effects lead to the secondary effects (B) of photobiomodulation, which
involve expression or activation of second messengers, modulation of gene expression and enzyme
activities, and then signalling pathways, which resulted in physiological events such as prolifera-
tion/healing, apoptosis, antithrombotic effects, angiogenesis, and vasodilatation (B), as examples.
AKT, alpha serine/threonine kinases; BAD, BCL2 associated agonist of cell death; CASP, caspase;
eNOS, endothelial-nitric oxide synthase; Erk, extracellular signal-regulated kinase; FGF, fibroblast
growth factor; YAP/TAZ, yes-associated protein/transcriptional coactivator with PDZ-binding motif;
Nf-κB, nuclear factor-κB; PI3K, phosphoinositide 3-kinases; PDGF, platelet-derived growth factor;
SMAD, small mother against decapentaplegic; TGF-b, transforming growth factor-b; VEGF, vascular
endothelial growth factor.
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2. Materials and Methods

Our review was carried out in compliance with the PRISMA guidelines (Supplemental
Material Figure S1). Papers were independently searched by four authors (A.A., E.C.,
A.S., and S.A.) on the PubMed, Scopus, Cochrane, and Scholar databases. The follow-
ing keywords were applied to meet the strategy investigation: “low-level laser therapy”
OR “photobiomodulation” OR “laser phototherapy” AND “endothelial OR “endothelial
dysfunction” OR “endothelium” OR “vascular” OR “vascular dysfunction”. Additional
studies were also identified from the references. Articles were listed and duplicates were
deleted by all the authors as a consequence of the large number of papers identified.
We also initially screened the works by title and abstracts according to inclusion and ex-
clusion criteria. The inclusion criteria included the following: (1) studies published in
English in journals with a peer-review process before publication; (2) works published
before 1 September 2020; (3) studies that complied with the topic of the review; (4) a
clear description of the type of light emitting diode (LED) or laser device and treatment
parameters employed; (5) therapies were immediately traceable to PBM; (6) type of ar-
ticles such as original research, case reports, and short communications; and (7) articles
drafted according to “parameter reproducibility in photobiomodulation” by Tunér and
Jenkins [28]. The exclusion criteria included the following: (1) in vitro studies on stem
cell or cell line not referring to endothelium; (2) LED or laser therapies not adhering to
the principles of PBM; (3) studies not focused on the topic of the review; and (4) types
of articles such as reviews, abstracts to congress, and patents. The selection process is
available in Supplemental Material Figure S1.

3. Results

Fifty out of >12,000 articles selected by PubMed, Scopus, Cochrane, and Scholar, as
well as from article references were judged to be eligible for the review (Supplemental
Material Figure S1). Actually, research by Scholar was the most dispersive, and no paper
after the first 150 papers screened was included in the review. Conversely, PubMed resulted
in being the most inclusive and Scopus and Cochrane showed similar useful support.

Following a previous review of PBM on bone socket preservation [14], the most
frequent reason for exclusion was the unsuitability with the parameter reproducibility in
photobiomodulation described by Tunér and Jenkins (2016) [28]. Four papers out of 54
were rejected from the eligibility because they did not completely fit the inclusion criteria
after the full texts were read.

Unfortunately, only 17% of the studies had used a power meter to measure the power
at the target, and in many studies, the probe used for irradiation was not clearly described,
as well as only a few of the studies clearly described the PBM’s parameters in the abstract.

3.1. In Vitro Studies

Concerning the in vitro studies (Table 1), ~50% of the experiments were performed on
human umbilical vein endothelial cell lines (HUVEC, 62.5% were umbilical vein primary
cell culture and 37.5% were immortalised cells), while 29% of the studies used other
primary cell cultures such as human endothelial cells isolated from coronary vessels
(HuC EC), neonatal rat ventricular myocytes (RVM-neo), rabbit aorta endothelial cell line
(RAEC), human adjacent annulus fibrosus cells (h-AFC), and human pulp fibroblasts HPF.
Lastly, ~23% of the experiments were performed on other transformed cell lines such as
mouse NCTC clone 929 Clone of strain L (L929), permanent human umbilical vein cell
line (EA.hy926), human dermal microvascular endothelial cells (HMVEC-d), and human
endothelial cells from the umbilical cord (HECV).
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Except for two studies, the experiments were performed in continuous wave mode of
irradiation, and an LED device was used in only one study instead of a diode laser. Lastly,
the irradiation was prevalently performed by the visible red light; no study showed an
adverse effect.

As described in the previous Section 1.1, PBM is the result of an interaction between
light and photoacceptors (primary target, Figure 1A), which is followed by a succession
of the primary (Figure 1A) and secondary effects (Figure 1B), and physiological events.
Therefore, the results at the cellular level, summarized in Table 1, are considered to be
secondary effects (Figure 1B) in response to molecules such as ATP, ROS, Ca2+, and NO
(Figure 1A).

The PBM affects the VEGF family and their receptors [29,31,32,35,36,41], as well as
anti-inflammatory effects are evidenced by the impact on matrix metalloproteinases (MMP),
tumour necrosis factor (TNF-α), interleukin (IL)-6, and IL-8 [30,37]. Additionally, a modu-
lation on NO and ATP production was shown [26,33,43,44] and inhibitory and stimulatory
effects on apoptosis [26,42] and proliferation/viability of the cells [30,34,38–40,44] were
suggested, respectively.

3.2. In Vivo Preclinical (Animal) Studies

Except for one study on rabbits and one on hamsters, the preclinical experiments were
carried out on murine models (Table 2).
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Sixty-six per cent of the studies investigated wound healing and angiogenesis, 21% of
the studies were on ischemia, and only 13% of the studies were on blood pressure and micro-
and macrocirculation. More than 70% of the studies used visible red light and in 87% of the
studies, the light was irradiated with a diode laser. The screening on the literature of pre-
clinical studies confirmed that the evidence shown was from in vitro experiments. No side
effect was experienced by animals because of PBM, while angiogenesis was experienced.
The data can be catalogued in three macro studies, such as wound healing and angiogen-
esis, ischemia, and blood features (both circulation and pressure). Basically, modulation
of VEGF family proteins [46,47,50–53,55,57,61,65], anti-inflammation [46,49,51,53–55], and
nitric oxide production [45,47,49,56,66,67] were described.

3.3. Clinical Studies

Taken together, the clinical studies showed interesting effectiveness of PBM on en-
dothelial dysfunction, not accompanied by adverse effects.

One hundred per cent of humans exposed to PBM showed positive effects (Table 3).
Among the nine studies selected, one study was a randomised controlled trial, one study
was a randomised trial, and the remaining were pilot studies. In three studies [69–71],
patients experienced prevention of prodromal complications in saphenectomy post my-
ocardial revascularization and improvement of recovery after coronary intervention by
modulation of endothelin, NO derivates, and transforming-growth-factor-b. In three stud-
ies [72–74], inflammation was reduced, as a consequence of antioxidants increment and
tumour necrosis factor decrement, as well as in two studies the ischemia damages were
counteracted by new microvascular restoration and increased cognitive performances. In
one study blood-pressure decreased, and thus hypertension was ameliorated. Lastly, the
studies pointed out the angiogenesis effect of PBM through the modulation of the VEGF-
family, in accordance with the in vitro and preclinical data. In contrast to the previous
in vitro and preclinical studies, five out of nine studies on humans were performed with
NIR light, the remaining four studies were conducted with red-light and no study used an
LED device.
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4. Discussion

4.1. In Vitro Studies

Concerning endothelial cells, and more generally, the eukaryotic cell, ATP, ROS, Ca2+,
and NO molecules are responsible for their metabolic behaviour [12]. Substantially, the
modulation of Ca2+ homeostasis tends to regulate growth factor release, such as fibroblast
growth factors (FGF), transforming growth factor (TGF)-b, VEGF, and platelet-derived
growth factor (PDGF) [77,78], as well as ATP, ROS, and NO can act as proangiogenic factors
or inducers of cell alteration, according to their concentrations and target [79–81]. The
VEGF family and their receptors are influenced by PBM, as evidenced by ELISA, qRT-PCR,
and immunoblot investigations on different cell lines [29,31,32,36,41]. In particular, 632 nm
and 0.63, 1.05, 2.1, or 4.2 J (0.0035 W, 2 cm2) increased VEGF secretion, 8.4 and 12.6 J
decreased VEGF secretion, while 0.21 and 6.3 J did not have an effect [29]. Additionally,
660 nm and 0.10 J (0.01 W, 0.04 cm2) and 0.15 J (0.015 W, 0.04 cm2) increased secretion of
VEGF-A, VEGF-C, VEGF-D, and VEGF-receptor (R)1 [32], as well as reduction of VEGF-A,
sVEGFR-1, and sVEGFR-2 by irradiation with 635 nm and 160, 320 or 640 J (0.15 W, 80 cm2)
was observed by Góralczyk et al. [36]; 904 nm and 200 or 300 J (50 W, 0.01 cm2), in a pulsed
mode of irradiation, incremented VEGF expression [41]. The VEGF family constitutes five
different types of protein signalling molecules, i.e., VEGF-A or VEGF, VEGF-B, VEGF-C,
VEGF-D, and placental growth factor (PlGF), which plays a key role in endothelial tissue
homeostasis. The link of these molecules with their specific receptors (VEGFR-1, -2, -3)
leads to the development of both the cardiovascular system and the angiogenesis, with a
beneficial effect on peripheral arterial disease, ischemic heart disease, healing, coagulation,
and also the female reproductive cycle [82]. Unfortunately, VEGF is expressed in cancers
and VEGF inhibition is considered to be a promising treatment option, stopping tumour
metastasis and growth [83]. Therefore, the chance of modulating the VEGF expression by
adequate laser therapy parameters could support the clinician for different stimulatory or
inhibitory curative approaches on endothelial dysfunction, according to need.

The analysis of the selected literature suggests that the support by PBM to endothelial
dysfunction can additionally be traced to an anti-inflammation effect, which leads to an
increase in cell viability, similar to the recent description of pre-osteoblast cell line by
Hanna et al. [84]. Hwang et al. [31] showed that 645 nm and 32 or 64 J (0.010 or 0.012 W,
2.8 cm2) inhibited inflammatory mediators and catabolic enzymes, such as matrix metallo-
proteinase (MMP)-1, MMP-3, and brain-derived neurotrophic factor (BDNF), and MMP-1,
MMP-3, BDNF, and interleukin (IL)-8, respectively. Góralczyk et al., [37] described a reduc-
tion of inflammation by a decrease in TNF-α and IL-6 after irradiation with 630 nm/160 J
(0.15 W, 80 cm2) or 830 nm/160 J (0.3 W, 80 cm2).

Nitric oxide and ATP are ambiguous molecules acting as proinflammatory or anti-
inflammatory mediators according to their concentration, target, and time of exposure [85,86].
Therefore, they are able to downregulate or upregulate some MMPs synthesis and affect
TNF and proinflammatory markers [85–87]. In this context, the ability of laser light to
induce NO production or release and to change the energetic cell metabolism, such as the
ATP production [25,26,44], can control the proinflammatory molecules. This behaviour
may lead to a reduction of apoptosis’ indices such as caspase 3, annexin, and cytochrome
c [26], as well as protects against TNF/cycloheximide (CHX)-induced apoptosis pathway
by inhibiting p38 mitogen-activated protein kinase (MAPK) and nuclear factor kappa-light-
chain-enhancer of activated B (NF-κB) signals [42]; also, according to De Nadai et al. [88].
Undoubtedly, the strengths of the in vitro studies selected for our review are the prevalent
use of human umbilical vein endothelial cells (HUVEC) cell line and a wide panel of
markers also investigated on primary cells. Therefore, despite the fact that different light
therapies were administered in the experimental setup, we can try to reveal a pathway
of the effectiveness of red and NIR light. The primary interaction between red and NIR
light and the photoacceptors into the cell (see [12]) leads to a modulation of the VEGF
molecules family, including PDGF, and the FGF and their receptors. The following step
appears to involve the phospho-inositide 3-kinase (PI3K) protein, which can interact with
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the protein kinase B (AKT), a multiple-process cellular protein, able to have a key role in
eNOS synthesis [33], NF-kB signal, and inhibition of mitochondrial proapoptotic triggering,
via the cytochrome c and caspase 3 pathway. In this way, the cell’s fate can be routed
through cell proliferation and angiogenesis, or apoptosis, but also an antithrombotic effect
can be stimulated (see Table 1). Likewise, the TGF-b signal involving small mother against
decapentaplegics (SMADs), a family of structurally similar proteins, may be involved,
as well as AKT can take the transcriptional regulator integrating mechanical signal yes-
associated protein (YAP)/tafazzin (TAZ) [35], which modulates aspects of cell behaviour,
including cell plasticity, proliferation, and stem cell differentiation, essential for tissue
regeneration [89]. Additionally, the NO release mediated by red/NIR light through an
effect on eNOS expression, the calcium–calmodulin interaction, or the gas dissociation from
S-nitrosylated proteins can be involved in an intracellular NO dose-dependent mechanism,
as also shown in ex vivo experiments [90]. Lastly, wavelength comparison studies indicate
635 nm as the best effector of endothelial cell proliferation with respect to 808 nm in stan-
dard growth condition, while in a like-diabetic hyperglycaemic environment, 808 nm seems
to be more effective, probably because of the involvement of different pathways via either
NO or mitochondria’s metabolism, as suggested by authors [25,42,44]. It is knownthat a
cellular redox state has a role in the sensitivity of cells to PBM and can, therefore, explain
the different responses to phototherapy by diabetic cells; diabetic pro-oxidant cells are
generally differently more sensitive to PBM thanks to oxidation of cytochrome c oxidase
and the increased mitochondrial responsiveness [91].

4.2. In Vivo Preclinical (Animal) Studies

In rat model PBM, different wavelengths and laser parameters can improve the
healing process in injured muscle and skin; the PBM affects the inflammation process by
modulation of its markers.

Basically, 660 nm visible light and 2 J (0.04 W, 0.04 cm2) or (0.03 W, 0.028 cm2) decreased
cyclooxygenase (Cox)-2 [52] and IL-6, and MMP-3 and -9 [54], respectively.

Infrared light, 904 nm, irradiated in pulsed mode with 3 J on 0.1 cm2 (output power
= 0.04 W) or 0.4 J on 1.77 cm2 (output power = 0.00078 W), prevented IL-6 [53] formation
and has decremented ROS, NO, lipid peroxidation, protein carbonylation, and other
proinflammatory markers [56]. Conversely, anti-inflammation indicators such as IL-10 [53]
and superoxide dismutase, catalase, and glutathione peroxidase (GPx) were improved [56].

As previously seen through in vitro experiences, different signal pathways influence
VEGF family, which is modulated. The same behaviour is observed in the angiogen-
esis experimental purposes, in which, as described in Table 2, PBM modulated both
cytokines and metalloproteinases [51,53–55,61,65], and the collagens and blood vessels
took form [54,55,62,65]. The only comparative work pointed out that light coherence was
not shown to be essential to angiogenesis [59]. Nevertheless, in only one study, the data
contextualised with the conclusion of Hode [92] by which coherence seemed to not be a
potentially important factor in the overall efficacy of photobiomodulation, particularly in a
clinical setting.

Additionally, the increment of NO production or release observed in cell culture also
took place in rats’ model and led to a reduction of systolic arterial pressure, induced a long-
lasting hypotensive effect, and improved heart rate [66,67]; 660 nm and 5.6 J (0.1 W, 0.058 or
0.028 cm2) irradiated transcutaneously in six points, seems to represent an effective therapy.

Lastly, modulation of NO and improvement of angiogenesis could also diminish my-
ocardium inflammation, as well as enhanced ischemic revascularisation and angiogenesis,
which increased tissue viability and reduced infarct size [46,47,49].

The information experienced by in vitro and preclinical experiments showed coher-
ent results and suggested a promising clinical opportunity for therapeutic approaches
on humans.
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4.3. Clinical Studies

Thanks to both a randomised controlled trial (RCT) [69] and a randomised trial (RT)
study [70] with a six-month follow-up, Derkacz’s team strongly demonstrated that 808 nm
and 18 J (0.2 W, 2.05 cm2) intracoronary irradiation, during percutaneous coronary inter-
ventions, can counteract restenosis cascade. It has been assumed that growth factors play
a role in the restenosis process stimulation. Mitogenic smooth muscle cell expression by
VEGF and FGF-2 support, in particular, migration and constitution of neointima [93]. The
Darkacz et al. therapy [69,70] stimulated NO release and decreased FGF-2 concentration as
well as the expression, in the more advanced stage, of endothelin-1, a protein associated
with the process of coronary restenosis after percutaneous transluminal coronary angio-
plasty [94]; the effect led to smaller neointima formation and prevented the process of
restenosis. Despite a different approach and a lower number of patients but with the same
six-month follow-up, an improved effect of PBM was also shown by Pinto et al. [71] on
saphenectomy post-myocardial revascularisation irradiated with 780 nm/0.75 J (0.025 W,
0.04 cm2).

Concerning healing and angiogenesis, clinical data was in agreement with the in vitro
and on preclinical positive evidence, but the different purposes and therapy parameters
impeded a successful comparison among the works.

However, Angiero and co-workers [73] showed interesting results on a high number
of patients, and a 21-day follow-up, thanks to irradiation on two points at baseline and after
1, 3, and 7 days with 645 nm and 20 J (0.25 W, 2 cm2). Patients experienced a reduction of
bradykinin (a vasoactive peptide involved in the classical signs of inflammation), local heat,
redness, pain, and swelling [95] as well as VEGF, while EGF (a growth factor implicated
in wound healing [96]), increased; they concluded that patients with periodontitis had a
beneficial effect due to PBM, in the early phases of the revascularisation and healing.

Maksimovich et al. [75] and Vargas et al. [97], through two different wavelengths in
the visible (633 nm) and infrared (1064 nm) spectrum, showed in humans the improvement
effect of PBM on ischemia, as previously described on rat models. Indeed, PBM on
patients affected by cerebral ischemia restored cerebral collateral and capillary blood
supply, improved microcirculation, recovered cellular and tissue metabolism, stimulated
neurogenesis, and caused regenerative processes, if irradiated by different energy from
29 to 106 J and 633 nm [75]; no side effects were observed in the irradiated patients
with follow-up for two-years. In addition, patients with altered neurocognitive function,
because of ischemia, incremented cognitive performance, improved carotid artery intima-
media thickness, and increased resting-state EEG alpha, beta, and gamma power, by an
increment of prefrontal blood oxygen level after irradiation with 1064 nm and 816 J (3.4 W,
13.6 cm2) [97].

Lastly, although only a paper was selected after inclusion and exclusion criteria as
well as research by keywords, PBM could provide support for patients with hypertension.
Endothelial dysfunction, which is characterised by an impairment of nitric oxide (NO)
bioavailability, is indeed an important risk factor for both hypertension and cardiovascular
disease and may represent a major link between such conditions. Mitchell and Mack [98]
demonstrated near-infrared light in the form of low-level laser therapy increased NO
levels in venous blood draining from the treatment site in healthy subjects. As previously
discussed, the preclinical studies on animal model showed effective therapeutic PBM’s
windows to reduce pressure and heart rate and induce a long-lasting hypotensive effect.
Additionally, intravascular laser irradiation of blood discovered by Russian scientists in
the 1970s, as well as plasmapheresis of blood irradiated with PBM, showed improvement
in patients with hypertension disease by normalisation of plasma levels of stable nitric
oxide [99,100]. This was contextualised by the work of Kovalenko et al. [76], where patients
affected by hyperuricemia and high blood pressure showed beneficial effects using PBM
with 1.35 J, (0.0015 W, 0.0075 cm2).
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5. Conclusions

Light at different wavelengths and intensities is able to improve endothelial function.
The effect is correlated to the primary targets of red and NIR light within the cell, which
changes leads to secondary cellular pathways activation responsible for modulation of
inflammation, angiogenesis, and vasodilatation. However, PBM is a therapy derived by
a complex mixture of wavelengths with different frequencies, amplitudes, and energies,
which are absorbed, scattered, and reflected by biological material. Therefore, selecting the
most inclusive therapy is not easy. However, 808 nm and 18 J (0.2 W, 2.05 cm2) intracoronary
irradiation during percutaneous coronary interventions can support clinicians to prevent
restenosis; as well, irradiation on two points at baseline and after 1, 3, and 7 days with
645 nm and 20 J (0.25 W, 2 cm2) can stimulate angiogenesis. Lastly, the use of PBM to
support hypertension cure showed interesting insights that stimulate investigation by more
extensive randomised controlled trials.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-905
9/9/3/274/s1, Figure S1. Flow chart demonstrating the selection process.
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Effect of LLLT on endothelial cells culture. Lasers Med. Sci. 2014, 30, 273–278. [CrossRef]

37. Góralczyk, K.; Szymańska, J.; Szot, K.; Fisz, J.; Rość, D. Low-level laser irradiation effect on endothelial cells under conditions of
hyperglycemia. Lasers Med. Sci. 2016, 31, 825–831. [CrossRef]
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Abstract: The dysfunction of vascular endothelial cells is profoundly implicated in the pathogenesis
of atherosclerosis and cardiovascular disease, the global leading cause of death. Aquaporins (AQPs)
are membrane channels that facilitate water and glycerol transport across cellular membranes recently
implicated in the homeostasis of the cardiovascular system. Apolipoprotein-E deficient (apoE−/−)
mice are a common model to study the progression of atherosclerosis. Nevertheless, the pattern
of expression of AQPs in this atheroprone model is poorly characterized. In this study, apoE−/−

mice were fed an atherogenic high-fat (HF) or a control diet. Plasma was collected at multiple
time points to assess metabolic disturbances. At the endpoint, the aortic atherosclerotic burden
was quantified using high field magnetic resonance imaging. Moreover, the transcriptional levels
of several AQP isoforms were evaluated in the liver, white adipocyte tissue (WAT), and brown
adipocyte tissue (BAT). The results revealed that HF-fed mice, when compared to controls, presented
an exacerbated systemic inflammation and atherosclerotic phenotype, with no major differences
in systemic methylation status, circulating amino acids, or plasma total glutathione. Moreover, an
overexpression of the isoform AQP5 was detected in all studied tissues from HF-fed mice when
compared to controls. These results suggest a novel role for AQP5 on diet-induced atherosclerosis
that warrants further investigation.

Keywords: MRI (magnetic resonance imaging); endothelial dysfunction; high-fat diets; plaque burden

1. Introduction

Despite significant advances in the treatment of cardiovascular disease (CVD), it
remains the leading cause of mortality and morbidity among adults [1]. The major cause of
CVD is atherosclerosis that is elicited by the early impairment of endothelial function and
results in a chronic inflammatory condition in which arteries harden through the build-up
of lipid-rich plaque in the vessel wall [2].
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Aquaporins (AQPs) have been recently proposed to contribute to the homeostasis of
the cardiovascular system [3,4]. Aquaporins are channel-forming proteins that facilitate
water and small solutes transport across the plasma membrane driven by osmotic or solute
gradients [5,6]. These channels play a variety of important physiological roles in mam-
mals [7]. In humans, the 13 isoforms (AQP0-12) are categorized according to structural and
functional properties, where the orthodox aquaporins (AQP0, 1, 2, 4, 5, 6, and 8) are mainly
water channels; aquaglyceroporins (AQP3, 7, 9, and 10) also transport small uncharged
solutes, such as glycerol and urea; and the less well-known S-aquaporins (AQP11 and 12)
are under investigation with respect to their subcellular localization and selectivity [8–10].
Recent evidence has shown that AQP3, 5, 8, and 9 also facilitate the permeation of the major
reactive oxygen species (ROS), hydrogen peroxide, being thus termed peroxiporins [11–13].
As facilitators of water and glycerol membrane permeation, aquaglyceroporins are crucial
for energy production in different organs [14,15]. In circumstances of negative energy
balance, glycerol produced by triacylglycerol (TAG) lipolysis in the white adipose tissue
(WAT) is released into the bloodstream via AQP7 and used in peripheral tissues as an
energy source [16,17]. In the liver, the main organ responsible for whole-body glycerol
metabolism, glycerol is taken up via AQP9 to be used for gluconeogenesis [18,19]. The
insulin-dependent glucose uptake is also induced by blood glycerol concentration that, by
using the AQP7 route, induces pancreatic β-cells to secrete insulin [20]. Thus, the close
coordination of aquaglyceroporins in metabolic-related organs is crucial for control of
whole-body energy homeostasis and lipid accumulation [15,21]. The balance between
the two types of adipose depots, WAT, and brown adipose tissue (BAT) impacts energy
homeostasis through their specific metabolic and endocrine functions [22,23]. Adipose
tissue releases a large number of adipokines and bioactive mediators that influence not
only bodyweight homeostasis but also inflammation, which is a major driver of atheroscle-
rosis [24]. While WAT is an anabolic tissue involved in energy storage, with deleterious
consequences for metabolic health, BAT is catabolic and involved in energy production in
the form of heat, conferring beneficial effects on adiposity. In consequence, the browning of
WAT has been described as a potential strategy to target and control obesity that is causally
related to CVD [25]. Our previous work revealed that AQP7 and AQP9 are downregulated
along the browning process, which may be related to the physiological role of BAT in heat
production, contrasting with the anabolic/catabolic lipid metabolism in white adipose
cells [26].

Consistent with the vital role of AQPs in maintaining body water and energy home-
ostasis, alterations in their physiological functions have been related with the development
of cardiometabolic risk factors [22,23]. For instance, the functional importance of AQP1 to
maintain endothelial homeostasis and cardiovascular health in humans and mice has been
recently reported [4]. Moreover, our prior in vitro study confirmed endothelial AQP1 as a
candidate player in the setting of endothelial dysfunction, an early hallmark of atheroscle-
rosis and CVD [14]. Following the emergent importance of AQPs in health and disease [27],
these proteins are being viewed as promising novel therapeutic targets for several disorders
including the metabolic syndrome, a cluster of atherosclerotic cardiovascular disease risk
factors including visceral adiposity, insulin resistance, and dyslipidemia [15].

Apolipoprotein E deficient (apoE−/−) mice have been widely used as an animal model
to study the pathophysiology of atherosclerosis due to the striking similarities with humans
on the molecular mechanisms that lead to endothelial dysfunction and vascular plaque
formation [2–4,25,28,29]. Nevertheless, neither the pattern of AQPs expression in this
atheroprone model is characterized nor the corresponding influence of disease progression.
As aforementioned, the functional importance of AQPs on cardiovascular homeostasis has
been recently suggested. Thus, we postulated that an atherogenic diet would disturb AQPs
expression profile, allowing the identification of the AQPs isoforms related with vascular
toxicity. To investigate this possibility male apoE−/− mice were fed high-fat (HF) or control
diets. We assessed systemic inflammation, other metabolic disturbances, and the extent
of vascular atherosclerotic lesions formation using biochemical analyses and high-field
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magnetic resonance imaging (MRI). After confirming a strong atherosclerotic phenotype in
the HF-fed mice, we determined the mRNA expressions of the orthodox isoforms, AQP1
and AQP5, and of the aquaglyceroporins AQP3, AQP7, and AQP9, in different metabolic
tissues (BAT, WAT, and liver).

2. Experimental Section

2.1. Animals and Diets

Seven-week-old male apoE−/− mice (Jackson Laboratory, Bar Harbor, ME, USA) were
fed one of the following diets prepared based on AIN 93M recommendations but with
different levels of fat/cholesterol (Research Diets, New Brunswick, NJ, USA). A control diet
(C, 5% w/w fat) or a High Fat diet (HF, 20% w/w fat and 0.15% cholesterol). Macronutrient
dietary composition is shown in Table A1. Animals were housed in a room at 22 ± 2 ◦C
with a 12-h light-dark cycle with free access to food and water during 14 (±2) weeks. Diets
were refreshed weekly, at which time animals and their remaining food were weighed.
Food consumption was estimated as an average per mouse per day within each cage. All
procedures were performed in compliance with the Institutional Animal Care and Use
Committee of the Pennsylvania State University, which specifically approved this study.

2.2. Blood Collection

At different time points, blood was collected from the retroorbital sinus of anesthetized
animals into heparinized tubes and immediately put on ice. Within 30 min, plasma was
isolated by centrifugation at 2000 rpm, 15 min, at 4 ◦C and stored at −80 ◦C prior to further
biochemical analyses. Due to the limited volume of blood obtained, samples obtained at
different time-points were used in the subsequent biochemical analysis, as further detailed.

2.3. Biochemical Analyses
2.3.1. Systemic Methylation Index

The effect of 8 weeks of experimental diets on systemic methylation index was eval-
uated by the ratio of the plasmatic concentrations of S-adenosylmethionine (AdoMet) to
S-adenosylhomocysteine (AdoHcy) (AdoMet/AdoHcy ratio) quantified by liquid chro-
matography tandem-mass spectrometry (LC-MS/MS), as previously described [30].

2.3.2. Triacylglycerols

The effect of 10 weeks of experimental diets on the fasting plasma concentrations of
TAG were measured using a colorimetric assay (Cayman, Ann Arbor, MI, USA) following
the manufacturer’s protocol.

2.3.3. Cytokines

The effect of 12 weeks of experimental diets on the plasma concentrations of several
proinflammatory cytokines/adipokines (interleukin 6, IL-6; macrophage inflammatory
protein-1 alpha, MIP-1α; monocyte chemoattractant protein 1, MCP-1; and tumor necrosis
factor α, TNF-α) were determined using MSD U-PLEX multiplex assay platforms (Meso
Scale Diagnostics, Rockville, MD, USA) following the manufacturer’s instructions.

2.3.4. Plasma Amino Acids and Glutathione

Plasma concentrations of amino acids and total glutathione after 12 weeks on each
diet were quantified by adequate methodology. Specifically, amino acids were deter-
mined by gas chromatography-flame ionization detector (GC-FID) using the Phenomenex
EZ:faastTM kit for physiological amino acid analysis (Phenomenex, Torrance, CA, USA)
according to the manufacturer’s instructions and as previously described in detail [31].
Total glutathione, defined as the total concentration of glutathione after reductive cleavage
of all disulfide bonds, was quantified by high-performance liquid chromatography (HPLC)
analysis with fluorometric detection, as previously described [32].
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2.3.5. Glucose

At the end of each experiment, fasting blood glucose levels were determined using a
glucometer (Contour, Bayer, Tarrytown, NY, USA) following the manufacturer’s instructions.

2.4. Tissue Collection

At the end-point mice were euthanized by carbon dioxide inhalation and aortas
were collected as previously described in detail [33]. Inguinal subcutaneous WAT and
interscapular BAT were removed and immediately snap-frozen in liquid nitrogen. Livers
were removed, weighted, sampled, and embedded in Optimal Cutting Temperature (OCT)
compound (Sakura Finetek, Torrance, CA, USA) or immediately snap-frozen in liquid
nitrogen. All samples were stored at −80 ◦C before further analyses.

2.5. Oil Red O Staining

Oil Red O staining was used to determine the distribution of lipid droplets in the
liver. The OCT-frozen samples were cut into 8-μm-thick sections, fixed in 4% formaldehyde
(Thermo Fisher Scientific, Waltham, MA, USA) for 10 min, and rinsed in deionized water
and dried at room temperature before Oil Red O staining (Sigma-Aldrich, St. Louis, MO,
USA). The sections were stained for 20 min with Oil Red O and rinsed in tap water for
5 min. Hematoxylin (Sigma-Aldrich, St. Louis, MO, USA) was counterstained to assist
tissue visualization, and the slides were stained for 1 min and rinsed in tap water for 5 min.
All of the representative images are at 400X magnification. The detailed information was
described previously [34].

2.6. RNA Extraction

Total RNAs from WAT, BAT, and liver were extracted using the Qiagen RNeasy lipid
tissue mini kit and Qiagen RNeasy mini kit, respectively (Qiagen, Germantown, MD, USA)
and were stored at −80 ◦C prior to analysis. To exclude possible DNA contamination, the
optional on-column DNA digestion with the RNase-free DNase (Qiagen) was performed
during RNA extraction. All procedures were conducted by following the manufacturer’s
protocol. The RNA concentrations were determined spectrophotometrically at 260 nm
using the NanoDrop 2000c (ThermoFisher Scientific, Waltham, MA, USA). The 260/280 nm
ratio was utilized to assess the purity of RNA samples. Only samples with 260/280 nm
ratios between 1.8 and 2.2 were used for cDNA synthesis. Additionally, agarose bleach
gels were used to qualitatively assess RNA integrity by visualization of the 28S and 18S
rRNA bands [35]. To generate cDNA for quantitative PCR, 500 ng of total RNA was
reverse-transcribed for 1 h at 42 ◦C using M-MLV reverse transcriptase (Promega, Madison,
WI, USA) and oligo(dT)15 Primer (Promega, Madison, WI, USA).

2.7. Quantitative PCR Analysis

RNA samples were reverse transcribed using M-MLV reverse transcriptase (Promega,
Madison, WI, USA) with oligo dT primers (Promega, Madison, WI, USA). Real-time
PCR reactions were carried out using a CFX96 Real-Time System C1000 (BioRad, Her-
cules, CA, USA), the TaqMan Universal PCR Master Mix (Applied Biosystems, Fos-
ter City, CA, USA) and the following specific TaqMan pre-designed gene expression
primers and probes (Applied Biosystems, Foster City, CA, USA: AQP1 (#Mm00431834_m1),
AQP3 (#Mm01208559_m1), AQP5 (#Mm00437578_m1), AQP7 (#Mm00431839_m10), AQP9
(#Mm00508094_m1), and Eef2 (#Mm00833287_g1) as previously described in [26]. The
Ct method (2-ΔΔCt) was used for relative quantification of target genes expression after
normalization with the Eef2 reference gene [36,37].

2.8. Quantification of Aortic Plaque Volume

Aortas were processed as previously described in detail [33]. Briefly, dissected aortas
were equilibrated to 0.1% Magnevist (Bayer HealthCare Pharmaceuticals Inc., Whippany,
NJ, USA), 0.25% sodium azide, PBS solution overnight at 4 ◦C, and plaque volume was
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determined by MRI using an Agilent 14T micro imaging system (Agilent Technologies, Inc.,
Santa Clara, CA, USA). After acquisition MR data was reconstructed using Matlab (The
Mathworks Inc., Natick, MA, USA) and data segmentation was performed using Avizo
9.5 (Themo Fisher Scientific, Waltham, MA, USA). The lumen of the aorta, the different
plaques, and the aorta wall were manually segmented. Quantification of plaque volume
was obtained using the material statistics function on the segmented aorta and the results
were expressed as the % of plaque volume in relation to the total segmented volume.

2.9. Statistical Analysis

Statistical analyses were performed in GraphPad Prism 7 (GraphPad Software, La
Jolla, CA, USA), with statistical significance set to p < 0.05. For two-group comparison, an
unpaired Student’s t-test was used. For more than two groups, a one-analysis of variance
(ANOVA) was performed, followed by Tukey’s.

3. Results and Discussion

To investigate whether a HF diet would disturb the expression of AQPs in an atheroscle-
rosis prone model, we fed apoE−/− mice HF or control diets. Only male mice were included
to control for the known effect of gender on atherosclerosis in this strain [38].

3.1. Diet Consumption, Body and Liver Weights, and Liver Histology

The results showed that HF mice consumed significantly less food than the mice fed
a control diet (Figure 1A), nevertheless due to the higher energy density of the HF diet,
more calories were consumed by HF-fed mice versus controls (Figure 1B). As expected, HF
mice gained more weight compared to controls [39,40] (Figure 1C). No differences were
observed in absolute liver weights (g) between the two groups of mice. The values (mean
± SEM, n = 10/group) were 1.17 ± 0.09 and 1.22 ± 0.13, for controls and HF, respectively.
The relative liver weights were also similar in the two groups (Figure 1D).

Figure 1. The effect of control and High-Fat (HF) diets on food (A) and calories (B) intake, and on
animal growth (C) and relative liver weights (D). Data shown are the mean ± SEM (n = 10 per group);
* p < 0.05; ** p < 0.01 control versus HF.
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Oil Red O staining showed that livers from HF-fed mice presented more macrovesic-
ular lipid droplets of Oil Red O positive staining than controls (Figure 2). Ballooned
hepatocytes and sinusoids capillarization, on the other hand, were also exacerbated in
the HF-fed mice, showing more inflated hepatocytes, as compared to the control mice,
indicating liver damage by the HF diet. This finding is consistent with a previous study, in
which hepatic fat accumulation was reported in apoE−/− mice after seven weeks of a diet
containing similar amounts of fat and cholesterol as the HF-diet used in this study [41].

Figure 2. The effect of the experimental diets on liver morphology and hepatic lipid deposition
(n = 3–4/group). The images selected as representatives are at 400× magnification. Red: neutral
lipid; purple: nuclei.

3.2. Blood Biochemistry

We next evaluated the effect of the HF diet on several biochemical parameters. The
results showed that the mice fed a HF diet had significantly increased fasting plasma
TAG (Figure 3A) and glucose levels (Figure 3B), thus confirming the major metabolic
disturbances elicited by the HF diet previously described by others [31,41,42]. In fact, male
apoE−/− mice fed HF-diet are a widely used model of insulin resistance [43], a condition
where aquaglyceroporins expression and function are affected [15,44,45].

3.2.1. Systemic Methylation Index

The ratio of the metabolites, S-adenosylmethionine (AdoMet) to S-adenosylhomocysteine
(AdoHcy), or AdoMet/AdoHcy measures the cell methylation potential [46–48]. AdoMet
is the universal methyl donor to cellular methyltransferases, originating the methylated
substrate and the metabolite AdoHcy. Importantly, AdoHcy may negatively regulate the
activity of those same methyltransferases. Thus, a decreased AdoMet/AdoHcy ratio reflects
a hypomethylating environment. In previous cell studies we have observed that a decrease
in AdoMet/AdoHcy ratio downregulated AQP1 expression and promoted an atherogenic
endothelial phenotype [14]. Yun et al. have reported that a diminished methylation index was
present in wild type mice fed HF diets [49]. These observations led us to measure the systemic
concentrations of AdoMet and AdoHcy in this study. Nevertheless, the results revealed
similar plasmatic AdoMet/AdoHcy ratios in both groups of animals, thus showing that the
systemic methylation index was not affected by the HF diet (Figure 3C) in apoE−/− mice.

3.2.2. Plasma Glutathione

The role of AQPs as facilitators of hydrogen peroxide membrane permeation, a major
reactive oxygen species (ROS), has been recently reported [50]. Importantly, ROS build-up
is a main pathophysiological mechanism favoring the establishment and progression of
atherosclerosis [47]. Glutathione is a major cellular antioxidant that neutralizes hydrogen
peroxide to water. Thus, we measured the systemic levels of total glutathione in our
animals. The results, shown in Figure 3D, revealed similar plasma levels of glutathione
in both groups of animals thereby suggesting that the bioavailability of this tripeptide is
intact in the HF-mice. In support of this possibility, the plasma levels of three amino acids
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that form glutathione, i.e., glutamate (Figure 3E), glycine (Figure 3E), and cysteine (data
not shown) did not differ between these two diets. We do acknowledge however that the
measurement of the concentrations of both the free and reduced glutathione forms would
be necessary to give a functional measure of this major antioxidant system.

Figure 3. The effect of control and High-Fat (HF) diets on circulating concentrations of triacylglycerols
(A), glucose (B), S-adenosylmethionine to S-adenosylhomocysteine ratio (AdoMet/AdoHcy) (C), total
glutathione (D), and amino acids (E). (Ala, alanine; Gly, glycine; Val, valine; Leu, leucine; Ile,
isoleucine; Thr, threonine; Ser, serine; Pro, proline; Asn, asparagine; Asp, aspartate; Met, methionine;
Hyp, hydroxyproline; Glu, glutamate; Phe, phenylalanine; Gln, glutamine; Orn, ornithine, Lys, lysine;
His, histidine; Tyr, tyrosine; Trp, tryptophan). Data shown are the mean ± SEM (n = 6–9 per group);
* p < 0.05; ** p < 0.01; *** p < 0.001; HF versus control.

3.2.3. Plasma Amino Acids

Next, we evaluated the plasmatic levels of amino acids to visualize any changes driven
by the HF diet that could suggest disturbed metabolic pathways to be further related with

57



Biomedicines 2021, 9, 150

diet- induced effects on AQPs expression. In fact, recent developments have begun to
shed light on associations between compromised cardiometabolic function and altered
intermediary metabolism of amino acids [51]. In the present study, the plasma amino
acid levels of the essential amino acids were not different between two groups (Figure 3E).
Thus, the concentrations of the branched chain amino acids (BCAA), Tyr, and Phe, which
were previously implicated in heart failure, a form of CVD [51–53], were similar in both
the HF-fed and control groups. As shown in Table A1, both diets contained the same
amount of casein, which was the only protein source. Because essential amino acids
cannot be synthetized endogenously, this observation suggests that the metabolic pathways
responsible for utilization and catabolism of essential amino acids are intact in the HF-fed
animals. Among the remaining amino acids, significantly lower levels of alanine (Ala),
asparagine (Asn), lysine (Lys), serine (Ser), and proline (Pro) were found in the plasma of
the HF-fed mice compared to the control group (Figure 3E), suggesting that the HF diet
resulted in a decreased protein turn-over state that is consistent with preferential utilization
of the dietary fat as energy fuel [54].

3.2.4. Systemic Inflammation

Finally, we determined the effect of the diets on plasma proinflammatory cytokines, in-
cluding interferon gamma (IFN-γ), interleukin 6 (IL-6), macrophage inflammatory protein-1
alpha (MIP-1α/CCL3), and tumor necrosis factor alpha (TNF-α) [42,55,56]. IFN-γ is a proin-
flammatory mediator that is expressed in atherosclerotic lesions [57]. IL-6 is a pleiotropic
cytokine with both pro- or antiatherogenic effects but which exacerbates atherosclerosis in
murine species [58,59] MCP-1 is an inflammatory chemokine with a critical role in the initi-
ation of atherosclerosis [60]. TNF-α is another major proatherogenic molecule that sustains
the progression of the vascular lesions and atherosclerosis [42]. As expected, feeding mice
with HF diet significantly elevated the systemic concentration of most cytokines, when
compared to the control diet-fed mice (Figure 4). This observation is in agreement with
the positive effect of dietary fat on systemic inflammation and with the well-established
atherogenic effect of a HF diet in apoE−/− mice [61,62]. In fact, inflammation is central to
all stages of atherosclerosis establishment and progression.

3.3. Volume of Atherosclerosis

A method based on ex-vivo MR imaging was used to visualize and quantify the aortic
volume of fatty plaque in HF-fed mice versus controls. The results revealed a profound
difference of the atherosclerosis burden between the two groups of animals (Figure 5).
Plaque volume throughout the whole aorta was significantly increased in the HF group
compared to the control group; the atherosclerotic lesions predominantly distributed in
the aortic arch and in the areas surrounding the branching points of the major arteries,
which includes the brachiocephalic artery (BCA). As a result, the difference between HF-
aortas and control aortas in these two highly susceptible regions, aortic arch and BCA,
was even more pronounced than in the whole aortas. Interestingly, despite this massive
difference of vascular lesions between HF-fed mice and controls both groups of animals
presented similar plasma concentrations of the BCAA Val, Leu and Ile, and of Tyr and Phe
(Figure 3), which were previously suggested to have a significant role in the pathogenesis
of atherosclerosis and CVD [51–53]. The increased systemic inflammation observed in
HF-fed mice, however, (Figure 4) is consistent with this augmented arteriosclerotic plaque
burden observed in these mice. Taken together, these observations are in agreement
with the well-established atherogenic effect of dietary fat [63]. Having induced a strong
atherosclerotic phenotype with HF diet in apoE−/− mice, when compared to controls, we
determined the expression levels of the orthodox AQP isoforms, AQP1 and AQP5, and of
the aquaglyceroporins AQP3, AQP7, and AQP9, in both groups of mice.
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Figure 4. The effect of control and High-Fat (HF) diets on systemic inflammation. Interleukin 6, IL-6
(A); interferon gamma, INF-γ (B); macrophage inflammatory protein-1 alpha, MIP-1α/CCL3 (C);
tumor necrosis factor alpha, TNF-α (D). Data shown are the mean ± SEM (n = 4 per group). * p < 0.05
HF versus control.

3.4. Expression of Aquaporins in Liver and Adipose Tissues

The expression of AQPs with impact on metabolism and endothelial function (AQP1,
AQP3, AQP5, AQP7, and AQP9) [14] was evaluated in three distinct metabolic tissues: liver,
WAT and BAT. Liver is the organ responsible for the plasma glucose levels maintenance,
thus, in a situation of negative energy balance or exercise, glucose is produced in the liver
and released to the bloodstream [64]. When the body is in a state of positive energy balance
and plasma glucose levels are high (as in the HF-fed mice), energy is stored in WAT in
the triacylglycerol form, to be hydrolyzed in case of energy demands. BAT is a tissue that
burns excess fat by thermogenesis [65].

All of the investigated AQP isoforms were detected in liver, WAT, and BAT, however,
each in a tissue-specific profile (Figure 6A,C,E, black bars). In liver, and as previously
described, AQP9 was the most highly expressed isoform [18]. Moreover, AQP1, AQP3,
AQP7, and AQP5 were also detected in liver, although at lower levels than AQP9 (Figure
6A). While AQP9 has been described as responsible for glycerol influx in hepatocytes, no
specific function has been attributed to any other hepatic AQP isoform [66]. Concerning
the impact of the HF diet on the hepatic AQPs expression levels, we observed that AQP3
was the most affected isoform, with the HF-fed mice presenting levels that were around
80-fold more than controls. Nevertheless, since the overall expression level of AQP3 was
lower than the most abundant isoform AQP9, an increase in AQP3 expression may not
have significantly impacted the total glycerol efflux in hepatocytes. Interestingly, however,
AQP3 is also a hydrogen peroxide channel [67], and thus its upregulation might represent
an increase in oxidative stress in the tissue. This possibility is favored by the fact that the
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hepatic expression levels of another peroxiporin, AQP5, were also significantly upregulated
by the atherogenic diet. In fact, overall oxidative stress is a major driver of the strong
atherogenic phenotype observed in these HF-fed animals [46,48]. Additionally, the results
showed that hepatic AQP1 was significantly downregulated by the HF-diet whereas the
levels of AQP9 remained unaltered (Figure 6B). One limitation to our study is the fact
that AQP9 immunolocalization was not performed, which would show whether it is
correlated with gene expression or liver pathology. By histopathological analysis we could
confirm the presence of hepatic fat accumulation in the HF-fed mice. Nevertheless, the
lack of markers of hepatic fibrosis in the present study prevents us to further elucidate
the relationship between hepatic AQPs expression and the development of atherosclerosis.
However, a study in patients with morbid obesity did not find any relationship between
AQP9 expression in the liver and the degree of hepatic steatosis or fibrosis [68]. Therefore, it
seems that regulation of fatty liver deposits is not influenced by AQP9 expression. Thus, it
is unlikely that animals fed the atherogenic diet and with liver fat deposition show altered
hepatic aquaglyceroporin expression profile.

Figure 5. Differences in aortic atherosclerosis burden between mice fed the different diets. (A) Representative images (both
sides of the same aorta are shown) of the visualization of the arteriosclerotic plaque (colored in red) using 14T-magnetic
resonance imaging (MRI) in aortas from mice fed control or high-fat diets (BCA, brachiocephalic artery). (B) 14T-MRI volumetric
assessment of the atherosclerotic plaque in different aorta segments. Data shown are the mean ± SEM (n = 8–10 per group).
*** p < 0.001, HF versus control.
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Figure 6. Aquaporins gene expression in apoE−/− mice fed control or atherogenic High-Fat (HF) diets. AQP1, AQP3, AQP5,
AQP7 and AQP9 expression in liver (A), WAT (C) and BAT (E) in mice fed control or HF diets and respective fold-change
in HF-fed animals relative to controls [liver (B); WAT (D); and BAT (F)]. Results are mean ± SEM (n = 8–10 per group).
* p < 0.05; ** p < 0.01; *** p < 0.001; all HF versus control.

Interestingly, the association of an inadequate AQP1 function with an atherogenic
phenotype has been previously reported albeit in other contexts. For example, we observed
that endothelial dysfunction under hypomethylating stress lessened AQP1 expression
in vitro [14], and others reported that the targeted deletion of the AQP1 gene favored
atherosclerosis progression in apoE−/− mice [4]. In the present study, and as discussed
above, the AdoMet/AdoHcy ratio was not affected by the HF-diet, so we can exclude a
disturbed systemic methylation index as causing the observed HF-induced hepatic AQP1
downregulation.

In WAT, we have detected abundant levels of AQP1, AQP3 and AQP7 mRNAs, while
AQP5 and AQP9 were present in low amounts (Figure 6C) [16,66]. A strong induction
of AQP5 expression of around 15-fold was observed in mice fed HF diet. As aforemen-
tioned, AQP5 is a peroxiporin whose expression has been related with oxidative stress in
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rodents [69] and humans [13]. We have previously reported dysregulation of endothelial
AQP5 expression associated with endothelial dysfunction [14], suggesting AQP5 is closely
related to a dysbalanced redox state that favors the atherosclerosis progression. In addition,
our present results show that AQP3 and AQP9 expression is impaired in WAT from mice
fed HF diet (Figure 6D). Knowing that AQP3 and AQP9 are the most abundant aquaglyc-
eroporins in mice adipose membranes [26], their downregulation might represent a cellular
strategy to avoid excess glycerol efflux to be used in liver.

BAT presented high levels of AQP7 gene expression, the most representative isoform
in this tissue, and low levels of AQP1, AQP3, AQP5, and AQP9 mRNAs (Figure 6E). In the
BAT of HF-fed mice, AQP3 was downregulated, AQP9 and AQP5 were increased around
4- and 60-fold, respectively, while AQP1 and AQP7 expression was unaltered (Figure 6F).
The downregulation of AQP3 in parallel with the dramatic upregulation of AQP5, suggests
an impairment of glycerol movements coupled to increased sensitivity to oxidative stress,
similar to the observed in WAT.

The AQPs expression pattern in the three analyzed tissues revealed tissue-specific
differences, inherent to their predicted metabolic role. However, AQP5 expression was
consistently induced by HF diet across WAT, BAT, and liver. Since AQP5 facilitates hydro-
gen peroxide permeation in rodents and humans, its upregulation suggests the presence
of an unbalanced redox state [13,69]. Here, we have detected similar plasma levels of
total glutathione, the major intracellular antioxidant that neutralizes hydrogen peroxide,
in both groups of animals, thereby suggesting that the bioavailability of glutathione was
intact in the HF-fed mice. Nevertheless, this similar glutathione bioavailability does not
translate into a similar antioxidant capacity and could only be evaluated by determining
the concentration of the reduced and oxidized glutathione forms. AQP5 dysfunction has
been associated with a vast array of phenotypes, and evidence suggests that AQP5 upregu-
lation promotes tumor cell proliferation [70,71]. Studies correlating AQP5 to obesity are
scarce; however, a link between hypothalamus AQP5 and adipocyte gene expression was
reported, indicating a possible regulatory coordination [72]. Interestingly, AQP5 is crucial
for mice adipocyte differentiation [73] and AQP5-KO mice have lower body weight than
controls [74]. Altogether, these data suggest that the increased AQP5 expression observed
in WAT may indicate an increase in adipocyte differentiation to accommodate the excess
fat in HF diet.

4. Conclusions

In conclusion, the present study contributes to a better characterization of the well-
established apoE−/− mouse model by reporting that the pattern of AQPs expression in
these mice is disturbed, in a tissue-specific manner, by an atherogenic HF diet. The present
report suggests a novel relation between diet, AQP5, and atherosclerosis that warrants
further investigation and may ultimately open the door to the development of effective
new treatments for CVD.
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Appendix A

Table A1. Macronutrient composition of the experimental diets.

Control Diet High Fat Diet

g Kcal g Kcal

Casein 180 720 184 736
L-Cysteine 3 12 3 12
Corn starch 431 1725 217 868
Maltodextrin 10 155 620 93 372
Sucrose 100 400 102 408
Cellulose 35 0 35 0
Cocoa butter 0 0 155 1395
Primex 25 225 0 0
Corn oil 25 225 25 225
Cholesterol 0 0 11 0
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Abstract: Angiogenesis, a process of new blood vessel formation from the pre-existing vascular bed,
is a critical event in various physiological and pathological settings. Over the last few years, the role of
endothelial cell (EC) metabolism in angiogenesis has received considerable attention. Accumulating
studies suggest that ECs rely on aerobic glycolysis, rather than the oxidative phosphorylation
pathway, to produce ATP during angiogenesis. To date, numerous critical regulators of glucose
metabolism, fatty acid oxidation, and glutamine metabolism have been identified to modulate the
EC angiogenic switch and pathological angiogenesis. The unique glycolytic feature of ECs is critical
for cell proliferation, migration, and responses to environmental changes. In this review, we provide
an overview of recent EC glucose metabolism studies, particularly glycolysis, in quiescent and
angiogenic ECs. We also summarize and discuss potential therapeutic strategies that take advantage
of EC metabolism. The elucidation of metabolic regulation and the precise underlying mechanisms
could facilitate drug development targeting EC metabolism to treat angiogenesis-related diseases.

Keywords: endothelial cell; glycolysis; metabolism; angiogenesis; pathological angiogenesis; tu-
mor microenvironment

1. Introduction

Vascular endothelial cells (ECs) form a single layer that coats the interior walls of
arteries, veins, and capillaries. ECs are necessary for nutrient and oxygen exchanges
between the bloodstream and surrounding tissues [1]. In response to proangiogenic
stimuli, ECs rapidly change their cellular state from a quiescent to a proliferative and
migratory state. Tip cells at the leading edge of sprouting vessel are characterized by
a high migratory and matrix-degrading capacity. Stalk cells follow the tip cells, and
they are highly proliferative. Compared with the two differentiated EC types, quiescent
ECs are less proliferative and migrative [2]. Recently, metabolic pathways have been
identified to be critical for many EC functions, including embryonic angiogenesis [3],
pathological angiogenesis [4–6], inflammation [7], and barrier function [8]. By means of
modern techniques, many new metabolic features of angiogenic ECs have been discovered.
Increasing knowledge about the flexibility and adaptability of metabolism during the
angiogenic switch will facilitate new therapeutic strategies for patients with angiogenesis-
related diseases. Here, we shed light on the remarkable glycolytic features of angiogenic
ECs and propose feasible therapeutic approaches targeting EC glucose metabolism.

1.1. Endothelial Cell Glucose Metabolism

For most body cells, carbohydrates, lipids, and proteins ultimately break down into
glucose, fatty acids, and amino acids, respectively. The nutrients are used to produce
energy through glycolysis or tricarboxylic acid cycle (TCA cycle) pathways. Glucose serves
as the primary metabolic fuel to enter tissue cells and be converted to ATP for cellular

Biomedicines 2021, 9, 147. https://doi.org/10.3390/biomedicines9020147 https://www.mdpi.com/journal/biomedicines

67



Biomedicines 2021, 9, 147

maintenance. Thus, glucose metabolism is essential not only for energy production but
also for metabolic waste removal. The endothelium is a metabolically active organ that
maintains both vascular homeostasis and systemic metabolism [9]. In ECs, numerous
genes, including insulin receptor substrate 2 (IRS2), peroxisome proliferator-activated
receptor-gamma (PPARγ), and fatty acid translocase (FAT)/cluster of differentiation 36
(CD36), have been demonstrated to regulate systemic glucose levels [10–14]. Transcription
factor EB (TFEB) is a master regulator of autophagy and lysosomal biogenesis [15]. Recently,
we found that EC-specific TFEB overexpression improves systemic glucose tolerance in
mice on a high-fat diet. In human primary ECs, TFEB increases glucose uptake and insulin
transport across ECs through activation of Akt signaling [16]. It is still a challenge to
elucidate detailed mechanisms by which altered EC function affects glucose metabolism
in peripheral tissues in vivo. The role and mechanisms of these regulators in crosstalk
between ECs and metabolically active tissues remain to be fully explored.

In general, as the first step of glucose metabolism, glucose is transported across the
plasma membrane by glucose transporters, especially glucose transporter 1 (GLUT1). As
soon as glucose enters the cells, it is phosphorylated to glucose-6-phosphate (G6P) as
catalyzed by hexokinase (HK). G6P can be utilized immediately for energy production
through the glycolytic pathway. Under aerobic conditions, pyruvate can be fed into
mitochondria and fully oxidized to produce ATP. When oxygen is limited, pyruvate is
converted to lactate, and glycolysis becomes the primary source of ATP production [17]. In
the early 1920s, Otto Warburg first found that tumor cells use the glycolysis pathway as the
energy source under aerobic conditions. Until recently, ECs were discovered to have unique
features of glucose metabolism [3]. Although glycolysis and oxidative phosphorylation
(OXPHOS) are the two major energy-producing pathways in ECs, normally, up to 85% of
ATPs are generated through the glycolysis pathway in human umbilical vein endothelial
cells (HUVECs) during vessel sprouting [3]. In cultured quiescent aortic ECs, 99% of glucose
is catalyzed into lactate [3,18]. In addition, single-cell RNA sequencing data obtained from
mouse tumor tissues and choroidal neovasculature revealed that angiogenic ECs (tip, stalk
cell) are enriched in gene sets of both glycolysis and OXPHOS when compared with normal
ECs [4].

ECs produce and consume energy to fuel cell proliferation and migration, maintain
their structures, and adapt to environmental changes during the EC switch from a quiescent
to an angiogenic phenotype. The different glycolytic features of tip cells, stalk cells, and
quiescent cells are summarized in Figure 1. The unique aerobic glycolytic features of ECs
could serve as beneficiary protection for ECs as follows: (1) glycolysis produces ATP with
faster kinetics; (2) enabling rapid response to anaerobic conditions to generate energy,
especially under nutrient deprivation; (3) glycolysis occurs in the cytosol and it does
not require oxygen. ECs can save oxygen for the transendothelial transfer of oxygen to
perivascular cells; (4) low mitochondria content (2–6%) in ECs is consistent with the role of
mitochondria as an energetic sensor rather than producer [19]; (5) avoiding the production
of reactive oxygen species (ROS) and preventing apoptotic cell death in oxidative stress
conditions [20]; and (6) glycolysis provides metabolic intermediates to generate amino
acids, lipids, and nucleotides [21]. In light of the importance of glycolysis in ECs, we
summarize the role and underlying mechanisms of glycolysis in angiogenesis.
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Figure 1. Differential metabolic features in three major endothelial cell (EC) populations. According to the phenotypes
of ECs, they can be classified into tip cells, stalk cells, and quiescent cells during angiogenesis. Tip cells grow from the
pre-existing vascular bed and are highly responsive to microenvironmental signals for migration. Stalk cells are highly
proliferative and follow the tip cells to form a vessel lumen. Quiescent cells maintain vascular homeostasis. Angiogenic ECs
show upregulated glycolysis gene signatures during the angiogenic switch to meet their metabolic demands. Quiescent ECs
lower their glycolytic flux (35–40%) and use fatty acid oxidation (FAO) flux to maintain energy homeostasis. OXPHOS:
oxidative phosphorylation.

1.2. Endothelial Cell Fatty Acid Oxidation

Fatty acids are another source of energy. They are either passively diffused from
blood or transported by FAT/CD36 into the cell to fuel the TCA cycle [22]. Through the
fatty acid oxidization (FAO) pathway, fatty acids are oxidized into two-carbon acetyl CoA
molecules, which can provide twice as much ATP as carbohydrates. Strikingly, a recent
study found that in cultured ECs, fatty acids act as a carbon source for deoxynucleoside
triphosphate (dNTP) synthesis rather than providing ATP (<5% of total ATP) [23]. Genetic
or pharmacological inhibition of carnitine palmitoyltransferase I (CPT1), the rate-limiting
enzyme in FAO, causes functional defects in differentiation, proliferation, and barrier
function in ECs [8,24,25]. Fatty acid transport protein (FATP) and fatty acid-binding protein
(FABP) were also found to regulate EC function when stimulated with vascular endothelial
growth factor (VEGF) [26,27]. Loss of fatty acid binding protein 4 (FABP4) in ECs results in
decreased proliferation, migration, and sprouting [26]. Taken together, FAO is required for
EC dNTP synthesis and proliferation during sprouting angiogenesis.

1.3. Endothelial Cell Glutamine Metabolism

Besides glycolysis and FAO, ECs utilize glutamine as a “conditionally essential”
nutrient [28]. In physiological conditions, glutamine is the most abundant free amino
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acid in plasma and the most important donor of nitrogen atoms for metabolism [29],
contributing 30% of the TCA carbons [23]. Nearly 90% of glutamine is transported into
ECs through a sodium-dependent transporter system [30] and is oxidized in mitochondria
to produce ATP. Highly proliferative ECs utilize glutamine for protein synthesis, the TCA
cycle, and redox homeostasis [31,32]. Since ECs have low mitochondrial content, glutamine
metabolism showed marginal effects on sprouting angiogenesis. Nevertheless, glutamine
could be effectively regulating vascular tone and inflammation [32].

2. Glucose Metabolism in Quiescent ECs

In healthy adult vasculature, the majority of ECs are quiescent [33,34]. A quiescent
endothelium is essential to maintaining vascular integrity, suppressing thrombosis, and
inhibiting inflammation [34,35]. Laminar shear stress maintains the quiescent state of
ECs, inhibits EC glycolysis, and downregulates PFKFB3 in a Krüppel-like factor 2 (KLF2)-
dependent manner [36]. Forkhead box O1 (FOXO1), a transcription factor that plays
an important role in regulating gluconeogenesis and glycogenolysis, maintains the EC
quiescent state and restricts vascular overgrowth by reducing glycolysis. MYC proto-
oncogene (MYC), a potent driver of anabolic metabolism, mediates the inhibitory effect of
FOXO1 on glycolysis in ECs [37]. Unlike tip cells with compartmentalization of glycolysis
in lamellipodia and filopodia, quiescent ECs have glycolysis taking place in the perinuclear
cytosol [3]. ECs shift between a proliferative and nonproliferative state based on their
metabolic needs. When angiogenesis occurs, EC migration and proliferation rely on
glycolysis as a fuel source [38]. Quiescent ECs tend to have lower metabolic rates and
reduced metabolic gene transcripts related to glycolysis, the TCA cycle, respiration, and
nucleotide synthesis compared with highly activated ECs. Instead, through increasing FAO
flux, quiescent ECs utilize FAO to maintain redox homeostasis but do not utilize FAO for
ATP production or DNA synthesis [39]. This feature of metabolic adaptation and flexibility
reprogram ECs to switch between angiogenic and quiescent states, which significantly
impacts vascular disease-related angiogenesis.

3. EC Glucose Metabolism in Pathological Angiogenesis

3.1. Ocular Angiogenesis (Diabetic Retinopathy and Retinal Angiomatous Proliferation)

In diabetic patients, retinal ECs constitutively express GLUT1, which results in ele-
vated ROS in both the cytosol and mitochondria due to high glucose level and insufficient
ROS scavenging [40]. As a consequence, ECs lower down their glycolytic flux. Accumu-
lated glycolytic intermediates are directed into other glycolysis branch pathways (e.g., ~3%
enters the polyol pathway) and further increase ROS [41]. In the past few years, several
studies were carried out to explore glucose metabolism in retinal ECs in the context of
diabetic retinopathy. In vitro, loss of EC-GLUT1 leads to reduced glycolysis, AMP-activated
protein kinase (AMPK) activation, and decreased cell proliferation. Conditional deletion of
Glut1 in mouse ECs results in impaired retinal and brain angiogenesis due to tip cell reduc-
tion in vivo [42]. Deletion of peroxisome proliferator-activated receptor-alpha (PPARα) in
endothelial colony-forming cells (ECFC) decreased mitochondrial oxidation and glycolysis
and further exacerbated 4-hydroxynonenal (HNE)-induced mitochondria damage [43].

Recent studies of EC metabolic profiling shed light on the connection of EC metabolism
to pathological ocular angiogenesis. Joyal et al. demonstrated that the retina utilized glu-
cose and FAO for ATP production and identified that free fatty acid receptor 1 (FFAR1),
a lipid sensor, inhibits glucose uptake when free fatty acids are available [44]. FFAR1 de-
creases GLUT1 and suppresses glucose uptake in the retinas of very low-density lipoprotein
receptor (Vldlr) knockout mice. The impaired glucose uptake into photoreceptors results in
a dual lipid/glucose fuel shortage and reduction in α-ketoglutarate, an intermediate of the
TCA cycle. Low α-ketoglutarate further stabilized hypoxia-inducible factor 1α (HIF-1α)
and increased VEGF secretion. As a result, abnormal vessels invaded avascular photore-
ceptors, which mimicked retinal angiomatous proliferation [44]. In addition, blockade
of endothelial carnitine palmitoyltransferase 1A (CPT1A) or glutaminase 1 (GLS1) could
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reduce ocular neovascularization in mice [23,32]. Fatty acid synthesis is also involved in
pathological ocular angiogenesis [45]. EC-specific fatty acid synthase (Fasn) knockout or
application of the FASN blocker orlistat in vivo impairs angiogenesis and inhibits abnor-
mal ocular neovascularization through malonylation-dependent repression of mammalian
target of rapamycin complex 1 (mTORC1) activity. Taken together, the energy sources for
ECs rely on both glycolysis and FAO in the pathological process of ocular angiogenesis, as
shown in Figure 2.

Figure 2. Endothelial cell (EC) glycolytic flux in ocular angiogenesis and peripheral artery disease (PAD). Retinal ECs
utilize both glycolysis and fatty acid oxidation (FAO) for adenosine triphosphate (ATP) production. High glucose level
leads to overproduction of mitochondrial reactive oxygen species (ROS) in ECs. The accumulated glycolytic intermediates
result in lower glycolytic flux, which further increases ROS in both mitochondria and cytosol in diabetic ECs. ECs in PAD
show impaired oxidative phosphorylation. Under energy deficiency conditions, phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3), glycolytic flux, and autophagy have protective effects on ECs in PAD. Red color represents the
metabolic genes that positively regulate angiogenesis. GLUT1, glucose transporter 1; AR, aldose reductase; SDH, Sorbitol
dehydrogenase; NADPH, nicotinamide adenine dinucleotide phosphate; NADH, nicotinamide adenine dinucleotide; AMPK,
AMP-activated protein kinase; G3P, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; DAG, diacylglycerol;
PKC, protein kinase C; 3PG, 3-phosphoglyceric acid; FAS, fatty acid synthase; CPT1A, carnitine palmitoyltransferase
1A; GLS1, glutaminase 1; mTORC1, mammalian target of rapamycin complex 1; OXPHOS, oxidative phosphorylation;
acetyl-CoA, acetyl coenzyme A; TCA, tricarboxylic acid cycle; F2,6P2, fructose 2,6-bisphosphate; TFEB, transcription factor
EB; HIF-1α, hypoxia-inducible factor 1-alpha; HRE, hypoxia response elements; Plog, mitochondrial DNA polymerase
gamma; mtDNA, mitochondrial DNA.

3.2. Diabetic Angiogenesis

Hyperglycemia negatively regulates HIF-1α stability and its nuclear translocation
by upregulation of prolyl hydroxylase domain protein 2 (PHD2) and PHD3. PHD2 and
PHD3 act as oxygen sensors in oxygen-dependent regulation of HIF-1α stability. The
hypoxia/VEGF axis is impaired in ECs under high-glucose conditions [46]. Under hy-
poxia, HIF-1α is also stabilized, and it upregulates glycolytic and glucose uptake-related
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genes, including glucose transporter 1/3 (GLUT1 and GLUT3), hexokinase 1/2 (HK1/2),
phosphoglycerate kinase 1 (PGK1), lactate dehydrogenase A (LDHA), pyruvate kinase M2
(PKM2), phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), aldolase A/C
(ALDOA/C), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphofructoki-
nase type 1 (PFK1), and pyruvate dehydrogenase kinase 1 (PDK1) [47]. Furthermore, in
response to hypoxia, VEGF increases PFKFB3 expression to enhance glycolysis in ECs.
However, high glucose reduces PFKFB3 expression in the mouse ECs [48]. These studies
suggest that hyperglycemia downregulates two critical promoters of angiogenesis: HIF-1α
and PFKFB3 in ECs. Therefore, different from diabetic retinopathy, diabetes leads to insuf-
ficient angiogenesis in wound healing [49–51], characterized by decreased angiogenesis
and vascular density.

In diabetic rodents and humans, peroxisome proliferator-activated receptor-gamma
coactivator 1-α (PGC-1α) expression was elevated in ECs [52]. PGC-1α could be a critical
regulator of endothelial activation caused by hyperglycemia [52]. In mice, endothelial
PGC-1α inhibits blood flow recovery, exacerbates foot necrosis in the hindlimb ischemia
model, and attenuates wound healing. Mechanistically, PGC-1α activates Notch and blocks
Rac/Akt/eNOS signaling in ECs [52]. Collectively, as critical metabolic regulators in ECs,
PFKFB3, HIF-1α, and PGC-1α could be potential targets to modulate angiogenesis in
diabetic conditions.

3.3. Peripheral Arterial Disease (PAD) and EC Glycolytic Flux

PAD is a manifestation of reduced blood supply to the lower extremities that is mostly
induced by atherosclerotic obstruction. Ischemia imposes a major energetic challenge
on the tissues due to impaired oxidative phosphorylation. Using Polg mtDNA mutator
(PolgD257A) mice, Ryan et al. observed the remarkable protective effects of glycolytic
metabolism and PFKFB3 on hindlimb ischemia. They also collected muscles from patients
with critical limb ischemia and found lower PFKFB3 expression and reduced glycolytic
flux in patient muscles [53]. Indeed, therapeutic angiogenesis is a promising strategy
for the treatment of PAD. Utilizing EC-specific Tfeb transgenic and knockout mice, we
demonstrated that TFEB promotes angiogenesis and improves blood flow recovery in
the mouse hindlimb ischemia model. In ECs, TFEB increases angiogenesis through the
activation of AMPKα and upregulation of autophagy [54–56]. As summarized in Figure 2,
this finding established a positive relation between TFEB and postischemia angiogenesis.
The role of TFEB in glucose metabolism remains to be fully explored.

3.4. Tumor Angiogenesis
3.4.1. Tumor Endothelial Cells (TECs) Adapt Their Metabolism to the Tumor
Hypoxic Environment

ECs are more resistant to hypoxia than other cell types, such as cardiomyocytes and
neurons [57]. Unlike normal ECs, disorganized TECs are essential for tumor growth
characterized by a leaking vascular system, high interstitial fluid pressure, reduced blood
flow, poor oxygenation, and acidosis [58]. Hypoxia and ischemia can activate the EC switch
from a quiescent to angiogenic phenotype (higher proliferative and migratory abilities).
Recently, single-cell RNA sequencing data from tumor tissues revealed that TECs are
hyperglycolytic. Their total read counts were 2–4 fold higher than that in normal ECs, which
means TECs have high RNA content due to increased metabolic demands of nucleotide
biosynthesis and glycolysis [4]. TECs have a distinct metabolic transcriptome signature
linked to their angiogenic potential, as shown in Figure 3. Similar to TECs, stroma cells
also have metabolic adaptability or flexibility in the tumor microenvironment [59]. TECs
showed heterogeneity in cell function and structure, which could be varied in different
host organs and tumor types [4,60]. To date, although many antiangiogenic compounds
have been identified, antiangiogenesis therapy may not be enough for tumor treatment
(metastatic breast cancer and glioma) due to vessel co-option or vasculogenic mimicry [61,
62]. Since tumor cells and tumor stroma cells, including TECs, can adapt their metabolism
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to survive and proliferate in tumor growth, modulation of cell metabolism could be
effective to control not only different phenotypes of TECs at multiple steps of angiogenesis
(proliferation, migration, sprouting, and maturation) but also tumor cell growth.

Figure 3. Tumor endothelial cells (TECs) exhibit distinct metabolic transcriptome signatures, which are linked to their
angiogenic potential. Compared with quiescent ECs, TECs utilize both glycolysis and OXPHOS for energy production.
TECs (tip, stalk, and immature ECs) show upregulated glycolytic genes, including glucose transporter 1 (GLUT1), glucose
transporter 3 (GLUT3), hexokinase 1 (HK1), hexokinase 2 (HK2), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3), phosphofructokinase 1 (PFK1), aldolase A (ALDOA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
pyruvate kinase M2 (PKM2), enolase 1 (ENO1), lactate dehydrogenase A (LDHA). TECs can proliferate in a lactate-rich
environment. Under hypoxia, hypoxia-inducible factor-1 alpha (HIF-1α) increases the expression of GLUT1 and GLUT3 in
TECs. Autophagy is increased to promote TECs to survive and adapt to metabolic needs. The star symbol indicates the
steps where chemical compounds are available and the antiangiogenic effects have been tested in preclinical or clinical
settings. Red color represents the upregulated metabolic genes. FA, fatty acid; MCT1/4, monocarboxylate transporter 1/4;
PGK, phosphoglycerate kinase; GPI, glucose-6-phosphate isomerase.

3.4.2. TECs Release More Lactate and Utilize Lactate for Proliferation

Lactate, the metabolic end-product of glycolysis, is released by ECs in aerobic condi-
tions, and in turn, lactate attenuates HIF-1α degradation by binding and inhibiting HIF
prolyl hydroxylase [63]. Hyperglycolytic TECs could be the potential source of lactate in
the tumor microenvironment. Both normal ECs and TECs can utilize lactate to support
their growth in a dose-dependent manner [63]. In the mouse Lewis lung carcinoma model,
suppression of monocarboxylate transporter 1 (MCT1), the main transporter for lactate up-
take in ECs, reduces tumor angiogenesis [64]. Lactate dehydrogenase B (LDHB) expression
is increased in TECs, which helps re-entered lactate to integrate into the metabolism [65].
Compared with normal ECs, TECs do not only produce more lactate; their growth is
also promoted by lactate preferentially. Unlike normal ECs, TECs can proliferate in a
lactate-rich environment due to highly expressed carbonic anhydrases II (CAII) that fa-
cilitate the transport activity of MCT1/4 [58]. These findings suggest that TECs are more
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glycolytic than normal ECs, even though normal ECs are already addicted to glycolysis [3].
Collectively, altered TEC glucose metabolism can sustain their proliferation in the tumor
microenvironment and survive in an acidic environment.

3.4.3. TECs Display High Glycolytic Flux

Accumulated single-cell RNA sequencing data has revealed numerous transcriptome
signatures related to glycolysis in TECs [4]. Compared with normal ECs, TECs showed
higher glycolytic flux. The mechanisms by which glycolytic flux is regulated in TECs
remain to be fully explored. The first key and irreversible step is the transformation of F6P
to fructose-1,6-bisphosphate (F1,6BP) catalyzed by phosphofructokinase 1 (PFK1). PFK1
activity is inhibited by intracellular ATP or citric acid and reactivated by F2,6BP. PFKFB3
has high kinase activity to promote the synthesis of F2,6BP and maintain the increased
glycolytic flux [66]. EC-specific deletion of a single Pfkfb3 allele or administration of the
PFKFB3 inhibitor (3-(3-pyridinyl)-1-(4-pyridynyl)-2-propen-1-one, 3PO) reduces tumor
cell invasion and metastasis, normalizes tumor vessels, and improves the vascular barrier
by reducing VE-cadherin (vascular endothelial cadherin) endocytosis [5]. Augmented
glycolysis in TECs fuels multiple metabolic pathways, including the pentose phosphate
pathway (PPP), hexosamine biosynthesis pathway (HBP), TCA cycle, and serine biosyn-
thesis pathway [4]. Glycolytic flux is nearly three-fold higher in TECs than in normal ECs,
and TECs utilize glucose carbons for biomass production. Additionally, in TECs, hypoxia
upregulates glucose transporters (GLUT1 and GLUT3), which are necessary for rapid
glucose uptake and increased glycolytic flux [5,67]. Both inter- and intratumor metabolic
heterogeneity has been observed within and between the tumors [68]. This would make
the strategy of targeting glucose metabolism in TECs more valuable, as tumor cells show
high metabolic flexibility. At the same time, TECs are more stable and consistent among
various tumor types.

3.4.4. TECs Exhibit Increased Autophagy

Autophagy is a conserved cellular degradation pathway that is critical to maintain
cellular homeostasis and to adapt to the metabolic needs to sustain proliferation and
survival [69,70]. However, the effects of autophagy in cancer are still controversial because
autophagy plays opposite roles in precancerous and malignant tumors [71,72]. The role of
autophagy in the vasculature has gained more attention as tumor vessels are involved in
both nutrient replenishment and metastasis for starved and stressed tumor cells. In the
tumor microenvironment, TECs are subjected to low glucose, starvation, low blood flow,
and hypoxia. Autophagy is upregulated in TECs in response to extracellular stresses [69].
Mechanistically, autophagy is controlled by upstream regulators, including mammalian
target of rapamycin (mTOR) and AMP-activated protein kinase-α (AMPKα). Accumulated
studies suggest that autophagy regulators, including Beclin 1 (BECN1), TFEB, and high-
mobility group box protein 1 (HMGB1) modulate angiogenesis [54,65,73]. Compared
with normal ECs, TECs may adjust their autophagy/lysosomal activity to mitigate the
detrimental effects of hypoxia. ECs maintain glycogen stores during hypoxia but not
under low-glucose conditions. Autophagy sustains cell survival in nutrient-deprivation
conditions, in which cells use glycogen as a critical backup energy source [74]. In Figure 4,
we summarize the glycogen storage and breakdown pathways modulated by autophagy. In
a high-glucose environment, ECs store glycogen to prepare energy for extracellular stresses.
Upon hypoxia or nutrient deprivation, 90% of glycogen is mobilized and converted into
glucose-1-phosphate (GP) catalyzed by glycogen debranching enzymes and glycogen
phosphorylase [75]. Then, GP is converted into glucose-6-phosphate (G6P) catalyzed
by phosphoglucose mutase. G6P can be directly used for glycolysis to maintain EC
proliferation and migration. Alternative autophagy-dependent glycogen breakdown (10%)
produces nonphosphorylated glucose catalyzed by lysosomal 1,4-α-glucosidase to meet
metabolic requirements [76]. Nonphosphorylated glucose can either be used in glycolysis
or stored as glycogen in cells, depending on the metabolic status. In various cell types,

74



Biomedicines 2021, 9, 147

TFEB increases autolysosome numbers and stimulates the fusion between lysosomes and
autophagosomes under hypoxia and nutrient-deprivation stress [77,78]. In this scenario,
TFEB, together with other autophagy regulators, would be critical in glycogen storage and
mobilization through enhancing autophagic flux. The role of autophagy in TEC metabolic
reprogramming remains to be fully explored.

 

Figure 4. EC glucose and glycogen metabolism in hypoxia and nutrient-deprivation conditions. Under hypoxia and
nutrient-deprivation conditions, cellular energy levels are decreased and autophagy is upregulated by the AMPK–mTORC1
pathway. The autophagy–lysosomal pathway promotes the recycling of nutrients, including glucose, for cell survival.
In response to environmental changes, ECs use glycogen as a backup energy source. Upon nutrient deprivation, TFEB
translocates to the cell nucleus, where it activates target genes involved in lysosomal function and autophagy. Upregulated
autophagy/lysosomal activity supports ECs to resist the detrimental effects of hypoxia and nutrient deprivation. Red color
represents the key metabolic genes.

4. EC Metabolic Regulators of Antiangiogenesis and Vessel Normalization

In both preclinical and clinical settings, anti-VEGF therapy showed transitory, limited
efficacy and acquired resistance [79]. Recent single-cell RNA sequencing data suggested
that glycolytic genes were upregulated in tip cells in xenograft tumors after pharmacologi-
cal inhibition of VEGF and Notch signaling [60]. Abnormal tumor vessels promote tumor
growth, metastasis, and resistance to chemotherapy. Tumor vessel normalization has been
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recognized as a promising strategy for anticancer treatment. Blockade of PFKFB3 improves
vessel maturation and perfusion, thereby reducing tumor cell invasion, intravasation, and
metastasis and enhancing the efficiency of chemotherapy on tumors [5]. Glycolysis drives
EC rearrangement by increasing filopodia formation and reducing intercellular adhesion.
PFKFB3 blockade promotes the disturbed EC rearrangement in high-VEGF conditions [80].
The glycolytic enzyme pyruvate kinase M2 (PKM2) regulates cell–cell junctions and mi-
gration in ECs. PKM2 knockdown promotes proper VE-cadherin internalization/traffic
at endothelial junctions, which may help vessel normalization in tumors [81]. Thus, ma-
nipulation of TEC glycolysis for vessel normalization constitutes a potential therapeutic
intervention in tumors.

Taken together, targeting TEC glucose metabolism and thereby inhibiting angiogenesis
is a promising strategy for cancer treatment. We summarize the compounds that target
critical metabolic enzymes in glycolysis and other metabolic pathways in Table 1. Of note,
these compounds regulate metabolism in both TECs and cancer cells. For instance, cancer
cells also readily use glycolysis for energy metabolism [82]. Therefore, understanding
TECs in metabolism and antiangiogenic resistance can help develop novel strategies to
treat cancer.

Table 1. Compounds that directly target metabolic enzymes involved in tumor angiogenesis.

Target Compound Tumor Type Status

Glycolysis

Glucose transporters
Glut1

Phloretin
Silybin (Silibinin)

Canagliflozin
Curcumin
Fasentin
Genistein

Cervical cancer cell
Prostate cancer

Liver cancer cell
Multiple cancers

Breast cancer
Multiple cancers

Preclinical [83]
Clinical phase II [84]

Preclinical [85]
Clinical phase I/II [86]

Preclinical [87]
Clinical phase I/II [88,89]

Hexokinases

2-DG 1

Ketoconazole
Lonidamine

Methyl jasmonate

Multiple cancers
Glioblastoma

Melanoma, breast cancer,
glioblastoma, lung cancer,

prostate cancer
Gastric cancer

Clinical phase I/II [90–92]
Preclinical [93]

Clinical phase III [94]
Preclinical [95]

PFKFB3 2 3PO 3

PFK158

Melanoma, lung carcinoma,
pancreatic cancer

Advanced solid malignancies

Preclinical [5,96,97]
Clinical phase I [98]

Pyruvate kinase-M2
(PK-M2)

TLN-232
Shikonin

Metastatic renal cell
Lung carcinoma

Clinical I/II [99]
Preclinical [100]

Lactate dehydrogenase

PTK787/ZK 222584
(Vatalanib)
Gossypol
Oxamate

Colon cancer, advanced
colorectal cancer
Multiple cancers

Breast cancer

Preclinical [101]
Clinical phase I/II [102,103]

Preclinical [104]

Lactate Lonidamine
AZD3965

Prostate cancer
Gastric cancer, prostate cancer

lymphoma

Clinical phase III [94]
Clinical phase I [105]

TCA cycle

PDK1 4 Dichloroacetate (DCA) Non-small-cell lung cancer,
breast cancer Preclinical [106]

OXPHOS

Mitochondrial complex I/III
Metformin
Phenformin

Arsenic trioxide

Breast cancer
Cholangiocarcinoma
Gastric cancer cells

Preclinical [107]
Clinical phase I [108,109]

Preclinical [110]
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Table 1. Cont.

Target Compound Tumor Type Status

FAO

CPT1 5 Etomoxir
Perhexiline

Lung carcinoma, prostate
cancer cell line

Prostate cancer, glioma

Preclinical [23,111,112]
Preclinical [112,113]

Glutamine metabolism

GLS1 6 BPTES
CB-839

Osteosarcoma, pancreatic
cancer

Multiple cancers

Preclinical [114,115]
Clinical phase I/II [32]

1 2-DG, 2-deoxyglucose; 2 PFKFB3, fructose-2,6-biphosphatase 3; 3 3PO, 3-(3-pyridinyl)-1-(4-pyridynyl)-2-propen-1-one; 4 PDK1, pyruvate
dehydrogenase kinase 1; 5 CPT1, carnitine palmitoyltransferase 1; 6 GLS1, glutaminase 1.

5. Conclusions and Open Questions

The metabolic regulation of ECs is gaining much attention, especially in pathologi-
cal angiogenesis within the tissue-specific microenvironment. EC metabolism has been
summarized into glucose metabolism, fatty acid oxidation, and glutamine metabolism.
In this review, we summarize glucose metabolism within quiescent and angiogenic ECs.
Metabolic adaption of ECs during the angiogenic switch and in healthy tissues is well-
documented [116]. TEC metabolic reprogramming should be studied as a common and
expected feature of metabolism. Many antiangiogenic therapies are designed to inhibit
VEGF receptors or VEGF signaling in ECs, which results in the insufficient treatment of
tumors and increased tumor metastasis due to elevated hypoxia in the tumor microenvi-
ronment [117]. It could be a promising strategy to modulate metabolic regulators in TECs.
Targeting TEC metabolism would allow us to design new strategies combined with the
classical antiangiogenic strategies to fight cancer.

Glycolysis, but not oxidative phosphorylation (OXPHOS), is chosen for ATP genera-
tion in cultured human primary ECs, mouse angiosarcoma, and mouse hemangioma [3].
However, single-cell RNA sequencing data from in vivo tumor tissues suggested that
angiogenic ECs (tip cells, proliferating cells, and immature cells) still rely much on both
glycolysis and OXPHOS as energy sources [4]. During tumor blood vessel sprouting,
whether large amounts of glucose are available is still speculative. Since aerobic glycolysis
is upregulated in TECs, they should be classified as oxidative ECs and glycolytic ECs,
even within the same tumor. This would be beneficial for further understanding of the
metabolic demands in tumor bioenergetics. TECs support tumor progression and affect
chemotherapeutic resistance and metastasis. The metabolic switch is not specific to ECs
but exists as an example of global adaptation and flexibility to environmental changes.

Unlike tumor cells that carry various mutations, TECs are more genetically stable.
Targeting the metabolism of TECs instead of tumor cell metabolism could be a promising
strategy against tumor progression. It is expected that metabolic modulators are able to
affect different steps of the angiogenic process in ECs. Here, we summarize some questions
that remain to be answered: What is the exact role of the autophagy/lysosome pathway
in EC metabolism? Is there any glucose competition between ECs and other cell types,
including tumor cells, stromal cells, and macrophages, in the tumor microenvironment?
How do TECs escape from cell death in hypoxic and nutrient-deprived conditions? Un-
derstanding the role and underlying mechanisms of EC metabolism will facilitate new
therapeutic approaches to modulate angiogenesis-related diseases.
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Abbreviations

The following Abbreviations are used in the manuscript:
3PG 3-phosphoglyceric acid
3PO 3-(3-pyridinyl)-1-(4-pyridynyl)-2-propen-1-one
AD aldose reductase
ALDOA/C aldolase A/aldolase C
AMPK AMP-activated protein kinase
ATP adenosine triphosphate
CPT1A carnitine palmitoyltransferase 1A
DAG diacylglycerol
DHAP dihydroxyacetone phosphate
ECFC endothelial colony-forming cell
ECs endothelial cells
ENO1 enolase 1
F6P fructose 6-phosphate
FABP fatty acid-binding protein
FAO fatty acid oxidation
FASN fatty acid synthase
FAT fatty acid translocase
FATP fatty acid transport protein
G3P glyceraldehyde 3-phosphate
G6P glucose-6-phosphate
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GLS1 glutaminase 1
GLUT1/3 glucose transporter 1/3
GPI glucose-6-phosphate isomerase
HIF-1α hypoxia-inducible factor 1 alpha
HK1/2 hexokinase 1/2
HMGB1 high-mobility group box 1
HUVECs human umbilical vein endothelial cells
IRS1/2 insulin receptor substrate 1/2
LDHA/LDHB lactate dehydrogenase A/lactate dehydrogenase B
MCT1/4 monocarboxylate transporter 1/4
mTOR mammalian target of rapamycin
NAD nicotinamide adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
OXPHOS oxidative phosphorylation
PAD peripheral artery disease
PDK1 pyruvate dehydrogenase kinase 1
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
PFK1 phosphofructokinase 1
PGK phosphoglycerate kinase
PHD prolyl hydroxylase domain protein
PKC protein kinase C
PKM2 pyruvate kinase M2
PPARγ peroxisome proliferator-activated receptor gamma
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PPARα peroxisome proliferator-activated receptor alpha
ROS reactive oxygen species
SDH sorbitol dehydrogenase
SIRT1 sirtuin 1
TECs tumor endothelial cells
TFEB transcription factor EB
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Abstract: Pulmonary arterial hypertension (PAH) is a rare, complex, and progressive disease that is
characterized by the abnormal remodeling of the pulmonary arteries that leads to right ventricular
failure and death. Although our understanding of the causes for abnormal vascular remodeling
in PAH is limited, accumulating evidence indicates that endothelial cell (EC) dysfunction is one of
the first triggers initiating this process. EC dysfunction leads to the activation of several cellular
signalling pathways in the endothelium, resulting in the uncontrolled proliferation of ECs, pulmonary
artery smooth muscle cells, and fibroblasts, and eventually leads to vascular remodelling and the
occlusion of the pulmonary blood vessels. Other factors that are related to EC dysfunction in PAH
are an increase in endothelial to mesenchymal transition, inflammation, apoptosis, and thrombus
formation. In this review, we outline the latest advances on the role of EC dysfunction in PAH and
other forms of pulmonary hypertension. We also elaborate on the molecular signals that orchestrate
EC dysfunction in PAH. Understanding the role and mechanisms of EC dysfunction will unravel the
therapeutic potential of targeting this process in PAH.

Keywords: pulmonary hypertension; endothelial dysfunction; vasoactive factors; EndoMT; inflam-
mation; TGF-β; epigenetics

1. Introduction

Pulmonary hypertension (PH) is a condition that is defined by a mean pulmonary
arterial pressure of more than 20 mmHg at rest and 30 mmHg during exercise. The range
of genetic, molecular, and humoral causes that can lead to this increase in pressure is
extensive. Therefore, PH is grouped into different classes that are based on clinical and
pathological findings as well as therapeutic interventions [1,2]. The World Health Organi-
zation (WHO) classifies PH into five groups, namely: 1. Pulmonary arterial hypertension
(PAH), 2. Pulmonary hypertension due to left heart disease (PH-LHD), 3. Pulmonary
hypertension due to lung disease (PH-LD), 4. Chronic thromboembolic pulmonary hyper-
tension (CTEPH), and 5. Pulmonary hypertension due to unclear and/or multifactorial
mechanisms [1,3,4]. PH is increasingly becoming a global health issue due to the ageing
population. Although PH-LHD and PH-LD are the most prevalent PH groups, research
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and drug development mainly focus on PAH and CTEPH, which are rarer diseases that
mainly affect younger people [5]. This review will focus mostly on PAH because of the
amount of research conducted in PAH as compared to the other four groups.

PAH is characterized by remodeling of distal pulmonary arteries, causing a progressive
increase in vascular resistance. Vascular remodeling is associated with alterations in
vasoconstriction, pulmonary artery- endothelial cells (PAECs) and -smooth muscle cells
(PASMCs) cell proliferation, inflammation, apoptosis, angiogenesis, and thrombosis, which
leads to the muscularization and occlusion of the lumen of pulmonary arteries by the
formation of vascular lesions. Some of the lesions found in PAH are plexiform lesions,
which are characterized by enhanced endothelial cell (EC) proliferation, thrombotic lesions
and neointima formation, the formation of a layer of myofibroblasts, and extracellular
matrix between the endothelium and the external elastic lamina [6,7]. One of the first
triggers for development of PAH is thought to be EC injury triggering the activation of
cellular signaling pathways that are not yet completely understood.

In normal conditions, the endothelium is in a quiescent and genetically stable state.
When activated, the endothelium secretes different growth factors and cytokines that
affect EC and SMC proliferation, apoptosis, coagulation, attract inflammatory cells, and/or
affect vasoactivity in order to restore homeostasis. Prolonged or chronic activation of
the endothelium leads to EC dysfunction, the loss of homeostatic functions, leading to
pathological changes, and it is crucial in the development of cardiovascular diseases and
so too in PAH [8,9]. Many different factors have been suggested to be triggers of EC
dysfunction in PAH, like shear stress, hypoxia, inflammation, cilia length, and genetic
factors (Figure 1) [6,10–12]. As a consequence, the endothelium switches from a quiescent
to an overactive state, where it starts to secrete vasoconstrictive factors, like endothelin-
1 (ET-1) [13] and thromboxane [14], and proliferative factors, like vascular endothelial
growth factor (VEGF), fibroblast growth factor 2 (FGF2) [15], CXCL12 [16], and reduce the
secretion of vasodilators, like nitric oxide (NO) and prostacyclin, which indicates that EC
dysfunction might play a central role in the pathogenesis of PAH. Whether EC dysfunction
is the primary cause or rather the consequence of changes in environmental factors remains
to be resolved [8,17].

The purpose of this review is to provide a state-of-the-art overview on the features
and driving forces of EC dysfunction in PAH and highlight the current progress made in
understanding this phenomenon. Finally, this review discusses several models for studying
EC dysfunction in PH and explores possible molecular targets and drugs for restoring EC
function in PH.
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Figure 1. Pulmonary artery remodeling, vascular resistance and pulmonary arterial hypertension
(PAH) development. PAH results from a progressive increase in vascular resistance caused
by pulmonary vascular remodeling. Molecular mechanisms behind the process of vascular
remodeling are still not fully elucidated but endothelial cell (EC) injury is thought to be one of
the early triggers. EC injury can be caused by shear stress, hypoxia and inflammation. Host
factors such as genetic mutations and gender but also epigenetic factors and comorbidities
are thought to play an important role in EC dysfunction. EC dysfunction leads to altered cell
signaling that induces cellular processes such as EndoMT, apoptosis, and proliferation. In
addition, changes are found in cell metabolism and in the secretion of vasoactive, coagulation
and thrombotic factors. Additionally, vascular smooth muscle cells and fibroblasts are found to
display a diseased cellular phenotype. EC dysfunction eventually promotes vasoconstriction,
thrombus formation, neointima formation, muscularization, and the development of vascular
lesions. As lumen size decreases, pulmonary vascular resistance increases and induces right
ventricle (RV) hypertrophy, with eventual RV failure.

2. Factors contributing to EC Dysfunction in PH

Approximately 80% of familial PAH (hPAH) and 20% of idiopathic cases of PAH
(iPAH) are associated with mutations in the bone morphogenic type 2 receptor (BMPR2),
but a penetrance of 20–30% suggests secondary stimuli, such as inflammation and throm-
bosis, as important contributors to EC dysfunction and PAH development [18–21]. More
recently, alterations in endothelial metabolic functions in the pulmonary vasculature are
emerging as important regulators of endothelial dysfunction.

2.1. Bone Morphogenic Type 2 Receptor

BMPR2 encodes for a transmembrane serine/threonine kinase receptor belonging
to the transforming growth factor-β (TGFβ) family of signaling proteins (Figure 2) [22].
BMPR2 modulates cellular growth, apoptosis, inflammation, and differentiation via the
binding of bone morphogenetic proteins (BMPs) to a heteromeric complex of a BMP type-I
receptor and BMPR2, in a time, concentration, and cell type dependent manner [23]. BMPs
are secreted cytokines that play important roles in vascular development and homeostasis.
Alterations in the functions of BMPs are associated with severe developmental disorders and
diverse human disease [23–25]. BMPR2 promotes the survival of PAECs depending on the
localization in the vascular bed, and it has an anti-proliferative effect on PASMCs [26–28].
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To date, over 380 PAH related mutations in BMPR2 are known, mostly loss of function
mutations [29,30]. The low penetrance of disease development associated with BMPR2
mutations observed in humans has also been confirmed in experimental models of PH,
where BMPR2 deletion alone does not induce PAH in the majority of the cases [31–33].
Interestingly, reduced levels of BMPR2 have also been found in PH patients without
BMPR2 mutations, which suggests the additional involvement of genetic modifiers or
environmental factors reducing BMPR2 dependent signaling [34–37].

BMPR2 is predominantly present in ECs lining the vascular lumen in the lung and
expression is reduced in ECs from PH lung. Therefore, mutated BMPR2 is postulated to play
a significant role in EC dysfunction in PAH [30,34]. Association between endothelial BMPR2
expression levels and PAH development was further supported by the observation that
mice with endothelial specific deletion of BMPR2 were prone to developing PAH [38,39].
PAECs overexpressing a kinase-inactive BMPR2 mutant show increased susceptibility to
apoptosis and conditioned medium from these PAECs stimulated proliferation of PASMCs
via increased release of TGFβ1 and fibroblast growth factor (FGF)-2 [40]. More recently,
mutations in GDF2, the gene encoding the BMP9 ligand, have been identified in PAH
patients and associated with reduced circulating levels of both BMP9 and BMP10 [41]. The
presence of these PAH-linked mutations in the endothelial BMPR2/ligand axis provide
additional genetic evidence to support a critical role for endothelial dysfunction in the
pathobiology of PAH. Moreover, BMP9 administration selectively enhanced endothelial
BMPR2 signaling in PAECs and reversed PH in both MCT and SuHx rats [42]. Based on
this knowledge, one might speculate a causal role for these mutations in EC dysfunction
and subsequent PAH development.

Figure 2. Transforming growth factor-β (TGF-β) superfamily signaling in PAH. The bone morphogenetic protein
(BMP)/TGF-β signaling pathway is an important factor in the existence of EC dysfunction in PAH. Decreased expression of
BMPR2 but more importantly various mutations in the BMPR2/BMP-ligand axis are associated with specific changes in EC
behavior such as increased proliferation and migration, but also structural changes that cause the loss of the protective EC
barrier. In addition, the TGF-β superfamily signaling also plays an important role the initiation of EndoMT by triggering
the overexpression of genes, like TWIST1, αSMA, and phospho-vimentin. Receptor-regulated Smads (R-Smads); Common
mediator Smad (Co-Smad); Inhibitory Smads (I-Smads).

Further evidence in the association between BMPR2 and EC dysfunction comes from
studies showing that BMPR2 deficiency in iPAH PAECs is associated with the loss of
DNA damage control via reduced DNA repair related genes, such as BRCA1 [43]. In
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addition, transcriptome analysis of PAECs from iPAH patients revealed a correlation
between reduced BMPR2 levels and the downregulation of β-catenin, resulting in reduced
Collagen-4 (COL4) and ephrinA1 (EFNA1) expression [44]. COL4 and EFNA1 both perform
intertwining roles in endothelium structure. Moreover, siRNA mediated silencing of
BMPR2 in PAECs resulted in increased PAEC proliferation, migration, and the disruption
of cytoskeletal architecture. One of the changes observed was an increase in Ras/Raf/ERK
signaling, and Ras inhibitors, like nintedanib [45], reversed the enhanced proliferation and
hypermotility of BMPR2 silencing in PAECs [46].

2.2. Inflammation

Mutations in BMPR2 are known to predispose patients to developing PAH, but low
penetrance and the time of disease onset suggest that a second hit required developing PAH.
Pulmonary inflammation is such a plausible second hit that puts patients with BMPR2
mutations at risk of developing PAH. Exposure of Bmpr2 mutant rats to 5-lipoxygenase,
inducer of lung inflammation, induced severe PAH pathology with an endothelial transfor-
mation that required TGF-β signaling [47]. However, the administration of only IL-6 to
rats and overexpression of IL-6 in transgenic mice also led to the occlusion of pulmonary
arteries and RV hypertrophy without a silent mutation of BMPR2 [48,49]. Accordingly,
it has also been found that pro-inflammatory cytokine TNFα in vitro downregulates the
expression of BMPR2 via NOTCH signaling in ECs [50]. Altogether, this could suggest that
sustained inflammation is an important trigger in PH development, potentially through
the induction of EC dysfunction. Pulmonary arteries of PAH patients showed the infiltra-
tion of macrophages, dendritic cells, and lymphocytes into the plexiform lesions and an
increased migration of monocytes [10,51]. Increased levels of pro-inflammatory cytokines
and chemokines, such as IL-1β, TNFα, and IL-6, which are known activators of vascular
endothelium, were found (Figure 3) [52–54]. Hence, has been found that IL-1β stimulates
endothelial ET-1 production [55].

Figure 3. Endothelial dysfunction in PAH. PAH is characterized by endothelial dysfunction that
causes an imbalance in the production of several endothelial-specific factors. The endothelium
presents a pro-inflammatory phenotype with an increased expression of cytokines, a pro-thrombotic
surface due to changes in the expression of clotting factors (e.g., TF) and increased expression of pro-
thrombotic factors, and an imbalanced production of vasoactive factors that promote vasoconstriction.
Upon endothelial cell injury, pulmonary artery- endothelial cells (PAECs) become dysfunctional and
alter their secretion of cytokines and other factors that regulate coagulation, thrombosis, and vascular
tone. A failure of PAECs in maintaining vessel homeostasis promotes vasoconstriction, thrombosis
and inflammation that initiate PAH disease progression.
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2.3. Thrombosis in PAH

The presence of thrombotic lesions in the pulmonary vasculature is a common patho-
logical finding in PAH [56]. However, the role of thrombosis in PAH remains controversial.
Few studies demonstrated that coagulation factors, such as proteases, tissue factor (TF),
factor Xa, and thrombin, activate the coagulation cascade, which leads to the formation of
fibrin clots that obstruct/narrow the lumen, could promote EC dysfunction, and can even-
tually contribute to vascular remodeling in PAH (Figure 3) [57]. In contrast, some studies
support the hypothesis that thrombosis is an epiphenomenon of vascular remodeling in
PAH [58]. Thus, it is still unknown whether thrombosis contributes to the pathogenesis of
PAH or acts as a bystander.

Although altered platelet activation has been reported in PAH patients, their exact
role in PAH remains controversial. Only platelets and ECs express and release von Wille-
brand Factor (vWF) upon activation, which facilitates the interaction between each other.
Circulating vWF levels are significantly increased in PAH patients, which suggests the
potential involvement of platelets in EC dysfunction in PAH [59]. CD40L, a proinflamma-
tory mediator, is expressed on the surface of activated platelets. Upon activation, CD40L
is cleaved into its soluble form (sCD40L), which is known to be greatly increased in PAH
patients [60]. sCD40L interacts with its receptor CD40, expressed on ECs, and may lead
to EC dysfunction and eventually contributes to vascular remodeling in PAH. Altogether
implicating the role of platelets in EC dysfunction and thrombosis in PAH. Although there
is considerable evidence to suggest that platelets contribute to the EC dysfunction and the
pathogenesis of PAH, the molecular mechanisms have yet to be delineated.

2.4. Coagulation in PAH

Under physiological conditions, transmembrane glycoprotein TF is expressed at
low levels in the pulmonary vessel wall, but its expression is significantly increased in
pulmonary vascular lesions of PAH patients [61–63]. Increased TF/thrombin signaling
contributes to vascular remodeling and the formation of plexiform lesions in PAH by
inducing the proliferation and migration of SMCs and mediating the migration and an-
giogenesis of ECs. Furthermore, ECs from PAH patients release enhanced TF-expressing
microparticles, further implicating TF as a crucial mediator in the vascular remodeling in
PAH [64]. PAH patients exhibit a hypercoagulable state, consistent with the increased TF
expression [65]. PAH patients have higher levels of fibrinopeptide-A (FPA), plasminogen
activator inhibitor-1 (PAI), and thrombin, and lower levels of thrombomodulin [66]. Al-
though all of the factors involved in coagulation cascade are increased in PAH, the relative
contribution of EC dysfunction to their increase remains to be elucidated.

2.5. EC Metabolism

ECs in PAH have a metabolic phenotype that is similar to that seen in cancer. ECs
in PAH have a metabolic phenotype similar to that seen in cancer, namely a metabolic
reprogramming towards increased glycolytic metabolism which renders ECs with a pro-
survival advantage and higher proliferation [67,68]. This metabolic shift is thought to be
driven through the upregulation of glycolytic enzymes PFKFB3, hexokinase, and lactate
dehydrogenase, and mitochondrial enzyme pyruvate dehydrogenase kinase (PDK) [67,
69]. Therefore, the concept of targeting EC metabolism to treat PAH is emerging and
raised great scientific interest. Based on a recent study in rodents, one such potential
target could be PFKFB3. The blockage of endothelial PFKFB3 has shown to attenuate
PH development in rats that were treated with SuHx [70]. Moreover, dichloroacetate
(DCA), which is an inhibitor of the mitochondrial enzyme PDK, has been found to improve
patient hemodynamics and functional capacity in genetically susceptible PAH patients [71].
Despite promising results and being based on metabolomic heterogeneity of PAH [72],
comprehensive metabolic characterization of ECs still needs further investigation to further
expand our understanding of the complex pathobiology of PAH.
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2.6. Shear Stress

Abundant evidence demonstrates that shear stress is altered in the pulmonary vascu-
lature in PAH. PAH is strongly associated with increased main pulmonary artery diameter
and reduced main pulmonary artery flow rate, which suggests that the shear stress is lower
globally and, thus, leads to a reduction in NO release from the endothelium [73]. Several
studies found 2–3-fold lower shear stress in PAH patients when compared to control sub-
jects, and such a reduction has a correlation with a reduction in NO bioavailability in PAH
patients. This implies that the pruning of the distal pulmonary vasculature in PAH may
be a way for the lung to preserve microvascular perfusion by increasing microvascular
resistance and elevating shear stress [74]. However, like congenital heart disease, the
microvasculature in PAH may also experience high shear stress or high oscillations in flow,
sue to increased stiffness in the pulmonary arteries [75]. Despite the lower shear stress in
the main pulmonary arteries, the pulsatility may elevate in the microvasculature and the
stiffness of the arteries increases, which explains the coupling of microvascular dysfunction
with macrovascular dysfunction.

Interestingly, decreasing the pulmonary flow via banding prevented the development
of plexiform lesions in a rat model of PAH, which suggests a causative role for increased
force transmission in the initiation and development of PAH [76,77]. However, pulmonary
artery banding in rats induced right ventricle dysfunction [78]. Furthermore, PAH patients
treated with vasodilators have shown increased survival, suggesting that dampening
microvascular shear stress or pulsatile flow may improve PAH.

Using microvascular ECs derived from PAH patients, Szulcek et al. demonstrated that
PAH ECs show a delayed shear adaptation and, thus, promoted shear induced endothelial
dysfunction and abnormal vascular remodeling [79]. In another study, pulmonary artery
ECs were subjected to high pulsatile flow, but the same mean shear stress displayed
exacerbated inflammation and increased cell elongation, which could all be normalized
by stabilization of microtubules [80]. Future research should focus on decoupling the
microvascular shear stress, pulsatile flow, oscillation index, and right ventricular function
using in vitro and in vivo models to better understand the contribution of shear stress to
the EC dysfunction and development of PAH.

3. Features of EC Dysfunction

PAH is characterized by a dysfunctional endothelium, of which the balance between
vasodilation and vasoconstriction, but also the growth factor production and cell survival
are altered (Figure 3). In addition, ECs undergo endothelial to mesenchymal transition
(EndoMT), which, all together, causes perturbations in pulmonary vascular homeostasis
that promote vascular remodeling (Figure 4).

3.1. Perturbations in Vasoactivity

Reduced vasorelaxation in PAH mainly contributes to the altered expression of the
vasodilators NO and prostacyclin. NO is a fast-reacting endogenous free radical that is pro-
duced by endothelial NO Synthase (eNOS). NO is essential for vasorelaxation via PASMCs,
but it also has antithrombotic effects and controls EC differentiation and growth [81–83].
NO has long been implicated in the pathogenesis of PAH, and the lungs of PAH patients
have reduced NO expression [84] (Figure 3). Whole exome sequencing has identified that
mutations in Caveolin-1 are associated with PAH. Caveolin-1 is highly expressed in ECs
and, interestingly, the C-terminus of caveolin-1 directly interacts with eNOS, which may
result in the disruption in NO levels, ultimately triggering PAH [85]. However, other
studies reported contradictory results and some PH patients even show an increase in
eNOS expression [84]. Furthermore, eNOS-/- mice show reduced vascular remodeling
after chronic hypoxia that is caused by reduced vascular proliferation [86], pointing out the
complexity of its role in PAH. Prostacyclin, also produced by EC with additional antithrom-
botic and antiproliferative properties [8,87–89], is synthesized from arachidonic acid, by
prostacyclin synthase, and cyclo-oxygenase (COX) [90]. Decreased prostacyclin levels are
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measured in various patients with different forms of PAH, like iPAH and HIV-associated
PAH [8,91], explaining, in part, the increase in pulmonary vasoconstriction, SMC prolif-
eration, and coagulation occurring in these patients. Interestingly, in experimental PH
models, mice overexpressing prostacyclin synthase are protected from developing chronic
hypoxia-induced PAH [92].

Figure 4. Endothelial to mesenchymal transition (EndoMT) in PAH. EndoMT in PAH is thought to
be an important process contributing to vascular remodeling. Activation by transcriptional factors,
hypoxia, haemodynamic forces, inflammation, and TGF-β/BMP pathway signaling pulmonary en-
dothelial cells (PAECs) undergo cellular transition to a mesenchymal phenotype, in which PAECs lose
endothelial markers and gain mesenchymal markers, such as αSMA and TWIST. These mesenchymal-
like cells present an invasive character and hence contribute to vascular remodeling in PAH.

ET-1, on the other hand, is a potent vasoconstrictor, which is mainly synthesized in EC
and the lungs show the highest level of ET-1 in the entire body [93]. ET-1 exhibits its effects
by binding to the ETA and ETB receptors, which activate signalling pathways in vSMCs
regulating proliferation, vasorelaxation and vasoconstriction [89,93]. ETA is predominantly
expressed on vSMCs and is involved in vasoconstriction and proliferation of these cells,
while ETB is expressed on vSMCs and PAECs, and is involved in stimulating the release of
vasodilators, like NO and prostacyclin, and the inhibition of apoptosis [55,89,93–95]. The
expression of ET-1 and its receptors is increased in lungs of PAH patients and experimental
PH models (Figure 3) [96–99]. Furthermore, a correlation exists between the expression
of ET-1 and an increase in pulmonary resistance in PAH [98]. The increased synthesis
of endothelial ET-1, accompanied with an increase in expression of ETA on PASMCs,
likely contributes to the increased vasoconstriction and vascular remodelling observed in
PAH [88,99,100]. Another vasoconstrictor, thromboxane A2, which is produced by ECs and
platelets, but is also an inducer of platelet aggregation and a vSMCs mitogen, is increased
in PAH [8,14], creating an imbalance that might contribute to excessive platelet aggregation
and vascular remodeling observed in PAH [14] (Figure 3).

At last, the expression of the growth factor vascular endothelial growth factor (VEGF)
and its receptor VEGF receptor 2 (VEGFR2) are found to be increased in ECs from plexiform
lesions from iPAH patients. Additionally, the plasma levels of VEGF are found to be ele-
vated in PH patients [101,102]. The relation between PAH and increased VEGF expression
is still poorly understood. It is suggested that VEGF levels in PAECs are elevated in early
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stages of PAH as a protective response, while, during disease progression, VEGF keeps
promoting the growth of PAECs, causing the formation of plexiform lesions [8].

3.2. Endothelial to Mesenchymal Transition

EndoMT is a phenomenon where ECs acquire a mesenchymal-like phenotype that is
accompanied with a loss of endothelial markers and increase of mesenchymal markers. In
addition, ECs lose cell-cell contact, change their morphology, and adopt a highly migratory
and invasive phenotype, thereby losing features of a healthy endothelium (Figure 4) [103,104].
In the lungs of human PAH patients and monocrotaline (MCT) and Sugen/hypoxia (SuHx)
experimental PH rat models, EndoMT was observed, whereby cells express high levels
of α-SMA and activated phospho-vimentin and VE-cadherin, indicating their endothelial
origin [105–107]. Moreover, TWIST1, which is a key transcription factor in inducing EndoMT,
is highly expressed in human PAH lungs as compared to healthy lungs [106] (Figure 4).

TGFβ treatment of PAECs induces the expression of the EndoMT transcription fac-
tors TWIST1 and SNAIL1 [103,108] and the mesenchymal markers α-SMA and phospho-
vimentin [109] (Figure 4). TWIST1 increases the expression of TGFβ, leading to enhanced
TGFβ signaling [110]. In addition, reduced BMPR2 signaling promotes EndoMT via the
upregulation of the High Mobility Group AT-hook 1 and its target gene SLUG, independent
of TGFβ signaling [111]. More interestingly, BMP-7, a protein previously described as
having anti-inflammatory and anti-tumor effects in several diseases, was attenuated by
hypoxia-induced EndoMT in PAECs both in vivo and in vitro by inhibiting the m-TORC1
signaling pathway [112]. BMPR2 loss favors EndoMT, allowing for cells of myo-fibroblastic
character to create a vicious feed-forward process, leading to hyperactivated TGFβ sig-
naling [113]. In summary, alterations in TGFβ/BMP signaling are linked to the process of
EndoMT that was observed in PAH [114].

Hypoxia is also an inducer of EndoMT through hypoxia-inducible transcription factor-
1α (HIF-1α) and HIF-2α, and both transcription factors are increased in PAH [115,116]
(Figure 4). PAH ECs display an increased expression of HIF-2α, leading to SNAIL upreg-
ulation [107]. In addition, HIF-1α knockdown alone effectively blocks hypoxia-induced
EndoMT, but also the knockdown of its downstream target gene TWIST1 showed the
effective blockage of hypoxia-induced EndoMT in microvascular ECs (MVECs); however,
it was less pronounced [117]. Nonetheless, it is important to realize that microvascular
endothelium may differ from arterial endothelial function. Finally, in addition to tran-
scription factors, microRNAs, such as miR-181b, have been shown to be implicated in
EndoMT in PAH. The overexpression of miR-181b in rat pulmonary arterial ECs (rPAECs)
attenuated inflammation-induced EndoMT by inhibiting the expression of TGF-βR1 and
circulating proteoglycan endocan [118].

3.3. Apoptosis

EC apoptosis may also play a role in PH development via vascular dropout and
selection pressure on ECs, contributing to the apoptosis-resistant phenotype of ECs in
vascular lesions [119]. Several attempts were made in order to elucidate the molecular
pathways that are involved in the regulation of PAEC apoptosis. The hypothesis is that
disturbed responses to VEGF signaling, in combination with hypoxia, cause an initial
increase in apoptosis in PAECs, leading to the emergence of aggressive apoptosis resistant
and hyperproliferative ECs that cause the formation of intimal lesions [120–122]. A possible
explanation for the initial increase in apoptosis of PAECs is that the loss of BMPR2 signal-
ing promotes mitochondrial dysfunction and subsequent PAEC apoptosis [123]. White
et al., interestingly, proposes a model in which the pro-apoptotic factor programmed cell
death-4 (PDCD4) activates the cleavage of caspase-3, inducing PAEC apoptosis. Inter-
estingly, they show that reducing PDCD4 levels in vivo by overexpressing miRNA-21
prevents PH development in SuHx rats [124]. Besides an initial increase in apoptosis, PAH
is also characterized by PAECs that are hyperproliferative and apoptosis resistant [122].
PAECs from iPAH patients showed an increased expression of pro-survival factors IL-15,
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BCL-2, and Mcl-1, together with persistent activation of the pro-survival STAT3 signaling
pathway [122]. Furthermore, Notch1 was elevated in lungs from iPAH patients and from
SuHx rats. Notch1 contributes to PAH pathogenesis by increasing EC proliferation and
inhibiting apoptosis via p21 downregulation and regulating BCL-2 and survivin expres-
sion. Furthermore, HIF1α expression promotes Notch signaling human PAECs [125]. In
contrast, Miyagawa et al., demonstrated that contact-mediated communication between
SMC and EC activates EC derived Notch1 and alters the cells epigenome in order to regu-
late Notch1-dependent genes that maintain endothelial integrity and prevent pulmonary
vascular remodeling in a murine model of hypoxia-induced pulmonary hypertension [126].
Therefore, the role of Notch1 is complex and controversial in PAH and warrants more
research to delineate the molecular mechanisms.

4. Epigenetics

In recent years, epigenetics has become a growing field of interest in PAH research.
Currently, the main focus of study for targeting PAH is the following three mechanisms
of epigenetic regulation: DNA methylation, histone modifications, and RNA interference
(Figure 5) [17].

Figure 5. Epigenetics in PAH. In addition to genetic variations and other risk factors, such as gender,
comorbidities, and environmental factors, epigenetic variations in PAH gain interest. Differences
in DNA methylation profiles, increased histone acetylation and dysregulated miRNA expression
in PAH patients point out a growing field in PAH research that provides better understanding of
disease pathology.

DNA methylation profiling of PAECs from iPAH and hPAH patients revealed dif-
ferences in the expression of several genes that are involved in inflammatory processes,
remodeling, and lipid metabolism when compared to the controls [127]. Among those
genes, ABCA1 was found to be most differently methylated/downregulated in the discrim-
ination between PAH and controls. ABCA1 belongs to the family of ATP binding cassette
(ABC) transporters that are important for pulmonary homeostasis [127]. Furthermore,
ABCA1 is linked to PAH pathophysiology in a MCT animal model of PAH, where the
activation of ABCA1 improved RV hypertrophy and pulmonary haemodynamics [17,127].

Increased histone acetylation through histone-deacetylases (HDAC) is associated with
vascular remodeling found in PAH [128,129]. In humans, HDAC enzymes are divided
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into four classes: class-1 HDACs (HDAC-1, -2, -3, and -8), class-2a HDACs (HDAC-4, -5,
-7, and -9), class-2b HDACs (HDAC-6 and -10), class-3 HDACs (Sir2-like proteins), and
class-4 HDACs (HDAC-11) [130]. HDAC-1 and -5 show increased expression in both
lungs of iPAH patients and chronic hypoxic rats whereas HDAC-4 was only increased in
human iPAH lungs [129]. More recently, HDAC-6 has been linked to PAH pathogenesis,
possibly through the upregulation of HSP90 [131]. HDAC-6 was overexpressed in PAECs
and PASMCs of PAH patients and PH experimental models [132]. In the SuHx and MCT
rat model pharmacological HDAC-6 inhibition improved PH [132]. Several other studies
showed that class-1 HDAC inhibitors attenuate PAH by suppressing arterial remodeling
in a chronic hypoxia model and by reducing inflammation in PH-fibroblasts [129,133,134].
In PAECs, class-2a HDAC inhibitors restore the levels of myocyte-enhancer-factor-2 and
attenuate PAH in both the MCT and SuHx PAH rat models [135].

The epigenetic regulator bromodomain-containing-protein-4 (BRD4) is linked to the
pathogenesis of PAH [136]. BRD4 is a member of the Bromodomain and Extra-Terminal
(BET) motif family, which binds histones to influence gene expression [137]. BRD4 is
overexpressed in the lungs of PAH patients in a miR-204 dependent manner. It inhibits
apoptosis by sending cell survival signals [136,138], and stimulates the proliferation of
PAEC and PASMC proliferation at these sites [17,138]. The selective inhibition of BRD4
with RVX-208 restored EC function, reversed PAH in the MCT and SuHx rat models, and
supported the RV function in pulmonary artery banding model of PAH [136].

5. EC Dysfunction in Other PH Groups

Patients with PAH, which are classified as group 1, are just a proportion of the
five broad groups of patients suffering from PH. The remaining groups, group 2 (PH
due to left-sided heart disease), group 3 (PH due to lung disease), group 4 (PH due to
chronic thromboembolic disease), and group 5 (PH due to unclear and/or multifactorial
mechanisms), also present signs of EC dysfunction.

5.1. Group 2 PH

Group 2 PH is due to a complication of left heart disease and it is most common
in patients with heart failure (HF). Therefore, research in group 2 PH mostly focuses on
left ventricular dysfunction and not so much the lung vasculature. However, features of
EC dysfunction are also observed in PH-LHD [139]. An experimental model of chronic
HF showed reduced NO activity and responsiveness to NO in pulmonary arteries [140].
Moreover, ET-1 is elevated in certain PH-LHD phenotypes and ET-1 activity is increased
in plasma of patients with chronic HF. Blocking the ETA receptor caused pulmonary
vasodilation in these patients [141,142]. Furthermore, polymorphisms that are found
in eNOS also contribute to PH development in patients with LHD [143]. Despite the
presence of similar perturbations in vasoactivity between PAH and PH-LHD, treating
PH-LHD patients with drugs used to treat PAH patients was not beneficial and even
harmful [139,144].

5.2. Group 3 PH

Chronic obstructive lung disease (COPD) associated PH is the best described form of
PH in group 3. The main trigger of COPD is considered to be cigarette smoke, which causes
chronic inflammation in the lung that subsequently triggers EC dysfunction and leads to
PH [145]. Cigarette smoke decreases eNOS and prostacyclin expression in PAECs [146,147].
COPD patients can show the overexpression of VEGF and ET-1 in pulmonary arteries [148,149].
A role for HIF1α and EndoMT has also been suggested in COPD [150,151]. Although there are
similarities in EC dysfunction, the drugs used to treat PAH are currently not recommended
for group 3 PH, due to a lack of evidence how these drugs may influence PH progression in
combination with the underlying lung diseases [152].
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5.3. Group 4 PH

CTEPH develops as a result of a pulmonary embolism (PE) that does not resolve [153].
These organized pulmonary thrombi in the lungs are associated with distal vascular re-
modeling of non-occluded vessels similar to the remodeling observed in PAH lungs [153].
Whether patients develop CTEPH due to primary EC dysfunction or as a consequence of
PE remains to be resolved. Nevertheless, evidence supports that features of EC dysfunction,
which are similar to those observed in PAH, are present in these patients and could play a
causal role in CTEPH development. Activated platelets with a hyper-responsiveness to
thrombin are likely to contribute to the CTEPH pathogenesis and progression via enhancing
inflammatory responses of pulmonary ECs [154]. EC dysfunction-associated vascular re-
modeling has been suggested as a common mechanism between CTEPH and PAH [153,155].
Primary cell cultures that were isolated from endarterectomized tissue co-expressed both
EC and SMC markers, suggesting a role for EndoMT in intimal remodeling/lesion devel-
opment in CTEPH [156]. The existence of endothelial dysfunction in CTEPH pathogenesis
is further supported by the fact that conditioned medium from CTEPH-derived PAECs,
containing high levels of growth factors and inflammatory cytokines, increased PASMC
proliferation and monocyte migration [157]. In addition, PAECs from CTEPH patients
show an increased proliferation, altered angiogenic potential and metabolism, and apop-
tosis resistance [158–162]. Increased levels of soluble intracellular adhesion molecule-1
(ICAM1) in PAECs from CTEPH patients and in endarterectomy may contribute to EC
proliferation and apoptosis resistance through its effect on cell survival pathways [161].
Additionally, FoxO1, in a PI3K/Akt dependent manner, is a possible contributor to the
loss of balance between cell survival and death and it was downregulated after PE in a rat
model of CTEPH [163]. A recent study reported that decreased levels of ADAMTS13 and
increased levels of vWF levels were observed in plasma of CTEPH patients, suggesting the
role of the ADAMTS13–vWF axis in CTEPH pathobiology. However, it remains unknown
as to whether this axis plays a role in EC dysfunction in CTEPH [164]. Finally, PAECs
isolated from CTEPH patients showed a significant rise in basal calcium levels, which
is an important regulatory molecule for EC function [165]. This imbalance in calcium
homeostasis is caused by angiostatic factors, such as PF4, IP-10, and collagen type 1, which
are formed in the microenvironment that is created by the unresolved clot and eventually
leads to EC dysfunction [165]. So far, a soluble guanylate cyclase stimulator (Riociguat) is
the only PAH based therapy that has been approved in patients with CTEPH that are not
eligible for surgery [166].

6. Current and Future Perspectives

Although much progress has been made to understand EC dysfunction in PAH, to
date there is still no definitive cure and patients only have a median survival rate of
2.8 years [167]. Current therapies for PAH, which consist of calcium channel blockers, ET-1
receptor antagonists, phosphodiesterase type 5 inhibitors, prostacyclin-derivatives, and,
more recently, also Riociguat, focus on restoring the imbalanced endothelial vasoactive
factor production to promote SMC relaxation, but with limited or no effect on other features
of EC dysfunction and subsequent progressive pulmonary vascular remodeling [168–170].
Therefore, research on EC dysfunction and its stimuli to target structural changes that
narrow lumen size in PAH is vital to find a cure.

A first step towards reversing vascular remodeling in PAH is the use of apoptosis-
inducing drugs, such as anthracyclines and proteasome inhibitors. They are already used in
combination with cardio-protectants, such as p53 inhibitors, to reduce pulmonary pressure
and restore blood flow in the experimental models of PAH [171,172]. The combinatorial
use is essential in circumventing the lack of cell-type/organ specificity of cell-killing drugs.
Cancer patients, but also experimental PAH animals treated with only cell-killing drugs,
show signs of cardiotoxicity that should be prevented in PAH patients that already suffer
from reduced right heart function [171,173–175].
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Another way to target progressive pulmonary vascular remodeling focuses on restor-
ing signaling pathways and EC function, e.g., using selective TGF-β ligand traps [176] or
TGF-β synthesis inhibitors, like kallistatin, which are known to improve hemodynamics,
remodeling, and survival in experimental PH models, and to inhibit EndoMT in HUVECs,
stimulate eNOS expression, and prevent TGF-β induced miRNA-21 synthesis, respec-
tively [176,177]. However, blocking inflammation to restore normal EC function in PAH
was not successful. One explanation might be the complexity of the immune system and,
by inhibiting the bad side, one also suppresses beneficial inflammatory pathways [178,179].

Modulating BMPR2 has also been proposed as a therapeutic approach to reverse
endothelial dysfunction in PAH. A recent study comparing human induced pluripotent
stem cell-derived ECs (iPSC-ECs) from unaffected BMPR2-mutation carriers with iPSC-ECs
from BMPR2-mutation carriers that present PAH identified several BMPR2 modifiers and
differentially expressed genes in unaffected iPSC-ECs. These BMPR2 modifiers exert a
protective response against PAH by improving downstream signaling, which compen-
sates against BMPR2 mutation-induced EC dysfunction and offers insights towards new
strategies for rescuing BMPR2 signaling [180]. A potential therapy for stimulating BMPR2
signaling is through pharmaceuticals [181]. Direct enhancement of endothelial BMPR2
signaling using recombinant BMP9 protein prevents and reverses the established exper-
imental PAH [42]. However, in contrast to Long et al., Tu et al. (2019) showed that the
deletion or inhibition of BMP9 protects against experimental PH via its effect on endothelial
production of ET-1, apelin, and adrenomedullin [182]. In line with this, we have recently
shown that BMP9-induced aberrant EndoMT in PAH pulmonary ECs is dependent on
exacerbated pro-inflammatory signaling mediated through IL6 [54]. These studies show
the BMP receptor family complexity as therapeutics in PAH. More recently, ACTRIIA-Fc,
an activin and growth and differentiation factor (GDF) ligand trap, prevented and reversed
existing PH in experimental PAH models. ACTRIIA-Fc inhibited SMAD2/3 activation
and restored a favorable balance of BMP signaling versus TGF-β/activin/GDF signal-
ing. ACTRIIA-Fc is currently tested in a phase-2 clinical trial for efficacy and safety in
PAH patients (NCT03496207) [183]. However, a recent study shows that TGF-β/SMAD
signaling is regulated differently in PH animal models compared to PAH patients [184].
Therefore, more research should be performed on this complex TGF-β/activin/GDF sig-
naling. Spiekerkoetter et al. uncovered a molecular mechanism, where FK506 (tacrolimus)
restores defective BMPR2 signaling in PAECs from iPAH patients and reverses severe
PAH in several rat models [181]. Based on improvements in clinical parameters and the
stabilization of cardiac function of end-stage PAH patients in a phase-2a clinical trial, a
low dose of FK506 was proposed as potentially beneficial in the treatment of end-stage
PAH [185]. These findings open-up an area, in which correcting BMPR2 mutations in
combination with other therapies might be more successful in curing PAH. A proposed
hypothesis to cure PAH describes collecting iPSCs from PAH patients, restoring the BMPR2
mutation with CRISPR/Cas9, and reinjecting those iPSCs in the patient to normalize EC
function and signaling along with administration of drugs that could restore the protective
gene expression profile of unaffected BMPR2 mutation carriers [186]. 6-Mercaptopurine
(MP), which is a well-established immunosuppressive drug, inhibits EC dysfunction and
reverses development of PH in the SuHx rat model by restoring BMP signaling through
the upregulation of nuclear receptor Nur77 [187]. A recent proof-of-concept study with
MP in a small group of PAH patients showed a significant reduction pulmonary vascular
resistance, accompanied by increased BMPR2 mRNA expression in the patients’ periph-
eral blood mononuclear cells. However, unexpected severe side-effects require further
dose optimization and/or the use of other thiopurine analogues [188]. Next to a role for
BMPR2, the loss of KCNK3 function/expression is a hallmark of PAH. A recent study
shows that the loss of KCNK3 is inducing EC dysfunction by promoting the metabolic shift
and apoptosis resistance in PAECs. Therefore, targeting KCNK3 might restore EC function;
however, the mechanisms remain unknown [189]. The transplantation of mesenchymal
cells in rats from the SuHx model improved haemodynamic parameters, but, more inter-
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estingly, reduced EndoMT (partially) through the modulation of HIF2α expression [190].
Furthermore, mesenchymal stem cells are also suggested to reduce inflammation through
the secretion of paracrine factors and attenuate vascular remodeling by lowering collagen
deposition [190–192]. However, the underlying mechanisms for this observation remain
unclear [190]. Several recent studies demonstrate the role of endothelial HIF-2a in the
pathogenesis of PAH, and therapeutic targeting of HIF-2a with small molecule inhibitors,
such as PT2567, have showed a beneficial effect in PAH in vivo [193,194]. A recent study
demonstrates that human pulmonary ECs of patients with PAH are more vulnerable to
cellular senescence, a process that is associated with EC dysfunction. Interestingly, tar-
geting senescence while using the senolytic drug ABT 263 reversed established PH in a
MCT+shunt induced PAH rat model by specifically inhibiting senescent vascular cells [77].
However, more research should be performed on the safety and efficacy of senolytics
in patients.

Finally, epigenetic modulation has received growing interest as potential therapeutic
intervention. Especially, specific HDAC inhibition shows great promise in reversing pul-
monary remodeling and pressure [129]. A problem with broad-spectrum HDAC drugs is
that they show severe side effects on the right ventricle, which can have fatal consequences
in PAH patients with RV failure [133,195,196]. Therefore, searches for more selective HDAC
inhibitors that do not show cardiotoxicity are still being done. One example is MGCD0103,
which is a HDAC inhibitor that selectively inhibits class-1 HDACs that has been tested in
a chronic hypoxia rat model. This inhibitor showed improved hemodynamics, reduced
wall thickening, while RV function was maintained [133]. Additionally, BET inhibitors,
such as RVX208, seem to be promising in the treatment of PAH through its beneficial effect
on reducing the apoptosis-resistant and pro-inflammatory phenotype in PASMCs and
MVECs isolated from PAH patients, but also on vascular remodeling and the RV in several
experimental models of PH [136]. Finally, miRNA-21 has been associated with multiple
pathogenic features, such as TGF-β signalling, EndoMT, and apoptosis, which are central
to PAH. Therefore, therapeutic modulation of miRNA-21 may be an important issue for
future research to restore pathogenic signaling.

7. Conclusions

To date, we still do not fully understand what triggers the onset and progression
of PAH. We do know that BMPR2 mutations, epigenetics, physiological conditions, and
inflammation are important triggers. EC dysfunction plays a central role in all of this,
through EC proliferation, EndoMT, and a misbalanced production of vasoactive factors,
resulting in the disorganized growth of PASMCs. Although several preclinical studies
demonstrate that EC dysfunction is a cause rather than a consequence of PAH, more
research should be performed in PAH patients in order to better understand this. For
example, non-carriers of BMPR2 mutation along with carriers of BMPR2 mutation from the
same family should be followed up for several years to understand whether EC dysfunction
or other triggers are a cause or consequence. Despite advancements that have been made in
treating this disease, very few therapies have little or no direct impact on EC dysfunction.
Therefore, successful treatments should focus on multiple aspects of EC dysfunction and
not solely on its effect on SMCs and fibroblasts in PAH. A better understanding of the
molecular mechanisms that are involved in EC dysfunction in PAH is of utmost importance
for developing successful therapies to save the lung as well as the heart, and perhaps cure
PAH in the future.
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Abstract: Diabetes and its vascular complications affect an increasing number of people. This disease
of epidemic proportion nowadays involves abnormalities of large and small blood vessels, all com-
mencing with alterations of the endothelial cell (EC) functions. Cardiovascular diseases are a major
cause of death and disability among diabetic patients. In diabetes, EC dysfunction (ECD) is induced
by the pathological increase of glucose and by the appearance of advanced glycation end products
(AGE) attached to the plasma proteins, including lipoproteins. AGE proteins interact with their
specific receptors on EC plasma membrane promoting activation of signaling pathways, resulting
in decreased nitric oxide bioavailability, increased intracellular oxidative and inflammatory stress,
causing dysfunction and finally apoptosis of EC. Irreversibly glycated lipoproteins (AGE-Lp) were
proven to have an important role in accelerating atherosclerosis in diabetes. The aim of the present
review is to present up-to-date information connecting hyperglycemia, ECD and two classes of gly-
cated Lp, glycated low-density lipoproteins and glycated high-density lipoproteins, which contribute
to the aggravation of diabetes complications. We will highlight the role of dyslipidemia, oxidative
and inflammatory stress and epigenetic risk factors, along with the specific mechanisms connecting
them, as well as the new promising therapies to alleviate ECD in diabetes.

Keywords: diabetes; hyperglycemia; glycated lipoproteins; glycated LDL; glycated HDL; endothelial
cell dysfunction; molecular mechanisms; epigenetic factors; therapeutic approaches

1. Introduction

The prevalence of diabetes mellitus (DM) is rapidly increasing worldwide [1]. The de-
creased quality of life of diabetic patients and the social and economic burden of this disease
emphasize the need to establish the causative mechanisms of DM that will finally allow the
identification of new therapies to cure diabetes and its associated vascular complications.
Cardiovascular diseases (CVD) are the clinical manifestations of atherosclerosis, which
represents one of the main vascular threats of diabetes. Published data show that the risk of
acute cardiovascular events (such as stroke or myocardial infarction) is seven to ten times
higher in diabetic patients compared to non-diabetic subjects [2]. In addition, microvascular
afflictions, including retinopathy, nephropathy, neuropathy and limb ischemia, occur at a
very high rate in diabetic patients compared to non-diabetic individuals [2].

The primary cause of the pathophysiologic alterations of the diabetic patient’s vascula-
ture is the exposure to high levels of blood glucose. It is well known that high glucose (HG)
can induce vascular complications in diabetic patients by affecting the normal function of
the vessel wall’s cells. Unfortunately, large-scale clinical studies have shown that despite
good glycemic control, the vascular complications persist and even evolve [3,4]. This phe-
nomenon is known as the “metabolic memory” of the cells [5]. The first cells of the vessel
wall exposed to plasma HG are the endothelial cells (EC). Constant plasma hyperglycemia
or intermittent HG due to poor glycemic control induces EC dysfunction (ECD) [6–8].
ECD is considered a critical step in the initiation and evolution of atherosclerosis [9].
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It favors an increased trans-endothelial transport of plasma proteins and lipoproteins
(Lp), stimulates the adhesion and sub-endothelial transmigration of blood monocytes,
supports the migration and proliferation of vascular smooth muscle cells (SMC) from the
media to the intima and impedes the fibrinolytic processes, finally increasing the risk of
cardiovascular events in diabetic patients [10]. Prolonged plasma HG induces also the for-
mation of advanced glycation end products (AGEs), which by non-enzymatic attachment
to proteins compromise their proper functioning. The interaction between the receptor for
AGE (RAGE) and AGE proteins activates numerous signaling pathways and represents
a powerful determinant of ECD [11]. Glycated lipoproteins (gLp), which are formed in
excess in the plasma of diabetic patients, are ligands for RAGE and contribute substantially
to ECD.

The aim of the present review is to select and summarize the molecular mechanisms
that determine ECD due to cells’ interaction with gLp and to present new therapeutic
strategies to alleviate CVD in diabetes. Special attention is given to the interaction of EC
with glycated low-density lipoproteins (gLDL) and glycated high-density lipoproteins
(gHDL) as important players in the accelerated-atherosclerotic process in diabetes.

2. Structural and Biochemical Alterations of Proteins and Lp Induced by
High Glucose

2.1. Generation of Advanced Glycation End Products

Diabetes is a metabolic disorder affecting people worldwide, its major complication
being vascular diseases, especially accelerated atherosclerosis. Characteristic of diabetes is
the increased levels of blood glucose. Hyperglycemia induces the non-enzymatic glycation
of blood proteins, resulting in AGE formation [12]. Extracellular glycation of different
molecules can be the result of Maillard reactions or of prolonged oxidative stress. In Mail-
lard reactions, AGEs formation starts with the condensing reaction between the carbonyl
group from glucose (or other reducing sugars) and the primary amino groups of proteins,
lipoproteins, nucleic acids or other molecules. The reversible Schiff bases formed are trans-
formed into Amadori products and then into various irreversible, crosslinked, fluorescent
and chemically reactive adducts [13]. The rearrangement of Amadori products to form
AGEs occurs via oxidative or non-oxidative processes. The rearrangement of Schiff bases
takes place at an alkaline pH, while the Amadori rearrangements start at a low pH, having
a lower reaction rate [14].

Another source of AGEs is the advanced lipoxidation end products (ALEs) that result
from successive oxidation cascades. The formation of ALEs starts with the peroxida-
tion of lipids (such as polyunsaturated fatty acids from cellular membranes), leading to
reactive carbonyl species (RCS), such as malondialdehyde (MDA) or 4-hydroxy-trans-2-
nonenal (4-HNE), or to α-oxoaldehydes, such as glyoxal, methylglyoxal, 3-deoxyglucuson
and acrolein [15]. After further arrangements, RCS can generate AGEs such as Nε-
carboxyethyllysine (CEL), arginine pyrimidine, pentosidine, pyrralin, glyoxal lysine and
Nε-carboxymethyllysine (CML) [14].

Although protein glycation takes place in vivo in tissues and fluids even under phys-
iological conditions, in diabetes, this reaction takes place at a faster rate because of the
increased availability of glucose and its catabolic aldehydes, such as glycoaldehyde and
methylglyoxal and increased oxidative stress [16,17]. Most of the time, the AGEs and ALEs
coexist in vivo, acting together in macromolecular complexes, such as Lp, and contributing
to the aggravation of the vascular damage in diabetes.

2.2. Irreversible Glycation of Lipoproteins

The formation of AGEs represents an important mechanism in the propagation of
the atherosclerotic process in diabetes. AGEs accumulate on long-lived proteins, affecting
the cellular membranes, cytosolic proteins, the components of the basal lamina and of the
extracellular matrix [18]. Plasma Lp can also be modified by excessive glucose, resulting in
non-enzymatically glycated Lp (AGE-Lp).
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Two classes of Lp, the low-density Lp (LDL) with pro-atherogenic potential and the
protective, anti-atherogenic high-density Lp (HDL), are mainly involved in the atheroscle-
rotic process. LDLs are the main cholesterol carriers in human plasma and, in pathological
conditions, LDLs accumulate in the subendothelium as extracellular modified Lp, contribut-
ing to the atherosclerotic process by releasing pro-inflammatory bioactive lipids (such as
oxidized phospholipids), inducing immune responses (by promoting the recruitment
of immuno-inflammatory cells, such as monocytes, neutrophils, lymphocytes, or den-
dritic cells) or by being taken up by macrophages and determining the formation of foam
cells [19]. Apart from LDL, lipoprotein (a) (Lp(a)) has received increasing interest in recent
years and is now recognized as an important independent risk factor for CVD in patients
with or without type 2 DM (T2DM) [20]. Lp(a) is composed of an LDL-like particle that
binds to apoprotein(a) (apo(a)) via plasminogen-like domains, has structural similarity to
plasminogen and tissue plasminogen activator (t-PA) and thereby may induce diminished
fibrinolysis and even thrombogenesis due to the stimulation of the secretion of plasmino-
gen activator inhibitor-1 (PAI-1). Further, Lp(a) carries cholesterol and binds atherogenic
proinflammatory oxidized phospholipids, thus impairing the endothelial proper function
and stimulating the attraction of inflammatory cells [21]. HDL plays important roles
in maintaining the homeostasis of the vascular system, mainly by exerting antioxidant
and anti-inflammatory effects and by participating in the reverse cholesterol transport
process [19].

In LDL, glycosylation affects the apolipoprotein B (apoB), the main protein of this
class of Lp. The irreversible glycation of native LDL (nLDL) starts with the non-enzymatic
addition of reducing sugars to the positively charged arginine and/or lysine residues of
apoB and continues with the formation of sugar-amino acid adducts, collectively known as
AGE (Figure 1).

Figure 1. Formation of irreversibly glycated lipoproteins by Maillard reactions.

Since the arginine and lysine residues from apoB are important for the specific recog-
nition by the LDL receptor (LDLR), an impaired LDLR-mediated uptake, a decreased
gLDL clearance and an increased gLDL mean lifetime in the plasma of diabetic patients
occur [16,22]. Furthermore, gLDL has an increased susceptibility towards oxidative modifi-
cation, a critical step in atherogenesis [17]. It was reported that irreversible glycated LDL
(AGE-LDL) has a 5-fold increased mean level of lipid peroxides, a reduction of the free
amino groups of apoB and a higher gel electrophoresis mobility, reflecting the increase
in the overall negative charge and the loss of positive charges [23]. Later, Deleanu et al.
showed that AGE-LDL has an increased content of conjugated dienes, 4-HNE, MDA and
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7-ketocholesterol compared to nLDL. In addition, the composition in free fatty acids is
different in AGE-LDL compared to nLDL, with a decrease of linoleic acid, dihomogamma-
linolenic acid and arachidonic acid content being observed [24].

The levels of circulating Lp(a) are increased in T2DM and type 1 DM (T1DM) pa-
tients and positively correlated with blood concentrations of glycated hemoglobulin A1c.
In addition, the levels of glycated Lp(a) are elevated in diabetic patients [25].

In the plasma of diabetic subjects, HDL main proteins become glycated; thus HDL
lose their protective function. Godfrey et al. showed that apoAI, the main protein of
HDL, is glycated in HDL isolated from diabetic patients. The in vitro glycation of apoAI
appears at sites involved in membrane fusion and ligand binding and induces structural
alterations of HDL particles. These modifications determine the decrease in HDL stability
and functionality in plasma [26]. Kashyap et al. reported that the glycation of apoAI at Lys
residues (Lys-12, Lys-96, Lys-133, and Lys-205) favors the appearance of apoAI crosslinking
and is associated with a decreased apoAI half-life compared to its non-glycated form [27].
Proteomic analysis revealed changes in 7 of the 45 identified proteins in HDL from T2DM
patients, including apolipoprotein (apo) A-II, apoE and PON-1. The data demonstrate early
changes in the lipid and protein composition of specific HDL subspecies in adolescents
with T2DM that are related to early markers of arterial disease [28].

2.3. Receptors for AGE-Proteins

The interaction of AGE-proteins with the cells is mediated by specific receptors.
These include the type I cell surface receptor for AGEs (RAGE), AGE-receptor complexes
(AGE-R1/OST-48, AGE-R2/80K-H, AGE-R3/galectin-3) and some members of the scav-
enger receptors family (SR-A; CD36, SR-BI, LOX-1; FEEL-1; FEEL-2) [14]. Unlike AGE-
receptor complexes, which take up AGEs and participate in their clearance from circulation,
RAGE interaction with AGEs leads to the activation of the intracellular signaling path-
ways, leading to increased oxidative and inflammatory stress [11,29]. RAGE belongs to
the immunoglobulin (Ig) superfamily and is expressed on various cell types: EC, SMC,
monocytes/macrophages, T-lymphocytes, dendritic cells, fibroblasts, neuronal cells, glia
cells, chondrocytes, keratinocytes. Besides AGE, RAGE recognizes a large number of
ligands, including HMGB1, S100/calgranulin protein, amyloid β peptide and lipopolysac-
charides (LPS) [13]. Essential for RAGE signaling is Diaphanous1 (DIAPH1)/mammalian
diaphanous-related formin (mDia1), a protein involved in the cytoskeleton organization
that interacts directly with the cytoplasmic domain of RAGE. Key down-effectors of DIAPH
1 include the activation of Src kinase, Rho GTP-ases (including cdc42 and Rac), glycogen
synthase kinase3b (GSK3b), AKT and Rho-associated, coiled-coil-containing protein kinase
(ROCK). Activation of these signaling pathways was linked with different pathological sit-
uations including myocardial ischemia, diabetes-associated nephropathy, retinopathy and
inflammation [30,31]. Besides mDia1, it was reported that the RAGE cytoplasmic domain
can interact also with ERK and the adaptor protein for toll-like receptors (TIRAP) [32,33].

Multiple alternative splice forms of RAGE with partial functionality were also discov-
ered. Of them, three isoforms are most important: (1) the N-truncated RAGE lacking the
extracellular V-domain, thus preventing AGE binding; (2) the dominant-negative RAGE
that lacks an intracellular domain, remaining anchored to the cell surface and permitting
AGE interaction, but without stimulating the intracellular signaling; and (3) the endoge-
nous secreted RAGE (esRAGE) that lacks both the transmembrane region and intracellular
domain. Besides these isoforms, another soluble form of RAGE is formed by the actions
of MMP-9 and ADAM-10 matrix metalloproteinases that cleave the cytosolic domain of
the RAGE protein [34]. Together with esRAGE, this form of truncated RAGE provides
the soluble form of RAGE (sRAGE). Since sRAGE is lacking the transmembrane and cy-
toplasmic domains, the ligand binding to sRAGE is unable to trigger the intracellular
signaling cascades. These features make sRAGE an anti-inflammatory, effective decoy and
competitive inhibitor for full-length RAGE, being involved in the scavenging and clearance
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of AGEs from circulation [11]. The pathophysiological role of RAGE will be discussed in
the next sections.

3. Endothelial Cell Dysfunction in Diabetes

ECs are instrumental for maintaining the homeostasis of the vascular system due
to their multiple functions. It is known that ECs participate in the regulation of the
vascular tone by secreting different vasodilators (such as nitric oxide, prostacyclin) and
vasoconstrictors (endothelin, thromboxanes). They act as a selective barrier to control
the exchange of macromolecules between the blood and tissues, control the extravasation
and the traffic of pro-inflammatory leucocytes by regulating the expression of the cell
adhesion molecules and cytokines and keep the balance between the pro-thrombotic and
pro-fibrinolytic factors [35,36].

In diabetes, the primary metabolic modification is the chronically elevated blood
glucose. ECs are the first cells of the vascular wall that interact with the blood-increased
glycemia and suffer structural and functional alterations [18,35]. The structural modifica-
tions of EC in diabetes start with the switch to a secretory phenotype, as demonstrated
by the overdevelopment of the rough endoplasmic reticulum (RER) and Golgi complexes,
the enrichment of the intermediary filaments and Weibel–Palade bodies, the enlargement
of the inter-endothelial junctions, and the increase in the number of plasmalemmal vesicles
favoring the formation of transendothelial channels [37,38]. These modifications determine
the formation of a hyperplasic basal lamina and the increase in EC permeability, favor-
ing the subendothelial accumulation of native and modified LDLs, which contribute to
atheroma formation [18].

ECD in diabetes is well documented and is regarded as an important player in the
pathogenesis of CVD [39]. Dysfunctional ECs suffer a shift to a vasoconstrictor, pro-
thrombotic and pro-inflammatory phenotypes. RAGE plays an important role in the
development of the vascular complications associated with diabetes. It was demonstrated
that deletion of RAGE in different animal models determines a significant attenuation
of the atherosclerotic process [40,41]. The specific deletion of the cytoplasmic domain
of RAGE of EC in transgenic mice was associated with a decrease in the inflammatory
stress, revealing a prominent role for RAGE in ECD [40]. Studies in cultured EC have
demonstrated that the interaction of different AGEs with RAGE determines the develop-
ment of oxidative stress by activation of NADPH oxidase or induction of mitochondrial
dysfunction [11,42,43] and lowers the bioavailability of nitric oxide (NO) [35]. In addition,
series of intracellular phosphorylation reactions leading to the activation of MAPK (such as
ERK1/2, p38), the enhancing of Jak/Stat signaling pathway and the activation of nuclear
factor kappa B (NF-kB) are induced [14]. These effects result in the stimulation of the
synthesis of pro-inflammatory cytokines and chemokines, including interleukin-6 (IL-6),
monocyte chemoattractant protein 1 (MCP-1), tumor necrosis factor α (TNFα) and trans-
forming growth factor β (TGF-β) and the overexpression of adhesion molecules, such as
vascular cell adhesion molecule (VCAM-1) or intracellular cell adhesion molecule (ICAM-
1), exacerbating the atherosclerotic process in diabetes [29,44,45]. Of great importance,
it was demonstrated that AGEs increase the endothelial hyper-permeability by dissociating
the adherens junctions through RAGE-mDia1 binding [46]. Interestingly, active NF-kB is
also involved in the transcription of RAGE and of some of its ligands (such as HMGB1).
Thus, the primary activation of RAGE unfortunately generates a positive feedback loop
of self-sustained activation cycle, through NF-kB, amplifying the deleterious effects of
AGE/RAGE interactions [47] (Figure 2).
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Figure 2. Schematic representation of advanced glycation end products (AGEs)/receptor for AGE
(RAGE) interactions. The figure depicts the main signaling pathways, cellular processes and tran-
scription factors involved in the generation of cellular dysfunction determined by AGEs. The black,
thick arrows indicate the succesive activation of different signaling pathways and transcription
factors stimulated by AGEs/RAGE interaction; the two headed black arrows indicate the interconnec-
tion between oxidative stress (ROS) and endoplasmic reticulum stress (ERS); the red arrows indicate
the stimulation (up-headed arrows) or inhibition (down-headed arrows) of cellular processes which
determine the dysfunction of endothelial cells.

In diabetic patients, the alteration of EC function was measured as: decreased forearm
blood flow [48,49], increased levels of soluble adhesion molecules such as E-selectin, solu-
ble VCAM-1 or soluble ICAM-1 [50,51], elevated plasma levels of von Willebrand factor
(vWF) and PAI-1 [49,52,53]. More than being just a consequence of diabetes, ECD plays
an important role in the development of microvascular (nephropathy, retinopathy, neu-
ropathy) and macrovascular (ischemic heart disease, stroke, peripheral vascular disease)
complications of diabetes [39].

4. Glycated Lipoproteins Detrimental Actions in Endothelial Cells

4.1. Reduction of Nitric Oxide Bioavailability

NO is essential in maintaining the functionality of the vascular system, due to its
wide pleiotropic beneficial actions, having antiplatelet adhesion, anti-inflammatory, an-
tioxidant and anti-apoptotic properties [35]. In diabetic conditions, the NO bioavailability
is decreased due to the reduced endothelial NO synthesis or due to the interactions of
NO with the excess pro-oxidant molecules (such as superoxide anion). In EC, NO is
synthesized from L-arginine and O2 by the constitutive endothelial nitric oxide synthase
(eNOS or NOS3) in a reaction that produces stoichiometric amounts of l-citrulline and
NO. Besides L-arginine, the presence of cofactors such as heme, tetrahydrobiopterin (BH4),
flavin adenine mononucleotide (FMN), flavin adenine dinucleotide (FAD) and NADPH is
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also required. ENOS functions as a homodimer, and its regulation is complex, involving
transcriptional, post-transcriptional and post-translational mechanisms; any alteration of
these mechanisms resulting in the decrease of NO production. Interaction with calmod-
ulin, palmitoylation and myristoylation, phosphorylation by protein kinase B (Akt) or
AMP-activated protein kinase (AMPK) at Ser1177 (Ser1179), and its localization in the cell’s
membrane, determine eNOS activation. In contrast, the interactions with caveolin or the
phosphorylation at Thr495/Tyr657 by the redox-active kinases (protein kinase C, PKC)
promotes the inactivation of eNOS and the subsequent decrease of NO production [54]. The
reactive oxygen species (ROS) can decrease NO synthesis through an interesting molecular
mechanism: ROS lowers the levels of BH4 or L-arginine, and eNOS becomes “uncoupled”,
generating superoxide instead of NO, thus exacerbating the oxidative stress [35]. In ad-
dition, the reaction between the superoxide molecule and NO determines the formation
of peroxynitrites (ONOO-), highly reactive nitrogen species that exacerbate the oxidative
stress and decrease the bioavailability of NO. An important participant in the peroxynitrite
formation is the inducible NO synthase (iNOS) that can be stimulated by the interaction
of AGE with RAGE [11]. Unlike eNOS, which synthesizes NO in small quantities over
long periods of time, iNOS synthesizes large amounts of NO in short periods of time,
thus stimulating the formation of peroxynitrites in a pro-oxidant medium and amplifying
the oxidative stress [35,54].

The specific effects of gLp on NO synthesis and bioavailability (synthesized as shown
in Figure 3a) were studied mainly in cultured ECs from various sources. Rabini et al.
reported that the incubation for a short period of time of human aortic EC (HAEC) with
LDL isolated from T1DM patients stimulates the production of NO in parallel with that
of peroxynitrites [55]. Comparing the effects of gLDL obtained in vitro with those iso-
lated from diabetic patients, Artwolh et al. demonstrated that both gLDLs determine the
reduction of eNOS expression [56]. In agreement with this, Toma et al. showed that a
24 h incubation of cultured EC with 100 μg/mL AGE-LDL induces a slight inhibition of
eNOS expression while increasing iNOS expression and ROS production [57]. Nair et al.
confirmed and added to these results by showing that physiological concentrations of
gLDL reduce the abundance of eNOS protein and its activity by a mechanism involving
the stimulation of RAGE/H-Ras signaling pathway and of endoplasmic reticulum stress
(ERS) [58]. The contribution of AGE-LDL to the alteration of the vascular reactivity was
evidenced by using the myograph technique applied to mesenteric arteries from normal
hamsters. Compared to nLDL, AGE-LDL decreased by 60% the relaxation of normal
mesenteric arteries when stimulated with acetylcholine and by 40% when stimulated with
sodium nitroprusside, demonstrating that AGE-LDLs affect both EC- and SMC-dependent
relaxation of the arteries [59]. An interesting mechanism that might explain eNOS inhibi-
tion in cultured EC exposed to glycated and oxidized LDL (glyc-oxLDL) was described
by Dong et al. [60]. They observed that the decrease in eNOS protein levels induced by
glyc-oxLDL was accompanied by an increase in intracellular Ca(2+) levels, ROS production,
and Ca(2+)-dependent calpain activity. By using specific pharmacologic inhibitors and
silencing RNA, Dong et al. demonstrated that eNOS protein levels are decreased due to
the activation of Ca(2+)-dependent calpain protease that upregulates the degradation of
eNOS in EC exposed to glyc-oxLDL [60]. These studies prove without a doubt that gLDLs
determine the decrease of NO bioavailability by affecting various molecular mechanisms,
thus providing insights related to the development of cardiovascular complications in
diabetes. The mechanisms by which gLDL induce ECD are summarized in Figure 3a.
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(b) 

Figure 3. Molecular mechanisms of gLDL (a) or gHDL (b) contributing to endothelial cell dysfunction. The blue arrows
indicate the detrimental actions of gLp in endothelial cells; the small black arrows indicate the specific molecular mechanisms
by which gLp determine the dysfunction of endothelial cells as showed by experimental data.

It is known that one of the anti-atherosclerotic properties of native HDL is the stimula-
tion of NO production in EC, determining the endothelium-dependent vasorelaxation [61].
Unfortunately, in diabetic patients, HDL is largely glycated [62]. The effects of gHDL on NO
bioavailability (Figure 3b) were analyzed in a few studies. Matsunaga et al. demonstrated
that 48h exposure of HAEC to 100 μg/mL glycated and oxidized HDL determines the
decrease in eNOS expression and NO production [63]. Persegol et al. reported for the first
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time that HDL isolated from T2DM patients does not preserve the endothelium-dependent
vasorelaxation function in isolated rings of rabbit aorta incubated with oxidized LDL [64].
In good agreement, in a randomized controlled trial, Sorrentino et al. showed that HDLs
isolated from T2DM patients lose their ability to stimulate NO production from cultured
HAEC and NO-mediated vasodilation of intact arterial segments. These effects were ac-
companied by an increase in gHDL peroxidation and HDL-associated myeloperoxidase
(MPO) protein and activity, suggesting a mechanism in which MPO plays an important
role [65]. More recently, it was shown that HDL isolated from T2DM loses its ability to
stimulate eNOS activity and its capacity to suppress the NF-κB-mediated inflammatory
response in TNFα-exposed EC. Interestingly, the loss of HDL’s ability to stimulate eNOS
activity was correlated with a decrease of sphingosine-1-phosphate (S1P) levels in the
plasma of T2DM; the authors suggested that the loss of S1P is a possible mechanism to
explain the inability of HDL to exert its protective functions, contributing to the generation
of vascular complications in diabetes [66].

The presented studies converge on the idea that gHDLs reduce NO bioavailability;
however, more studies are needed for further clarification of the involved mechanisms.
The mechanisms by which gHDLs induce ECD are summarized in Figure 3b.

4.2. Induction of Oxidative Stress

Under physiological conditions, ROS act as essential mediators of the redox signal-
ing pathways involved in various cellular responses including proliferation, migration,
differentiation or gene expression. In pathological situations, ROS is generated in excess,
becoming toxic for cells, which leads to oxidation of molecules, enhancement of the in-
flammatory response, cellular aging or apoptosis [67]. Oxidative stress results from the
imbalance between ROS production and ROS detoxification. In EC, the main sources of
ROS are: the NADPH oxidases complex (specifically Nox2 and Nox4), the mitochondria
and the uncoupled eNOS [35]. The cellular antioxidant defense system comprises a set of
antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and the thioredoxin system, which work together to decompose ROS, in particular
the superoxide, to water and oxygen [67,68]. In EC, the antioxidant enzymes are stimulated
by oxidative stress and participate actively in the adaptive response of the cells to ROS [69].
They have the ability to regenerate the proteins inactivated by oxidative stress and play an
important role in EC survival by inhibiting the activation of c-Jun N-terminal kinase (JNK)
and p38 mitogen-activated protein kinase (p38 MAPK) [67].

4.2.1. Upregulation of the Main EC Pro-Oxidant Proteins by gLp

The induction of oxidative and inflammatory stress by gLp has been well documented,
especially in the case of gLDL. Toma et al. reported that AGE-LDL stimulates NADPH
oxidase activity by upregulating the p22phox and NOX-4 subunits and determines the
increase of MCP-1 released in EC culture medium [70]. The upregulation of p22phox is p38
kinase and NF-kB-dependent, due to RAGE/AGE-LDL interaction. In addition, the authors
showed that all these effects are significantly augmented in the presence of HG in the
culture media. Interestingly, exposure of EC to nLDL in HG culture medium compared
to normal glucose determines the stimulation of RAGE and NADPH subunits (p22phox,
NOX4, and p67phox), supporting the concerted pathogenic potential of hyperglycemia
and dyslipidemia in T2DM patients [70]. These results were confirmed by other groups,
who reported that gLDLs increase the oxidative stress in cultured EC by stimulating the
RAGE/NADPH oxidase axis [44,71]. Recent studies [44,45,72] show that stimulation of
the oxidative stress was followed by the upregulation of the pro-thrombotic PAI-1 or of
various pro-inflammatory proteins (C reactive protein, MCP-1, VCAM-1) that exacerbate
the inflammatory state and stimulate monocyte adhesion to EC (Figure 3a).

Mitochondria play an important role in ROS generation, calcium homeostasis and cell
survival. Increasing evidence demonstrates that functional alterations of mitochondria are
involved in the promotion of ECD in diabetes [73]. Few studies focusing on the understand-
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ing of the effects of gLp on mitochondrial functioning have been done. It was reported
that compared to nLDL, gLDL stimulates mitochondrial ROS generation in ECs [74,75].
ROS generation was accompanied by the attenuation of the activity of key enzymes from
the mitochondrial electron transport chain, impaired mitochondrial oxygen consumption
and the reduction of mitochondrial membrane potential [74]. These results were confirmed
by a recent study [76] showing that the L5 subfraction of electronegative LDL augments
mitochondrial free-radical production in cultured HAEC, leading to premature vascular
endothelial senescence (Figure 3a).

HDLs isolated from diabetic patients, in contrast to HDL isolated from healthy subjects,
lose their ability to reduce superoxide production and NADPH oxidase activity in TNFα-
stimulated ECs [65]. Matsunaga et al. showed that oxidation of gHDL stimulates the
increase of H2O2 by activating NADPH oxidase [63] (Figure 3b). Therefore, innovative
therapies designed to increase endogenous antioxidants, in particular those associated
with HDLs, will be valuable anti-diabetic treatment in addition to the existing ones.

4.2.2. Modulation of the Activity of the Cellular Antioxidant Defense System by gLp

The cellular antioxidant defense system plays an important role in ROS detoxification,
being critical in maintaining the cellular proper function. Studying the impact of gLp
on the endothelial antioxidant system, Zhao et al. observed that both nLDLs and gLDLs
induce stimulation of SOD, GPx and CAT activity after 24 h incubation with cultured
ECs. Interestingly, the lowering of glutathione reductase, the enzyme responsible for
the restoration of reduced glutathione (GSH) pool, was observed in gLDL-exposed ECs
versus nLDL. In agreement with this result, the authors showed that GSH levels in EC are
reduced by gLDLs [77]. Another antioxidant protein shown to be affected by gLDL was
the catalytic subunit of glutamate cysteine ligase (GCLC), the first rate-limiting enzyme
for GSH synthesis. Toma et al. reported an increase of GCLC gene expression in gLDL-
exposed EC compared to cells exposed to nLDLs. Interestingly, using specific ERS inhibitors,
the authors observed the decrease of GCLC levels to normal values. This result suggests
that GCLC is increased as an attempt of the cells to restore their intracellular antioxidant
protection by re-establishing the GSH pool consumed for the proper folding of proteins
accumulated in the ER when the cells are exposed to gLDL [45].

The exposure of EC to glyc-oxHDL determined the down-regulation of catalase and
Cu(2+), Zn(2+)-superoxide dismutase (CuZn-SOD) expression resulting in the formation
of increased levels of H2O2 [63]. No specific studies regarding the effect of gHDL on
ECs’ antioxidant defense have been published. The results are presented summarized
in Figure 3a,b.

4.3. Activation of Endoplasmic Reticulum Stress

The ER is an organelle with multiple functions, involved in maintaining homeostasis,
function and survival of the cells. The main role of the ER is the synthesis of proteins
and lipids, the ER lumen being the place of residence for many foldases and chaperones
(e.g., GRP78, GRP94) needed for proper protein folding. Due to its importance in cellular
homeostasis, the ER functions are highly regulated. However, in pathological situations,
in the lumen of the ER, a high amount of misfolded proteins may accumulate, induc-
ing ERS [78]. To resolve ERS, cells initiate the unfolded protein response (UPR), a set of
three signaling pathways meant to restore ER homeostasis, as follows: (1) the protein
kinase-like ER kinase (PERK)/eukaryotic initiation factor (eIF)-2α branch to attenuate the
novo translation of proteins; (2) the activating transcription factor (ATF)-6 upregulates the
transcription of molecular chaperones needed to increase the capacity of ER folding; (3) the
inositol-requiring enzyme 1 alpha (IRE1α)/spliced X-box binding protein 1 (sXBP-1) simu-
lates the transcription of chaperones and activates the ER-associated protein degradation
(ERAD) machinery. However, if ERS is prolonged and the cells do not restore the ER proper
functions, the UPR generates the activation of the pro-inflammatory signaling cascades by
the activation of NF-κB, p38MAPK and c-Jun N-terminal Kinase (JNK), finally leading to
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cellular apoptosis through the activation of CCAAT/enhancer-binding protein homologous
protein (CHOP) and inhibition of anti-apoptotic Bcl-2, in parallel with the stimulation of
the pro-apoptotic Bim [79].

It was reported that stressors such as high glucose, ROS or accumulated free choles-
terol can be triggers of ERS in EC [80]. It is known that long-term dyslipidemia induces
insulin resistance, a possible mechanism being the enhancement of ERS [81]. Although
ERS was frequently associated with diabetes and vascular complications, the involvement
of gLp in promoting ERS is not very well documented. Zhao et al. showed that the hearts
and ascending aortae from diabetic mice present an increased level of UPR markers [82].
They showed that a 6 h incubation of cultured EC with gLDL stimulates ERS by the in-
crease of GRP78/94, sXBP-1 and CHOP [82]. Toma et al. complemented these studies
by demonstrating that a 24 h exposure of EC to gLDL increases ERS, probably due to an
increase in accumulated free cholesterol in EC membranes induced by gLDL [45]. Unlike
Zhao et al., Toma observed no modification of sXBP-1 levels, but a decrease in GRP78
levels. The dissimilarities might originate in the different exposure times to gLDL, being
known that the IRE1α branch of UPR is attenuated after 8 h, despite the persistence of
ERS [83]. Furthermore, the study demonstrated that ROS levels induced by gLDL were
decreased by inhibitors of ERS and that ERS was alleviated by ROS inhibitors, show-
ing an interconnection between ROS and ERS in gLDL-exposed HEC [45] (summarized
in Figure 3a).

In normal conditions, native HDL exerts an anti-oxidant and anti-inflammatory ac-
tion in EC activated by pro-inflammatory proteins or loaded with lipids. To study the
effect of gHDL in EC, Yu et al. used a recombinant, non-enzymatically glycated PON-1.
The glycated PON-1 presented a diminished enzymatic activity, and its incubation with
ECs induced ERS and reduced the activity of sarco/ER Ca2+-ATPase (SERCA), thus increas-
ing the intracellular levels of calcium by a mechanism involving the oxidative stress [84]
(Figure 3b).

4.4. Stimulation of Monocytes Adhesion to Endothelial Cells

Monocytes’ adhesion and their subsequent transmigration into the subendothelium
are instrumental for atherosclerosis inception and progression. The redox-sensitive NF-kB,
the activator protein-1 (AP-1) and the redox-sensitive MAP kinases play important roles in
the pathophysiology of diabetes, all being involved in the transcription of different pro-
inflammatory cytokines, chemokines or cell adhesion molecules [85]. The overexpression of
adhesion molecules (such as ICAM-1, VCAM-1, ninjurin-1) on EC plasma membrane stim-
ulates monocytes adhesion and transmigration into the subendothelial space, contributing
to atherosclerosis initiation and progression in diabetes.

Both gLDL and gHDL can activate ECs and stimulate the adhesion of monocytes
to ECs through different molecular mechanisms [44,45,72]. Zhao et al. showed that in-
cubation of cultured EC with gLDL determines an increased monocytes adhesion. Very
interesting, they showed that the transfection of ECs with siRNA specific for p22phox
or PAI-1 prevented the gLDL-induced monocytes adhesion to ECs, suggesting that the
oxidative stress and the fibrinolytic modulators participate in the inflammatory processes
in diabetes [44]. Toma et al. reported that monocytes adhesion is increased in ECs exposed
to gLDLs due to the increase in VCAM-1 expression through signaling pathways involving
RAGE, ROS, ERS stimulation and subsequent activation of p38MAP kinase and NF-kB [45].
Later, Toma et al. confirmed and added to the previous reports by evidencing the involve-
ment of gLDLs in the secretion of MCP-1 and C reactive protein through mechanisms
involving stimulation of RAGE, oxidative stress and ERS [72] (Figure 3a).

The effect of gHDLs on EC function was reported by Hedrick et al., who showed that
gHDLs, compared to native HDLs, do not inhibit monocytes adhesion to HAEC exposed to
oxidized LDL. The study concluded that the inability of gHDLs to exert anti-inflammatory
protection is due to the significant reduction of PON-1 activity observed after HDL glyca-
tion [86]. HDLs isolated from diabetic patients did not inhibit the phosphorylation of NF-kB
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p65 subunit in TNFα-exposed EC compared to HDLs from normoglycemic subjects [66,87].
Moreover, HDL from T2DM patients had an impaired ability to inhibit LDL oxidation and
LDL-induced monocyte chemotaxis [88] (Figure 3b). These studies demonstrate that the
irreversible glycation of LDL and HDL participates substantially in the development of a
pro-inflammatory state in EC, contributing to the major complications of diabetes.

4.5. Generation of Fibrinolytic Regulators

Intravascular thrombosis resulting from imbalances between the coagulation and
the fibrinolytic processes plays a critical role in the diabetic vascular complications [89].
Plasmin, the main active product of the fibrinolytic system, maintains the fluidity of blood
in the vasculature by breaking down the fibrin clots. Plasmin is generated from plasmino-
gen through the balanced action of its activators, t-PA, urokinase plasminogen activators
(u-PA) and the PAI-1, the physiological inhibitor of t-PA and u-PA. Vascular ECs synthesize
both activators and inhibitors of fibrinolysis, playing a critical role in the homeostasis of
fibrinolytic activity in the blood [89].

In diabetic patients, an attenuated fibrinolytic activity was determined [90,91],
predisposing the patients to vascular accidents. Published data indicate that gLps have an
important contribution to the alteration of the fibrinolytic system equilibrium in diabetes.
Shen et al. extensively described the effects of gLps on the generation of fibrinolytic regula-
tors from ECs. They were the first to demonstrate that gLDL amplifies the production of
PAI-1 in parallel with the reduction of de novo synthesis of t-PA in HUVEC [92]. Similar re-
sults were obtained for LDL isolated from T1DM or T2DM patients or VLDL from T2DM
patients [90]. Comparing the effects of oxidized LDL and gLDL on the fibrinolytic factors,
Ma et al. showed that both modified Lp increase, PAI-promoter activity, PAI-1 mRNA
level and its release from EC in a similar manner. Using specific inhibitors, the authors
demonstrated that an intact Golgi apparatus is required for PAI-1 generation in ECs [93].
Zhao et al. reported that PAI-1 is upregulated by gLDL through a mechanism depending
on the heat shock factor-1 (HSF-1) binding to PAI-1 promoter, which stimulates PAI-1
transcription [94]. Sangle showed later on that the endothelial RAGE, oxidative stress,
and HRas/Raf-1 signaling pathways participate in the upregulation of HSF-1 or PAI-1 in
EC exposed to gLDL [95] (summarized in Figure 3a).

Zhang et al. observed that glycation of Lp(a) enhances the production of PAI-1 and
further decreases the generation of t-PA from HUVEC and human coronary artery EC [25].
Thus, glycation of Lp(a) attenuates the fibrinolytic activity in blood and contributes to the
increased incidence of cardiovascular complications in diabetic patients with hyperlipopro-
tein(a).

Studies regarding the effects of gHDL on the fibrinolytic regulators expression in EC
are scarce. Ren S et al. showed that although gHDLs do not significantly modify t-PA in
EC, a high concentration of gHDLs (>/=100 μg/mL) moderately increases the release of
PAI-1 (Figure 3b). However, it is interesting that HDL glycation does not affect the ability
of HDL to reduce PAI-1 and to restore t-PA generation in ECs exposed to gLDL [91,96].

4.6. Induction of Endothelial Cell Apoptosis

Cellular apoptosis or programmed cell death is a physiological process important
in the development of embryos and continuing throughout adult life. Apoptosis can be
induced by two main separate pathways: one controlled by B-cell lymphoma 2 (BCL2),
a family of proteins including anti-apoptotic BCL2 and bcl-XL and pro-apoptotic Bad, Bax,
Bid or Bak, and the other one controlled by the so-called “death receptors”, including Fas,
TNFα receptor 1 (TNFR1), death receptor 3 (DR3) or TNFα-related apoptosis-inducing
ligand (TRAIL). Both these pathways converge to the activation of inactive initiator cas-
pases (caspase-8 and -9) and the downstream effector caspases (e.g., caspases-3 and -7),
finally determining the DNAse activation and cell’s death [97].

In diabetic conditions, an exacerbated apoptotic process was observed in ECs. Pub-
lished data indicate hyperglycemia as the main causal factor for the development of EC
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apoptosis, a specific role being played by gLDL. Artwolh et al. demonstrated that 48 h
exposure of HUVEC to 100 μg/mL of gLDLs isolated from diabetic patients determines
the apoptosis of cultured ECs due to the increase in pro-apoptotic Bak and caspase-3 [56].
Similar results were obtained in ECs using the electronegative LDL subfraction L5 isolated
from T2DM patients [98]. Li et al. showed that gLDLs decrease EC survival in a dose-
dependent manner by promoting apoptosis [99]. The authors demonstrated that gLDLs
increase p53 nuclear transcription factor levels and activate the glycogen synthase kinase
3 (GSK3b), determining the increase of the cytochrome c release from the mitochondria,
which in turn successively activates caspase-9 and the effector caspase-3. Interestingly,
Li et al. revealed that all these processes are abolished by the overexpression of Protein
L-isoaspartyl methyltransferase (PIMT), a protein that plays a role in the repair and/or
degradation of damaged proteins, whose levels are decreased by gLDL in an ERK1/2-
dependent manner [99]. Another interesting mechanism by which gLDLs may induce
EC apoptosis was described by Yin et al., who showed that HUVEC exposure to gLDL
determines a significant increase in the Bax/Bcl-2 ratio, the release of cytochrome c from
the mitochondria in the cytosol and stimulation of caspase-3 activity, determining cellular
apoptosis [100]. In addition, the authors observed that gLDLs decrease the expression of
prohibitin, a chaperone involved in the stabilization of mitochondrial proteins, involved in
maintaining normal mitochondrial morphology and function. Prohibitin overexpression
reversed the apoptotic process by inhibiting Akt phosphorylation, decreasing Bax/Bcl2
ratio, cytochrome c release and caspase 3 activity, showing that prohibitin plays a critical
role in gLDL-induced EC apoptosis [100] (summarized in Figure 3a). In conclusion, the
presented studies clearly demonstrate that gLDLs can and will stimulate the mitochondrial
apoptotic pathways in EC.

The effect of gHDLs on EC apoptosis was also investigated. Matsunaga et al. showed
that 100 μg/mL gHDL do not stimulate the apoptosis of HAEC. In contrast, if gHDL is
additionally oxidized (glyc-oxHDL), a significant increase of caspase 3 activity and expres-
sion and caspase 9 expression, as well as HAEC apoptosis, are induced, suggesting that the
oxidation process, rather than glycation, is detrimental for HDL function or pro-apoptotic
effects [101]. Although HDL glycation is not sufficient to induce EC apoptosis, the gly-
cation modifications suffered by gHDLs can determine EC senescence [102]. Park et al.
reported that exposure of HUVECS to fructated ApoAI determines the increase in cellular
senescence along with a lysosomal enlargement (Figure 3b).

5. Glycated Lipoproteins in Diabetes

5.1. Glycated LDL Participate in Atheroma Formation

Glycation determines the crosslinking of proteins that become more resistant to proteol-
ysis and accumulate in different tissues, thus affecting their function [12]. In atheroma from
diabetic patients, LDLs, AGE-proteins and oxidation products (such as 4-HNE-proteins)
co-localize, being present intracellularly (in foam cells derived from macrophages or in
SMC of the fibrous cap), as well as extracellularly, in the necrotic areas formed near the
internal elastic lamina [103,104]. Tames et al. showed that glycated apoB levels are about
two-fold higher in DM patients compared to healthy subjects, reaching a concentration of
9.3 mg/dl [105]. It was reported that LDL glycation determines structural alterations in Lp,
inhibiting their recognition and uptake by the specific LDLR, allowing an enhanced uptake
by scavenger receptors present in macrophages, promoting foam cells and atherosclerotic
plaque formation [16]. Using an original model of hamsters with T1DM generated by injec-
tion with streptozotocin, and made hyperlipidemic by feeding a high-fat diet for 12 weeks,
Simionescu et al. showed that levels of gLDL doubled in hamsters’ plasma compared
to normal ones [106]. Using the model of streptozotocin-injected hamster with/without
hyperlipidemia, Sima and Stancu showed that the aortic intima contains focal deposits of
AGE-proteins and modified LDL, distributed either diffusely in the extracellular space or
associated with SMC or macrophage-derived foam cells [104]. MDA-Lys and HNE-Lys
adducts have been previously detected in atherosclerotic plaques of diabetic or diabetic-
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hyperlipidemic hamsters [107] or in atheroma from diabetic patients [104]. Using different
methods to block the effects of reactive carbonyl species, it was reported that these com-
pounds have robust pro-inflammatory properties, thus contributing to atherosclerosis
development [108].

5.2. Dysfunctional HDL Are Pro-Atherogenic Particles in Diabetes

Functional HDLs have been reported to mediate different beneficial actions in normal
physiological conditions by (i) participating in the glycemic control by interacting with
pancreatic beta cells [109], (ii) inhibiting LDL glycation and oxidation [110], (iii) maintain-
ing the function of EC through stimulation of NO production, (iv) reducing monocytes
adhesion to EC and (v) participating in the reverse cholesterol transfer process [111]. Un-
fortunately, the metabolic disturbances characteristic for the diabetic conditions determine
alterations in HDL composition and function, favoring the appearance of the dysfunctional
HDL [112]. Dysfunctional HDLs, characterized by an increased content of MDA, MPO and
ceruloplasmin, in parallel with decreased PON-1 protein and activity, were found in plasma
from patients with coronary artery disease and/or diabetes and were demonstrated to play
pro-inflammatory effects in EC [87].

In T2DM patients, Godfrey et al. observed an increase of methylglyoxal and dicarbonyl
groups in ApoAI from HDL that was associated with the alteration of HDL functions [26].
HDL isolated from T2DM patients was shown to be dysfunctional, being unable to inhibit
the inflammatory stress in TNFα-exposed EC [66] or LDL oxidation [88]. ApoA-I was
demonstrated to also be a target of MPO, affecting the anti-inflammatory and anti-apoptotic
activity of HDL in ECs or impairing the reverse cholesterol transport mediated by ABCA-
1 [113,114]. Another protein associated with HDL and known to be affected in diabetes
is the anti-oxidant enzyme PON-1. PON1 levels and activity were demonstrated to be
low in T1DM or T2DM patients [115,116] determining an impaired antioxidant capacity of
HDL [116,117]. Trying to decipher the mechanism of PON-1 regulation, Stancu et al. used
the model of the hyperlipidemic hamster that in time develops hyperglycemia, similar to
T2DM. These pathological conditions were associated with a decrease in PON-1 protein and
activity in the plasma, small intestine and liver through a mechanism regulated by LXR and
PPAR gamma [81]. Besides glycation and oxidation, other alterations in HDL composition
were observed in diabetes. Proteomic studies showed that diabetic HDL is enriched in
acute-phase reactant serum amyloid A (SAA) and apolipoprotein C-III, while the activity
of PON-1 and platelet-activating factor-acetylhydrolase (PAF-AH) is decreased, causing
the shift of HDL from anti-atherosclerotic to pro-atherogenic Lp [112,118]. HDL subclasses’
distribution was also altered in diabetes. Dullaart et al. reported that in the plasma of
T2DM patients, large and medium-size HDL particles’ number decreased, while small
HDL particles were increased [119]. In good agreement, epidemiological studies showed
that HDL2, the larger, less dense subfraction of HDL, is negatively correlated with the
development of T2DM [120].

In T1DM patients, HDLs are dysfunctional, presenting a low antioxidant protec-
tion [121] and a decreased capacity to participate in the reverse cholesterol transport [122].
In parallel, the increase was reported sof the pro-inflammatory SAA in HDL2 and HDL3
subfractions of HDL isolated from T1DM patients with poor glycemic control [123].

5.3. Hyperglycemia Alters miRNAs Profiles in Plasma and Lipoproteins

It is known that Lps are carriers for microRNAs (miRNAs) in plasma [124–126]. MiR-
NAs are small noncoding RNAs formed by approximately 22 nucleotides, demonstrated
to regulate different target genes by post-transcriptional mechanisms. Using different
experimental models, it was shown that miRNAs expression is modulated by diabetic
conditions, being reported in the few existing studies to correlate with the presence of
diabetic complications. Simionescu et al. demonstrated that circulating miR-125a-5p and
miR-146a levels are positively correlated with hyperglycemia in the serum of coronary
artery of affected patients [127]. In agreement with this, Huang et al. determined a 5-
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fold increase in miR-146a and miR-155 in the kidney samples obtained from patients
with diabetic nephropathy and showed that these miRNAs induce inflammatory stress
in glomerular EC in culture through the stimulation of TNFα secretion and NF-kB acti-
vation [128]. Published data indicate that miRNAs are mostly associated with HDL and
can be transferred to cultured cells, thus affecting cells’ functionality by modulating their
genes’ expression [124,125]. For instance, it was demonstrated that HDL transfers a func-
tional miR-223 to EC, thereby downregulating the expression of ICAM-1, thus exerting an
anti-inflammatory response [129]. In a study that evaluated miRNAs in the plasma and
HDL from diabetic subjects with stable (SA) or unstable angina (ACS), Simionescu and
Niculescu et al. demonstrated that miR-223, miR-92a and miR-486 were increased in HDL
from hyperglycemic ACS patients compared to normoglycemic ones. Interesting, the dis-
tribution of these analyzed miRNAs in HDL was statistically different in the two groups
of patients, discriminating between SA and ACS patients [130]. Later on, Florijn et al.
demonstrated an altered distribution of miRNAs in HDL isolated from diabetic patients
with nephropathy (DN), namely a decreased level of miR-132 was found in HDL from
DN patients compared with healthy subjects. Trying to find the pathological relevance of
these results, Florijn et al. tested the functional impact of HDL-associated miRNAs in ECs
and demonstrated that HDL-miR-132 significantly stimulated the angiogenic capacity of
ECs, suggesting that HDL enrichment with miR-132 represents a causal mechanism for the
advancement of DN [131].

6. Promising Therapies to Reduce ECD in Diabetes

6.1. In Vitro Approaches to Decrease the Effects of gLp in EC

Considering the importance of EC in maintaining the homeostasis of the vascular
system, the finding of therapeutic strategies to reverse ECD is of great importance.

The beneficial effects of some compounds (amlodipine, caffeic acid, cyanidin-3-
glucoside, procyanidin B2) to restore the proper function of EC affected by gLp was
evaluated in a few in vitro studies. It was shown that amlodipine, a calcium channel
blocker, increases the bioavailability of NO in ECs exposed to gLDL, as demonstrated
by the increase in the NO/peroxynitrite ratio in the culture media of the treated cells.
This beneficial action was the result of the increased expression of eNOS, in parallel with
the reduction in iNOS and NADPHox-dependent ROS induced by amlodipine. In addi-
tion, amlodipine reduced the activation of the pro-inflammatory NF-kB and p38 MAPK
determining the decrease of monocyte adhesion to ECs, in part through downregulating
MCP-1 and VCAM-1 expression [57]. Caffeic acid, a phenolic acid present in normal diets,
was successfully tested for its antioxidant and anti-inflammatory effects in HECs exposed
to gLDL. Caffeic acid reduced the secretion of CRP, VCAM-1, and MCP-1 in gLDL-exposed
HEC by inhibiting RAGE expression and NADPHox-dependent ROS and attenuating the
gLDL-activated ERS. In addition, it exerted anti-apoptotic actions, as demonstrated by
CHOP inhibition and the restoration of the mitochondrial transmembrane potential [72].
Cyanidin-3-glucoside (C3G), an anthocyanin present in dark-skinned berries, was shown to
reduce the intracellular superoxide production and to improve the viability of EC exposed
to gLDL [71]. It was proven that the beneficial effects of C3G are the result of the downregu-
lation of RAGE, thus determining the inhibition of NOX4 expression and normalization of
mitochondrial-dependent ROS [71]. An interesting protective mechanism for EC function
was described by Li X et al. for grape seed procyanidin B2 (GSPB2). They demonstrated
that GSPB2 inhibits the apoptosis of ECs exposed to gLDL by increasing the expression of
the protein PIMT, a repair enzyme that controls the release of cytochrome c and activation
of caspase 3 and 9 [99]. Another mechanism by which GSPB2 reduced apoptosis, increasing
the viability of ECs exposed to gLDL, was described later by Yin et al. [100]. In cultured ECs,
the authors demonstrated that GSPB2 increases the expression of prohibitin, a protein impli-
cated in cellular survival and apoptosis that is decreased by gLDL exposure. The increase
in prohibitin by GSP2 reduced the cytochrome c release into the cellular cytosol, Bax/Bcl-2
ratio and attenuated the caspase-3 activity, thus protecting against apoptosis [100].
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ERS decrease could be another approach for the diminution of gLp effects on ECs in
diabetes. ERS inhibition by 4-phenylbutyric acid (PBA) effectively repressed the activation
of eIF2α and CHOP signals and reversed AGEs-induced cell apoptosis in mesangial cells
in vitro [132]. Stimulation of the ER folding capacity through chemical chaperones, such as
tauro-urso-deoxycholate and PBA, promises to be a novel and valuable therapeutic attempt
for preventing the effects of diabetes in the vascular cells [133].

6.2. Therapies Used to Alleviate the Vascular Disorders in Diabetes

In diabetic patients, several therapies have been used to reduce the vascular compli-
cations of this disease. These include changes in the lifestyle and/or administration of
oral hypoglycemic drugs, vitamins, antioxidants, statins, etc., to target the pathological
mechanisms that drive the development of diabetes and its complications. Unfortunately,
although having beneficial properties for human health, some of them failed to reduce
the major vascular complications in diabetes. For example, data from the large-scale Look
AHEAD (Action for Health in Diabetes) trial showed that achieving changes of lifestyle
and weight loss confers health benefits for DM patients (including decreasing sleep ap-
nea, reducing the need for diabetes medication, maintaining physical mobility), but the
cardiovascular risk remaine unchanged [134].

Since AGEs are important players in the progression of diabetic complications, the in-
hibition of the mechanisms that promote their formation is desirable. As highlighted,
hyperglycemia and oxidative stress are the main contributors to AGE formation. The abil-
ity of different classes of therapeutic compounds with hypoglycemiant and anti-oxidant
properties to ameliorate diabetes and its vascular complications was tested in different
clinical studies and will be further presented.

6.2.1. The Use of Hypoglycemiant Compounds

Oral hypoglycemiant compounds are an important class of drugs used in the treat-
ment of diabetes. The compounds used at present act either by increasing the production
of insulin (sulphonylureas, glinides and, more recently, incretin mimetics) or stimulating
insulin sensitivity in the target tissue (insulin sensitizers such as metformin and thiazo-
lidinediones) [134]. Metformin has been successfully used for long-term treatment as
first-line therapy for T2DM to improve glycemic control in patients, being associated with
a low risk of hypoglycemic events [135]. In a recent cohort study of USA veterans with
T2DM, Wang et al. showed that metformin reduced the rate of CVD events [136]. In a meta-
analysis, Lee et al. demonstrated that metformin is associated with fewer major adverse
cardiac events in T2DM patients from Taiwan [137]. The beneficial cardio-metabolic effects
of metformin were studied also in T1DM patients in a large double-blind randomized,
placebo-controlled trial, the conclusion being that this drug reduces atherosclerosis pro-
gression [138]. In recent years, new antidiabetic drug classes, such as glucagon-like peptide
1 (GLP-1) receptor agonists (RAs), sodium-glucose co-transporter-2 (SGLT-2) inhibitors
and dipeptidyl peptidase-4 (DPP-4) inhibitors, were used as add-on therapies secondary to
metformin. In a recent meta-analysis, Fey et al. compared the effects of these compounds
on cardiovascular outcomes in diabetic patients. They reported that compared with other
antidiabetic drugs, SGLT-2 inhibitors are superior in reducing the cardiovascular mortality,
hospitalization for heart failure and the appearance of renal damages, while the effects of
DPP-4 inhibitors on cardiovascular and renal outcomes are comparable to placebo [139].

6.2.2. Therapeutic Compounds to Reduce Formation of AGE

Data from literature clearly support the involvement of AGE products (from exoge-
nous or endogenous sources) in the generation of micro- and macrovascular complications
of diabetes. Notably, it was stated that AGE are possible mediators of the metabolic memory
of cells in diabetes [5], their formation determining the evolution of diabetic complications
even when glycemia is under strict control. Thus, the inhibition of AGE formation is one of
the possible therapeutic approaches to reduce the diabetic burden.
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Few therapeutic compounds were reported to block the formation of AGE, including
metformin, derivates of vitamin B and statins. Metformin was reported to prevent AGE
formation in vitro [140] and to reduce the levels of CML, while increasing plasma soluble
RAGE in patients with metabolic syndrome [141].

Derivates of vitamin B6, such as pyridoxamine, were shown to be beneficial in re-
ducing AGE levels and the vascular complications of diabetes. Recently, Pereira et al.
reported that pyridoxamine significantly improved the function of EC in the aorta and
mesenteric arteries of an animal model of non-obese T2DM by decreasing the vascular
oxidative damage and AGE levels [142]. Using different animal models of diabetes, other
studies showed that pyridoxamine can reduce the apoptosis of cardiomyoblasts in cardiac
ischemia [143], impede the development of atherosclerotic lesions and improve the cardiac
ejection fraction in diabetic mice with myocardial infarction [144], or reduce the arterial
stiffening by inhibiting the glycation of aortic collagen [145]. Another derivate of vitamin
B6, 2-aminomethyphenol pyridoxamine, was shown to reduce the CML levels, triglycerides
and total cholesterol in the plasma of diabetic STZ-induced rats [146].

Lipid-lowering statins were constantly reported to inhibit the AGE/RAGE axis. Clin-
ical trials indicate that atorvastatin, simvastatin, pravastatin and pitavastatin have po-
tent AGE-lowering effects, independent of the glycemic control of the patients [147–149].
Several mechanisms to explain the AGE-lowering effects of statins have been described.
First, it was shown that statins stimulate ADAM-10 mediated RAGE shedding, increasing
sRAGE and the subsequent AGE clearance [150]. Since it is known that oxidative stress is
an important participant in the formation of advanced glycoxidation and lipoxidation end
products, it is reasonable to accept that the antioxidant properties of the statins decrease
AGE. In addition, a third mechanism can be proposed, related to the lipid-lowering capacity
of statins: the decrease in the cholesterol-rich LDL due to statins administration results in a
reduced formation of gLDL. Besides reducing AGE, the pleiotropic effects of statin include
antioxidant, anti-inflammatory, immunomodulatory, anti-proliferative and endothelial
protective effects, supporting their use in preventing the CVD risk in diabetic patients [151].
Their beneficial effects were reported in several cohort studies and clinical trials. The Heart
Protection Study (HPS) shows that administration of simvastatin substantially reduces
the major vascular events in diabetic subjects [152]. Beneficial effects were observed also
for atorvastatin in the Anglo-Scandinavian Cardiac Outcomes Trial-Lipid Lowering Arm
(ASCOT-LLA) or the Collaborative Atorvastatin Diabetes Study (CARDS), both studies
reporting a decreased risk of nonfatal myocardial infarction and fatal coronary heart disease
(CHD) in hypertensive diabetic patients without a previous history of CHD (ASCOT-LLA)
and a significant reduction of acute CVD events (including stroke) in T2DM patients with
normal LDL cholesterol levels [153]. Recently, Ramos et al. reported that statin therapy
significantly reduces the risk of CVD in older patients (>75 years) with T2DM [154].

6.2.3. Antioxidants to Decrease CVD in Diabetes

Knowing the important involvement of ROS in diabetes, compounds with antioxidant
properties such as vitamin C, E, alpha-lipoic acid, allopurinol and statins [155–158] were
used to improve the health of diabetic patients.

The obtained data are contradictory: the results from HOPE (Heart Outcomes Pre-
vention Evaluation) trial show that antioxidants, like vitamin E, have no effect on cardio-
vascular outcomes in DM patients [159], while a recent meta-analysis based on published
data indicates that antioxidant vitamins (in particular vitamin E) have benefits, such as
reduction of glycated hemoglobin levels, enhancing antioxidant capacity and improvement
of EC function in non-obese T2DM patients, supporting their use in protecting against
the complications of diabetes [155,156,160](Akbar S et al., 2011). In a very recent study,
Baziar et al. showed that alpha lipoic acid (ALA) may decrease the CVD risk by reducing
the level of oxidized LDL in the plasma of T2DM patients without affecting their lipid
profiles or glycemic indices [157]. Altunina et al. showed that ALA reduced the systemic
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inflammation (measured as decreased CRP, IL-6 and TNF-α) in T2DM patients with a
history of non-Q-myocardial infarction [161].

6.3. New Promising Therapies to Alleviate ECD in Diabetes

In diabetic-associated vascular diseases, LDL are modified (glycated and/or oxidized)
and play a key role in accelerating the progression of atherosclerosis. Chronic hyper-
glycemia enhances glucose-induced LDL oxidation and/or glycation, increasing their
pro-atherogenic properties [17,107] and promoting vascular injury. A correlation between
arterial tissue AGE and circulating AGE-apoB, and the contribution of AGE-specific re-
ceptors (RAGE) in atheroma formation was reported [162]. Thus, inhibition of RAGE is a
promising therapy to promote vascular healing in diabetes.

Together with reduction of AGEs, the alteration of miRNAs profiles in the plasma of
diabetic subjects is indicated to be involved in the promotion of diabetic complications
even under strict glycemic control [10], suggesting that miRNA-based therapies could be
efficient in the reduction of CVD in diabetes.

In the next section, the progress of therapies based on RAGE inhibition, or on re-
establishment of a miRNAs profile to reduce ECD and diabetes complications will be
presented. Future therapeutic strategies such as reduction of Lp(a) or the use of CRISP/Cas
technology to increase the anti-inflammatory AGE-receptor complexes will also be dis-
cussed.

6.3.1. RAGE Inhibitors

A new class of compounds proposed to reduce the diabetic burden is the RAGE
inhibitors. The fact that knocking out the RAGE gene in mice does not distress their
health and does not seem to affect their growth suggests that RAGE inhibition could be
a safe in vivo therapeutic approach [163]. Small-molecular inhibitors targeting either the
extracellular ligand-binding site or, more recently, the intracellular signaling domain of
RAGE have been developed [163]. TTP488, also known as PF-04494700 or azeliragon, is an
orally bioavailable small-molecule inhibitor for the extracellular domain of RAGE. TTP488
inhibits the binding of multiple RAGE ligands, including AGEs, HMGB1, S100B and Aβ.
Unfortunately, no data regarding the effects of TTP488 in diabetes exist, as the effects of
TTP488 are documented mainly in the context of Alzheimer’s disease where preclinical
studies show that TTP488 slows the cognitive decline at small concentrations [163]. An-
other extracellular RAGE inhibitor named FPS-ZMI did not cause toxic side effects in mice,
even at doses as high as 500 mg/kg [164] and was demonstrated to have beneficial effects,
such as reducing the cardiac hypertrophy and inflammation in cardiac tissues in a mouse
model of heart failure [165]. A set of intracellular inhibitors of the cytoplasmatic domain
of RAGE was identified by Manigrasso et al. [166]. It consists of 13 small molecules able
to inhibit competitively the interaction between the cytoplasmic domain of RAGE and
DIAPH1 [166]. These compounds exhibited anti-migratory effects in cultured SMC and
anti-inflammatory effects in THP-1 macrophages exposed to CML-AGE [166]. In addition,
a subset of these inhibitors was able to reduce the ischemia/reperfusion injury in the hearts
of a streptozotocin-induced diabetic mouse [31,166].

AGE proteins induce dysfunction of EC along the vascular tree in diabetes. While AGE-
receptor complexes act as scavengers for glycated proteins, AGE-RAGE/TLRs interaction
induces intracellular signaling pathways, leading to increased oxidative and inflammatory
stress. Therefore, genome-editing technology would be a promising tool to upregulate
AGE-receptor complexes and down-regulate RAGE/TLRs in order to counteract the harm-
ful effects of AGE-proteins in EC [167]. Due to its high efficacy, good repeatability, simple
design and low cost, the CRISPR/Cas9 technology is successfully used to develop in-
novative organ-specific therapies for better management of diabetic-associated vascular
diseases [168].
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6.3.2. MiRNA Based Therapies

The identification of epigenetic mechanisms that affect the function of EC in dia-
betes opened also the pathway for developing new promising therapeutic interventions.
MiRNAs–based therapies are centered on two main approaches: the miRNA inhibitory ther-
apy that aims to downregulate the aberrantly over-expressed miRNAs and the miRNA re-
placement therapy, which aims to restore the activity of beneficial miRNAs downregulated
by pathologic conditions [10]. Different in vitro and in vivo studies indicate that miRNA-
targeted therapies could be beneficial in alleviating micro- and macro-complications of
diabetes. In vitro, it was reported, for example, that upregulation of miR-149-5p reduced
ECD induced by high glucose-exposure by increasing the level of NO and the expression of
eNOS, while decreasing the levels of ET-1, vWF and ICAM-1 [169]. In vivo, it was shown
that the knockout of miR-21 alleviated the microvascular damage, inflammation, and cell
apoptosis in the retina of db/db mice through the decrease in PPARα [170]. Icli et al.
showed that delivery of miR-135a-3p inhibitors to wounds of diabetic db/db mice speeded
the wound closure and angiogenesis and increased the thickness of the granulation tis-
sue through the activation of p38 MAPK signaling in EC [171]. In addition, the delivery
of miR-126 significantly improved neurological and cognitive functions in T2DM-stroke
mice and induced the polarization of macrophages towards the anti-inflammatory M2
phenotype in the ischemic zone [172]. Although far from being used in clinical practice,
the strategies that target the epigenetic mechanisms used in combination with standard anti-
diabetic treatments might represent an additional opportunity to reduce the complications
of diabetes.

6.3.3. Inhibition of Glycated-Lp(a)

To date, no therapeutic approaches have been described to reduce the level of glycated
Lp(a) in diabetic patients. A reasonable way to do this is to decrease the Lp(a) synthesis
in parallel with the hypoglycemic therapies. Analysis of trials investigating evolocumab
effects in CVD patients reported significant dose-related decreases in Lp(a) levels, in par-
allel with the decrease in LDL-C and apolipoprotein B levels [173]. In the last decade,
an increased interest in antisense therapy has been noticed. This approach consists of
inhibiting the synthesis of specific proteins by using complementary oligonucleotides
that bind to their mRNA in the nucleus. Data from a clinical study that investigated
an antisense oligonucleotide that selectively reduces the synthesis of apo(a) in the liver,
and consequently Lp(a) plasma levels, also show a reduction in oxidized phospholipids on
apo(a) and a reduced monocyte inflammatory activation [173]. Conjugation of antisense
oligonucleotide with a GalNAc3 complex guides the drug to the hepatocytes via the asialo-
glycoprotein receptor, making it more potent than the parent antisense oligonucleotide.
Thus, the necessary dose of the drug will be reduced and its tolerability improved [174].

7. Discussion

Diabetes is a complex disease, affecting numerous organs and the entire vascular tree.
Accelerated atherosclerosis represents a major complication of the macro-vasculature of
diabetic patients that can cause major acute cardiovascular events. Endothelial dysfunction
has been demonstrated in both the peripheral and coronary arteries circulation. Alterations
in lipid metabolism are at the core of T2DM phenotypes and probably greatly contribute to
the increased risk of cardiovascular disease associated with diabetes. An important player
in the induction and progression of atherosclerosis in diabetes is the interaction between the
glycated and/or oxidized Lp and EC. In this context, more documented is the interaction
between EC and gLDL or gHDL, while data regarding gLp(a) are scarce and require in-
depth investigation. The mechanisms by which gLDL and gHDL induce ECD are complex
and interconnected. Although gLDL can interact with different receptors, the harmful
effects of gLDL on EC are induced especially by the interaction with RAGE, a process that
triggers the activation of various signaling pathways and affects all EC functions, deter-
mining decreased NO production, the dysregulation of oxidants–antioxidants balance or
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alteration of the proper function of ER. The extended presence of gLDL in diabetes induces
a pro-inflammatory status of EC and finally apoptosis. Notably, the combined exposure
to high glucose concentrations exacerbates the effects of gLDL. Since the gLDL/RAGE
interaction is the key step in generating ECD, the receptors for AGE-proteins are promising
therapeutic targets to be addressed by novel gene-editing technology. These approaches
could be complemented by the administration of molecules that restore the mitochondrial
and ER functions in EC.

At the same time, glycation of HDL renders them dysfunctional, unable to exert
anti-atherosclerotic actions due to the modified composition and activity of the associated
enzymes and a decreased half-life in the plasma of diabetic patients. The gHDL not
only lose their anti-atherogenic potential due to the glycation of its main proteins (apoAI,
apoAII, apoE, PON-1) but become pro-atherogenic by enrichment with pro-oxidant and pro-
inflammatory molecules, such as the pro-oxidant enzyme MPO and the pro-inflammatory
protein SAA. However, many other issues regarding the effects of gHDL in EC (such as
modulation of the intracellular antioxidant system or of the fibrinolytic system) and the
precise mechanism by which gHDL affects the function of EC are still missing, so more
studies are needed.

Certain compounds with anti-oxidant properties were effective to alleviate ECD
in vitro. Alas, the administration of exogenous anti-oxidants to humans failed to improve
the oxidative status and HDL function and its ensuing protective role in EC. The future
employment of the gene-editing technology [CRISPR/(d)-CAS9] in vivo to upregulate
endogenous anti-oxidant proteins, in particular those associated with HDL, could be a
promising approach to improve EC function in diabetes. Taking into account the important
impact of gLp on EC function, any new therapy that will be developed in the future to
improve EC function in diabetes needs to be accompanied by a hypoglycemic and/or
lipid-lowering therapy to ensure a less aggressive environment and to inhibit the formation
of AGE-Lp.

Identification of LDL and HDL as important carriers of miRNAs with a dynamic
profile under pathological conditions may result in the development of new therapies
to improve EC function by delivery of specific protective miRNAs or inhibitors for the
pro-atherogenic ones. However, the overall efficacy of these strategies needs to be further
examined in pre-clinical and clinical trials.

Reversal of endothelial dysfunction is an open and exciting field of investigation,
of fundamental relevance for many diseases, and in particular for diabetes and atheroscle-
rosis. The progress of the biotechnology field will permit the use of targeted nanosystems
such as nanoliposomes or nanoemulsions, or the specific regulation of different proteins
based on the new CRISP/Cas9 technology to reverse endothelial dysfunction in diabetes,
as well as other pathologies. In the future, these and other promising therapies focused on
EC-based translational approaches will provide powerful tools to increase the quality of
life of diabetic patients.

Author Contributions: Conceptualization, L.T., A.V.S. and C.S.S.; writing—original draft preparation,
L.T. and A.V.S.; writing—review and editing, A.V.S., C.S.S. and L.T.; visualization, L.T. and C.S.S.;
supervision, A.V.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Romanian Ministry of National Education (grant number
PNII #41-067/2007), PN-II-PT-PCCA-2011-3.1-0184 project (grant number PCCA-127/2012) and
PN-II-RU-TE-2014-4-0506 project (grant number TE 11/2015) and by the Romanian Academy.

Acknowledgments: The authors thank Gabriela M. Sanda for the help in editing the present paper.

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

128



Biomedicines 2021, 9, 18

References

1. Oguntibeju, O.O. Type 2 diabetes mellitus, oxidative stress and inflammation: Examining the links. Int. J. Physiol. Pathophysiol.
Pharmacol. 2019, 11, 45–63.

2. Gregg, E.W.; Williams, D.E.; Geiss, L. Changes in diabetes-related complications in the United States. N. Engl. J. Med. 2014,
371, 286–287. [CrossRef]

3. Nathan, D.M.; Cleary, P.A.; Backlund, J.Y.; Genuth, S.M.; Lachin, J.M.; Orchard, T.J.; Raskin, P.; Zinman, B.; Diabetes, C.;
Complications Trial/Epidemiology of Diabetes, I.; et al. Intensive diabetes treatment and cardiovascular disease in patients with
type 1 diabetes. N. Engl. J. Med. 2005, 353, 2643–2653. [CrossRef]

4. Holman, R.R.; Paul, S.K.; Bethel, M.A.; Matthews, D.R.; Neil, H.A. 10-year follow-up of intensive glucose control in type 2
diabetes. N. Engl. J. Med. 2008, 359, 1577–1589. [CrossRef]

5. Ceriello, A. The emerging challenge in diabetes: The “metabolic memory”. Vasc. Pharmacol. 2012, 57, 133–138. [CrossRef]
6. An, H.; Wei, R.; Ke, J.; Yang, J.; Liu, Y.; Wang, X.; Wang, G.; Hong, T. Metformin attenuates fluctuating glucose-induced endothelial

dysfunction through enhancing GTPCH1-mediated eNOS recoupling and inhibiting NADPH oxidase. J. Diabetes Its Complicat.
2016, 30, 1017–1024. [CrossRef]

7. Liu, T.; Gong, J.; Chen, Y.; Jiang, S. Periodic vs constant high glucose in inducing pro-inflammatory cytokine expression in human
coronary artery endothelial cells. Inflamm. Res. 2013, 62, 697–701. [CrossRef]

8. Liu, T.S.; Pei, Y.H.; Peng, Y.P.; Chen, J.; Jiang, S.S.; Gong, J.B. Oscillating high glucose enhances oxidative stress and apoptosis in
human coronary artery endothelial cells. J. Endocrinol. Investig. 2014, 37, 645–651. [CrossRef]

9. Widlansky, M.E.; Hill, R.B. Mitochondrial regulation of diabetic vascular disease: An emerging opportunity. Transl. Res. J. Lab.
Clin. Med. 2018, 202, 83–98. [CrossRef]

10. Coco, C.; Sgarra, L.; Potenza, M.A.; Nacci, C.; Pasculli, B.; Barbano, R.; Parrella, P.; Montagnani, M. Can Epigenetics of Endothelial
Dysfunction Represent the Key to Precision Medicine in Type 2 Diabetes Mellitus? Int. J. Mol. Sci. 2019, 20, 2949. [CrossRef]

11. Fishman, S.L.; Sonmez, H.; Basman, C.; Singh, V.; Poretsky, L. The role of advanced glycation end-products in the development of
coronary artery disease in patients with and without diabetes mellitus: A review. Mol. Med. 2018, 24, 59. [CrossRef]

12. Kosmopoulos, M.; Drekolias, D.; Zavras, P.D.; Piperi, C.; Papavassiliou, A.G. Impact of advanced glycation end products (AGEs)
signaling in coronary artery disease. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 611–619. [CrossRef]

13. Cepas, V.; Collino, M.; Mayo, J.C.; Sainz, R.M. Redox Signaling and Advanced Glycation Endproducts (AGEs) in Diet-Related
Diseases. Antioxidants 2020, 9, 142. [CrossRef]

14. Ott, C.; Jacobs, K.; Haucke, E.; Navarrete Santos, A.; Grune, T.; Simm, A. Role of advanced glycation end products in cellular
signaling. Redox Biol. 2014, 2, 411–429. [CrossRef]

15. Mol, M.; Degani, G.; Coppa, C.; Baron, G.; Popolo, L.; Carini, M.; Aldini, G.; Vistoli, G.; Altomare, A. Advanced lipoxidation end
products (ALEs) as RAGE binders: Mass spectrometric and computational studies to explain the reasons why. Redox Biol. 2019,
23, 101083. [CrossRef]

16. Alique, M.; Luna, C.; Carracedo, J.; Ramirez, R. LDL biochemical modifications: A link between atherosclerosis and aging.
Food Nutr. Res. 2015, 59, 29240. [CrossRef]

17. Younis, N.; Sharma, R.; Soran, H.; Charlton-Menys, V.; Elseweidy, M.; Durrington, P.N. Glycation as an atherogenic modification
of LDL. Curr. Opin. Lipidol. 2008, 19, 378–384. [CrossRef]

18. Simionescu, M.; Popov, D.; Sima, A. Endothelial dysfunction in diabetes. In Vascular Involvement in Diabetes—Clinical, Experimental
and Beyond; Cheta, D.M., Ed.; Romanian Academy Publishing House and Karger: Bucharest, Basel, 2005; pp. 15–34.

19. Boren, J.; Chapman, M.J.; Krauss, R.M.; Packard, C.J.; Bentzon, J.F.; Binder, C.J.; Daemen, M.J.; Demer, L.L.; Hegele, R.A.; Nicholls,
S.J.; et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease: Pathophysiological, genetic, and therapeutic
insights: A consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart J. 2020, 41, 2313–2330.
[CrossRef]

20. Cybulska, B.; Klosiewicz-Latoszek, L.; Penson, P.E.; Banach, M. What do we know about the role of lipoprotein(a) in atherogenesis
57 years after its discovery? Prog. Cardiovasc. Dis. 2020, 63, 219–227. [CrossRef]

21. Schmidt, K.; Noureen, A.; Kronenberg, F.; Utermann, G. Structure, function, and genetics of lipoprotein (a). J. Lipid Res. 2016,
57, 1339–1359. [CrossRef]

22. Witztum, J.L.; Fisher, M.; Pietro, T.; Steinbrecher, U.P.; Elam, R.L. Nonenzymatic glucosylation of high-density lipoprotein
accelerates its catabolism in guinea pigs. Diabetes 1982, 31, 1029–1032. [CrossRef]

23. Sima, A.V.; Botez, G.M.; Stancu, C.S.; Manea, A.; Raicu, M.; Simionescu, M. Effect of irreversibly glycated LDL in human vascular
smooth muscle cells: Lipid loading, oxidative and inflammatory stress. J. Cell. Mol. Med. 2010, 14, 2790–2802. [CrossRef]

24. Deleanu, M.; Sanda, G.M.; Stancu, C.S.; Popa, M.E.; Sima, A.V. Profiles of Fatty Acids and the Main Lipid Peroxidation Products
of Human Atherogenic Low Density Lipoproteins. Rev. Chim. 2016, 67, 8–12.

25. Zhang, J.; Ren, S.; Shen, G.X. Glycation amplifies lipoprotein(a)-induced alterations in the generation of fibrinolytic regulators
from human vascular endothelial cells. Atherosclerosis 2000, 150, 299–308. [CrossRef]

26. Godfrey, L.; Yamada-Fowler, N.; Smith, J.; Thornalley, P.J.; Rabbani, N. Arginine-directed glycation and decreased HDL plasma
concentration and functionality. Nutr. Diabetes 2014, 4, e134. [CrossRef]

129



Biomedicines 2021, 9, 18

27. Kashyap, S.R.; Osme, A.; Ilchenko, S.; Golizeh, M.; Lee, K.; Wang, S.; Bena, J.; Previs, S.F.; Smith, J.D.; Kasumov, T. Glycation
Reduces the Stability of ApoAI and Increases HDL Dysfunction in Diet-Controlled Type 2 Diabetes. J. Clin. Endocrinol. Metab.
2018, 103, 388–396. [CrossRef]

28. Gordon, S.M.; Davidson, W.S.; Urbina, E.M.; Dolan, L.M.; Heink, A.; Zang, H.; Lu, L.J.; Shah, A.S. The effects of type 2 diabetes
on lipoprotein composition and arterial stiffness in male youth. Diabetes 2013, 62, 2958–2967. [CrossRef]

29. Schmidt, A.M.; Yan, S.D.; Wautier, J.L.; Stern, D. Activation of receptor for advanced glycation end products: A mechanism for
chronic vascular dysfunction in diabetic vasculopathy and atherosclerosis. Circ. Res. 1999, 84, 489–497. [CrossRef]

30. Lu, Q.; Lu, L.; Chen, W.; Chen, H.; Xu, X.; Zheng, Z. RhoA/mDia-1/profilin-1 signaling targets microvascular endothelial
dysfunction in diabetic retinopathy. Graefe’s Arch. Clin. Exp. Ophthalmol. Albrecht Graefes Arch. Klin. Exp. Ophthalmol. 2015,
253, 669–680. [CrossRef]

31. Egana-Gorrono, L.; Lopez-Diez, R.; Yepuri, G.; Ramirez, L.S.; Reverdatto, S.; Gugger, P.F.; Shekhtman, A.; Ramasamy, R.; Schmidt,
A.M. Receptor for Advanced Glycation End Products (RAGE) and Mechanisms and Therapeutic Opportunities in Diabetes and
Cardiovascular Disease: Insights From Human Subjects and Animal Models. Front. Cardiovasc. Med. 2020, 7, 37. [CrossRef]

32. Ishihara, K.; Tsutsumi, K.; Kawane, S.; Nakajima, M.; Kasaoka, T. The receptor for advanced glycation end-products (RAGE)
directly binds to ERK by a D-domain-like docking site. FEBS Lett. 2003, 550, 107–113. [CrossRef]

33. Sakaguchi, M.; Murata, H.; Yamamoto, K.; Ono, T.; Sakaguchi, Y.; Motoyama, A.; Hibino, T.; Kataoka, K.; Huh, N.H. TIRAP, an
adaptor protein for TLR2/4, transduces a signal from RAGE phosphorylated upon ligand binding. PLoS ONE 2011, 6, e23132.
[CrossRef]

34. Zhang, L.; Bukulin, M.; Kojro, E.; Roth, A.; Metz, V.V.; Fahrenholz, F.; Nawroth, P.P.; Bierhaus, A.; Postina, R. Receptor for
advanced glycation end products is subjected to protein ectodomain shedding by metalloproteinases. J. Biol. Chem. 2008,
283, 35507–35516. [CrossRef]

35. Meza, C.A.; La Favor, J.D.; Kim, D.H.; Hickner, R.C. Endothelial Dysfunction: Is There a Hyperglycemia-Induced Imbalance of
NOX and NOS? Int. J. Mol. Sci. 2019, 20, 3775. [CrossRef]

36. Yau, J.W.; Teoh, H.; Verma, S. Endothelial cell control of thrombosis. BMC Cardiovasc. Disord. 2015, 15, 130. [CrossRef]
37. Mompeo, B.; Popov, D.; Sima, A.; Constantinescu, E.; Simionescu, M. Diabetes-induced structural changes of venous and arterial

endothelium and smooth muscle cells. J. Submicrosc. Cytol. Pathol. 1998, 30, 475–484.
38. Suganya, N.; Bhakkiyalakshmi, E.; Sarada, D.V.; Ramkumar, K.M. Reversibility of endothelial dysfunction in diabetes: Role of

polyphenols. Br. J. Nutr. 2016, 116, 223–246. [CrossRef]
39. Shi, Y.; Vanhoutte, P.M. Macro- and microvascular endothelial dysfunction in diabetes. J. Diabetes 2017, 9, 434–449. [CrossRef]
40. Harja, E.; Bu, D.X.; Hudson, B.I.; Chang, J.S.; Shen, X.; Hallam, K.; Kalea, A.Z.; Lu, Y.; Rosario, R.H.; Oruganti, S.; et al. Vascular

and inflammatory stresses mediate atherosclerosis via RAGE and its ligands in apoE-/- mice. J. Clin. Investig. 2008, 118, 183–194.
[CrossRef]

41. Sun, L.; Ishida, T.; Yasuda, T.; Kojima, Y.; Honjo, T.; Yamamoto, Y.; Yamamoto, H.; Ishibashi, S.; Hirata, K.; Hayashi, Y. RAGE
mediates oxidized LDL-induced pro-inflammatory effects and atherosclerosis in non-diabetic LDL receptor-deficient mice.
Cardiovasc. Res. 2009, 82, 371–381. [CrossRef]

42. Dobi, A.; Bravo, S.B.; Veeren, B.; Paradela-Dobarro, B.; Alvarez, E.; Meilhac, O.; Viranaicken, W.; Baret, P.; Devin, A.; Rondeau, P.
Advanced glycation end-products disrupt human endothelial cells redox homeostasis: New insights into reactive oxygen species
production. Free Radic. Res. 2019, 53, 150–169. [CrossRef]

43. Wang, C.C.; Lee, A.S.; Liu, S.H.; Chang, K.C.; Shen, M.Y.; Chang, C.T. Spironolactone ameliorates endothelial dysfunction through
inhibition of the AGE/RAGE axis in a chronic renal failure rat model. BMC Nephrol. 2019, 20, 351. [CrossRef]

44. Zhao, R.; Ren, S.; Moghadasain, M.H.; Rempel, J.D.; Shen, G.X. Involvement of fibrinolytic regulators in adhesion of monocytes to
vascular endothelial cells induced by glycated LDL and to aorta from diabetic mice. J. Leukoc. Biol. 2014, 95, 941–949. [CrossRef]

45. Toma, L.; Sanda, G.M.; Deleanu, M.; Stancu, C.S.; Sima, A.V. Glycated LDL increase VCAM-1 expression and secretion in
endothelial cells and promote monocyte adhesion through mechanisms involving endoplasmic reticulum stress. Mol. Cell.
Biochem. 2016, 417, 169–179. [CrossRef]

46. Zhou, X.; Weng, J.; Xu, J.; Xu, Q.; Wang, W.; Zhang, W.; Huang, Q.; Guo, X. Mdia1 is Crucial for Advanced Glycation End
Product-Induced Endothelial Hyperpermeability. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2018,
45, 1717–1730. [CrossRef]

47. Li, J.; Schmidt, A.M. Characterization and functional analysis of the promoter of RAGE, the receptor for advanced glycation end
products. J. Biol. Chem. 1997, 272, 16498–16506. [CrossRef]

48. Caballero, A.E.; Arora, S.; Saouaf, R.; Lim, S.C.; Smakowski, P.; Park, J.Y.; King, G.L.; LoGerfo, F.W.; Horton, E.S.; Veves, A.
Microvascular and macrovascular reactivity is reduced in subjects at risk for type 2 diabetes. Diabetes 1999, 48, 1856–1862.
[CrossRef]

49. Carrizzo, A.; Izzo, C.; Oliveti, M.; Alfano, A.; Virtuoso, N.; Capunzo, M.; Di Pietro, P.; Calabrese, M.; De Simone, E.; Scia-
rretta, S.; et al. The Main Determinants of Diabetes Mellitus Vascular Complications: Endothelial Dysfunction and Platelet
Hyperaggregation. Int. J. Mol. Sci. 2018, 19, 2968. [CrossRef]

50. Thorand, B.; Baumert, J.; Chambless, L.; Meisinger, C.; Kolb, H.; Doring, A.; Lowel, H.; Koenig, W.; Group, M.K.S. Elevated
markers of endothelial dysfunction predict type 2 diabetes mellitus in middle-aged men and women from the general population.
Arterioscler. Thromb. Vasc. Biol. 2006, 26, 398–405. [CrossRef]

130



Biomedicines 2021, 9, 18

51. Lim, S.C.; Caballero, A.E.; Smakowski, P.; LoGerfo, F.W.; Horton, E.S.; Veves, A. Soluble intercellular adhesion molecule, vascular
cell adhesion molecule, and impaired microvascular reactivity are early markers of vasculopathy in type 2 diabetic individuals
without microalbuminuria. Diabetes Care 1999, 22, 1865–1870. [CrossRef]

52. Festa, A.; D′Agostino, R., Jr.; Tracy, R.P.; Haffner, S.M.; Insulin Resistance Atherosclerosis, S. Elevated levels of acute-phase
proteins and plasminogen activator inhibitor-1 predict the development of type 2 diabetes: The insulin resistance atherosclerosis
study. Diabetes 2002, 51, 1131–1137. [CrossRef]

53. Vischer, U.M.; Emeis, J.J.; Bilo, H.J.; Stehouwer, C.D.; Thomsen, C.; Rasmussen, O.; Hermansen, K.; Wollheim, C.B.; Ingerslev,
J. von Willebrand factor (vWf) as a plasma marker of endothelial activation in diabetes: Improved reliability with parallel
determination of the vWf propeptide (vWf:AgII). Thromb. Haemost. 1998, 80, 1002–1007.

54. Siragusa, M.; Fleming, I. The eNOS signalosome and its link to endothelial dysfunction. Pflug. Archiv Eur. J. Physiol. 2016,
468, 1125–1137. [CrossRef]

55. Rabini, R.A.; Vignini, A.; Salvolini, E.; Staffolani, R.; Martarelli, D.; Moretti, N.; Mazzanti, L. Activation of human aortic endothelial
cells by LDL from Type 1 diabetic patients: An in vitro study. Atherosclerosis 2002, 165, 69–77. [CrossRef]

56. Artwohl, M.; Graier, W.F.; Roden, M.; Bischof, M.; Freudenthaler, A.; Waldhausl, W.; Baumgartner-Parzer, S.M. Diabetic LDL
triggers apoptosis in vascular endothelial cells. Diabetes 2003, 52, 1240–1247. [CrossRef]

57. Toma, L.; Stancu, C.S.; Sanda, G.M.; Sima, A.V. Anti-oxidant and anti-inflammatory mechanisms of amlodipine action to improve
endothelial cell dysfunction induced by irreversibly glycated LDL. Biochem. Biophys. Res. Commun. 2011, 411, 202–207. [CrossRef]

58. Mohanan Nair, M.; Zhao, R.; Xie, X.; Shen, G.X. Impact of glycated LDL on endothelial nitric oxide synthase in vascular
endothelial cells: Involvement of transmembrane signaling and endoplasmic reticulum stress. J. Diabetes Its Complicat. 2016,
30, 391–397. [CrossRef]

59. Stancu, C.S.; Georgescu, A.; Toma, L.; Sanda, G.M.; Sima, A.V. Glycated low density lipoproteins alter vascular reactivity in
hyperlipidemic hyperglycemic hamsters. Ann. Rom. Soc. Cell Biol. 2012, 17, 9–15.

60. Dong, Y.; Wu, Y.; Wu, M.; Wang, S.; Zhang, J.; Xie, Z.; Xu, J.; Song, P.; Wilson, K.; Zhao, Z.; et al. Activation of protease calpain by
oxidized and glycated LDL increases the degradation of endothelial nitric oxide synthase. J. Cell. Mol. Med. 2009, 13, 2899–2910.
[CrossRef]

61. Nofer, J.R.; van der Giet, M.; Tolle, M.; Wolinska, I.; von Wnuck Lipinski, K.; Baba, H.A.; Tietge, U.J.; Godecke, A.; Ishii, I.; Kleuser,
B.; et al. HDL induces NO-dependent vasorelaxation via the lysophospholipid receptor S1P3. J. Clin. Investig. 2004, 113, 569–581.
[CrossRef]

62. Curtiss, L.K.; Witztum, J.L. Plasma apolipoproteins AI, AII, B, CI, and E are glucosylated in hyperglycemic diabetic subjects.
Diabetes 1985, 34, 452–461. [CrossRef] [PubMed]

63. Matsunaga, T.; Nakajima, T.; Miyazaki, T.; Koyama, I.; Hokari, S.; Inoue, I.; Kawai, S.; Shimomura, H.; Katayama, S.; Hara,
A.; et al. Glycated high-density lipoprotein regulates reactive oxygen species and reactive nitrogen species in endothelial cells.
Metab. Clin. Exp. 2003, 52, 42–49. [CrossRef] [PubMed]

64. Persegol, L.; Verges, B.; Foissac, M.; Gambert, P.; Duvillard, L. Inability of HDL from type 2 diabetic patients to counteract
the inhibitory effect of oxidised LDL on endothelium-dependent vasorelaxation. Diabetologia 2006, 49, 1380–1386. [CrossRef]
[PubMed]

65. Sorrentino, S.A.; Besler, C.; Rohrer, L.; Meyer, M.; Heinrich, K.; Bahlmann, F.H.; Mueller, M.; Horvath, T.; Doerries, C.; Heinemann,
M.; et al. Endothelial-vasoprotective effects of high-density lipoprotein are impaired in patients with type 2 diabetes mellitus but
are improved after extended-release niacin therapy. Circulation 2010, 121, 110–122. [CrossRef]

66. Vaisar, T.; Couzens, E.; Hwang, A.; Russell, M.; Barlow, C.E.; DeFina, L.F.; Hoofnagle, A.N.; Kim, F. Type 2 diabetes is associated
with loss of HDL endothelium protective functions. PLoS ONE 2018, 13, e0192616. [CrossRef]

67. Scioli, M.G.; Storti, G.; D′Amico, F.; Rodriguez Guzman, R.; Centofanti, F.; Doldo, E.; Cespedes Miranda, E.M.; Orlandi,
A. Oxidative Stress and New Pathogenetic Mechanisms in Endothelial Dysfunction: Potential Diagnostic Biomarkers and
Therapeutic Targets. J. Clin. Med. 2020, 9, 1995. [CrossRef]

68. He, L.; He, T.; Farrar, S.; Ji, L.; Liu, T.; Ma, X. Antioxidants Maintain Cellular Redox Homeostasis by Elimination of Reactive
Oxygen Species. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2017, 44, 532–553. [CrossRef]

69. Sena, C.M.; Leandro, A.; Azul, L.; Seica, R.; Perry, G. Vascular Oxidative Stress: Impact and Therapeutic Approaches. Front. Physiol.
2018, 9, 1668. [CrossRef]

70. Toma, L.; Stancu, C.S.; Botez, G.M.; Sima, A.V.; Simionescu, M. Irreversibly glycated LDL induce oxidative and inflammatory
state in human endothelial cells; added effect of high glucose. Biochem. Biophys. Res. Commun. 2009, 390, 877–882. [CrossRef]

71. Xie, X.; Zhao, R.; Shen, G.X. Impact of cyanidin-3-glucoside on glycated LDL-induced NADPH oxidase activation, mitochondrial
dysfunction and cell viability in cultured vascular endothelial cells. Int. J. Mol. Sci. 2012, 13, 15867–15880. [CrossRef]

72. Toma, L.; Sanda, G.M.; Niculescu, L.S.; Deleanu, M.; Stancu, C.S.; Sima, A.V. Caffeic acid attenuates the inflammatory stress
induced by glycated LDL in human endothelial cells by mechanisms involving inhibition of AGE-receptor, oxidative, and endo-
plasmic reticulum stress. BioFactors 2017, 43, 685–697. [CrossRef] [PubMed]

73. Popov, D.L. Mitochondrial Dysfunction Signature in Diabetic Vascular Endothelium. J. Clin. Exp. Pathol. 2018, 8. [CrossRef]
74. Sangle, G.V.; Chowdhury, S.K.; Xie, X.; Stelmack, G.L.; Halayko, A.J.; Shen, G.X. Impairment of mitochondrial respiratory chain

activity in aortic endothelial cells induced by glycated low-density lipoprotein. Free Radic. Biol. Med. 2010, 48, 781–790. [CrossRef]
[PubMed]

131



Biomedicines 2021, 9, 18

75. Xie, X.; Chowdhury, S.R.; Sangle, G.; Shen, G.X. Impact of diabetes-associated lipoproteins on oxygen consumption and
mitochondrial enzymes in porcine aortic endothelial cells. Acta Biochim. Pol. 2010, 57, 393–398. [CrossRef]

76. Wang, Y.C.; Lee, A.S.; Lu, L.S.; Ke, L.Y.; Chen, W.Y.; Dong, J.W.; Lu, J.; Chen, Z.; Chu, C.S.; Chan, H.C.; et al. Human
electronegative LDL induces mitochondrial dysfunction and premature senescence of vascular cells in vivo. Aging Cell 2018,
17, e12792. [CrossRef]

77. Zhao, R.; Shen, G.X. Functional modulation of antioxidant enzymes in vascular endothelial cells by glycated LDL. Atherosclerosis
2005, 179, 277–284. [CrossRef]

78. Pathomthongtaweechai, N.; Chutipongtanate, S. AGE/RAGE signaling-mediated endoplasmic reticulum stress and future
prospects in non-coding RNA therapeutics for diabetic nephropathy. Biomed. Pharmacother. Biomed. Pharmacother. 2020,
131, 110655. [CrossRef]

79. Maamoun, H.; Abdelsalam, S.S.; Zeidan, A.; Korashy, H.M.; Agouni, A. Endoplasmic Reticulum Stress: A Critical Molecular
Driver of Endothelial Dysfunction and Cardiovascular Disturbances Associated with Diabetes. Int. J. Mol. Sci. 2019, 20, 1658.
[CrossRef]

80. Basha, B.; Samuel, S.M.; Triggle, C.R.; Ding, H. Endothelial dysfunction in diabetes mellitus: Possible involvement of endoplasmic
reticulum stress? Exp. Diabetes Res. 2012, 2012, 481840. [CrossRef] [PubMed]

81. Stancu, C.S.; Carnuta, M.G.; Sanda, G.M.; Toma, L.; Deleanu, M.; Niculescu, L.S.; Sasson, S.; Simionescu, M.; Sima, A.V.
Hyperlipidemia-induced hepatic and small intestine ER stress and decreased paraoxonase 1 expression and activity is associated
with HDL dysfunction in Syrian hamsters. Mol. Nutr. Food Res. 2015, 59, 2293–2302. [CrossRef]

82. Zhao, R.; Xie, X.; Le, K.; Li, W.; Moghadasian, M.H.; Beta, T.; Shen, G.X. Endoplasmic reticulum stress in diabetic mouse or
glycated LDL-treated endothelial cells: Protective effect of Saskatoon berry powder and cyanidin glycans. J. Nutr. Biochem. 2015,
26, 1248–1253. [CrossRef] [PubMed]

83. Lin, J.H.; Li, H.; Yasumura, D.; Cohen, H.R.; Zhang, C.; Panning, B.; Shokat, K.M.; Lavail, M.M.; Walter, P. IRE1 signaling affects
cell fate during the unfolded protein response. Science 2007, 318, 944–949. [CrossRef] [PubMed]

84. Yu, W.; Liu, X.; Feng, L.; Yang, H.; Yu, W.; Feng, T.; Wang, S.; Wang, J.; Liu, N. Glycation of paraoxonase 1 by high glucose
instigates endoplasmic reticulum stress to induce endothelial dysfunction in vivo. Sci. Rep. 2017, 7, 45827. [CrossRef] [PubMed]

85. Suryavanshi, S.V.; Kulkarni, Y.A. NF-kappabeta: A Potential Target in the Management of Vascular Complications of Diabetes.
Front. Pharmacol. 2017, 8, 798. [CrossRef] [PubMed]

86. Hedrick, C.C.; Thorpe, S.R.; Fu, M.X.; Harper, C.M.; Yoo, J.; Kim, S.M.; Wong, H.; Peters, A.L. Glycation impairs high-density
lipoprotein function. Diabetologia 2000, 43, 312–320. [CrossRef]

87. Carnuta, M.G.; Stancu, C.S.; Toma, L.; Sanda, G.M.; Niculescu, L.S.; Deleanu, M.; Popescu, A.C.; Popescu, M.R.; Vlad, A.;
Dimulescu, D.R.; et al. Dysfunctional high-density lipoproteins have distinct composition, diminished anti-inflammatory
potential and discriminate acute coronary syndrome from stable coronary artery disease patients. Sci. Rep. 2017, 7, 7295.
[CrossRef]

88. Morgantini, C.; Natali, A.; Boldrini, B.; Imaizumi, S.; Navab, M.; Fogelman, A.M.; Ferrannini, E.; Reddy, S.T. Anti-inflammatory
and antioxidant properties of HDLs are impaired in type 2 diabetes. Diabetes 2011, 60, 2617–2623. [CrossRef]

89. Kearney, K.; Tomlinson, D.; Smith, K.; Ajjan, R. Hypofibrinolysis in diabetes: A therapeutic target for the reduction of cardiovas-
cular risk. Cardiovasc. Diabetol. 2017, 16, 34. [CrossRef]

90. Ren, S.; Lee, H.; Hu, L.; Lu, L.; Shen, G.X. Impact of diabetes-associated lipoproteins on generation of fibrinolytic regulators from
vascular endothelial cells. J. Clin. Endocrinol. Metab. 2002, 87, 286–291. [CrossRef]

91. Shen, G.X. Impact and mechanism for oxidized and glycated lipoproteins on generation of fibrinolytic regulators from vascular
endothelial cells. Mol. Cell. Biochem. 2003, 246, 69–74. [CrossRef]

92. Zhang, J.; Ren, S.; Sun, D.; Shen, G.X. Influence of glycation on LDL-induced generation of fibrinolytic regulators in vascular
endothelial cells. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 1140–1148. [CrossRef] [PubMed]

93. Ma, G.M.; Halayko, A.J.; Stelmack, G.L.; Zhu, F.; Zhao, R.; Hillier, C.T.; Shen, G.X. Effects of oxidized and glycated low-density
lipoproteins on transcription and secretion of plasminogen activator inhibitor-1 in vascular endothelial cells. Cardiovasc. Pathol.
Off. J. Soc. Cardiovasc. Pathol. 2006, 15, 3–10. [CrossRef] [PubMed]

94. Zhao, R.; Shen, G.X. Involvement of heat shock factor-1 in glycated LDL-induced upregulation of plasminogen activator
inhibitor-1 in vascular endothelial cells. Diabetes 2007, 56, 1436–1444. [CrossRef]

95. Sangle, G.V.; Zhao, R.; Mizuno, T.M.; Shen, G.X. Involvement of RAGE, NADPH oxidase, and Ras/Raf-1 pathway in glycated
LDL-induced expression of heat shock factor-1 and plasminogen activator inhibitor-1 in vascular endothelial cells. Endocrinology
2010, 151, 4455–4466. [CrossRef] [PubMed]

96. Ren, S.; Shen, G.X. Impact of antioxidants and HDL on glycated LDL-induced generation of fibrinolytic regulators from vascular
endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1688–1693. [CrossRef] [PubMed]

97. Watson, E.C.; Grant, Z.L.; Coultas, L. Endothelial cell apoptosis in angiogenesis and vessel regression. Cell. Mol. Life Sci. CMLS
2017, 74, 4387–4403. [CrossRef] [PubMed]

98. Yang, C.Y.; Chen, H.H.; Huang, M.T.; Raya, J.L.; Yang, J.H.; Chen, C.H.; Gaubatz, J.W.; Pownall, H.J.; Taylor, A.A.; Ballantyne,
C.M.; et al. Pro-apoptotic low-density lipoprotein subfractions in type II diabetes. Atherosclerosis 2007, 193, 283–291. [CrossRef]

132



Biomedicines 2021, 9, 18

99. Li, X.L.; Li, B.Y.; Cheng, M.; Yu, F.; Yin, W.B.; Cai, Q.; Zhang, Z.; Zhang, J.H.; Wang, J.F.; Zhou, R.H.; et al. PIMT prevents the
apoptosis of endothelial cells in response to glycated low density lipoproteins and protective effects of grape seed procyanidin B2.
PLoS ONE 2013, 8, e69979. [CrossRef]

100. Yin, W.; Li, B.; Li, X.; Yu, F.; Cai, Q.; Zhang, Z.; Wang, J.; Zhang, J.; Zhou, R.; Cheng, M.; et al. Critical role of prohibitin in
endothelial cell apoptosis caused by glycated low-density lipoproteins and protective effects of grape seed procyanidin B2.
J. Cardiovasc. Pharmacol. 2015, 65, 13–21. [CrossRef]

101. Matsunaga, T.; Iguchi, K.; Nakajima, T.; Koyama, I.; Miyazaki, T.; Inoue, I.; Kawai, S.; Katayama, S.; Hirano, K.; Hokari, S.; et al.
Glycated high-density lipoprotein induces apoptosis of endothelial cells via a mitochondrial dysfunction. Biochem. Biophys. Res.
Commun. 2001, 287, 714–720. [CrossRef] [PubMed]

102. Park, K.H.; Kim, J.Y.; Choi, I.; Kim, J.R.; Won, K.C.; Cho, K.H. Fructated apolipoprotein A-I exacerbates cellular senescence in
human umbilical vein endothelial cells accompanied by impaired insulin secretion activity and embryo toxicity. Biochem. Cell Biol.
Biochim. Biol. Cell. 2016, 94, 337–345. [CrossRef] [PubMed]

103. Bucala, R.; Makita, Z.; Koschinsky, T.; Cerami, A.; Vlassara, H. Lipid advanced glycosylation: Pathway for lipid oxidation in vivo.
Proc. Natl. Acad. Sci. USA 1993, 90, 6434–6438. [CrossRef] [PubMed]

104. Sima, A.; Stancu, C. Modified lipoproteins accumulate in human coronary atheroma. J. Cell. Mol. Med. 2002, 6, 110–111. [CrossRef]
[PubMed]

105. Tames, F.J.; Mackness, M.I.; Arrol, S.; Laing, I.; Durrington, P.N. Non-enzymatic glycation of apolipoprotein B in the sera of
diabetic and non-diabetic subjects. Atherosclerosis 1992, 93, 237–244. [CrossRef]

106. Simionescu, M.; Popov, D.; Sima, A.; Hasu, M.; Costache, G.; Faitar, S.; Vulpanovici, A.; Stancu, C.; Stern, D.; Simionescu, N.
Pathobiochemistry of combined diabetes and atherosclerosis studied on a novel animal model. The hyperlipemic-hyperglycemic
hamster. Am. J. Pathol. 1996, 148, 997–1014. [PubMed]

107. Sima, A.; Popov, D.; Starodub, O.; Stancu, C.; Cristea, C.; Stern, D.; Simionescu, M. Pathobiology of the heart in experimental
diabetes: Immunolocalization of lipoproteins, immunoglobulin G, and advanced glycation endproducts proteins in diabetic
and/or hyperlipidemic hamster. Lab. Investig. J. Tech. Methods Pathol. 1997, 77, 3–18.

108. Hwang, S.W.; Lee, Y.M.; Aldini, G.; Yeum, K.J. Targeting Reactive Carbonyl Species with Natural Sequestering Agents. Molecules
2016, 21, 280. [CrossRef]

109. von Eckardstein, A.; Widmann, C. High-density lipoprotein, beta cells, and diabetes. Cardiovasc. Res. 2014, 103, 384–394.
[CrossRef]

110. Younis, N.H.; Soran, H.; Charlton-Menys, V.; Sharma, R.; Hama, S.; Pemberton, P.; Elseweidy, M.M.; Durrington, P.N. High-density
lipoprotein impedes glycation of low-density lipoprotein. Diabetes Vasc. Dis. Res. 2012, 10, 152–160. [CrossRef]

111. Meneses, M.J.; Silvestre, R.; Sousa-Lima, I.; Macedo, M.P. Paraoxonase-1 as a Regulator of Glucose and Lipid Homeostasis: Impact
on the Onset and Progression of Metabolic Disorders. Int. J. Mol. Sci. 2019, 20, 4049. [CrossRef]

112. Femlak, M.; Gluba-Brzozka, A.; Cialkowska-Rysz, A.; Rysz, J. The role and function of HDL in patients with diabetes mellitus
and the related cardiovascular risk. Lipids Health Dis. 2017, 16, 207. [CrossRef] [PubMed]

113. Undurti, A.; Huang, Y.; Lupica, J.A.; Smith, J.D.; DiDonato, J.A.; Hazen, S.L. Modification of high density lipoprotein by
myeloperoxidase generates a pro-inflammatory particle. J. Biol. Chem. 2009, 284, 30825–30835. [CrossRef] [PubMed]

114. Lu, N.; Xie, S.; Li, J.; Tian, R.; Peng, Y.Y. Myeloperoxidase-mediated oxidation targets serum apolipoprotein A-I in diabetic
patients and represents a potential mechanism leading to impaired anti-apoptotic activity of high density lipoprotein. Clin. Chim.
Acta Int. J. Clin. Chem. 2015, 441, 163–170. [CrossRef] [PubMed]

115. Craciun, E.C.; Leucuta, D.C.; Rusu, R.L.; David, B.A.; Cret, V.; Dronca, E. Paraoxonase-1 activities in children and adolescents
with type 1 diabetes mellitus. Acta Biochim. Pol. 2016, 63, 511–515. [CrossRef]

116. Mastorikou, M.; Mackness, B.; Liu, Y.; Mackness, M. Glycation of paraoxonase-1 inhibits its activity and impairs the ability of
high-density lipoprotein to metabolize membrane lipid hydroperoxides. Diabet. Med. J. Br. Diabet. Assoc. 2008, 25, 1049–1055.
[CrossRef]

117. Boemi, M.; Leviev, I.; Sirolla, C.; Pieri, C.; Marra, M.; James, R.W. Serum paraoxonase is reduced in type 1 diabetic patients
compared to non-diabetic, first degree relatives; influence on the ability of HDL to protect LDL from oxidation. Atherosclerosis
2001, 155, 229–235. [CrossRef]

118. Rosenson, R.S.; Brewer, H.B., Jr.; Ansell, B.J.; Barter, P.; Chapman, M.J.; Heinecke, J.W.; Kontush, A.; Tall, A.R.; Webb, N.R.
Dysfunctional HDL and atherosclerotic cardiovascular disease. Nat. Rev. Cardiol. 2016, 13, 48–60. [CrossRef]

119. Dullaart, R.P.; Otvos, J.D.; James, R.W. Serum paraoxonase-1 activity is more closely related to HDL particle concentration and
large HDL particles than to HDL cholesterol in Type 2 diabetic and non-diabetic subjects. Clin. Biochem. 2014, 47, 1022–1027.
[CrossRef]

120. Tabara, Y.; Arai, H.; Hirao, Y.; Takahashi, Y.; Setoh, K.; Kawaguchi, T.; Kosugi, S.; Ito, Y.; Nakayama, T.; Matsuda, F.; et al. Different
inverse association of large high-density lipoprotein subclasses with exacerbation of insulin resistance and incidence of type 2
diabetes: The Nagahama study. Diabetes Res. Clin. Pract. 2017, 127, 123–131. [CrossRef]

121. Manjunatha, S.; Distelmaier, K.; Dasari, S.; Carter, R.E.; Kudva, Y.C.; Nair, K.S. Functional and proteomic alterations of plasma
high density lipoproteins in type 1 diabetes mellitus. Metab. Clin. Exp. 2016, 65, 1421–1431. [CrossRef]

133



Biomedicines 2021, 9, 18

122. Machado-Lima, A.; Iborra, R.T.; Pinto, R.S.; Sartori, C.H.; Oliveira, E.R.; Nakandakare, E.R.; Stefano, J.T.; Giannella-Neto, D.;
Correa-Giannella, M.L.; Passarelli, M. Advanced glycated albumin isolated from poorly controlled type 1 diabetes mellitus
patients alters macrophage gene expression impairing ABCA-1-mediated reverse cholesterol transport. Diabetes/Metab. Res. Rev.
2013, 29, 66–76. [CrossRef] [PubMed]

123. McEneny, J.; Daniels, J.A.; McGowan, A.; Gunness, A.; Moore, K.; Stevenson, M.; Young, I.S.; Gibney, J. A Cross-Sectional Study
Demonstrating Increased Serum Amyloid A Related Inflammation in High-Density Lipoproteins from Subjects with Type 1
Diabetes Mellitus and How this Association Was Augmented by Poor Glycaemic Control. J. Diabetes Res. 2015, 2015, 351601.
[CrossRef] [PubMed]

124. Vickers, K.C.; Palmisano, B.T.; Shoucri, B.M.; Shamburek, R.D.; Remaley, A.T. MicroRNAs are transported in plasma and delivered
to recipient cells by high-density lipoproteins. Nat. Cell Biol. 2011, 13, 423–433. [CrossRef] [PubMed]

125. Wagner, J.; Riwanto, M.; Besler, C.; Knau, A.; Fichtlscherer, S.; Roxe, T.; Zeiher, A.M.; Landmesser, U.; Dimmeler, S. Charac-
terization of levels and cellular transfer of circulating lipoprotein-bound microRNAs. Arterioscler. Thromb. Vasc. Biol. 2013,
33, 1392–1400. [CrossRef]

126. Niculescu, L.S.; Simionescu, N.; Sanda, G.M.; Carnuta, M.G.; Stancu, C.S.; Popescu, A.C.; Popescu, M.R.; Vlad, A.; Dimulescu,
D.R.; Simionescu, M.; et al. MiR-486 and miR-92a Identified in Circulating HDL Discriminate between Stable and Vulnerable
Coronary Artery Disease Patients. PLoS ONE 2015, 10, e0140958. [CrossRef]

127. Simionescu, N.; Niculescu, L.S.; Sanda, G.M.; Margina, D.; Sima, A.V. Analysis of circulating microRNAs that are specifically
increased in hyperlipidemic and/or hyperglycemic sera. Mol. Biol. Rep. 2014, 41, 5765–5773. [CrossRef]

128. Huang, Y.; Liu, Y.; Li, L.; Su, B.; Yang, L.; Fan, W.; Yin, Q.; Chen, L.; Cui, T.; Zhang, J.; et al. Involvement of inflammation-related
miR-155 and miR-146a in diabetic nephropathy: Implications for glomerular endothelial injury. BMC Nephrol. 2014, 15, 142.
[CrossRef]

129. Tabet, F.; Vickers, K.C.; Cuesta Torres, L.F.; Wiese, C.B.; Shoucri, B.M.; Lambert, G.; Catherinet, C.; Prado-Lourenco, L.; Levin,
M.G.; Thacker, S.; et al. HDL-transferred microRNA-223 regulates ICAM-1 expression in endothelial cells. Nat. Commun. 2014,
5, 3292. [CrossRef]

130. Simionescu, N.; Niculescu, L.S.; Carnuta, M.G.; Sanda, G.M.; Stancu, C.S.; Popescu, A.C.; Popescu, M.R.; Vlad, A.; Dimulescu,
D.R.; Simionescu, M.; et al. Hyperglycemia Determines Increased Specific MicroRNAs Levels in Sera and HDL of Acute Coronary
Syndrome Patients and Stimulates MicroRNAs Production in Human Macrophages. PLoS ONE 2016, 11, e0161201. [CrossRef]

131. Florijn, B.W.; Duijs, J.; Levels, J.H.; Dallinga-Thie, G.M.; Wang, Y.; Boing, A.N.; Yuana, Y.; Stam, W.; Limpens, R.; Au, Y.W.;
et al. Diabetic Nephropathy Alters the Distribution of Circulating Angiogenic MicroRNAs Among Extracellular Vesicles, HDL,
and Ago-2. Diabetes 2019, 68, 2287–2300. [CrossRef]

132. Chiang, C.K.; Wang, C.C.; Lu, T.F.; Huang, K.H.; Sheu, M.L.; Liu, S.H.; Hung, K.Y. Involvement of Endoplasmic Reticulum Stress,
Autophagy, and Apoptosis in Advanced Glycation End Products-Induced Glomerular Mesangial Cell Injury. Sci. Rep. 2016,
6, 34167. [CrossRef] [PubMed]

133. Hetz, C.; Axten, J.M.; Patterson, J.B. Pharmacological targeting of the unfolded protein response for disease intervention.
Nat. Chem. Biol. 2019, 15, 764–775. [CrossRef] [PubMed]

134. Roberts, A.C.; Porter, K.E. Cellular and molecular mechanisms of endothelial dysfunction in diabetes. Diabetes Vasc. Dis. Res.
2013, 10, 472–482. [CrossRef] [PubMed]

135. Inzucchi, S.E.; Bergenstal, R.M.; Buse, J.B.; Diamant, M.; Ferrannini, E.; Nauck, M.; Peters, A.L.; Tsapas, A.; Wender, R.; Matthews,
D.R.; et al. Management of hyperglycemia in type 2 diabetes: A patient-centered approach: Position statement of the American
Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2012, 35, 1364–1379.
[CrossRef]

136. Wang, C.P.; Lorenzo, C.; Habib, S.L.; Jo, B.; Espinoza, S.E. Differential effects of metformin on age related comorbidities in older
men with type 2 diabetes. J. Diabetes Its Complicat. 2017, 31, 679–686. [CrossRef]

137. Lee, K.T.; Yeh, Y.H.; Chang, S.H.; See, L.C.; Lee, C.H.; Wu, L.S.; Liu, J.R.; Kuo, C.T.; Wen, M.S. Metformin is associated with fewer
major adverse cardiac events among patients with a new diagnosis of type 2 diabetes mellitus: A propensity score-matched
nationwide study. Medicine 2017, 96, e7507. [CrossRef]

138. Petrie, J.R.; Chaturvedi, N.; Ford, I.; Brouwers, M.; Greenlaw, N.; Tillin, T.; Hramiak, I.; Hughes, A.D.; Jenkins, A.J.; Klein,
B.E.K.; et al. Cardiovascular and metabolic effects of metformin in patients with type 1 diabetes (REMOVAL): A double-blind,
randomised, placebo-controlled trial. Lancet Diabetes Endocrinol. 2017, 5, 597–609. [CrossRef]

139. Fei, Y.; Tsoi, M.F.; Cheung, B.M.Y. Cardiovascular outcomes in trials of new antidiabetic drug classes: A network meta-analysis.
Cardiovasc. Diabetol. 2019, 18, 112. [CrossRef]

140. Rahbar, S.; Natarajan, R.; Yerneni, K.; Scott, S.; Gonzales, N.; Nadler, J.L. Evidence that pioglitazone, metformin and pentoxifylline
are inhibitors of glycation. Clin. Chim. Acta Int. J. Clin. Chem. 2000, 301, 65–77. [CrossRef]

141. Haddad, M.; Knani, I.; Bouzidi, H.; Berriche, O.; Hammami, M.; Kerkeni, M. Plasma Levels of Pentosidine, Carboxymethyl-Lysine,
Soluble Receptor for Advanced Glycation End Products, and Metabolic Syndrome: The Metformin Effect. Dis. Markers 2016,
2016, 6248264. [CrossRef]

142. Pereira, A.; Fernandes, R.; Crisostomo, J.; Seica, R.M.; Sena, C.M. The Sulforaphane and pyridoxamine supplementation normalize
endothelial dysfunction associated with type 2 diabetes. Sci. Rep. 2017, 7, 14357. [CrossRef] [PubMed]

134



Biomedicines 2021, 9, 18

143. Almeida, F.; Santos-Silva, D.; Rodrigues, T.; Matafome, P.; Crisostomo, J.; Sena, C.; Goncalves, L.; Seica, R. Pyridoxamine reverts
methylglyoxal-induced impairment of survival pathways during heart ischemia. Cardiovasc. Ther. 2013, 31, e79–e85. [CrossRef]
[PubMed]

144. Watson, A.M.; Soro-Paavonen, A.; Sheehy, K.; Li, J.; Calkin, A.C.; Koitka, A.; Rajan, S.N.; Brasacchio, D.; Allen, T.J.; Cooper, M.E.;
et al. Delayed intervention with AGE inhibitors attenuates the progression of diabetes-accelerated atherosclerosis in diabetic
apolipoprotein E knockout mice. Diabetologia 2011, 54, 681–689. [CrossRef] [PubMed]

145. Chang, K.C.; Liang, J.T.; Tsai, P.S.; Wu, M.S.; Hsu, K.L. Prevention of arterial stiffening by pyridoxamine in diabetes is associated
with inhibition of the pathogenic glycation on aortic collagen. Br. J. Pharmacol. 2009, 157, 1419–1426. [CrossRef] [PubMed]

146. Degenhardt, T.P.; Alderson, N.L.; Arrington, D.D.; Beattie, R.J.; Basgen, J.M.; Steffes, M.W.; Thorpe, S.R.; Baynes, J.W. Pyridoxam-
ine inhibits early renal disease and dyslipidemia in the streptozotocin-diabetic rat. Kidney Int. 2002, 61, 939–950. [CrossRef]

147. Tam, H.L.; Shiu, S.W.; Wong, Y.; Chow, W.S.; Betteridge, D.J.; Tan, K.C. Effects of atorvastatin on serum soluble receptors for
advanced glycation end-products in type 2 diabetes. Atherosclerosis 2010, 209, 173–177. [CrossRef]

148. Fukushima, Y.; Daida, H.; Morimoto, T.; Kasai, T.; Miyauchi, K.; Yamagishi, S.; Takeuchi, M.; Hiro, T.; Kimura, T.; Nakagawa, Y.;
et al. Relationship between advanced glycation end products and plaque progression in patients with acute coronary syndrome:
The JAPAN-ACS sub-study. Cardiovasc. Diabetol. 2013, 12, 5. [CrossRef]

149. Cuccurullo, C.; Iezzi, A.; Fazia, M.L.; De Cesare, D.; Di Francesco, A.; Muraro, R.; Bei, R.; Ucchino, S.; Spigonardo, F.; Chiarelli, F.;
et al. Suppression of RAGE as a basis of simvastatin-dependent plaque stabilization in type 2 diabetes. Arterioscler. Thromb. Vasc.
Biol. 2006, 26, 2716–2723. [CrossRef]

150. Quade-Lyssy, P.; Kanarek, A.M.; Baiersdorfer, M.; Postina, R.; Kojro, E. Statins stimulate the production of a soluble form of the
receptor for advanced glycation end products. J. Lipid Res. 2013, 54, 3052–3061. [CrossRef]

151. Bahrambeigi, S.; Rahimi, M.; Yousefi, B.; Shafiei-Irannejad, V. New potentials for 3-hydroxy-3-methyl-glutaryl-coenzymeA
reductase inhibitors: Possible applications in retarding diabetic complications. J. Cell. Physiol. 2019, 234, 19393–19405. [CrossRef]

152. Collins, R.; Armitage, J.; Parish, S.; Sleigh, P.; Peto, R.; Heart Protection Study Collaborative, G. MRC/BHF Heart Protection
Study of cholesterol-lowering with simvastatin in 5963 people with diabetes: A randomised placebo-controlled trial. Lancet 2003,
361, 2005–2016. [CrossRef] [PubMed]

153. Colhoun, H.M.; Betteridge, D.J.; Durrington, P.N.; Hitman, G.A.; Neil, H.A.; Livingstone, S.J.; Thomason, M.J.; Mackness, M.I.;
Charlton-Menys, V.; Fuller, J.H.; et al. Primary prevention of cardiovascular disease with atorvastatin in type 2 diabetes in the
Collaborative Atorvastatin Diabetes Study (CARDS): Multicentre randomised placebo-controlled trial. Lancet 2004, 364, 685–696.
[CrossRef]

154. Ramos, R.; Comas-Cufi, M.; Marti-Lluch, R.; Ballo, E.; Ponjoan, A.; Alves-Cabratosa, L.; Blanch, J.; Marrugat, J.; Elosua, R.; Grau,
M.; et al. Statins for primary prevention of cardiovascular events and mortality in old and very old adults with and without type
2 diabetes: Retrospective cohort study. Bmj 2018, 362, k3359. [CrossRef] [PubMed]

155. Balbi, M.E.; Tonin, F.S.; Mendes, A.M.; Borba, H.H.; Wiens, A.; Fernandez-Llimos, F.; Pontarolo, R. Antioxidant effects of vitamins
in type 2 diabetes: A meta-analysis of randomized controlled trials. Diabetol. Metab. Syndr. 2018, 10, 18. [CrossRef] [PubMed]

156. Chen, J.; Wu, J.; Kong, D.; Yang, C.; Yu, H.; Pan, Q.; Liu, W.; Ding, Y.; Liu, H. The Effect of Antioxidant Vitamins on Patients With
Diabetes and Albuminuria: A Meta-Analysis of Randomized Controlled Trials. J. Ren. Nutr. Off. J. Counc. Ren. Nutr. Natl. Kidney
Found. 2020, 30, 101–110. [CrossRef] [PubMed]

157. Baziar, N.; Nasli-Esfahani, E.; Djafarian, K.; Qorbani, M.; Hedayati, M.; Mishani, M.A.; Faghfoori, Z.; Ahmaripour, N.; Hosseini,
S. The Beneficial Effects of Alpha Lipoic Acid Supplementation on Lp-PLA2 Mass and Its Distribution between HDL and
apoB-Containing Lipoproteins in Type 2 Diabetic Patients: A Randomized, Double-Blind, Placebo-Controlled Trial. Oxida-
tive Med. Cell. Longev. 2020, 2020, 5850865. [CrossRef] [PubMed]

158. Alem, M.M. Allopurinol and endothelial function: A systematic review with meta-analysis of randomized controlled trials.
Cardiovasc. Ther. 2018, 36, e12432. [CrossRef]

159. Lonn, E.; Yusuf, S.; Hoogwerf, B.; Pogue, J.; Yi, Q.; Zinman, B.; Bosch, J.; Dagenais, G.; Mann, J.F.; Gerstein, H.C.; et al. Effects of
vitamin E on cardiovascular and microvascular outcomes in high-risk patients with diabetes: Results of the HOPE study and
MICRO-HOPE substudy. Diabetes Care 2002, 25, 1919–1927. [CrossRef]

160. Montero, D.; Walther, G.; Stehouwer, C.D.; Houben, A.J.; Beckman, J.A.; Vinet, A. Effect of antioxidant vitamin supplementation
on endothelial function in type 2 diabetes mellitus: A systematic review and meta-analysis of randomized controlled trials.
Obes. Rev. An Off. J. Int. Assoc. Study Obes. 2014, 15, 107–116. [CrossRef]

161. Altunina, N.V.; Lizogub, V.G.; Bondarchuk, O.M. Alpha-Lipoic Acid as a Means of Influence on Systemic Inflammation in Type 2
Diabetes Mellitus Patients with Prior Myocardial Infarction. J. Med. Life 2020, 13, 32–36. [CrossRef]

162. Stitt, A.W.; He, C.; Friedman, S.; Scher, L.; Rossi, P.; Ong, L.; Founds, H.; Li, Y.M.; Bucala, R.; Vlassara, H. Elevated AGE-modified
ApoB in sera of euglycemic, normolipidemic patients with atherosclerosis: Relationship to tissue AGEs. Mol. Med. 1997,
3, 617–627. [CrossRef] [PubMed]

163. Hudson, B.I.; Lippman, M.E. Targeting RAGE Signaling in Inflammatory Disease. Annu. Rev. Med. 2018, 69, 349–364. [CrossRef]
[PubMed]

164. Deane, R.; Singh, I.; Sagare, A.P.; Bell, R.D.; Ross, N.T.; LaRue, B.; Love, R.; Perry, S.; Paquette, N.; Deane, R.J.; et al. A multimodal
RAGE-specific inhibitor reduces amyloid beta-mediated brain disorder in a mouse model of Alzheimer disease. J. Clin. Investig.
2012, 122, 1377–1392. [CrossRef] [PubMed]

135



Biomedicines 2021, 9, 18

165. Liu, Y.; Yu, M.; Zhang, Z.; Yu, Y.; Chen, Q.; Zhang, W.; Zhao, X. Blockade of receptor for advanced glycation end products protects
against systolic overload-induced heart failure after transverse aortic constriction in mice. Eur. J. Pharmacol. 2016, 791, 535–543.
[CrossRef]

166. Manigrasso, M.B.; Pan, J.; Rai, V.; Zhang, J.; Reverdatto, S.; Quadri, N.; DeVita, R.J.; Ramasamy, R.; Shekhtman, A.; Schmidt, A.M.
Small Molecule Inhibition of Ligand-Stimulated RAGE-DIAPH1 Signal Transduction. Sci. Rep. 2016, 6, 22450. [CrossRef]

167. Watanabe, M.; Toyomura, T.; Wake, H.; Liu, K.; Teshigawara, K.; Takahashi, H.; Nishibori, M.; Mori, S. Differential contribution
of possible pattern-recognition receptors to advanced glycation end product-induced cellular responses in macrophage-like
RAW264.7 cells. Biotechnol. Appl. Biochem. 2020, 67, 265–272. [CrossRef]

168. Xu, Y.; Li, Z. CRISPR-Cas systems: Overview, innovations and applications in human disease research and gene therapy.
Comput. Struct. Biotechnol. J. 2020, 18, 2401–2415. [CrossRef]

169. Yuan, J.; Chen, M.; Xu, Q.; Liang, J.; Chen, R.; Xiao, Y.; Fang, M.; Chen, L. Effect of the Diabetic Environment On the Expression of
MiRNAs in Endothelial Cells: Mir-149-5p Restoration Ameliorates the High Glucose-Induced Expression of TNF-alpha and ER
Stress Markers. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2017, 43, 120–135. [CrossRef]

170. Chen, Q.; Qiu, F.; Zhou, K.; Matlock, H.G.; Takahashi, Y.; Rajala, R.V.S.; Yang, Y.; Moran, E.; Ma, J.X. Pathogenic Role of
microRNA-21 in Diabetic Retinopathy Through Downregulation of PPARalpha. Diabetes 2017, 66, 1671–1682. [CrossRef]

171. Icli, B.; Wu, W.; Ozdemir, D.; Li, H.; Haemmig, S.; Liu, X.; Giatsidis, G.; Cheng, H.S.; Avci, S.N.; Kurt, M.; et al. MicroRNA-135a-3p
regulates angiogenesis and tissue repair by targeting p38 signaling in endothelial cells. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol.
2019, 33, 5599–5614. [CrossRef]

172. Venkat, P.; Cui, C.; Chopp, M.; Zacharek, A.; Wang, F.; Landschoot-Ward, J.; Shen, Y.; Chen, J. MiR-126 Mediates Brain
Endothelial Cell Exosome Treatment-Induced Neurorestorative Effects After Stroke in Type 2 Diabetes Mellitus Mice. Stroke 2019,
50, 2865–2874. [CrossRef] [PubMed]

173. Gencer, B.; Kronenberg, F.; Stroes, E.S.; Mach, F. Lipoprotein(a): The revenant. Eur. Heart J. 2017, 38, 1553–1560. [CrossRef]
[PubMed]

174. Viney, N.J.; van Capelleveen, J.C.; Geary, R.S.; Xia, S.; Tami, J.A.; Yu, R.Z.; Marcovina, S.M.; Hughes, S.G.; Graham, M.J.; Crooke,
R.M.; et al. Antisense oligonucleotides targeting apolipoprotein(a) in people with raised lipoprotein(a): Two randomised,
double-blind, placebo-controlled, dose-ranging trials. Lancet 2016, 388, 2239–2253. [CrossRef]

136



biomedicines

Review

Can Metformin Exert as an Active Drug on Endothelial
Dysfunction in Diabetic Subjects?

Teresa Salvatore 1, Pia Clara Pafundi 2, Raffaele Galiero 2, Luca Rinaldi 2, Alfredo Caturano 2, Erica Vetrano 2,

Concetta Aprea 2, Gaetana Albanese 2, Anna Di Martino 2, Carmen Ricozzi 2, Simona Imbriani 2 and

Ferdinando Carlo Sasso 2,*

Citation: Salvatore, T.; Pafundi, P.C.;

Galiero, R.; Rinaldi, L.; Caturano, A.;

Vetrano, E.; Aprea, C.; Albanese, G.;

Di Martino, A.; Ricozzi, C.; et al. Can

Metformin Exert as an Active Drug

on Endothelial Dysfunction in Diabetic

Subjects?. Biomedicines 2021, 9, 3.

https://dx.doi.org/

10.3390/biomedicines9010003

Received: 30 November 2020

Accepted: 21 December 2020

Published: 22 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. This

article is an open access article distributed

under the terms and conditions of the

Creative Commons Attribution (CC BY)

license (https://creativecommons.org/

licenses/by/4.0/).

1 Department of Precision Medicine, University of Campania Luigi Vanvitelli, Via De Crecchio 7,
I-80138 Naples, Italy; teresa.salvatore@unicampania.it

2 Department of Advanced Medical and Surgical Sciences, University of Campania Luigi Vanvitelli, Piazza Luigi
Miraglia 2, I-80138 Naples, Italy; piaclara.pafundi@unicampania.it (P.C.P.); raffaele.galiero@unicampania.it (R.G.);
luca.rinaldi@unicampania.it (L.R.); alfredo.caturano@unicampania.it (A.C.); erica.vetrano@gmail.com (E.V.);
concetta.aprea27@outlook.it (C.A.); gaetanaalbanese@hotmail.it (G.A.); annadimarti@alice.it (A.D.M.);
carmenricozzi28@gmail.com (C.R.); simo.imbriani@gmail.com (S.I.)

* Correspondence: ferdinando.sasso@unicampania.it; Tel.: +39-081-566-5010

Abstract: Cardiovascular mortality is a major cause of death among in type 2 diabetes (T2DM).
Endothelial dysfunction (ED) is a well-known important risk factor for the development of diabetes
cardiovascular complications. Therefore, the prevention of diabetic macroangiopathies by preserv-
ing endothelial function represents a major therapeutic concern for all National Health Systems.
Several complex mechanisms support ED in diabetic patients, frequently cross-talking each other:
uncoupling of eNOS with impaired endothelium-dependent vascular response, increased ROS pro-
duction, mitochondrial dysfunction, activation of polyol pathway, generation of advanced glycation
end-products (AGEs), activation of protein kinase C (PKC), endothelial inflammation, endothelial
apoptosis and senescence, and dysregulation of microRNAs (miRNAs). Metformin is a milestone
in T2DM treatment. To date, according to most recent EASD/ADA guidelines, it still represents
the first-choice drug in these patients. Intriguingly, several extraglycemic effects of metformin have
been recently observed, among which large preclinical and clinical evidence support metformin’s
efficacy against ED in T2DM. Metformin seems effective thanks to its favorable action on all the
aforementioned pathophysiological ED mechanisms. AMPK pharmacological activation plays a key
role, with metformin inhibiting inflammation and improving ED. Therefore, aim of this review is
to assess metformin’s beneficial effects on endothelial dysfunction in T2DM, which could preempt
development of atherosclerosis.

Keywords: metformin; endothelial dysfunction; diabetes; CV risk

1. Introduction

Type 2 diabetes mellitus (T2DM) has been recognized for long a disease of the car-
diovascular system, so that, at the beginning of the 1980s, someone has established it as a
“cardiovascular disease diagnosed by glycemia”. This anecdotal definition preempted the
scientific evidence produced by Haffner in 1998, who demonstrated a similar mortality risk
from Coronary Heart Disease (CHD) in a diabetic patient without previous myocardial
infarction (MI) as compared to a non-diabetic subject who had suffered from a previous
heart ischemic accident [1].

Metformin is the drug of choice for T2DM treatment and most of patients are usually
treated first with this drug, and then with other anti-hyperglycemic agents in add-on
to their therapeutic regimen as required [2]. Large evidence from the literature, both
from preclinical and clinical studies, strengthen the anti-atherosclerotic properties of this
drug [3].
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In this review, we address the impact of metformin’s administration on macrovascular
complications of diabetes. In particular, we analyze metformin’s beneficial effects on
that distinctive pathophysiological condition named endothelial dysfunction (ED), which
preempts the early development of atherosclerosis.

1.1. Endothelial Function

The endothelium is a thin monolayer covering the inner surface of blood vessels. It
represents a barrier between circulating blood and all tissues and secretes a plethora of
bioactive mediators of vascular tone [4].

The most important factor for the maintenance of vascular homeostasis is nitric oxide
(NO), derived from the oxidation of L-arginine in the catalysis of endothelial nitric oxide
synthase (eNOS), an enzyme constitutively expressed in endothelial cells (ECs) [5]. Once
produced, NO rapidly moves to vascular smooth muscle cells (VSMCs), where it activates
the soluble guanylate cyclase system which, in turn, increases cyclic guanosine-3′,5 mono
phosphate (cGMP) and determines VSMCs relaxation [6]. Other vasodilators released by
endothelial cells include endothelium derived hyperpolarization (EDH) factor of VSMCs,
prostacyclin I2 (PGI2), bradykinin, histamine, serotonin, and substance P. As opposed to
vasodilators, endothelium secretes a number of vasoconstrictors, especially cyclooxygenase-
derived prostanoids, endothelin-1 (ET-1), angiotensin II (ANG II) and reactive oxygen
species (ROS), usually associated with ED [7,8]. The relative contribution of vasodilator
signals to the endothelium-dependent relaxation depends on blood vessels size, with NO
dominant in conduit arteries and EDH factor as the diameter of the arteries decreases [9].

The fine equilibrium between these opposite factors is crucial to maintain a normal
arterial patency. Conversely, an unbalanced production in favor of vasoconstrictor signals
compromises the vascular auto-regulation and the functional and structural integrity of
the endothelium, thus originating the ED [7].

1.2. Endothelial Dysfunction

ED is a condition of altered metabolism and function of endothelium inducing vascular
injury and defective repair. Functionally, ED can be defined as a reduced bioavailability of
NO, which affects the impaired response to an endothelium-dependent vasodilator such as
acetylcholine.

Endothelium-derived NO not only keeps blood flow, though it also acts as a negative
modulator of platelet aggregation, pro-inflammatory gene expression, ICAM-1 (intercel-
lular adhesion molecule 1) and VCAM-1 (vascular cell adhesion molecule 1) production,
E-selectin expression, ET-1 synthesis, VSMC proliferation, and lipoprotein oxidation [10].
Thus, ED is characterized by a series of features which goes beyond the hemodynamic
dysregulation, including excess production of reactive oxygen species (ROS), enhanced
expression of adhesion molecules and inflammatory mediators [11], and increased perme-
ability of vascular endothelium. All of these promote both beginning and progression of
atherogenesis [12,13].

The predictive role of ED on the cardiovascular risk has been largely documented
in clinical studies by non-invasive, semi-invasive and invasive techniques measuring ED
in humans in situ [14,15]. Besides ED functional measures, circulating levels of adhesion
molecules and proinflammatory cytokines have also been used as surrogate markers of
endothelial activation and cardiovascular risk [16].

2. Endothelial Dysfunction in Diabetes

The literature extensively supports ED as an important risk factor for the development
of T2DM cardiovascular complications [17].

Based on a state of insulin resistance (IR), the interaction of three pathological condi-
tions frequently associated with diabetes (hypertension, dyslipidemia and hyperglycemia),
plays a pivotal role in the pathogenesis of the atherosclerotic process [18]. In this scenario
hyperglycemia, playing a key role in any complication of diabetes [19], is a leading actor.
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Acute hyperglycemia, achieved by intra-arterial infusion of dextrose, has been docu-
mented to impair endothelium-dependent vasodilation in healthy humans [20]. Likewise,
the acute increase in plasma glucose after administration of oral glucose tolerance test
(OGTT) determines, within a 1–2 h time period, a reduction of flow-mediated vasodilation
in non-diabetic subjects, with a higher response in individuals with impaired glucose
tolerance (IGT), and even more in those with diabetes [21]. A similar harmful effect is likely
expected from prolonged and repeated post-prandial hyperglycemias, as it may routinely
happen in T2DM. These hyperglycemic spikes may exert a dramatic and long-lasting
epigenetic “memory” effect on the endothelial function, as reported in ECs cultured in high
glucose and then restored to normoglycemia [22], which suggests transient hyperglycemia
as a potential HbA1c–independent risk factor for diabetic complications [23]. A recent
study in small mesenteric arteries from healthy and diabetic db/db mice has demonstrated
that both acute and chronic exposure to high glucose interfere with local and conducted
vasodilation in the resistance vasculature mediated by EDH [24].

Strong accumulating evidence suggests oxidative stress, defined as increased forma-
tion of ROS, reactive nitrogen species (RNS), and/or decreased antioxidant potentials,
as the cornerstone of ED in the development of diabetic complications [25]. This con-
dition triggers the production of pro-inflammatory cytokines and adhesion molecules
responsible of intimal lesions formation [26,27]. Indirectly, some downstream processes
(e.g., insulin resistance, formation of oxidized-low density lipoprotein (ox-LDL), inhibition
of AMP-protein kinase (AMPK), and adiponectin) contribute to inflammation during the
progression of atherosclerosis [28]. In turn, inflammation enhances ROS production, with a
consequent arise of a variety of vicious cycles which intertwine each other, thus featuring
the pathogenic complexity of the diabetes-accelerated atherosclerosis [29,30]. Moreover,
endothelial damage increases albuminuria, both an independent and strong marker of CV
risk [31,32]. The mechanisms by which hyperglycemia induces endothelial dysfunction are
summarized in Figure 1 and are described in detail in the following paragraphs.

 

Figure 1. Main mechanisms of high glucose-induced endothelial dysfunction (direct arrows indicate
the direction of the pathway, whilst double arrow stands for bidirectional pathway).
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2.1. Increased ROS Production

Oxidative stress plays a major role in the pathophysiology of diabetic vascular dis-
ease [28,33]. Such a role is consistent with large evidence that increased concentrations
of glucose in cultured endothelial cells induce an overproduction of ROS, with the subse-
quent activation of intracellular signal transduction pathways leading to ED [34,35]. High
glucose concentration has been well established to cause endothelial cell damage by both
an overproduction of ROS in mitochondria and by multiple biochemical pathways.

2.1.1. Uncoupling of eNOS

The deep reduction in endothelium-dependent vasodilatation associated with T2DM
can be linked to changes in eNOS phosphorylation and desensitization induced by signal
transduction pathways activated by ROS surplus. As an example, oxidative stress can acti-
vate the hexosamine biosynthetic pathway under diabetic and hyperglycemic conditions.
This activation is further accompanied by an increase in O-linked N-acetylglucosamine
modification of eNOS and a decrease in O-linked serine phosphorylation at residue
1177 [36].

The functional disturbance of the enzyme results in the production of superoxide
anion (O2

−·) rather than NO, a phenomenon named eNOS uncoupling [37,38].
The ability of eNOS to generate NO can be disabled by the deficiency of tetrahydro-

biopterin (BH4), an essential enzyme co-factor, which transforms eNOS into an oxidant-
producing enzyme of O2

−· [39,40]. ROS may induce oxidative changes of BH4 to dihy-
drobiopterin (BH2), a BH4 competing compound ineffective as eNOS co-factor. BH2/BH4
competition results in the dissociation of dimeric eNOS to the monomeric form, which acts
through its oxygenase domain as an NADPH oxidase, further enhancing ROS generation,
in a harmful perpetuation of a vicious circle [10,41–43]. Interestingly, the hyperglycemia-
induced ED in normal subjects may be prevented by pre-treatment with the BH4 active
isomer, 6R-BH4, whilst not by its inactive stereoisomer, 6S-BH4 [44]. In addition, the oral
treatment with sepiapterin, a stable precursor of BH4, reduced oxidative stress and im-
proved acetylcholine-mediated endothelium-dependent vasodilation in small mesenteric
resistance arteries from db/db obese diabetic mice [45].

GTP cyclohydrolase I (GTPCH I) is the first enzyme in the BH4 biosynthetic pathway,
constitutively expressed in endothelial cells and critical for the maintenance of NO syn-
thesis [46]. Studies in HUVECs exposed to high glucose and in streptozotocin-injected
diabetic mice have found that hyperglycemia may trigger BH4 deficiency by increasing
26S proteasome-mediated degradation of GTPCH I [47]. This degradation could be either
prevented or improved by AMPK overexpression or activation [48].

NO derived from dimeric eNOS and O2
−· from monomeric eNOS induces the forma-

tion of peroxynitrite (ONOO−·). This may facilitate the release of zinc from the zinc-thiolate
cluster of eNOS, which is useful to maintain the dimeric structure of the enzyme, thus
resulting in a further enhancement of eNOS uncoupling. Since loss of zinc and eNOS
uncoupling activity have been both observed in ECs cells exposed to elevated glucose and
in tissues of a diabetic mice model, we may hypothesize a significance of this process under
in vivo conditions in diabetes [10,49].

The functions of many proteins may be affected by increased oxidant levels. As an
example, a characteristic reaction of ONOO−· is the nitration of protein-bound tyrosine
residues to generate 3-nitrotyrosine–positive proteins [50]. Some researchers have sug-
gested that an increased nitration of PGI2 synthase (PGIS), more likely via dysfunctional
eNOS, may characterize the diabetic disease. Such a hypothesis stands on observations
that exposure of isolated bovine coronary arteries to high glucose switched angiotensin
II–stimulated PGI2-dependent relaxation into a persistent vasoconstriction [51]. As well,
a significant suppression of PGIS activity, along with increased O2

−· and PGIS-nitration,
was also observed in aortas of streptozotocin-treated diabetic mice [51].
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2.1.2. Mitochondrial Dysfunction

The mitochondrial electron transport chain (ETC) is the primary source of hyperglycemia-
induced ROS production via a greater oxygen use, increased redox potential and shift
of O2 transport towards the respiratory chain complex II [25,29]. Other mechanisms of
mitochondrial dysfunction include increased NADH/FADH2 ratio [52] and mitochondrial
fission, which triggers an accumulation of fragmented mitochondria with impaired ETC
activity [53].

2.1.3. Activation of the Polyol Pathway

Increased intracellular glucose levels overload ETC and are shunted into alternative
pathways, in turn generating ROS. In the polyol pathway, accounting for >30% of glucose
metabolism during hyperglycemia [54], glucose is converted by NADPH-dependent aldose-
reductase to the sugar alcohol sorbitol, and sorbitol to fructose by sorbitol-dehydrogenase.
The oxidative stress generated by these reactions depends on the consumption of NADPH,
a cofactor required to regenerate the ROS scavenger glutathione (GSH), and on NAD+
reduction to NADH, which is subsequently oxidized by NADH oxidase, with consequent
production of superoxide ions [55]. Aldose-reductase has been indeed implied in the
increased expression of inflammatory cytokines [56,57].

2.1.4. Generation of Advanced Glycation End-Products (AGEs)

In conditions of hyperglycemia, the nonenzymatic fragmentation of the glycolytic
intermediate triose phosphate produces methylglyoxal, precursor of the majority of AGE
products formed by a nonenzymatic reaction of either ketones or aldehydes and the amino
groups of proteins, during which large amounts of ROS are generated [25].

AGEs can interact with two types of cell surface receptors, scavengers involved
in AGE removal and receptors for AGE (RAGEs), which initiate detrimental cellular
signals, promoting inflammation and atherogenesis [29,58,59]. As an example, AGEs dose-
dependently activate oxidative stress-mediated P38 activation of mitogen-activated protein
kinase (MAPK) signaling in endothelial cells, which enhances NO synthesis inhibition by
AGEs [60].

Both AGEs and methylglyoxal also promote the expression of RAGEs ligands. In par-
ticular, oxidized AGEs activate RAGEs to stimulate NADPH oxidase (NOX) [61], another
important source of ROS production. NOX, which in healthy state determines ROS pro-
duction, in pathological conditions may be hyper-expressed and hyperactive, as observed
in cultured mice microvascular endothelial cells (MMECs) and human umbilical artery
endothelial cells (HUAECs) exposed to high glucose [62,63]. Cells exposed to glucose
fluctuations produce higher levels of NOX-derived ROS as compared to cells steadily
exposed to high glucose, thus indicating the detrimental effect on vascular health of acute
glycemic variations [64].

2.1.5. Activation of Protein Kinase C (PKC)

PKC is a serine/threonine related protein kinase acting in a wide variety of biological
systems and regulating cell growth and proliferation, senescence, and apoptosis. The
enzyme, once activated, induces many atherogenic processes, like ROS overproduction, en-
dothelial dysfunction, increased vascular permeability, and inhibited angiogenesis [33,65].

In particular, NOX PKC-dependent activation is considered among the major sources
of high glucose-induced ROS production, even more than mitochondrion [66,67].

In either a hyperglycemic or diabetic environment, PKC is activated by oxidative
stress and AGEs and by diacylglycerol (DAG), whose levels increase in endothelial cells
due to the shunting of glycolytic intermediates to dihydroxyacetone phosphate [65,68].
DAG-PKC is among the several cellular pathways activating when oxidative stress causes
DNA fragmentation and stimulation of the DNA repair enzyme, nuclear poly ADP ribose
polymerase (PARP). This enzyme inhibits the glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH), shunting early glycolytic intermediates into pathogenic signaling pathways,
including AGE, polyol, DAG-PKC, and hexosamine pathways [25].

2.2. Endothelial Apoptosis and Senescence

Endothelial cell apoptosis and senescence are pivotal processes for the development
of atherosclerosis, due to their activation by a plethora of pathways sharing the common
pathophysiological mechanism of oxidative stress [69–71].

Studies on cultured ECs have shown that the promotion of senescence features
(e.g., shortening of telomere length, elevated DNA damage, increase genomic instabil-
ity and growth arrest) can be modulated by two factors intrinsically related to diabetes,
high glucose [72], and AGE products [73], thus enhancing the intracellular levels of oxida-
tive stress [74–76]. The implied cellular signals are diverse. As observed in high glucose
exposed umbilical vein endothelial cells (HUVECs), Bax protein expression increases in
the absence of Bcl-2 modifications, producing an elevated Bax/Bcl-2 ratio which activates
the cleavage of procaspase-3 into active caspase-3, a crucial mediator of apoptosis [77]. As
well, also the high-glucose induced NF-kB-dependent activation of c-Jun N-terminal kinase
(JNK) and ROS-dependent Akt dephosphorylation may be involved [78].

Intriguingly, carbonic anhydrase, overexpressed in endothelial cells of diabetic is-
chemic heart, determines endothelial cell apoptosis in vitro, thus playing a key role in the
remodeling process [79].

2.3. Other Pathogenetic Mechanisms of Vascular Dysfunction

A dysregulation of microRNAs (miRNAs), small non-coding RNAs, may contribute
to the progression of atherosclerosis and diabetes-induced vascular dysfunction. As an
example, a reduction in miRNA-126 levels has been associated with an increased leucocyte
adherence to ECs and impairment of peripheral angiogenesis in T2DM [80]. Moreover, miR-
29c and miR-204 were significantly dysregulated in atherosclerotic plaques from patients
with DM [81].

T2DM has been proven as characterized by an imbalance of gut microbiota, which
can directly promote atherogenesis by oxidative stress, inflammation, and changes in some
metabolites, even though the bacteria possibly associated with progression of diabetes-
accelerated atherosclerosis have not been identified yet [29].

3. Metformin Promotes Cardiovascular Health

Targeting and reduction of ED, an earlier phenomenon among the vascular abnormal-
ities induced by cardiovascular risk factors, may represent a way to slow down diabetes-
associated macrovasculopathy.

Since hyperglycemia-induced ROS may be the factor primarily involved in endothelial
damage in diabetes, a protective action for correction of oxidative stress could be predicted.
However, intervention studies in humans using orally administered antioxidants such as
vitamins E and C have not been proven effective [82].

On the other hand, any anti-hyperglycemic drug achieving a rigorous glycemic control
should mitigate the deleterious impact of diabetes on endothelium. However, despite
antihyperglycemic effectiveness, not all these agents are able to reduce the CVD risk. Some
drugs have been reported as independently associated with an increased risk (e.g., heart
failure for rosiglitazone) [83], whilst others, likely provided of additional pleiotropic
actions, resulted protective for the cardiovascular system. In this context, metformin,
GLP-1 agonists (GLP1RA) and SGLT2 inhibitors (SGLT2i) obtained the strongest evidence
for a beneficial effect on the endothelial function [84]. GLP1RA and SGLT2i have been
approved for diabetes therapy in the most recent years. Therefore, it does not surprise the
larger data on cardiovascular benefits available only for metformin which, after a 60-years
history supporting its use, remains the first-choice agent for most T2DM patients.

The ability of metformin to reduce the diabetes-related CV risk arises from direct ef-
fects on the endothelium regardless, at least to some extent, of an improvement in metabolic
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disturbances (i.e., insulin resistance and hyperglycemia), and commonly associated risk
factors (i.e., dyslipidemia and hypertension) [85–87].

3.1. Overview on Metformin
3.1.1. Historical Notes

Metformin (1,1-Dimethylbiguanide) is a synthetic derivative of galegine, a compound
of French lilac tested as a glucose-lowering agent in humans in the 1920s, but soon discarded
due to its toxicity [88,89]. Its anti-hyperglycemic effectiveness has been demonstrated more
than half a century ago by the French medical doctor Jean Sterne and the drug has been first
used the UK in 1958 under the trade name Glucophage R (‘glucose eater’). The Food and
Drug Administration (FDA) approved it for T2DM treatment only in 1994, after 20 years of
use in Europe [88].

Despite long history and large clinical experience, metformin mechanism of action
still remains not fully understood and even controversial, as it often happens with drugs of
herbal origins not primarily designed for a specific cellular target.

3.1.2. Pharmacological Effects on Glucose Metabolism

Metformin primarily regulates glucose homeostasis. Specifically, it inhibits liver
glucose production by the downregulation of hepatic gluconeogenesis and glycogenolysis.
Metformin also alleviates IR, with an enhancement of peripheral glucose uptake via GLUT4
transport and subsequent significant reduction of plasma insulin levels [90,91]. Most recent
evidence reports an important contribution about the beneficial metabolic responses to
metformin before drug absorption, due to the interaction with gut microbiota and the
modulation of incretin axis [92,93], thus supporting the role in the relationship between
glycemic index and cardiometabolic diseases [94].

Over the past few decades, metformin has realistically emerged as a drug acting not
only on specific targets of metabolism, though also on a series of other mechanisms and
signaling pathways [95,96], some of which involved in the atherosclerosis prevention [97].

3.1.3. Activation of AMPK

In the literature there is a general consensus about the key role of AMK activation on
metformin’s cellular actions, in particular at level of liver and skeletal muscle [98]. AMPK
is a heterotrimeric serine/threonine protein kinase containing one catalytic α subunit
and two non-catalytic subunits, scaffold β and regulatory γ subunits. Each subunit has
two isoforms (α1, α2, β1, β2, γ1, γ2, and γ3), widely expressed in different tissues and
subcellular sites [99].

AMPK is a major regulator of cellular energy homeostasis coordinating the enzymes
involved in carbohydrate and fat metabolism to enable ATP conservation and synthesis.
Conditions of increased AMP:ATP ratio (exercise, metabolic stress, and hypoxia) activate
AMPK, which switches off the ATP-consuming pathways and on the ATP-generating
ones [98].

Increasing evidence suggests that the role of AMPK goes beyond energy metabolism
control, as the enzyme may regulate a very wide range of cell functions accounting for a
variety of metformin pleiotropic actions [100,101]. As an example, AMPK stimulates eNOS
production [102], thus supporting a protective role of this kinase on the endothelium, as
demonstrated in a study on obese rats [103,104].

The phosphorylation at Thr1172 of the α-subunit activates AMPK, whilst AMP and/or
adenosine diphosphate (ADP) binding to the γ-subunit protects the enzyme against de-
phosphorylation [105]. Upon ATP depletion, AMPK is phosphorylated and activated by
upstream kinases such as liver kinase B-1 (LKB1), constitutively expressed in most cell
types [106], and calcium/calmodulin-dependent protein kinase-beta, activated by intracel-
lular calcium and expressed only in certain cell types, including ECs [107,108]. Intriguingly,
AMPK has been found dysregulated in experimental animal models and in humans with
either metabolic syndrome or T2DM [109].
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Metformin and AICAR (5-amino-imidazole carboxamide riboside) are the two most
commonly used AMPK activators. AICAR is an analog of AMP directly activating the
enzyme, but not suitable for human use [110]. On the contrary, metformin is not a specific
activator of AMP, but it can be used in humans. How exactly metformin activates AMPK
is still unclear [111]. The drug might increase the phosphorylation of AMPK catalytic α

subunit at Thr1172, as reported by studies on primary hepatocytes [112], or inhibit AMP
deaminase [113].

On the other side, there is large evidence that enhanced AMPK expression is secondary
to the increased intracellular ADP/ATP and AMP/ADP ratios resulting from a mild,
transient and specific inhibitory action of metformin on ETC’s mitochondrial complex I
(NADH: ubiquinone oxidoreductase) [90,93]. Even this mechanism is debated and the
extent to which it is physiologically relevant is still uncertain, as the required concentration
seems about 500–1000 times than the highest attained therapeutically [114].

Beyond ETC’s complex I inhibition, other mitochondrial actions have been described,
including a direct binding of metformin to mitochondrial copper ions [115] and a non-
competitive inhibition of mitochondrial glycerol 3-phosphate dehydrogenase shuttle, pro-
ducing impaired respiration, reduced cytoplasmic NAD+/NADH ratio and undermined
glucose production from both glycerol and lactate [116]. The physiological relevance of
these mechanisms is unclear. Incidentally, whether metformin can access mitochondria to
a sufficiently high concentration to inhibit complex 1 or exert other actions is still object of
debate [117].

Considering the plurality of cellular sites of metformin action, not all the effects of
the drug are necessarily mediated via either the direct or indirect activation of AMPK. For
instance, Foretz et al. reported that metformin was able to inhibit liver gluconeogenesis
in transgenic mice lacking AMPK subunits and LKB1 [118], whilst Buse et al. showed
that a significant component of the anti-hyperglycemic effects of metformin resided in
microbiome [92].

3.2. Metformin Reduces Cardiovascular Mortality in Diabetes

Publication in 1998 of the United Kingdom Prospective Diabetes Study (UKPDS),
a trial designed to assess whether intensive blood-glucose control reduced the risk of
macrovascular or microvascular complications in T2DM patients, represented the event
which has changed metformin’s history. Remarkably, UKPDS findings attributed to met-
formin the role of first choice anti-hyperglycemic drug after demonstrating, in overweight
patients randomized to metformin as compared to conventional dietary measures, a risk
reduction of 39% for nonfatal myocardial infarct, 42% for diabetes-related death, and 36%
for all-cause mortality [119].

A Cochrane meta-analysis supports the benefits of metformin as compared to other
antidiabetic drugs, proving a reduced all-causes mortality [120].

Two further meta-analysis have strengthened this result. The first showed metformin
as the only antidiabetic agent able to improve all-cause mortality without causing any
harm in diabetic patients with heart failure [121]. The other instead reported significantly
lower all-cause mortality rates in diabetic individuals taking metformin as compared either
to non-diabetics or diabetics receiving non-metformin therapies [122]. On the contrary,
an evaluation of 35 clinical trials including over 18,000 participants found a significant
benefit for metformin versus placebo/no therapy, but not versus active-comparators [123].
Another metanalysis of randomized trials has left doubts about whether metformin reduces
risk of cardiovascular disease in T2DM or not [124]. Moreover, an observational study
using the REACH Registry showed an association between metformin’s use in secondary
prevention and a decreased mortality [86]. In a retrospective Danish cohort study on T2DM
patients admitted with myocardial infarction and not treated with emergent percutaneous
coronary intervention, monotherapy with sulfonylureas was associated with increased
cardiovascular risk compared with metformin monotherapy [125].
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4. Protective Properties of Metformin on Endothelium

Metformin displays multiple beneficial effects against CVD, among the most relevant
those exerted on vascular endothelial function [8,114,117,126]. A 4.3-year clinical trial has
shown a metformin-associated reduction of several plasma ED biomarkers (e.g., vWF,
sVCAM-1, t-PA, PAI-1, and sICAM-1), regardless of changes in HbA1c, insulin dose, and
body weight. The authors reported that ED improvement explained about 34% of the
reduced cardiovascular risk associated with biguanide treatment [127].

The endothelial protection exerted by metformin may not represent the product of
a single pharmacological action, though rather the result of concurrent multiple mecha-
nisms involving endothelium-dependent vascular response, oxidative stress, leukocyte-
endothelium interactions, mitochondrial function, and others. Literature data highlight the
role of hyperglycemia in ED pathogenesis [128], even though metformin therapeutic con-
centrations may improve vascular endothelial reactivity in non-diabetic patients, regardless
of glucose levels [129]. More likely, metformin exerts both anti-hyperglycemic-mediated
and direct actions on endothelial function.

We will now discuss metformin’s impact on endothelium and possible underlying
cellular and biochemical mechanisms observed in human investigations and in preclinical
studies.

4.1. Metformin Improves Endothelium-Dependent Vascular Response

Almost 30 years ago, Marfella et al. demonstrated that metformin improved hemody-
namic and rheological responses to infusion of l-arginine, the natural precursor of NO, in
newly diagnosed T2DM patients without micro- and macrovascular complications [130].

At the dawn of the third millennium, when NO has begun to emerge as a protective
CV factor [131], the analysis of vascular response to metformin in T2DM patients by a direct
measurement with forearm strain-gauge plethysmography, proved an improvement of
endothelium-dependent vasodilation after a 12-week treatment, indicating the endothelium
as the primary site for dysfunctional blood flow. Notably, ED improvement has been
associated with a reduction in whole-body IR [132].

4.1.1. Role of Insulin Resistance Correction

Insulin is known to promote NO production by activating the PI3K/Akt/eNOS
signaling pathway, which results in vasodilation and vascular protection [133,134].

Once IR develops, pathway-specific impairment in PI3K-dependent signaling may
cause imbalance between production of NO and secretion of ET-1, thus leading to endothe-
lial dysfunction [135].

The aforementioned study by Mather et al. supported the conclusion that endothelium-
dependent vascular response correction by metformin was more likely secondary to im-
proved insulin signaling [132] (Figure 2), consistently with previous reports on these
subjects [136]. Steinberg et al. had already demonstrated that excessive exposure of en-
dothelium to free fatty acids (FFAs) increased O2

−· production, impaired NO activity,
and reduced endothelium-dependent vasodilation [137]. IR is characterized, along with
the involvement of numerous other systems [138], by sustained elevations in serum FFAs
and failure of appropriate suppression following meals, due to a compromised ability of
insulin-resistant adipocytes to store and retain FFAs [139]. The link between FFA excess
and ED may lie in a sequential process starting from the increased de novo synthesis of
DAG, which activates PKC, in turn responsible for endothelial O2

−· overproduction via
NOX stimulation [67], eNOS inhibition [140], and activation of a vicious worsening of
insulin signaling in the endothelial cells [141].

Preclinical studies in mesenteric arteries and aortas from insulin-resistant rats support
an improvement of ACh-induced vasodilation by treatment with the insulin sensitizer
metformin [142,143]. Indeed, the relationship between IR and ED in humans is not so clear.
On the one hand, metformin improves endothelial function in non-diabetic insulin resis-
tant populations [144]. Otherwise, troglitazone, a ligand of nuclear receptor peroxisome
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proliferator-activated receptor (PPAR)-γ with insulin-sensitizing actions, administered
to obese subjects, determined an improvement in insulin sensitivity but no effects on
both endothelium-dependent and independent vascular responses [145]. Accordingly, in
a study on T2DM patients treated with sulfonylureas, the improvement in ED with the
addition of either metformin or pioglitazone did not seem associated neither with a better
glycemic control nor with insulin sensitivity [146]. Moreover, a pilot trial in uncomplicated
T1DM patients showed a significant improvement of ED, irrespective of glycemic control
and body weight, after a 6-months metformin treatment in add-on to basal-bolus insulin
regimen [147].

 

Figure 2. Mechanisms by which metformin promotes NO production (direct arrows indicate the direction of the pathway).

4.1.2. Role of AMPK Activation

An attractive hypothesis of how metformin enhances endothelium-dependent va-
sodilation may reside in the activation of AMPK [148]. It has been extensively demon-
strated that several stimuli, not last metformin, may induce AMPK-dependent eNOS
phosphorylation, thus resulting in increased NO production and vasodilation in conduit
arteries [102,149,150] (Figure 2). Matsumoto and colleagues reported an improvement
of the endothelium-dependent responses by metformin even in the resistance arteries of
diabetic rats, thanks to the suppression of prostanoid signaling [151]. Later, a study on
mice with endothelium-specific deficiency of α-catalytic subunit of AMPK, demonstrated
eAMPK α1 as the main upstream enzyme that mediates EDH responses of microvessels,
thus regulating blood pressure and coronary flow responses in vivo [152]. Since these
findings have not been confirmed, the contribution of AMPK in the tone regulation at
level of microvasculature, where EDH signaling plays a more prominent role, still remains
controversial [153].
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4.1.3. Other Mechanisms

Based on the evidence that Sirtuin-1 (SIRT1), a NAD-dependent deacetylase with
antiaging activities, enhances the activity of eNOS with NO generation and endothelial-
dependent vascular relaxation [154], we can speculate that metformin indirectly increases
eNOS activity by directly inducing SIRT1 expression and/or activation (Figure 2). This
hypothesis is supported by the observation that a 72-h exposure to metformin may reduce
hyperglycemia-induced endothelial senescence and apoptosis via a SIRT1-dependent
process [155].

Ghosh et al. demonstrated that a brief exposure of aortic tissue and microvascular
endothelial cells to metformin can either reverse or reduce the high glucose-induced ED
via mechanisms linked to increased phosphorylation of eNOS and Akt, a cytosolic protein
involved in the intracellular signaling pathway PI3K/Akt/mTOR regulating the cell cycle.
Of note, this response was not accompanied by changes either in AMPK phosphorylation
or SIRT1 expression [156].

4.2. Metformin Promotes Antioxidation

ROS are strongly involved in ED occurrence, due to their vasoconstrictor action and the
reactivity with NO to produce ONOO−·, with further reduction of NO bioavailability [157].

Large evidence supports metformin inhibitory effect on oxidative stress, in vitro in
hyperglycemic environments [158,159] as well as in vivo in high fructose-fed rats [160] and
T2DM patients [161].

Experiments in BAECs and HUVECs in the presence of either NOX inhibitor apocynin
or ETC inhibitor rotenone, report that metformin inhibits ROS formation from both respira-
tory mitochondrial chain and NOX [162,163]. PKC-NOX pathway inhibition by metformin
was later confirmed in human aortic endothelial cells [164]. In rats exposed to the prooxi-
dant rotenone, metformin’s co-treatment is able to correct redox imbalance and toxicity of
erythrocytes [165]. Metformin has been also reported to prevent the rise in lipid peroxides
and oxidized proteins and the fall of mitochondrial aconitase activity, a sensitive parameter
for the mitochondrial generation of ROS inside in aortic tissue, heart and kidney of diabetic
Goto-Kakizaki rats [166] and the DNA damage related to oxidative stress in lymphocytes
from elderly subjects [167]. The significant reductions in NO release and the pronounced
increase in nitroxidative stress observed in obese Zucker rats significantly reverted with
metformin treatment, as a result of improved eNOS coupling and bioavailable NO, and
other mechanisms regulating endothelial function beyond glucose control [168].

The underlying mechanisms of these antioxidant properties of metformin still re-
main controversial (Figure 3). The scavenging direct capacity of trapping free radicals is
negligible [169].

More likely, metformin enhances the endogenous antioxidant defense by preventing
the hyperglycemia-related inhibition of glucose-6-phosphate-dehydrogenase (G6PDH),
which would either hamper the regeneration of reduced GSH [170] or increase superoxide
dismutase-1 [171]. AMPK pathway has been proven to potentially reduce the intracellu-
lar ROS level by activating the fork-head transcription factor 3 (FOXO3), subsequently
upregulating thioredoxin expression, a major component of an important endogenous
antioxidant system, which promotes the reduction of proteins by cysteine thiol-disulfide
exchange [172]. This pathway seems responsible for the attenuation of intracellular ROS
levels induced by metformin in primary human aortic endothelial cells exposed to palmitic
acid [173].

Otherwise, metformin decreases ROS cellular production. Several experiments have
proven metformin’s capacity to downregulate NOX, among the major cellular producers of
ROS [174–177]. Accordingly, a study in cultured HUVEC and murine aortas isolated from
AMPK-α2 deficient mice demonstrated that this enzyme acts as a physiological suppressor
of NOX and ROS production in endothelial cells [178]. Since oxidative stress is proportional
to the accumulation of AGEs in diabetic animals [179], the antioxidant activity of metformin
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may be partially due to the inhibition of glycation, a process directly related to free-radical
production.

 

Figure 3. Schematic picture of the mechanisms by which metformin exerts a protective action against oxidative stress and
endothelial dysfunction (direct arrows indicate the direction of the pathway, whilst blocked arrows stands for inhibition of
that specific pathway. Double arrow stands instead for a bidirectional reaction).

Other mechanisms may be overexpression of SIRT3, a NAD+-dependent deacetylase
specifically located in the mitochondria, and glutathione peroxidase 1, which protects
leukocytes against oxidative stress by reducing hydroperoxides [180,181]. Metformin may
also inhibit endoplasmic reticulum stress and oxidative stress by activating AMPK/PPARδ
pathway, as reported in a study on aortae from obese diabetic mice [182] (Figure 3).

4.3. Metformin Counteracts the Pro-Atherogenic Role of oxLDL and LOX-1

Oxidized low-density lipoprotein (OxLDL), as well as class E scavenger lectin-like
oxidized receptor 1 (LOX-1) mediating OxLDL uptake by vascular cells, are involved
in events critical in atherosclerosis development from ED until plaque instability and
rupture [183]. OxLDL is a product of chronic oxidative stress which, in parallel, can act as
pro-oxidant by stimulating NOX and ROS generation [184]. On the other hand, LOX-1 may
bind with high affinity a broad spectrum of structurally distinct ligands besides OxLDL,
among which AGEs which, in turn, upregulate LOX-1 expression in diabetes [185].

Metformin has been proven to inhibit the expression of both RAGEs and LOX-1, more
likely through a modulation of redox-sensible nuclear factors, including NF-kB, which are
involved in such receptor cell expression [186].

Exposition of cultured endothelial cells to oxidized and glycated LDL (HOG-LDL)
causes aberrant ER stress via enhanced sarcoplasmic/endoplasmic reticulum Ca2+ AT-
Pase oxidation, significantly mitigated by either pharmacological (included metformin)
or genetic activation of AMPK, which results in an improved endothelium-dependent
relaxation [187].

OxLDL signals mainly activate via LOX-1 diverse cellular second messengers, includ-
ing NF-κB and AP-1, two oxidative stress-responsive transcription factors involved in the
regulation of cytokines, chemokines, and adhesion molecules in endothelial cells. In turn,
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some of the induced cytokines activate NF-κB and AP-1, thus reinforcing the inflammatory
signaling cascade [188].

A study on human primary coronary artery endothelial cells showed for the first time
that OxLDL induced ED, cell death, and impaired vasorelaxation, partially via TRAF3IP2,
a redox-sensitive cytoplasmic adapter protein and an upstream regulator of IKK/NF-κB
and JNK/AP-1. Moreover, while native HDL3 inhibited, oxidatively-modified HDL3
potentiated OxLDL-induced TRAF3IP2 expression. AMPK activators (adiponectin, AICAR
and metformin), through AMPK-dependent Akt activation, antagonized the pro-apoptotic
effects of OxLDL-induced TRAF3IP2 expression [189].

A study on HUVECs showed that SIRT1 and AMPK silencing decreased the protective
function of metformin against OxLDL-increased LOX-1 expression and OxLDL-collapsed
AKT/eNOS levels [190].

Both in diabetic rats [191], and newly diagnosed diabetic patients [192], metformin
has been shown to restore the activity of paraoxonase 1, an antioxidant associated with
circulating HDL that hydrolyzes lipid peroxides in LDL.

4.4. Metformin Inhibits Endothelial Inflammation and Leukocyte-Endothelium Interactions

Beyond its anti-oxidative properties, metformin also exerts eminent anti-inflammatory
effects, as expected from an AMPK activator [193].

In a study published in 2003, treatment of human ECs with AGEs for up to 12 h has
been shown to significantly increase human monocyte adhesion, an effect prevented by
the presence of metformin in incubation medium [194]. Incidentally, the drug also pre-
vented monocyte differentiation into macrophages and foam cell, a process that metformin
regulates via AMPK-mediated inhibition of STAT3 activation [195].

These findings were later extended. In fact, metformin has been demonstrated to
suppress the cytokine-induced activation of NF-kB in HUVECs. As a consequence, NF-kB-
regulated gene expression of various inflammatory and cell adhesion molecules was inhib-
ited. This effect was determined via the AMPK-dependent inhibition of the IKK/IKBα/NF-
KB pathway [196].

An excessive and sustained oxidative stress can cause overactivation of poly (ADP-
ribose) polymerase-1 (PARP-1), which worsens the oxidative stress and stimulates pro-
inflammatory and necrotic responses [197]. An investigation on HUVECs and in vivo on
mice has demonstrated a possible metformin involvement in a pathway linking AMPK,
PARP-1, and B-cell lymphoma–6 protein (Bcl-6) in the prevention of monocyte adhesion to
endothelial cells and attenuation of endothelial inflammation. PARP-1 binding to Bcl-6 in-
tron 1 has been proven to suppress the transcription of Bcl-6, a corepressor for inflammatory
mediators recruiting monocytes to vascular endothelial cells upon inflammation. Con-
versely, phosphorylation of PARP-1 at Ser-177 by activated-AMPK decreased its binding to
Bcl-6 intron 1, with subsequent transcriptional up-regulation of Bcl-6 and co-repression
of VCAM-1, MCP-1, and MCP-3 to finally result in an anti-inflammatory phenotype [198].
A later report further confirmed that vascular protection of metformin partially occurs
through the activation of the AMPK-PARP-1 cascade [199].

In a study on retinal endothelial cells under hyperglycemic conditions, SIRT1 activa-
tion by metformin significantly attenuated ROS mediated activation of PARP through the
upregulation of LKB1/AMPK, with the subsequent suppression of NF-kB, as well as of
proapoptotic gene Bax [200]. All these mechanisms are summarized in Figure 3.

4.5. Metformin Attenuates the Apoptosis, Senescence, and Death of Endothelial Cells

Mitochondria are the powerhouse of the cell, providing over 90% of ATP consumed
by the cell, but they also play an important role in the commitment to cell death [201].
Several intermembrane space proteins have no pro-apoptotic activity when persisting
inside mitochondria, though they promote cell death once released into the cytosol by
opening an inner membrane channel, the so-called permeability transition pore (PTP) [202].
Metformin has been found to prevent the PTP opening determined by the high glucose-
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induced oxidative stress in several endothelial cell types [203], and the biguanide given at
the time of reperfusion may reduce myocardial infarct size in the heart of both non-diabetic
and diabetic rats [204].

SIRT1 plays a central role in the regulation of endothelial cell growth, senescence, and
apoptosis, as well as in atherosclerosis development [205]. Metformin may be considered
either a direct or LKB-1/AMPK-mediated modulator of SIRT1 expression, able to alleviate
hyperglycemia-caused endothelial senescence and cell death (Figure 4). Similarly to the
results by Zheng et al. (see Section 4.4) [200], in a study on MMECs hyperglycemia has been
proven to accelerate endothelial apoptosis and senescence via changes in SIRT1 expression
and downstream signaling targets FoxO-1/p53, whereas metformin prevents these detri-
mental effects attenuating hyperglycemia-induced oxidative stress and upregulating SIRT1
expression [206].

 

Figure 4. Mechanisms by which Metformin protect Endothelial Cells from apoptosis, senescence, and death (direct arrows
indicate the direction of the pathway, whilst blocked arrows stands for inhibition of that specific pathway).

miRNA-34a has been reported as highly expressed in ECs and it may directly bind to
SIRT1, the so-called anti-ageing gene, thus inhibiting sirtuin1 expression and regulating
apoptosis via the sirtuin1-p53 pathway [207]. In HUVECs, miRNA-34a overexpression
down-regulates sirtuin1 expression and induces ECs senescence, whereas miRNA-34a
knock-down enhances sirtuin1 expression and attenuates endothelial senescence [208]. A
study in MMCs has reported that hyperglycemia-mediated induction of miRNA-34a results
in impaired angiogenesis, a defect revertible by therapeutic intervention with metformin,
likely through the modulation of miRNA-34a levels which, in turn, regulates sirtuin1,
AMPK and eNOS activity [206].

Using a H2O2-induced senescence model of human and murine fibroblast and HU-
VECs, autophagic dysfunction and decline in NAD+ synthesis have been shown as two
features of senescent cells induced by oxidative stress, both restored by metformin through
AMPK activation [209].

Two recent investigations have identified novel molecular mechanisms for metformin-
mediated age-delaying effects on endothelium (Figure 4). The first is AMPK-mediated and
lies on the regulation of mitochondrial biogenesis/function and senescence by H3K79me
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acting through SIRT3 [210]. Indeed, the second is AMPK-independent and consists in the
downregulation of autophagy via the Hedgehog pathway, a signaling critically involved in
adult tissue maintenance, renewal, and regeneration [211].

4.6. Metformin Inhibits Mitochondrial Fission

Mitochondria form a complex and dynamic network undergoing continuous cycles
of fusion and fission events which are crucial to maintain organelle homeostasis [212].
Mitochondrial fusion seems beneficial as it distributes metabolites, proteins, and DNA
throughout the mitochondrial population. In contrast, excessive mitochondrial fission may
be detrimental due to accumulation of fragmented mitochondria with ETC impairment
and mitochondrial ROS increase, as it occurs after cell exposure to high glucose concen-
trations [213]. In endothelial cells, mitochondrial fission contributes to the reduction in
eNOS-derived NO bioavailability [214], impairment of angiogenesis [215], and induction
of apoptosis [216]. An increased mitochondrial fission has been reported in different tissues
of T2DM patients, more remarked in those with poor glycemic control [217,218].

AMPK activation by metformin may slow atherosclerosis development in diabetes
by reducing the mitochondrial fission and its detrimental consequences. Using strepto-
zotocin (STZ)-induced diabetic ApoE2/2 mice, a well-established model for the study
of human atherosclerosis metformin has be found to reduce dynamin-related protein 1
(Drp1) expression and Drp1-mediated mitochondrial fission in an AMPK-dependent man-
ner. Concomitantly, mitochondrial-derived superoxide release was mitigated, endothelial-
dependent vasodilation improved, vascular inflammation inhibited, and atherosclerotic
lesions suppressed [219].

Mitochondrial biogenesis is a response of stress adaptation to improve efficiency of
cellular energy and preserve the cellular integrity [220]. The process has been frequently as-
sociated with the activation of AMPK by not well-defined mechanisms. A study by Le et al.
has demonstrated that AICAR in endothelial cells induces mitochondrial biogenesis and
stress adaptation via an AMPK/eNOS/mTORC1 pathway [221].

4.7. Other Protective Vascular Actions by Metformin

Several studies have shown that Ang II binding to Ang II type 1 receptor (AT1R) is
involved in the progression of cardiovascular diseases, including atherosclerosis, hyper-
tension, cardiac hypertrophy, and heart failure. Metformin has been shown to potentially
decrease AT1R expression in mice aortas and attenuate vascular senescence and atheroscle-
rosis induced by a high-fat diet, thus suggesting that AT1R downregulation may, at least
partially, mediate the protective effect of metformin in the vascular system [171].

It has been further reported that AMPK pharmacological activation with metformin
(as well as salicylate, resveratrol, and AICAR), inhibited inflammation in perivascu-
lar adipose tissue and improved ED against inflammatory insult in an AMPK/SIRT1-
interdependent manner [222].

The loss of glycocalyx, a proteoglycan-rich hydrogel which separates blood from
endothelium, represents an early event in the development of endothelial dysfunction [223].
A study demonstrated that metformin’s treatment, preserving glycocalix may restore the
blunted hyperemic response in myocardial microvascular perfusion in rats challenged with
a high-fat diet [224].

The proliferation and migration of human aortal smooth muscle cells, a well-known
etiological factor of atherosclerosis, restenosis, and pulmonary hypertension, can be signifi-
cantly inhibited by metformin through AMPK activation, even though this result has been
obtained at very high drug concentrations, precluded to achieve in vivo [225].

The endothelial-to-mesenchymal transition (EndoMT), a cellular process involved in
ED and vascular disease pathogenesis, is characterized by the loss of endothelial features
and gaining of mesenchymal ones by ECs [226]. A study on HUVECs described that high
glucose could induce EndoMT and suppress the endothelial protective axis of Kruppel-like
factor 4 (KLF4), a master transcription factor maintaining vascular homeostasis, and Ch25h,
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a promoter of reverse cholesterol efflux. Metformin inhibited these effects by increasing
Ch25h expression not only through KLF4, though also epigenetic changes, including DNA
methylation and active histone modification [227].

5. Conclusions

Diabetes is a serious and global health problem affecting about 500 million people
worldwide, a number expected to grow along with the associated high burden of pre-
mature and accelerated atherosclerosis impact on both life quality and expectancy. Since
cardiovascular mortality is a major cause of death among individuals with T2DM, the
prevention of macroangiopathies by preserving endothelial function represents a major
therapeutic concern in this population.

Over its 60-year old history of use, multiple advantages of metformin have been
proven, being inexpensive, mildly weight-lowering, relatively free of side effects other than
gastrointestinal-related, with a very low risk of hypoglycemia and especially of so feared
lactic acidosis [228]. Above all, an extensive pre-clinical and clinical literature details its
vascular benefits.

Metformin as first choice treatment for T2DM patients is currently the most widely
prescribed oral anti-hyperglycemic agent worldwide, with nearly 150 million annual
prescriptions [229,230].

A US study has calculated that approximately 1 of 12 adults has a combination of
pre-diabetes and risk factors which may justify the introduction of metformin as indicated
by the American Diabetes Association guidelines [231]. Therefore, a higher proportion of
relatively healthy individuals might benefit from metformin’s treatment to either prevent
or delay both diabetes and cardiovascular events, even in secondary prevention, as recently
demonstrated by a prospective study with a 24-month follow-up in pre-DM patients with
stable angina and nonobstructive coronary stenosis [232].

However, a much wider use of this drug can be implemented as a viable cardiovascu-
lar preventive strategy, starting with the many millions of non-diabetic insulin resistant
individuals with metabolic syndrome, until considering even the elderly population with
its burden of several comorbidities [228,233], and those suffering from some common
rheumatologic diseases closely associated with cardiovascular risk such as rheumatoid
arthritis and gout [234].

The wide range of possible indications and the well documented benefits associated
with its use fully deserve to metformin the attribute of “wonder drug” or “aspirin” of
current times recently coined.
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Abstract: Lung diseases, such as pulmonary hypertension and pulmonary fibrosis, are life-threatening
diseases and have common features of vascular remodeling. During progression, extracellular matrix
protein deposition and dysregulation of proteolytic enzymes occurs, which results in vascular stiffness
and dysfunction. Although vasodilators or anti-fibrotic therapy have been mainly used as therapy
owing to these characteristics, their effectiveness does not meet expectations. Therefore, a better
understanding of the etiology and new therapeutic approaches are needed. Endothelial cells (ECs)
line the inner walls of blood vessels and maintain vascular homeostasis by protecting vascular cells
from pathological stimuli. Chronic stimulation of ECs by various factors, including pro-inflammatory
cytokines and hypoxia, leads to ECs undergoing an imbalance of endothelial homeostasis, which results
in endothelial dysfunction and is closely associated with vascular diseases. Emerging studies suggest
that endothelial to mesenchymal transition (EndMT) contributes to endothelial dysfunction and plays
a key role in the pathogenesis of vascular diseases. EndMT is a process by which ECs lose their
markers and show mesenchymal-like morphological changes, and gain mesenchymal cell markers.
Despite the efforts to elucidate these molecular mechanisms, the role of EndMT in the pathogenesis
of lung disease still requires further investigation. Here, we review the importance of EndMT in the
pathogenesis of pulmonary vascular diseases and discuss various signaling pathways and mediators
involved in the EndMT process. Furthermore, we will provide insight into the therapeutic potential
of targeting EndMT.

Keywords: lung disease; endothelial to mesenchymal transition; pulmonary hypertension;
pulmonary fibrosis

1. Introduction

Endothelial cells (ECs), a monolayer composed of the inner cellular lining of the vascular lumen,
play an important role in various physiological processes to maintain vascular homeostasis [1–3].
These cells are involved in the regulation of vascular tone, permeability, and inflammatory responses [4].
However, endothelial injury by stimuli, such as hypoxia, pro-inflammatory cytokines and abnormal
mechanical forces, can induce endothelial-to-mesenchymal transition (EndMT), resulting in endothelial
dysfunction and destruction of homeostasis [2,5]. EndMT is the process by which ECs lose their cellular
features and acquire mesenchymal characteristics [6]. EndMT-derived cells gain migration potential
by losing endothelial markers, such as cluster of differentiation 31 (CD31) and vascular endothelial
cadherin (VE-cadherin), which are involved in cell-to-cell contact [7,8]. Concomitantly, the expressions
of mesenchymal markers, such as fibronectin, alpha-smooth muscle actin (SMAα), smooth muscle
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protein 22 alpha, vimentin, and neural cadherin (N-cadherin), are upregulated [7,8]. The morphology
of ECs undergoing EndMT changes from a cobblestone monolayer to an elongated phenotype [9].
This phenomenon mainly occurs during embryonic cardiac development, but is also involved in
various lung diseases, such as pulmonary arterial hypertension (PAH) and pulmonary fibrosis (PF)
(Figure 1) [7,10–13].

Figure 1. A schematic representation of endothelial-to-mesenchymal transition (EndMT) involved in
lung diseases. Endothelial cells stimulated by transforming growth factor-β (TGFβ), interleukin 1 beta
(IL-1β), tumor necrosis factor alpha (TNFα), and hypoxia undergo EndMT. EndMT is characterized
by phenotypic change from a cobblestone into an elongated shape, loss of endothelial markers,
and the acquisition of mesenchymal markers. EndMT contributes to the pathogenesis of lung diseases,
including pulmonary arterial hypertension (PAH), radiation-induced pulmonary fibrosis (RIPF),
and idiopathic pulmonary fibrosis (IPF). Various mediators and transcription factors are identified in
this process.
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Pulmonary hypertension (PH) is categorized into five groups: PAH, PH due to left heart disease,
PH due to lung diseases and/or hypoxia, PH due to pulmonary arterial obstructions, and PH
with unclear and/or multifactorial mechanisms [14–16]. PAH has been defined as pulmonary artery
pressure (PAP) ≥ 25 mmHg at rest and occurs as a result of multiple causes, such as heritable factors
(mainly bone morphogenic protein receptor-2 (BMPR2) mutations), drugs and toxins, as well as
association with other diseases; however, PAH without known causes is known as idiopathic PAH
(IPAH) [14,17]. Vascular remodeling in PAH is characterized by the aberrant proliferation of pulmonary
arterial ECs (PAECs) and smooth muscle cells (SMCs), which form occlusive neointima and vascular
structural changes [18–20]. These progressive changes cause excess vasoconstriction and right ventricle
hypertrophy and, ultimately, death [18–20]. Endothelial dysfunction is a key player in the pathogenesis
of PAH [21]. Growing evidence suggests that EndMT potentially contributes to endothelial dysfunction
and the vascular remodeling of PAH [7,11,22,23]. Indeed, many studies have demonstrated that various
signaling pathways and mediators, including transforming growth factor beta (TGFβ), nuclear factor
kappa B (NF-κB), Notch, and microRNA, are involved in the EndMT of PAH [24,25]. It has been reported
that the endothelial-specific loss of BMPR2, known as the principal mutation factor of heritable PAH,
induces EndMT in vitro and in vivo [7,11,23]. In addition, exposure to hypoxia or chronic stimulation
with proinflammatory cytokines or TGFβ also induce EndMT in vitro and in vivo [26–30]. However,
the contribution of EndMT to disease progression is not fully understood [2]. Current therapies for PAH,
such as phosphodiesterase-5 inhibitors, prostacyclin analogues, and endothelin receptor antagonists,
can help relieve symptoms and slow progression, but there is no effective treatment [21,31]. Thus,
targeting EndMT is emerging as a novel therapeutic approach by alleviating vascular remodeling and
the PAH phenotype in vitro and in vivo [7,29,32–36].

Idiopathic PF (IPF) is chronic, progressive, and the most common interstitial lung disease without
a definite etiology [37,38]. Various cell types, such as epithelial cells, pneumocytes, ECs, pericytes,
fibrocytes, resident fibroblasts, and mesenchymal cells, are associated with the pathogenesis of
IPF [25]. The injured epithelial cells, through aging, genetic susceptibility and repetitive microinjury,
release fibrogenic factors and cytokines, resulting in the recruitment of contractile myofibroblasts,
which are key cellular mediators of fibrosis [38]. Recruited myofibroblasts undergoing activation
and proliferation induce extracellular matrix expansion, which consequently results in aberrant
vascular remodeling in the lung [38]. The myofibroblasts are derived not only from the proliferation of
resident mesenchymal cells, circulating fibrocytes, lung interstitium pericytes, epithelial–mesenchymal
transition, but also EndMT. [38–40]. Many studies have demonstrated that EndMT occurs in the lung
tissue of IPF patients and animal models, suggesting EndMT may play an important role in pathological
processes in PF [25,41,42]. In addition, emerging evidence indicates that inhibiting EndMT can also be
a therapeutic strategy in PF in vivo [41,43–45].

This review highlights the role of EndMT associated with pulmonary diseases, such as PAH and
PF. Moreover, this review discusses molecular mechanisms, epigenetic modulation, and recent clinical
relevance in lung diseases.

2. EndMT in Pulmonary Hypertension

PH is characterized by the muscularization of arterioles, medial thickening, plexiform region
formation, intimal fibrosis, and the hyperproliferation of ECs and SMCs [15,16,46,47]. Most studies
have identified EndMT by analyzing the co-expression of endothelial markers and mesenchymal
markers in the lung tissue of patients and experimental PH animal models. EndMT has been
observed in pathological lesions in the lungs of PH patients [7,30,32,48,49]. Endothelial (CD31,
CD34, and VE-cadherin) and mesenchymal marker (SMAα) double-positive cells were observed in
intimal and plexiform lesions in the lung tissue of PAH patients [7]. Another group also demonstrated
that neointimal and plexiform lesions in the lung tissue of human PAH patients contain endothelial
markers, CD31 or von Willebrand factor (vWF), and SMAα co-expressing cells [48]. Isobe et al.
reported that the CD44 spliced variant form (CD44v) results from EndMT, and its positive cells also
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expressed vWF and SMAα in neointimal lesions of IPAH patients [32]. The 4 ± 1% of pulmonary
arterioles in systemic sclerosis (SSc)-PAH patients showed vWF/SMAα co-localization [30]. CD31 and
SMAα co-expressing cells were detected in endarterectomized tissues from patients with chronic
thromboembolic pulmonary hypertension (CTEPH) [49].

In addition to performing the double staining of endothelial and mesenchymal markers,
ECs isolated from the lung have also been used for studying EndMT [49,50]. Endothelial-like cells
isolated from the vascular tissue of patients with CTEPH underwent disruption of the endothelial
monolayer and abnormal growth even after sorting with CD31 [49]. In addition, conditioned media from
myofibroblast-like cells isolated from CTEPH patients induced phenotypic changes and mesenchymal
marker expression in pulmonary microvascular ECs (PMVECs) [49]. Pulmonary vascular ECs (PVECs)
isolated from patients with IPAH exhibited molecular characteristics of EndMT and a spindle-shaped
morphology, which was similar to that of normal PVECs treated with TGFβ1, a well-known factor
of EndMT [50]. Pulmonary arteries isolated from PAH patients showed increased mRNA levels of
mesenchymal markers and EndMT-related factors, which also supports EndMT [7].

Animal models have also been used to demonstrate EndMT. Monocrotaline (MCT) injection
causes endothelial injury and pulmonary vascular remodeling, and is commonly used to induce
severe PH [50,51]. Several groups observed the reduction of endothelial markers and the induction of
mesenchymal markers, as well as the co-staining of SMAα and endothelial marker (CD31 or CD34),
in the lung tissue of MCT-induced PH rats [7,28,29,50,52]. Zhang et al. found that changes in endothelial
and mesenchymal cell marker expressions occurred in a time-dependent manner during MCT-induced
PAH development [51]. Chronic hypoxia also contributes to the vascular remodeling of small pulmonary
arteries [27,53]. With this, it has been demonstrated that three weeks of hypoxia induces EndMT in
the pulmonary arteries of rats and mice [26,53]. EndMT was further identified within the intimal
layer of small pulmonary arteries, but not in large arteries, in chronic hypoxia-induced PH rats [27].
The combination of SU5416, a vascular endothelial growth factor receptor antagonist, and a chronic
hypoxia model (SuHx) has been used for severe PH owing to the similarity of pathological lesions
to plexiform lesions of human PAH [53]. In the lung of the SuHx model that had over 80 mmHg of
right ventricular systolic pressure (RVSP), transitions of vWF+ vimentin− ECs to vWF− vimentin high
mesenchymal-like cells were observed in pulmonary vascular lesions [7]. Tie2+ vimentin+ and Tie2+
SMAα+ cells were also found in occlusive lesions [7]. In addition, 6 ± 1% of pulmonary vessels had
vWF/SMAα double-positive ECs, which contrasts with normal tissues having only 1% transitional
EndMT cells in SuHx mice [30].

In general, endothelial and mesenchymal marker double-positive cells are considered
EndMT-induced cells. However, this approach has the limitation of not being able to distinguish
complete EndMT (cEndMT), where there are lost endothelial markers, and partial EndMT (pEndMT)
cells. To overcome this problem, several studies have used endothelial-specific fluorescence transgenic
animals [48,54]. Qiao et al. established VE-cadherin Cre or Tie2 Cre-mTomato/mGFP lineage-tracing
mice [48]. Histological analysis identified SMAα-expressing neointima in an experimental PH
animal model derived from the endothelium in VE-cadherin Cre or Tie2 Cre-mTomato/mGFP
lineage-tracing mice [48]. Furthermore, cEndMT cells isolated from SuHx-induced Cdh5-Cre/CAG-GFP
double-transgenic mice showed a spindle-like morphology and were characterized by mesenchymal-like
functions, such as high proliferation and migration ability [54]. Additionally, conditioned media from
cEndMT had a paracrine effect on the proliferation and migration of non-endothelial mesenchymal
cells, suggesting that EndMT contributes directly and indirectly to the vascular remodeling of PAH [54].
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3. EndMT in Pulmonary Fibrosis

IPF characterizes matrix deposition and fibrotic tissue remodeling, and it has been demonstrated
that fibroblasts are involved in pathogenesis; thus, efforts to identify the origin of fibroblasts have
been made. [42,55]. In the lung tissue of radiation-induced pulmonary fibrosis (RIPF) patients and
radiation-exposed mouse models, the co-localization of CD31 and SMAα was significantly elevated
compared to that of the control group, indicating EndMT [41]. The same group also reported
endothelial heat shock protein beta 1 (HSPB1)-dependent EndMT in the PF of lung cancer [45].
The bleomycin-induced PF in animal models is the most commonly used model to study human IPF by
causing damage to epithelial cells and alveolar inflammation [56,57]. Another group reported significant
alterations of EC markers in the lungs of bleomycin-treated endothelial-specific autophagy-related
7 (ATG7) knockout mice compared to bleomycin-treated WT mice [58]. Hashimoto et al. established
a Tie2-Cre/CAG-CAT-LacZ double transgenic mice model to track endothelial-derived fibroblasts in
bleomycin-induced PF [42]. The 16.2% of lung fibroblasts isolated from bleomycin-treated mice were
X-gal-staining-positive and 14.8% of X-gal-positive cells were SMAα- and Collagen I-double positive
(myofiboblast), while the other 85.2% were SMAα-negative and Collagen I-positive, suggesting that a
significant number of fibroblasts are EC-derived [42]. Suzuki et al. demonstrated that PVECs isolated
from lipopolysaccharide (LPS)-induced mouse lungs undergo EndMT using the double staining of
CD31 and SMAα or S100A4 [59]. Flow cytometry analysis showed that the number of SMAα + PVECs
and S100A4 + PVECs increased, while the total number of PVECs decreased [59].

Taken together, EndMT may play a key role in the pathogenesis of lung diseases. Many studies
describe EndMT based on the evidence of co-expression of EC markers and mesenchymal markers
in the lung tissue of animal disease models or human patients, which has a primary limitation
because EndMT is a switching process; thus, the underlying molecular mechanisms are not yet fully
understood. The methods to clarify partial and complete EndMT processes have been improved using
endothelial-specific fluorescence transgenic mice; however, further investigation with human samples
is needed. Thus, the clinical relevance of EndMT should be thoroughly assessed.

4. Key Signaling Pathways and Mediators during EndMT in Lung Diseases

The understanding of the key molecular mechanisms and mediators during EndMT is an
important step toward finding how to develop EndMT inhibitors that can be applied to vascular
disease therapy. Inflammatory stress contributes to endothelial dysfunction in the pathogenesis of
lung diseases [2,60]. The combination of proinflammatory cytokines, including interleukin 1 beta
(IL-1β), tumor necrosis factor alpha (TNFα), and TGFβ, is a powerful EndMT inducer [28–30,32,34].
Good et al. found that the combination of IL-1β, TNFα, and TGFβ1 for six days induces EndMT in
PAECs (I-EndMT) [30]. I-EndMT PAECs and lung fibroblasts isolated from patients with SSc-PAH
showed elevated levels of cytokines, such as IL-6, IL-8, IL-13, and TNFα [30]. In addition, a cocktail of
IL-1β, TNFα, and TGFβ1 induces CD44v and EndMT in PAECs [32]. CD44v-positive EndMT-induced
PAECs showed upregulations of proinflammatory cytokines and chemokines, such as TNFα, IL-1β,
IL-6, and CXCL12 [32]. The combination of TGFβ1 and IL-1β induces EndMT through Smad2/3 and
ERK1/2 phosphorylation, which means that both Smad and non-Smad signaling are involved in this
process [28]. Moreover, it has been demonstrated that cytokine levels, such as TGFβ1, IL-1β, IL-6,
and TNFα, are increased in the lung tissue of MCT-induced PH rats [28,29]. Therefore, inflammatory
cytokines induce EndMT and also induce cells to exhibit proinflammatory characteristics.

Among the various signaling pathways involved in EndMT, TGFβ signaling is known to
be a major regulator of EndMT [61]. TGFβ upregulates EndMT-associated transcription factors,
such as Snail, Slug, and Twist1, which leads to the upregulation of mesenchymal markers [2,61].
Although TGFβ induces EndMT mainly through the Smad-dependent canonical signaling pathway,
Smad-independent non-canonical TGFβ signaling is also involved [61]. Non-canonical TGFβ
signaling includes phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK),
and extracellular signal-regulated kinase (ERK) [62]. One group reported that ATG7 knockdown

167



Biomedicines 2020, 8, 639

promotes EndMT in PAECs [58]. During this process, mRNA and protein levels of TGFβ1 and its
receptors, TGFβR1 and TGFβR2, are increased, and this elevates the phosphorylation of Smad2/3,
leading to the upregulation of Slug and pro-fibrotic genes, connective tissue growth factor, and Collagen
I [58]. Sabbineni et al. reported that the endothelial loss of Akt1 increased TGFβ2 expression, which in
turn elevated the phosphorylation of p38-MAPK and Smad2/3, resulting in EndMT [53]. These results
indicate that both canonical and non-canonical signaling pathways are involved in TGFβ2-induced
EndMT [53]. In addition, the inhibitor of beta catenin (β-catenin) suppressed the expression of
mesenchymal markers and ameliorated vascular thickening in a SuHx PH model, suggesting that
Akt1-mediated β-catenin signaling is a novel pathway for inducing EndMT [53]. Caveolin-1 plays an
important role in the internalization of the TGFβ receptor [63]. The expression levels of Snail, Slug,
SMAα and Collagen I were higher in pulmonary ECs isolated from Caveolin-1 knockout mice than
in WT mice [63]. Moreover, TGFβ1 treatment further increased SMAα and Collagen I expression in
Caveolin-1 knockout cells [63]. The phosphorylated Twist1 and vimentin were elevated in the lungs
of PAH patients and MCT-induced PH rats, and TGFβ treatment increases Twist1 expression [7,64].
Mammoto et al. reported that the overexpression of Twist1 induces EndMT through TGFβR2-Smad2
signaling, and the phosphorylation of Twist1 Ser42 is required during hypoxia-induced EndMT [65].

BMPR2 is a member of the TGF receptor superfamily and is highly expressed on the pulmonary
vascular endothelium [36,66–68]. BMPR2 mutations and low expression levels are closely associated
with PAH [36,66–69]. Roughly 70–80% of familial PAH and 10–20% of sporadic cases of IPAH
patients have BMPR2 mutations [36,66]. Several studies have demonstrated that BMPR2 expression
is associated with EndMT in the lung vasculature of PAH animal models and patients [7,23,50,54].
Dysfunction of BMPR2 signaling induces EndMT through high mobility group AT-hook 1 (HMGA1)
upregulation [23]. The knockdown of HMGA1 or Slug prevented BMPR2 silencing-induced SMAα

expression [23]. In addition, pulmonary ECs isolated from endothelial-specific BMPR2 knockout mice
also showed EndMT with elevated HMGA1 and its target, Slug, expression [23]. BMPR2-deficient
(BMPR2Δ140Ex1/+) rats exhibit spontaneous pulmonary vascular remodeling [7]. A recent study
reported that BMPR2 knockdown leads to the switch of cell junction protein from VE-cadherin to
N-cadherin and increases Slug and Twist [11]. During this process, the heteromerization of BMP
and TGFβ receptors was facilitated, leading to increased lateral TGFβ signaling responses [11].
Reynolds et al. reported that adenoviral BMPR2 delivery attenuates vascular remodeling in PAH
animal models and treatment with BMPR2 ligands ameliorates TGFβ1-induced EndMT in vitro [36].
Accumulating evidence indicates that altered BMPR2 signaling is closely related to EndMT,
and restoration of BMPR2 signaling can be a strategy for inhibiting EndMT.

Hypoxia contributes to EndMT in pulmonary ECs [26,27,70]. The hypoxia-inducible factor
(HIF) family consists of HIF-1, HIF-2, and HIF-3, which are key regulators in maintaining oxygen
homeostasis [50,71]. It has been reported that PVECs from PAH patients show EndMT with higher
HIF-2α levels compared to control [50]. Although HIF-2α is degraded by prolyl hydroxylase domain
protein 2 (PHD2) under normoxia, PHD2 was decreased in PVECs from IPAH, leading to the
upregulation of Snail and Slug [50,71]. This suggests that PHD2 and HIF-2α are closely associated
with EndMT. PHD2 endothelial-specific knockout mice showed a severe PH phenotype, even under
normoxia, while endothelial-specific HIF-2α knockout mice prevented developing hypoxia-induced
PH [50]. Hypoxia upregulates HIF-1α, which acts as an upstream regulator of Twist1 by binding to its
promoter and leads to EndMT [27]. Choi et al. described that HIF-1α is elevated in EndMT-derived
cells in the lung tissue of radiation-induced fibrosis mice and human RIPF patients [41]. In addition,
this study demonstrated that HIF-1α mediates TGFβ receptor/Smad signaling in radiation-induced
EndMT [41]. These studies reflect the critical role of the HIF family in hypoxia-induced EndMT.

Notch is a family of transmembrane receptors and consists of Notch 1, 2, 3, and 4 [72,73]. Notch is
activated by ligands, Jagged 1, Jagged 2, and Delta-like 1, 3, and 4, and produces the intracellular
domain of Notch by proteolytic processing [72,73]. Notch signaling pathways have been associated
with epithelial-to-mesenchymal transition and EndMT [72–74]. Noseda et al. demonstrated that
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activated Notch (Notch4IC, Notch1IC) and Jagged 1 lead to EndMT in human microvascular ECs [72].
Zhang et al. identified that Galectin-3 (Gal-3) is increased in the lung vasculature of patients with
PAH and in the experimental animal model [33]. In vitro, Gal-3 treatment activated Jagged 1/Notch1
pathway, leading to EndMT [33]. The activated Jagged 1/Notch1 pathway was also identified in the
PMVECs of bleomycin-induced PF rats [73]. Jagged1 knockdown resulted in the downregulation of
SMAα and NF-κB expression in bleomycin-treated rat PMVECs [73]. In addition, expressions of SMAα

and Jagged 1/Notch1 were positively correlated [73].
NF-κB signaling is known to play a critical role in EndMT [51]. NF-κB transcriptionally regulates

Snail, which is a transcription factor for promoting EndMT [51]. Several groups have shown the
activation of NF-κB-Snail signaling in TGFβ1-induced ECs and MCT-rat models [51,75]. In addition,
the NOD1 agonist, g-dglutamyl-meso-diaminopimelic acid (iE-DAP), induces EndMT via Akt/NF-κB
signaling [76]. Taken together, Jagged 1/Notch signaling and NF-κB signaling are vital during EndMT.

MicroRNAs (miRNAs) are 22-nucleotide, small, non-coding RNAs and important regulators of
EndMT in many diseases [77,78]. It has been demonstrated that miRNAs, such as miR-21, miR-27a,
miR-126a-5p, miR-130a, miR-139-5p, and miR-199a-5p, are involved in EndMT in vitro and in vivo.
Parikh et al. used a network-based bioinformatic method to identify PH-modifying miRNAs and found
that miR-21 is upregulated in the pulmonary vessels of PH animal models and human PAH patients [79].
In PAECs, hypoxia, inflammation, and BMPR2-dependent signaling induced miR-21 and suppressed its
target, RhoB [79]. Another group provided evidence that miR-21 levels, Akt phosphorylation/activation,
Snail expression, and NF-κB signaling were elevated in TGFβ1-induced EndMT [75]. Our group
determined that iE-DAP downregulates miR-139-5p and activates Akt/NF-κB signaling, which leads
to EndMT [76]. In addition, the overexpression of miR-139-5p reversed the nuclear translocation of
NF-κB, resulting in the inhibition of iE-DAP-induced EndMT [76]. Li et al. reported that the mouse
lung tissue of MCT-induced PAH showed increased miR-130a expression, and its regulation was
NF-κB-dependent [80]. Moreover, the overexpression of miR-130a induced EndMT in PMVECs [80].
Further, a lung tissue microarray identified that miR-126a-5p is upregulated in a neonatal PH rat
model [81]. Hypoxia induced the expression of miR-126a-5p and led to EndMT through PI3K/Akt
signaling in primary cultured rat PMVECs [81]. Furthermore, circulating miR-126a-5p levels were
increased in the sera of PAH patients [81]. Several studies have reported that miR-27a is increased
in pulmonary arteries of PAH. [26,82]. Moreover, there is upregulation of miR-27a in pulmonary
arteries of PAH rats and hypoxia-induced PAECs [26]. MiR-27a acts as an EndMT inducer through the
suppression of Smad5 and the upregulation of Snail and Twist [26]. In addition, the contribution of
Snail-induced miR-199a-5p to radiation-induced EndMT has been evaluated previously [83].

In conclusion, many studies have demonstrated the interplay of various signaling pathways in
the process of EndMT (Figure 2). However, better knowledge of how they engage in crosstalk with one
another and what other mediators are involved is required for developing therapeutic strategies.
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Figure 2. Molecular signaling pathways involved in endothelial-to-mesenchymal transition (EndMT).
Stimulation with transforming growth factor-β (TGFβ), bone morphogenic protein (BMP), Notch
ligands, inflammatory stress, and hypoxia induce expression of transcription factors, such as Twist1,
Slug, and Snail, resulting in EndMT. During this process, mediators including microRNAs (miRNAs),
Smad, Akt/nuclear factor kappa B (NF-κB), and hypoxia-inducible factor (HIF) play important roles
in EndMT.

5. Targeting EndMT for Potential Therapeutic Applications

Many studies have reported potential therapeutic strategies to alleviate PF and PAH by targeting
EndMT [7,33,34,41,52]. Adenoviral BMPR2 administration inhibited vascular remodeling and improved
cardiac function in chronic hypoxia or MCT-induced PH rats [36]. In addition, recombinant BMP2
or BMP7 treatment reversed TGFβ1-induced EndMT in PMVECs [36]. One study suggested that
modulating miRNAs may be a therapeutic strategy for PAH. When the MCT-exposed rats were
infected with lentivirus-overexpressing miR-181b, RVSP, mean PAP, the decrease in pulmonary arterial
wall thickness and the overexpression of miR-181b inhibited EndMT in rat PAECs by negatively
regulating endocan and TGFβR1 [29]. Our group demonstrated that ginsenoside Rg3 attenuates
iE-DAP-induced EndMT by upregulating miR-139-5p [76]. Nintedanib, a tyrosine kinase inhibitor,
significantly decreased the phosphorylation of platelet-derived growth factor and fibroblast growth
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factor receptors, which were increased in the pulmonary artery of PAH, resulting in the improvement
of PAH in vivo [34]. In addition, nintedanib downregulated the expression of mesenchymal markers
in PMVECs [34]. One study suggested that hydrogen sulfide inhibits the NF-κB-Snail pathway and
EndMT, resulting in a therapeutic effect on PAH [51]. In addition, treatment with the prostaglandin
E2 receptor 4 (EP4) agonist decreases EndMT in vitro and reduces right ventricular fibrosis in a rat
model of PAH [64]. The expression of Gal-3 was increased in PAH patients and a hypoxia-induced
PAH rat model, and treatment with Gal-3 inhibitor, N-Lac, recovered RVSP, pulmonary artery
acceleration, and pulmonary arterial velocity time integral [33]. Salvianolic acid A restores pulmonary
vascular remodeling and improves vascular relaxation by upregulating Nrf2/HO-1 signaling while
reducing TGFβ1 and EndMT in MCT-induced PAH rat models [35]. CD44v binds to and stabilizes
the cystine transporter subunit (x-CT) when PAECs undergo EndMT. Sulfasalazine inhibits x-CT
and restores EndMT in vitro and in vivo [32]. Rapamycin increased the expression of p120-catenin,
a cytoplasmic scaffold protein that regulates cell-to-cell adhesion by binding VE-cadherin, and led to the
downregulation of Twist1 expression in the lungs of MCT-induced PH rats [7]. Moreover, rapamycin
inhibited the migration and proliferation of PAECs isolated from normal and PAH patients [7]. As such,
rapamycin has curative effects on EndMT in MCT-induced PH rat models [7].

CD26/dipeptidyl peptidase 4 (DPP-4) is widely distributed in various cell types of the lung and
promotes TGFβ signaling and EndMT [44,84]. Vildagliptin, a DPP-4 inhibitor, inhibits LPS-induced
EndMT in PMVECs and attenuates the LPS-induced PF mouse model [44]. Another study confirmed
that treatment with a DPP-4 inhibitor, sitagliptin, reduces pulmonary arterial remodeling and alleviates
EndMT in PH-induced rats [52]. In addition, treatment with atazanavir sulphate, an antiretroviral
protease inhibitor, ameliorates EndMT in cobalt chloride (CoCl2)-induced hypoxic PMVECs and
decreases fibrotic lesions in a bleomycin-induced rat PF model, suggesting a potential therapeutic effect
of atazanavir sulphate on EndMT [43]. Further, the overexpression of HSPB1, which protects against
cellular stress, decreased radiation-induced EndMT in vitro and in vivo [45]. The HIF-1α inhibitor
reduced the expression of HIF-1α, the phosphorylation of Smad2/3, and EndMT in radiation-induced
PAECs; furthermore, it decreased the SMAα+ CD31+ double-positive cells and fibrosis area in the
lungs of the RIPF mouse model [41].

Taken together, EndMT plays a critical part in vascular diseases, especially PF and PAH, and many
studies on various therapeutic strategies targeting EndMT have been conducted by modulating
various signaling pathways and epigenetic factors (Figure 3). However, further studies are still
necessary to clarify the mechanism between EndMT and pulmonary vascular diseases to find more
effective therapeutic agents that can treat vascular diseases, such as PF or PAH, by targeting EndMT.
Tables 1 and 2 each list a summary of studies on EndMT in lung diseases and targeting EndMT as a
therapeutic strategy.
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Figure 3. The novel therapeutic approach for lung diseases by targeting EndMT. The modulation of
signaling pathways involved in EndMT by miRNAs, inhibitors, and agonists has therapeutic effects
in vitro and in vivo. Targeting EndMT reduces mesenchymal marker expression and pulmonary
vascular remodeling, which ultimately ameliorates the hemodynamic phenotypes in the animal model
of PH. In addition, the inhibition of EndMT decreases fibrotic lesion in various PF animal models.
This provides insight into the therapeutic potential of targeting EndMT.
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Table 2. Key studies targeting EndMT as a therapeutic strategy in PH and PF.

Clinical
Relevance

In Vitro Model In Vivo Model
Negative Regulator of

EndMT
Reference

PH MCT rat Rapamycin [7]

PH Combination of TGFβ1, TNFα,
and IL-1β-treated rat PAECs MCT rat miR-181b [29]

PH Combination of TGFβ1, TNFα,
and IL-1β-treated PAECs SuHx mice Sulfasalazine [32]

PH Hypoxia-exposed rat Galectin-3 inhibitor [33]

PH Combination of TGFβ2, TNFα
and IL-1β-treated PMVECs SuHx rat Nintedanib [34]

PH TGFβ1-treated PAECs MCT rat Salvianolic acid A [35]
PH TGFβ1-treated PAECs MCT rat Hydrogen sulfide [51]
PH MCT rat Sitagliptin [52]
PH TGFβ-treated HUVECs MCT rat EP4 agonist [64]

PH TGFβ1-treated PMVECs MCT rat,
Hypoxia-exposed rat BMPR2, rhBMP2, rhBMP7 [36]

PF Radiation-exposed PAECs Radiation-exposed mice HIF-1α inhibitor [41]
PF CoCl2-treated PMVECs Bleomycin-treated rat Atazanavir sulphate [43]
PF LPS-treated PMVECs LPS-treated mice Vildagliptin [44]

PF Radiation-exposed PMVECs
Radiation-exposed EC

conditionally
overexpressed HSPB1 mice

HSPB1 [45]

PH, pulmonary hypertension; PF, pulmonary fibrosis; SuHx, SU-5416/hypoxia model; MCT, monocrotaline; EC,
endothelial cell; LPS, lipopolysaccharides; CoCl2, cobalt chloride; TGFβ, transforming growth factor beta; TNFα,
tumor necrosis factor alpha; IL-1β, interleukin 1beta; HSPB1, heat shock protein beta 1; HIF1α, hypoxia-inducible
factor 1 alpha; BMPR2, bone morphogenic protein receptor-2; rhBMP, recombinant human bone morphogenic protein;
EP4, prostaglandin E2 receptor 4; PAECs, pulmonary arterial endothelial cells; PMVECs, pulmonary microvascular
endothelial cells; HUVECs, human umbilical vein endothelial cells.

6. Conclusions and Perspective

Here, we review the role of EndMT and its downstream pathways, and the therapeutic implications
of targeting EndMT for lung diseases. As described earlier, many studies have demonstrated that
EndMT is associated with the pathogenesis of PAH and PF in both in vitro and in vivo models, as well
as in the lung tissue of humans. Thus, targeting EndMT can be a new therapeutic approach to treating
lung diseases given the fact that there are no drugs to cure PAH or PF. Indeed, emerging evidence
suggests that pharmacological approaches to inhibiting EndMT have the potential to treat lung
diseases in vitro and in vivo. EndMT can also contribute to other human diseases, such as cancer,
atherosclerosis, neointima formation, vascular calcification, and cerebral cavernous malformations.
Therefore, inhibiting EndMT might represent a broadly applicable therapeutic strategy for the treatment
of not only pulmonary vascular diseases, but also many diseases associated with endothelial dysfunction.
Although it is now clear that EndMT is closely associated with the pathogenesis of multiple diseases,
the EndMT-targeting therapeutic approach needs to be carefully evaluated before clinical application.
Given that ECs display organ-specific heterogeneity in function and phenotype, in health and disease,
and in their response to environmental stimuli, it is possible that certain vessel types and vascular
beds are more sensitive to EndMT-inducing signals. Therefore, it is important to understand the
exact molecular mechanisms related to the EndMT process in the context of the heterogeneity of ECs.
Importantly, EndMT may be a reversible biological process, what is called mesenchymal-to-endothelial
transition, suggesting that exploration of the regulatory mechanism of the reversible process of EndMT
will provide new insights into the prevention and treatment of various human diseases, and may
be applied to tissue engineering. In conclusion, we believe that studies of EndMT in the context of
endothelial heterogeneity will provide us with better insights into the molecular mechanisms of a
broad variety of human diseases, and will help to develop novel vascular bed-specific therapies.
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Abstract: (1) Background: Chronic venous insufficiency (CVI) is a common disorder related to
functional and morphological abnormalities of the venous system. Inflammatory processes and
angiogenesis alterations greatly concur to the onset of varicose vein. KYP-2047 is a selective
inhibitor of prolyl oligopeptidase (POP), a serine protease involved in the release of pro-angiogenic
molecules. The aim of the present study is to evaluate the capacity of KYP-2047 to influence the
angiogenic and inflammatory mechanisms involved in the pathophysiology of CVI. (2) Methods:
An in vivo model of CVI-induced by saphene vein ligation (SVL) and a tissue block culture study
were performed. Mice were subjected to SVL followed by KYP-2047 treatment (intraperitoneal,
10 mg/kg) for 7 days. Histological analysis, Masson’s trichrome, Van Gieson staining, and mast
cells evaluation were performed. Release of cytokines, nitric oxide synthase production, TGF-beta,
VEGF, α-smooth muscle actin, PREP, Endoglin, and IL-8 quantification were investigated. (3) Results:
KYP-2047 treatment ameliorated the histological abnormalities of the venous wall, reduced the
collagen increase and modulated elastin content, lowered cytokines levels and prevented mast
degranulation. Moreover, a decreased expression of TGF-beta, eNOS, VEGF, α-smooth muscle actin,
IL-8, and PREP was observed in in vivo study; also a reduction in VEGF and Endoglin expression was
confirmed in tissue block culture study. (4) Conclusions: For the first time, this research, highlighting
the importance of POP as new target for vascular disorders, revealed the therapeutic potential of
KYP-2047 as a helpful treatment for the management of CVI.

Keywords: chronic venous insufficiency; prolyl oligopeptidase (POP); inflammation; angiogenesis;
endothelial disfunction

1. Introduction

Chronic venous insufficiency (CVI) is a debilitating condition whose manifestations are extremely
prevalent and reported to affect up to 80% of the population [1], with a varying percentage of
incidences from 2 to 56% in men and 1 to 60% in women [2,3]; advanced age, obesity, and a
positive family history represent the most important risk factors for developing this chronic
venous disease [4]. The pathophysiology is complex, with a wide clinical spectrum, ranging from
asymptomatic but cosmetic problems to severe symptoms; this includes telangiectases, reticular veins,
varicose veins, edema, pigmentation and/or eczema, lipodermatosclerosis, and venous ulceration [5].
Genetic susceptibility and environmental factors affect CVI, generating a concerning symptomatology:
pain, dermal irritation, swelling, skin changes, associated with a real risk of developing debilitating
venous ulceration. The increase in venous pressure referred to as venous hypertension symbolizes the

Biomedicines 2020, 8, 604; doi:10.3390/biomedicines8120604 www.mdpi.com/journal/biomedicines181



Biomedicines 2020, 8, 604

main signature of this venous pathology [2]. The symptomatology correlated to CVI results in various
clinical signs that may severely compromise life quality, carrying out the importance of a speedy
recognition to provide symptomatic relief and prevent pathology progression [6]. CVI is a relatively
common health problem but is often ignored by healthcare providers because of an underappreciation
of the magnitude and impact of the problem, as well as incomplete recognition of the various presenting
manifestations of primary and secondary venous disorders [7]. There is a wide range of clinical
options—both conservative and invasive—for the treatment of CVI, united by a single goal, which is
to improve the symptomatology and to prevent sequelae and complications, promoting the ulcer
healing [8–10]. Despite great therapeutic advances, there is to date no intervention that can definitively
prevent or resolve the recurrence of this chronic venous disease. Hence there is a need to better
understand the focal points of the pathogenetic process in order to find better therapeutic strategies.

Angiogenesis is crucial in the formation of collateral vessels as part of an adaptive response to
vascular occlusion and ischemia, playing an important role in conditions including vascular diseases;
conversely, excessive pathological angiogenesis driven by inflammation is a key contributor to the
development and progression of cardiovascular-related disorders, representing an unfavorable process
in venous system disorders [11,12]. It is known that angiogenesis inhibition could significantly impact
the tissue breakdown and could hereby enable the formation of venous ulcerations [13]. In turn,
activated leukocytes can release a large amount of elastase and other proteinases associated with tissue
injury and lipodermatosclerotic skin remodeling. Specifically, the phenomenon of the “leucocyte trap”
is of great interest, suggesting the fundamental importance of inflammation in the pathogenesis of
venous insufficiency [14,15].

Prolyl oligopeptidase (POP), also known as propyl endopeptidase, is a serine protease involved in
the release of pro-angiogenic and anti-fibrogenic molecules. Particularly, POP is present in all organs,
localized in specific cells and cell layers across the brain and peripheral tissues (as skeletal muscle,
testis, liver, kidney, lung, renal cortex, gut) and it is implicated in the hydrolysis of proline-containing
bioactive peptides, such as angiotensins, arginine-vasopressin, substance P, and neurotensin [16,17];
it has also been shown to be involved in several other physiological and pathological functions such as
inflammation [18].

Several potent substrate-like POP inhibitors have been developed and 4-phenyl-butanoyl-l-prolyl-
2(S)-cyanopyrrolidine (KYP-2047) appears to be the most potent and widely studied in vitro and
in vivo model. The aim of the present study was to evaluate the capacity of KYP-2047 to influence the
angiogenic and inflammatory mechanisms involved in the pathophysiology of CVI, to restore normal
vascular blood flow. Particularly, anti-inflammatory and anti-angiogenic activities of treatment with
KYP-2047 were evaluated through an in vivo mouse model of CVI performed by saphene-vein ligation
and confirmed in a tissue block culture study.

2. Materials and Methods

2.1. Animals

Male NMRI mice (12 weeks old) were obtained from Charles River and housed under specific
pathogen-free conditions with the approval of the local animal ethics and welfare committee.
The animals were maintained in a 12-h light–dark cycle and were provided with food and water
at libitum. Animal experiments are in compliance with Italian regulations on protection of animals
used for experimental and other scientific purposes (DM 116192) as well as EU regulations (OJ of EC
L 358/1 12/18/1986) and ARRIVE guidelines. This study was approved by the University of Messina
Review Board for the care of animals in compliance with Italian regulations on protection of animals
(n 499/2018-PR released on 23 February 2018).
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2.2. Saphene Vein Ligation (SVL) Model

All animals were treated under general anesthesia and oxygenated with a mechanical respirator.
The animal was placed in the lateral supine position on the operating table. The hind legs were shaved,
the skin was disinfected with iodine, and sterile draping was applied. A small transverse skin incision
at the level of the ankle was performed, to exhibit underlying vasculature the lateral saphenous vein;
it was chosen because of similarity to the human saphenous vein regarding diameter and length.
The ligation was performed as previously described [19]. Proximally and distally the lateral saphenous
vein was ligated with a Vicryl 3-0 suture (Johnson & Johnson, New Brunswick, NJ, USA). Long ends of
the suture were used for identification of the proximal end. Large side branches were ligated with
a similar suture or with a titanium clip. The veins were surgically exposed over the total length of
treatment and monitored macroscopically for occlusion or any complication (perforation, rupture, or
vein wall hematoma).

2.3. Experimental Groups

Mice were divided into six experimental groups:

Group 1: Sham + vehicle, control group to which the saphenous vein ligation was not performed,
orally administered with saline for 7 days (n = 8);
Group 2: Sham + Simvastatin, group to which the saphenous vein ligation was not performed,
orally administered with Simvastatin (20 mg/kg) for 7 days (n = 8);
Group 3: Sham + KYP-2047 group to which the saphenous vein ligation was not performed; KYP-2047
(10 mg/kg) was intraperitoneal (i.p.) administered for 7 days (n = 8);
Group 4: Saphene vein ligation (SVL), group subjected to ligation of the saphenous vein,
orally administered with saline for 7 days (n = 8);
Group 5: SVL + Simvastatin, group subjected to ligation of the saphenous vein, orally administered
with Simvastatin (20 mg/kg), 30 min after saphene vein ligation, for 7 days (n = 8);
Group 6: SVL +KYP-2047, subjected to ligation of the saphenous vein, i.p. administered with KYP-2047
(10 mg/kg), 30 min after saphene vein ligation, for 7 days (n = 8)

KYP-2047 was dissolved in saline containing 5% of Tween 80 and administered at the recommended
dose of 10 mg/kg, according to the bibliography [20]. Moreover, mice were treated with Simvastatin
because statins represent a potential pharmacological treatment option suitable to prevent growth
of varicose veins and to limit the formation of recurrence after varicose vein surgery [21]. Based on
animal weight and ingestion, the applied dose of Simvastatin was 20 mg/kg per day.

2.4. Histological Analysis

Seven days after the surgery, mice were sacrificed and lateral saphene veins were collected for
histopathological examination and standard hematoxylin and eosin (H&E) staining was performed.
Briefly, lateral saphene veins were before fixed in 10% (w/v) PBS-buffered formalin and then 7-μm
sections were prepared from paraffin-fixed tissues. Following dehydration with ethanol and embedding
with paraffin, 7 μm sections were made, followed by H&E staining. Based on the knowledge of the
histopathology of varicose vein disorder [22], the following morphological criteria were considered to
perform the histological score: score = 0, no structural or morphological damage to the three layers of
the vessel wall; score = 1, slight morphological alteration; score = 2, dilation of the vessel lumen and
structural alteration of the vessel wall; score = 3, hypertrophy of the tunica media, followed by slight
neutrophilic accumulation; score = 4, structural alteration of the tunica adventitia and formation of
focal epithelial edema with narrowing of the vessel lumen; score = 5, high presence of neutrophilic
infiltrate and collapse of the whole vessel wall. The sections were evaluated by computer-assisted
color image investigation (Leica QWin V3, Cambridge, UK). The histological results were showed 20×
(50 μm of the Bar scale).
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2.5. Masson Trichrome Staining

To evaluate the degree of fibrosis, tissue sections from saphene veins were stained with
Masson trichrome according to the manufacturer’s protocol (Bio-Optica, Milan, Italy), as previously
described [23]. Particularly, the entire area represented by the three tunicae, surrounding the veins,
was considered for the quantification of the collagen in each section.

2.6. Van Gieson Staining

To detect the elastic fibers, tissue sections from saphene veins were stained with Elastica van
Gieson staining kit, according to the manufacturer’s protocol (#115974, Sigma-Aldrich, St. Louis,
MO, USA), as previous described [24].

2.7. Toluidine Blue Staining

For evaluation of the number and degranulation of mast cells, tissue sections from saphene veins
were stained with toluidine blue (#05-M23001, Bio-Optica, Milan, Italy) as previously described [25].

2.8. Western Blot Analysis for Interleukin 1β (IL-1β), Tumor Necrosis Factor α (TNF-α), Transforming Growth
Factor β (TGFβ1), Vascular Endothelial Growth Factor (VEGF), α-Smooth Muscle Actin (αSMA) and
Prolyl Endopeptidase

Total cytosolic and nuclear extracts were prepared, as previously described [26], on saphene veins.
The following primary antibodies were used: anti- IL-1β (Santa Cruz Biotechnology, Dallas, TX, USA,
1:500 #sc12742, D.B.A, Milan, Italy), anti-TNF-α (Santa Cruz Biotechnology; 1:500 #sc52746), anti-TGFβ1
(Santa Cruz Biotechnology, 1:500 #sc130348, D.B.A, Milan, Italy), anti-VEGF (Santa Cruz Biotechnology;
1:1000 #sc7269), anti- αSMA (Santa Cruz Biotechnology; 1:500 #sc53015) and anti-prolyl endopeptidase
(Abcam; 1:1000,#ab58988) in 1× phosphate-buffer saline (Biogenerica srl, Catania, Italy), 5% w/v non-fat
dried milk, 0.1% Tween-20 at 4 ◦C overnight. Membranes were incubated with peroxidase-conjugated
bovine anti-mouse IgG secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA; 1:2000) for
1 h at room temperature. Anti-β-actin (Santa Cruz Biotechnology; 1:1000 #sc47778) and anti-βTubulin
(Santa Cruz Biotechnology; 1:1000 #sc5274) antibodies were used as controls. Protein expression was
detected by chemiluminescence (ECL) system (Thermo, Waltham, MA, USA), visualized with the
ChemiDoc XRS (Bio-Rad, USA), and analyzed by using Image Lab 3.0 software (Bio-Rad, Hercules,
CA, USA) as previously reported [27].

2.9. ELISA Kit Assay for eNOS and IL-8, Pro-Collagen 1 Alpha, and TGFβ1

ELISA kit assay for endothelial nitric oxide synthase (eNOS) and interleukin 8 (IL-8) were
performed respectively on saphene vein samples, as previously described [28]. In details, samples were
thawed on ice and homogenized in 300 μL lysis buffer (750 μL, Pierce #87787, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with a protease inhibitor cocktail (Sigma-Aldrich, Rehovot, Israel).
Thereafter, the samples were homogenized and centrifuged at 14,000× g for 10 min at 4 ◦C; supernatants
were collected, aliquoted, and stored at −20 ◦C. eNOS, IL-8, Pro-collagen 1 alpha, and TGFβ-1 were
measured by ELISA kits according to the manufacturer’s instructions. The following kits, for mouse
protein identifications, were used: mouse eNOS ELISA Kit (ab230938; Abcam, Cambridge, UK),
mouse IL-8 ELISA Kit (MBS7606860; MyBiosource, San Diego, CA, USA), mouse Pro-Collagen I alpha
1 ELISA Kit, (ab229425; Abcam), and mouse TGF beta 1 ELISA Kit (ab119557; Abcam).

2.10. Myeloperoxidase (MPO) Activity

Veins tissues were analyzed for myeloperoxidase (MPO) activity, an indicator
of polymorphonuclear leukocyte accumulation, using a spectrophotometric assay with
tetramethylbenzidine as substrate, according to a method previously described [29]. MPO activity,
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as the quantity of enzyme degrading 1 μmol of peroxide per min at 37 ◦C, was expressed in U/g
wet tissue.

2.11. Primary Culture of Vascular Smooth Muscle Cells (VSMCs) from Murine Saphene Vein: Tissue Block
Culture Study

To demonstrate the compatibility of the in vivo model experiment, a study from tissue block
culture was performed, as previously described [30]. The procedure for the experimental method
includes the following steps: replication of in vivo study, isolation of the saphene vein, removal of
the fat tissue around the vein, separation of the media, cutting the media into small tissue blocks,
transferring the tissue blocks to cell culture plates, and incubation until the cells reach confluence.

2.11.1. Experimental Groups for In Vivo Study

Mice were divided into three experimental groups:

Group 1: Sham + vehicle, control group to which the saphenous vein ligation was not performed,
orally administered with saline for 7 days (n = 8);
Group 2: Saphene vein ligation (SVL), group subjected to ligation of the saphenous vein,
orally administered with saline for 7 days (n = 8);
Group 3: SVL + KYP-2047, group subjected to ligation of the saphenous vein, administered with
KYP-2047 (i.p., 10 mg/kg), 30 min after saphene vein ligation, for 7 days (n = 8).

After the sacrifice, saphene veins samples from each mouse, were picked up and longitudinally
cut and placed in another cell culture dish containing DMEM. After removal of the fat tissue around
the vein, the media tunica was extracted from the vein by pressing and pushing the vein with its blunt
back side. Then, the media was cut into approximately 1-mm squares and transferred into cell culture.
DMEM containing 20% FBS was carefully added and the tissue blocks were incubated in cell culture
chamber for 5 days. The cells were identified as vascular smooth muscle cells (VSMCs). VSMCs obtained
from vein samples of each experimental group were processed for immunofluorescence analysis and
ELISA kit detection.

2.11.2. Immunofluorescence Analysis

Immunofluorescence analysis was performed as previously described [31]. VSMCs were plated
(1 × 104/well) on glass coverslips in a culture dish of size 100 mm. After 24 h of adhesion at 37 ◦C and
5% CO2, cells were fixed in 4% paraformaldehyde and rinsed briefly in phosphate-buffered saline
(PBS: 0.15 M NaCI, 10 mM Na2HPO4, 3 mM NaN3, pH 7.4), permeabilized in 0.2% Triton X-100/PBS
and blocked with 10% goat serum. The cells were stained with an antibody against VEGF (1:200,
Monoclonal Antibody JH121; Thermofisher, USA) O/N, followed by ITC-conjugated anti-mouse Alexa
Fluor-488 antibody (1:2000 v/v Molecular Probes, UK) for 1 h at 37 ◦C. Sections were washed and for
nuclear staining 4′,6′-diamidino-2-phenylindole (DAPI; Hoechst, Frankfurt; Germany) 2 μg/mL in PBS
was added. Sections were observed and photographed at ×40 magnification using a Leica DM2000
microscope (Leica).

2.11.3. ELISA Kit for Endoglin

ELISA kits assay for and Endoglin (CD105) was performed on primary cells VSMCs obtained
from vein samples, as previous described [28]. In details, cell culture supernatants collected from
VSMCs after 24 h of adhesion at 37 ◦C and 5% CO2, were thawed on ice, aliquoted, and stored at
−20 ◦C. The following kit, for mouse protein identifications, was used: Endoglin/CD105 ELISA Kit
(ab240677; Abcam, Cambridge, UK).
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2.12. Materials

KYP-2047 (Sigma, cat#SML0208, Lot#032M4606V) was obtained by Sigma-Aldrich (Milan, Italy).
Unless otherwise stated, all compounds were obtained from Sigma-Aldrich (St. Louis, MO, USA).
All other chemicals were of the highest commercial grade available. All stock solutions were prepared
in non-pyrogenic saline (0.9% NaCl, Baxter, Milan, Italy).

2.13. Statistical Analysis

All values are showed as mean ± standard error of the mean (SEM) of N observations. N denotes
the number of animals employed. The experiment is representative of at least three experiments
performed on different days on tissue sections collected from all animals in each group. Data were
analyzed with GraphPad 5 software, by one-way ANOVA followed by a Bonferroni post-hoc test for
multiple comparisons. A p-value of less than 0.05 was considered significant.

3. Results

3.1. The Expression of POP in CVI Mouse Model

To clearly demonstrate the role of POP in CVI insufficiency, we performed a Western Blot analysis
to detect PREP in vein samples. A basal expression on PREP was observed in samples from control
group (Figure 1A,B) compared to the significant increase observed in samples from CVI-injured
group (Figure 1A,B), for the first time demonstrating an over expression of PREP in these venous
pathology. Moreover, small peptides structure-activity studies have shown that POP covalent inhibitors,
as KYP-2047, are more potent and effective than their non-covalent analogs [32] because of the transient
covalent bond with the enzyme that is hydrolyzed after a short time. In this study we confirmed the
inhibitory role of KYP-2047 on POP enzymatic activity, also demonstrating an important inhibition
effect on POP expression (Figure 1A,B).

Figure 1. The inhibitor effects of KYP-2047 on prolyl oligopeptidase (POP) in chronic venous
insufficiency (CVI) mouse model. Western Blot analysis to detect PREP in vein samples,
clearly demonstrated the increase of POP in CVI insufficiency (A,B) compared to the control group
(A,B). Moreover, this study confirmed the inhibitory role of KYP-2047 on POP enzymatic activity, also
demonstrating an important inhibition effect on POP expression (A,B). Data represent the means of at
least three independent experiments. One-way ANOVA followed by Bonferroni post-hoc. *** p < 0.001
versus Sham and ## p < 0.01 and # p < 0.05 versus CVI.

3.2. Role of KYP-2047 Treatment on TGF-β1 and IL-8, as Vascular Markers in CVI

An important mediator in CVI is represented by TGF-β1, a highly complex polypeptide involved
in venous pathophysiology [33]; particularly, TGF-β1 contributes to specific pathological processes
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concerning the vessel wall [34], participating in vascular pathologies associated with matrix remodeling
and fibrosis [35]. In this research, TGF-β1 expression levels were analyzed by Western Blot, suggesting
an increment of this marker in SVL group, compared to control animals (Figure 2A, see the densitometric
units score Figure 2B). Treatment with KYP-2047 significantly reduced TGF-β1 expression (Figure 2A,
see the densitometric units score Figure 2B). GF-β1 is a pleiotropic factor that plays pivotal roles in
angiogenesis and thus is indispensable for the development and homeostasis of the vascular system [36].
Moreover, varicose veins had a distinct chemokine expression pattern, since significant up-regulation
of IL-8 [37], an angiogenic chemokine produced by a variety of cell types [38]. To understand the
modulation of KYP-2047 treatment on IL-8 expression, we performed an ELISA kit for IL-8 on vein
samples, observing a notable reduction on IL-8 expression in samples treated with KYP-2047 compared
to CVI-damaged group (Figure 2C).

Figure 2. KYP-2047 treatment on TGF-β1 expression and IL-8 content. TGF-β1 expression was
analyzed by Western Blot, suggesting an increment of this marker in CVI group, compared to control
animals (A), see the densitometric units score (B); treatment with KYP-2047 significantly reduced
TGF-β1 expression (A), see the densitometric units score (B). ELISA kit for IL-8 expression on saphene
vein samples was performed; treatment with KYP-2047 (10 mg/kg, i.p.) significantly reduced IL-8
quantification (C), compared to the high amount of IL-8 released in the vein samples subjected to
damage (C). Data represent the means of at least three independent experiments. One way ANOVA
followed by Bonferroni post-hoc. *** p < 0.001 versus Sham; ### p < 0.001 versus CVI.

3.3. Role of KYP-2047 Treatment on Angiogenesis Modulation and Vasodilation

To highlight the in vivo modulatory action of KYP-2047 on angiogenesis, a Western blot analysis
was performed to quantify VEGF and α-SMA expression on vein samples. In details, α-SMA,
an isoform of the vascular smooth muscle actins, typically expressed in the vascular smooth muscle
cells contributing to vascular motility and contraction, was found to be increased in varicose veins [39];
while VEGF plays an important role in maintaining the integrity of blood vessel walls [7]. VEGF/α-SMA
ratio expression levels increased in CVI group, compared to control animals (Figure 3A, see the
densitometric units score Figure 3A); treatment with KYP-2047 significantly reduced VEGF/α-SMA
expression (Figure 3A, see the densitometric units score Figure 3B), like Simvastatin group (Figure 3A,
see the densitometric units score Figure 3A). VEGF primarily exerts its effect through the production
of vasodilatory mediators. VEGF signaling through VEGFR increases nitric oxide (NO) production,
acutely bring to the eNOS activation [40]. The resultant increase in NO production promotes vascular
permeability and endothelial cell survival, because NO also diffuses to adjacent vascular smooth
muscle cells and mediates endothelium-dependent vasodilation [41]. To better understand the capacity
of KYP-2047 treatment in vessel remodeling trough endothelium-derived nitric oxide, ELISA kit for
eNOS expression on saphene vein samples was performed. Interestingly, treatment with KYP-2047
(10 mg/kg, i.p.) significantly reduced eNOS quantification (Figure 3C), compared to the high amount
of eNOS released in the vein samples subjected to damage (Figure 3C).
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Figure 3. KYP-2047 treatment on VEGF/α-SMA expression and eNOS levels. VEGF/α-SMA ratio
expression was analyzed by Western blot, suggesting an increment of this marker in CVI group,
compared to control animals (A), see the densitometric units score (B); treatment with KYP-2047
significantly reduced VEGF/α-SMA expression (A), see the densitometric units score (B). ELISA kit for
eNOS expression on saphene vein samples was performed; treatment with KYP-2047 (10 mg/kg, i.p.)
significantly reduced IL-8 quantification (C), compared to the high amount of eNOS released in the
CVI-damaged groups (C). Data represent the means of at least three independent experiments. One-way
ANOVA followed by Bonferroni post-hoc. *** p < 0.001 versus Sham; ### p < 0.001 versus CVI.

3.4. Treatment with KYP-2047 on Cytokines Expression in SVL-Damaged Mice

Recent findings indicate that inflammatory processes are crucial for the development of
incompetent valves and vein wall remodeling in CVI [42]. In this study, both IL-1β and TNF-α
expression levels, assessed by Western blotting in saphene veins tissue, were increased in CVI group,
compared to sham basal levels (respectively Figure 4A, see the densitometric units score Figure 4B,C,
see the densitometric units score Figure 4D). KYP-2047 administration (10 mg/kg, i.p.) significantly
reduced both cytokines proteins expression, similar to the election treatment represented by Simvastatin
(20 mg/kg, oral) (respectively Figure 4A, see the densitometric units score Figure 4B,C, see the
densitometric units score Figure 4D).

Figure 4. Treatment with KYP-2047 on cytokines expression. IL-1β and TNF-α expression levels,
monitored by Western blotting in saphene veins tissue, were increased in CVI group, compared to sham
basal levels respectively (A), see the densitometric units score (B,C), see the densitometric units score (D).
KYP-2047 administration (10 mg/kg, i.p.) significantly reduced both cytokines proteins expression,
similar to the election treatment represented by Simvastatin (20 mg/kg, oral) respectively (A), see the
densitometric units score (B,C), see the densitometric units score (D). Data represent the means of at
least three independent experiments. One-way ANOVA followed by Bonferroni post-hoc. *** p < 0.001
versus Sham; ## p < 0.01 versus CVI.
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3.5. Effects of KYP-2047 on Histological Damage and Neutrophilic Activation Induced by SVL in Mice

Histopathologic examination of lateral saphene vein subjected to ligation for 7 days revealed
inflammatory cell infiltration, structural alteration of the tunica adventitia, and formation of focal
epithelial edema, with the collapse of the whole vessel wall (Figure 5D, see histological score Figure 5G)
compared to sham group (Figure 5A, see histological score Figure 5G). In control mice, treated with
Simvastatin or with KYP-2047, for 7 days, no major modification of the vessel lumen was found, as well
as no signs of tissue inflammation (Figure 5B,C, see histological score Figure 5G); treatment with
KYP-2047, at the dose of 10 mg/kg, for 7 days significantly reduced hypertrophy of the tunica media,
holding the collapse of the wall caused by the ligation (Figure 5F, see the histological score Figure 5G).
The effect of KYP-2047 treatment was similar to the elective Simvastatin treatment (20 mg/kg),
that prevented vessel lumen modification and tissue inflammation (Figure 5E, see the histological score
Figure 5G). Moreover, the venous hypertension contributes to leucocytes accumulation and neutrophilic
activation [43], that was measured in this study by analyzing the Myeloperoxidase (MPO) activity
on veins samples. Particularly, a significant increase in MPO activity was observed in CVI-injured
group compared to control (Figure 5H), while treatment with KYP-2047, like Simvastatin, significantly
reduced the neutrophilic activation detected in veins subjected to ligation (Figure 5H).

 
Figure 5. Treatment with KYP-2047 on histological damage and MPO activity induced by SVL in
mice. Histopathologic examination, by hematoxylin-eosin staining, of lateral saphene vein subjected to
ligation for 7 days (D,G) revealed an improvement in saphene vein treated with KYP-2047 (F,G) or
Simvastatin (E,G). No damage or structural vein wall modification were observed in control groups
(A–C,G). In particular, we detected tunica intima (red line), tunica media (blue line), tunica adventitia
(yellow line), showing as treatment with KYP-2047 significantly reduced the hypertrophy of tunica
media and preventing the collapse of the wall caused by the ligation (F,G). The MPO activity confirmed
the protective effects of KYP-2047 to reduce inflammation in CVI mouse model (H). Data represent the
means of at least three independent experiments. One-way ANOVA followed by Bonferroni post-hoc.
*** p < 0.001 versus Sham and ### p < 0.001 versus CVI.

3.6. Role of KYP-2047 Treatment in the Collagen Content Reduction and Elastin Replacement

The nature and distribution of venous disease surrounding the development of varicose veins
correlate with collagen and elastin as important components of the vein walls that affect their
function [44]. The vein wall resistance to stretch depends on the collagen fibers and it is known
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that in CVI pathology, varicose veins show increased collagenosis and dilated distal varicosities [44].
This study confirmed that in CVI-provoked lesions, 7 days post-saphene ligation, the degree of fibrosis,
assessed by Masson trichrome staining demonstrated a fibrotic area stained blue that was larger in the
CVI group (Figure 6B, see collagen content score Figure 6E) compared to control group (Figure 6A,
see collagen content score Figure 6E). Treatment with KYP-2047 significantly reduced the blue staining,
which represents collagen depot, located in the tunica adventitia (Figure 6D, see collagen content score
Figure 6E), almost similar to Simvastatin treatment (Figure 6C, see collagen content score Figure 6E).
The collagen content in veins samples was also investigated by kit ELISA for pro-collagen I, highlighting
a significant increase of collagen depot in CVI-injured groups compared to control mice (Figure 6K),
also confirming the role of KYP-2047 and Simvastatin to reduce this collagen accumulation (Figure 6K).
Contrarily, when the vessel wall is stretched, elastin generates a retractive force that opposes the
lengthening force caused by pressure in the lumen vessel [45]. In this study, we observed a decreased
amount of elastin in veins from SVL-damaged group, compared to control group (respectively,
Figure 6F,G, see elastin content score Figure 6J); instead, treatment with KYP-2047, albeit to a lesser
extent than Simvastatin treatment, notably increased elastin content thus preventing the collapse of
lumen vessel (respectively, Figure 6H,I, see elastin content score Figure 6J).

 

 

 
Figure 6. Treatment with KYP-2047 in the collagen content reduction and elastin increase. The degree
of fibrosis, in CVI-provoked lesions, 7 days post-saphene vein ligation, was assessed by Masson trichrome
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staining and Van Gieson staining, revealing a fibrotic area stained blue larger than in control group (B),
see collagen content score (E); (A), see collagen content score (E) and a reduced elastin content
highlighted in red purple (G), see elastin content score (J); (F), see elastin content score (J). Treatment
with KYP-2047 significantly reduced collagen depot, located in the tunica adventitia (D), see collagen
content score (E) and increased the content of elastin fibers (I), see collagen content score (J) almost
similarly to Simvastatin treatment (respectively (C), see collagen content score (E), (H), see elastin
content score (J). Pro-collagen 1 levels were detected by ELISA kit, confirm the results observed by
Masson trichrome staining (K). Orange arrows identified collagen content, while black arrows identified
elastin content. Scale bar for figures A–D: 100 μm, magnification 10 ×. Scale bar for figures F–I: 20 μm,
magnification 40 ×. Data represent the means of at least three independent experiments. One-way
ANOVA followed by Bonferroni post-hoc. *** p < 0.001 versus Sham; ## p < 0.01 and ### p< 0.001
versus CVI.

3.7. Role of KYP-2047 Treatment in Preventing Mast Cell Degranulation

Increased infiltration of activated mast cells has been recently implicated in the pathophysiology
of varicose veins [46]; mast cells produce and release various kinds of vasoactive substance,
including histamine, tryptase, prostaglandins, leukotrienes, and cytokines, that enhance local
vasopermeability, leading to intimal thickening [47]. Mast cells were best identified in saphene
veins tissues by their characteristic numerous metachromatic granules by using toluidine blue stain
(Figure 7). Compared with the control group, the number of mast cells in CVI-damaged group was
significantly increased (respectively, Figure 7A,B, see graph Figure 7E). Mast cells degranulation was
appreciably reduced with KYP-2047 or Simvastatin treatment (respectively, Figure 7D,C, see graph
Figure 7E).

Figure 7. Treatment with KYP-2047 treatment on mast cells. Mast cells were evaluated in saphene
veins tissues by staining with toluidine blue. Compared with sham animals, the mast cells number
in CVI-damaged group was significantly increased (respectively, (A), (B), see graph (E). Neutrophilic
accumulation was appreciably reduced by KYP-2047 or Simvastatin treatment (respectively, (C,D),
see graph Figure 3E). Yellow arrows indicated the mast cells presented in the area. Scale bar for figures
F-I: 20 μm, magnification 40 ×.Data represent the means of at least three independent experiments.
One way ANOVA followed by Bonferroni post-hoc. *** p < 0.001 versus Sham; ## p < 0.01 and
### p < 0.001 versus CVI.

191



Biomedicines 2020, 8, 604

3.8. Evaluation of KYP-2047 in a Saphene Vein Block Culture Study

To underline the modulatory action of the KYP-2047 on angiogenesis, the in vivo study was
repeated performing a new study from tissue block culture. The VSMCs obtained from tissue
block culture study have been tested by immunofluorescence analysis for VEGF, considering that an
up-regulation of this marker in the skin of patients with CVD has been demonstrated [48]. In this study,
VEGF expression significantly increased in VSMCs from CVI-tissue block (Figure 8D–F, see VEGF
positive score Figure 8J compared to control cells (Figure 8A–C, see VEGF positive score Figure 8J).
Treatment with KYP-2047 on CVI-damaged veins reduced angiogenesis to bring it back to physiological
conditions (Figure 8G–I, see VEGF positive score Figure 8J). Moreover, endoglin, plays an important
role in vascular development, regulating angiogenesis through the interaction with VEGF receptor [49].
In this study, endoglin content was evaluated through an ELISA kit performed on supernatants
of VSMCs cell extracted from tissue blocks; a notable increase in endoglin expression (pg/mL),
was observed in CVI samples, compared to control group (Figure 9A), while VSMCs treated with
KYP-2047 showed a reduced endoglin content, released in supernatants (Figure 9A). Furthermore,
as Endoglin the co-receptor of the TGF-β, this marker was evaluated by ELISA kit also on VSMCs
cell extracted from tissue blocks, observing for the first time a significant increase in TGF-β quantity
(pg/mL) in CVI samples compared to control (Figure 9B), while treatment with KYP-2047 decreased
this content (Figure 9B).

Figure 8. VEGF expression on saphene vein from tissue block culture study. Immunofluorescence analysis,
on tissue block culture study, revealed an increase in VEGF expression in VSMCs from CVI-tissue
block (D–F), see VEGF positive score (J) compared to control cells (A–C), see VEGF positive score (J).
POP inhibition as treatment on CVI-damaged veins positively modulated angiogenesis as seen by
VEGF expression in CVI + KYP-2047 tissue block group (G–I), see VEGF positive score (J). Red arrows
refers to VEGF-positive cells merged with DAPI. Scale bar for figures F–I: 20 μm, magnification 40×
Data represent the means of at least three independent experiments. One-way ANOVA followed by
Bonferroni post-hoc. ** p < 0.01 versus Control; ## p < 0.01 versus CVI.
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Figure 9. KYP-2047 treatment on TGF-β1 and Endoglin levels on saphene vein from tissue block
culture study. The content of endoglin and TGF-β1 were evaluated by ELISA kits, revealing an increase
in damaged group compared to control (A,B), while KYP-2047 treatment notably reduced this increase
(A,B). Data represent the means of at least three independent experiments. One way ANOVA followed
by Bonferroni post-hoc. *** p < 0.001 versus Sham; # p < 0.05 and ### p < 0.001 versus CVI.

4. Discussion

Chronic venous disease (CVD) is a very common problem [50], with an higher prevalence in
Western countries where it already consumes up to 2% of the healthcare budgets [51]. However, because
the most common manifestation of the pathology is represented by varicose veins, which begin as a
result of incompetent valves and augmented venous pressure, the term CVI often symbolizes the full
spectrum of manifestations of CVD, from simple telangiectases to skin fibrosis and venous ulceration [52].
Generally, when pressure is increased and return of blood is impaired, the onset of venous pathology
is insured, resulting from valvular incompetence of axial deep or superficial veins, venous tributaries,
venous obstruction, or a combination of these mechanisms [53]. The manifestations of CVI may
be viewed in terms of a well-established clinical classification scheme; particularly, “The Clinical,
Etiology, Anatomic, Pathophysiology” (CEAP) classification was developed by an international
consensus conference to provide a basis of uniformity in reporting, diagnosing, and treating CVI [30].
The management of CVI starts with conservative measures to reduce the symptoms and prevent
the development of secondary complications and progression of disease, then move on to further
treatment if conservative measures fail or provide an unsatisfactory response [7]. Despite this,
suitable pharmaceutical therapies to totally stem the pathology have not been explored to date and
given the prevalence and socioeconomic impact of CVD, an understanding of new therapeutic options
is warranted.

Recent findings indicate that inflammation and angiogenesis alterations greatly concur to the onset
of CVI [31]; particularly, inflammatory tissue is often hypoxic and hypoxia can induce angiogenesis
through upregulation of factors such as vascular endothelial growth factor (VEGF) and chemokines can
both promote angiogenesis and stimulate the recruitment of inflammatory cells [54]. Recent findings
indicate that peripheral POP may be involved in the inflammation [55] and in angiogenesis [56].
KYP-2047 is a very potent selective inhibitor of POP [57]. Thus, based on these evidences, the aim
of this study was to evaluate the protective effect of KYP-2047 to counteract inflammatory and
angiogenetic process involved in the pathophysiology of CVI through an in vivo mouse model of CVI.
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First, the expression of POP was evaluated in this CVI mouse model, highlighting an increase
expression of POP enzyme in vascular pathology, also confirming the efficiency of KYP-2047 to inhibit
POP activity and, for the first time, to negatively modulate the expression of POP.

A critical inflammatory and angiogenetic mediator is represented by TGFβ-1, an important
factor involved in regulating leucocyte and fibroblast recruitment and ECM remodeling, by both
stimulating fibrogenesis and deposition of collagen [58]. TGF-β1 is able to act as a promoting and an
inhibitory factor of angiogenesis and it is known to maintain a balance between apoptosis and cellular
dysfunction, having a pivotal role in vessel remodeling during pathogenesis of vascular disorders [59].
In this study, an increased expression of TGFβ-1 was observed in damage conditions, while the
treatment with KYP-2047 could greatly reduce the cascading events associated with the expression of
TGFβ-1. TGF-β1 and IL-8 are important regulators of inflammation-induced angiogenesis [60], so the
angiogenesis mechanisms involved in CVI disorders were also investigated evaluating IL-8, known
as a potent factor, intricated in normal physiological processes and abnormal mechanisms, directly
enhancing the endothelial cell survival and regulating vascular tone [61]; in this study, we confirmed
an increased expression of IL-8 in vein samples compared to control, while treatment with Simvastatin
and KYP-2047 reduced this increment.

Furthermore, the role of angiogenesis is correlated to the amount of α-SMA of primary varicose
veins and various studies highlighted the relation between α-SMA and VEGF in vascular wall
injury [59]. In this work, a significant reduction in VEGF/α-SMA ratio was observed in KYP-2047
and Simvastatin-treated groups, compared to CVI-damaged mice. VEGF primarily exerts its effect
through the production of vasodilatory mediators, particularly causing an overproduction of NO [41];
NO release is associated with varicosity development [62] as well as a critical role for eNOS in
controlling the magnitude of the acute inflammatory response for regulating microcirculatory
endothelial barrier function [63]. In this study, we confirmed an increased augment of eNOS
production in CVI-damaged group, closely associated with a significative decrement in Simvastatin
and KYP-2047 groups.

The production/activity of vasodilatory mediators such as nitric oxide depends by
cytokine-induced activation in vascular pathologies [64]. The state of inflammation in patients
with venous disease highlighted that leucocytes sequestering leads to the activation of blood white cells,
resulting in the release of free radicals, histamine, and neutrophil chemoattractants; the actions of
these substances destroy the endothelial layer of the vessel and their basement membranes, increasing
the vascular permeability and disturbing microcirculatory flow. Furthermore, the movement of
white blood cells from the adventitia to the medial layer and the upper part of the vein wall, helped
trigger the release of proinflammatory cytokines [65]. We demonstrated the capacity of KYP-2047,
likewise Simvastatin treatment, to counteract the expression of pro-inflammatory markers, IL-1β and
TNF-α, in SVL-damaged animals, highlighting the role of POP inhibitor to reduce the inflammation
process in CVI.

The inflammatory response, the attraction of neutrophils, and the damage to veins are factors
that perpetuate venous insufficiency and contribute to modify veins structure [66]. In this study,
we observed by in vivo model of CVI that treatment with KYP-2047 significantly reduced the structural
and morphological alterations provoked by ligation of saphene veins, decreasing the intimal and
adventitia fibromuscular plaques, counteracting neutrophilic accumulation and preventing the whole
wall vein collapse. Moreover, recent studies suggest that statins improve the microvascular function,
effectively by inhibiting the development of varicose veins, thus representing a treatment option
to prevent the growth of varicose veins and to limit the chances of recurrence after varicose vein
surgery [21]. In this study, treatment with KYP-2047 showed to restore the histological alterations
caused by vein ligation, similarly to the benefits observed by treatment with Simvastatin. Furthermore,
as leucocytes become “trapped” in the circulation of the leg during periods of venous hypertension
produced by sitting or standing, studies of the plasma levels of neutrophil granule enzymes show that
these are increased during periods of venous hypertension, suggesting that this causes activation of
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the neutrophils. We confirmed neutrophilic activation in this CVI mouse model evaluating the MPO
activity, that was significantly reduced by KYP-2047 or Simvastatin treatments.

Moreover, alterations on the connective tissue concentration and smooth muscle are visible in
vascular disease [67]. In fact, the venous systems structure follows a pattern in concentric layers:
intima, media, and adventitia, which undergo a modification of structural components of the vessel
wall in conditions of altered venous flow, associated to loss of tone and the subsequent venous
dilatation [68]. The Masson’s trichrome stain revealed in red the smooth muscle fiber to smooth
muscle fiber (SMF), while dyed bluish corresponded to the extracellular matrix (ECM), in which
many elements such as collagen and elastin are arranged [69]. Some studies connected reflux with
weakening of the venous walls, which may be due to an imbalance in the content of collagen and
elastin in the vein [62]. In this study, the distribution and the relationships between SMF and ECM
were impaired in CVI-damaged mice, thus reducing the tone and the progressive dilatation of the
vein wall, compared to the control mice; while, treatment with KYP-2047 significantly reduced the
disparity between the collagen and elastin content, similarly to Simvastatin treatment. The KYP-2047
modulation on collagen fibers in CVI was also confirmed by quantifying Pro-collagen 1, as the major
vascular fibrillar collagen [63].

Recent findings suggest that inflammatory processes is crucial for the development of inept
valves and vein wall remodeling; particularly, it is postulated that varicose lesions showed a greater
extent of mast cell infiltration whereas baseline control veins had a smaller number of mast cells [70].
This research underlined the efficacy of KYP-2047 treatment to counteract mast cell degranulation
phenomenon, compared to only CVI-damaged group, as noted by toluidine blue staining.

During the resolution phase of inflammation, the endothelial to mesenchymal (EndoMT)-mediated
remodeling commonly occurs, bringing the endothelial cells from different vascular beds to respond
differently to inflammatory stimuli [71]. Most of the signaling networks that are commonly utilized
during epithelial-mesenchymal transition (EMT) are also responsible for EndoMT, seeing the active
participation of TGF-β1 [72]. In this study, we confirmed for the first time, in a tissue block culture study,
a significant increase in TGF-β1 quantity in VSMCs from CVI-tissue block, which might suggest
a TGF-β-related induction of endothelial-to-mesenchymal transition. Furthermore, an important
role in vascular development and tumor-associated angiogenesis is represent by Endoglin [73],
a transmembrane auxillary receptor for TGF-β that is predominantly expressed on proliferating
endothelial cells. It is known that endoglin promoted VEGF-induced tip cell formation, mechanistically,
interacting with VEGF receptor (VEGFR) [49]. The demonstrated changes in mRNA expression, as
well as in the contents of VEGF receptors, in the wall of varicose veins is accepted as one of the reasons
for the clinical symptoms of the disease and can predispose to its progression [70]. In this research, we
confirmed that the over-expression of both VEGF and endoglin in VSMCs cells from saphene veins
subjected to binding, underlying as treatment with KYP-2047, inhibiting POP, significantly decreased
these increases in angiogenesis markers.

CVI is a disease characterized by numerous risk factors, some of which suggest that disease can
occur because of congenital valve or vessel abnormalities, but it most commonly occurs when the
valves of the deep veins are damaged as a result of deep venous thrombosis, as well as, the expression
of specific cardiovascular markers could contribute to the onset of the pathology. So, a limitation for
this in vivo study, is represented by the difficulty in paying attention to all diagnostic markers that
could contribute to the beginning of CVI.

Despite this, the results obtained in in vivo studies and confirmed in tissue block culture study,
suggest a pivotal role of POP inhibition in the hypertrophy of the venous wall, although the exact
mechanism leading to venous wall dilatations remains to be elucidated. Furthermore, the action of
the KYP-2047, although it is similar to that of Simvastatin, today considered as the treatment most
often used in CVD, has the extra gear because it is able to act in a targeted and effective manner.
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5. Conclusions

Based on these results, POP inhibition due to KYP-2047, could represent a remarkable strategy
to counteract the negative effects associated with vascular alterations. These data suggest a
strong anti-inflammatory potential of KYP-2047 associated to its modulatory role on angiogenesis,
that contribute to positively modulate CVI, offering new therapeutic target tools in the management of
vascular pathologies.
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Abstract: Dysregulation of glucose and lipid metabolism increases plasma levels of lipoproteins
and triglycerides, resulting in vascular endothelial damage. Remarkably, the oxidation of lipid and
lipoprotein particles generates electronegative lipoproteins that mediate cellular deterioration of
atherosclerosis. In this review, we examined the core of atherosclerotic plaque, which is enriched by
byproducts of lipid metabolism and lipoproteins, such as oxidized low-density lipoproteins (oxLDL)
and electronegative subfraction of LDL (LDL(−)). We also summarized the chemical properties,
receptors, and molecular mechanisms of LDL(−). In combination with other well-known markers of
inflammation, namely metabolic diseases, we concluded that LDL(−) can be used as a novel prognostic
tool for these lipid disorders. In addition, through understanding the underlying pathophysiological
molecular routes for endothelial dysfunction and inflammation, we may reassess current therapeutics
and might gain a new direction to treat atherosclerotic cardiovascular diseases, mainly targeting
LDL(−) clearance.

Keywords: electronegative LDL; LDL(−); L5 LDL; oxidized LDL; oxLDL; lectin-like oxLDL receptor-1;
LOX-1; dyslipidemia; endothelial dysfunction; atherosclerosis; cardiovascular disease

1. Introduction

Approximately 1.9 billion people are obese or overweight worldwide [1]. Obesity is associated
with excessive calorific intake and microvasculature damage, resulting in atherosclerosis, diabetes,
and cardiovascular diseases (CVDs) [2]. The prevalence of CVDs has significantly increased in the past
few decades [3]. Current strategies against CVDs mainly focus on lowering the level of low-density
lipoprotein cholesterol (LDL-C) [4,5]. Intensive-dose statin therapy has been endorsed for clinical
atherosclerotic vascular disease (ASCVD); however, it also increases statin-related side effects and
intolerance [6,7]. To figure out this dilemma and find a balanced solution, here we address the
mechanistic players behind these metabolic disturbances through the following disease progression
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steps: unhealthy lifestyle and unbalanced diet lead to obesity, chronic inflammation, and development
of atherosclerosis and CVDs [8–10].

The onset of atherosclerosis initiates vascular lipid deposition, luminal narrowing, and plaque
expansion. Unstable plaque deposits further lead to myocardial infarction and stroke [11]. Plaque
consists of LDL-C variants, lipids, leukocytes, and inflammasomes in the vascular walls (Figure 1) [11,12].
In addition, several mediators of vasoconstriction, platelet aggregation, inflammatory chemokines,
leukocyte adherence, and nitric oxide (NO) disturb the endothelial homeostasis [13]. LDL variants
such as oxidized LDL (oxLDL) are essential constituents in the pathogenesis of atherosclerosis and
CVDs [14–16]. Differing from the in vitro preparation of oxLDL, electronegative LDL (LDL(−)) is
separated from human plasma using fast-protein liquid chromatography equipped with an anion
exchange column [17]. According to the physical properties of LDL(−), it can be defined as the
minimized oxLDL [18,19].

Figure 1. Schematic mechanism of atherosclerosis. LDL: low-density lipoprotein; ROS: reactive
oxygen species; oxLDL: oxidized LDL; LOX-1: lectin-like oxidized LDL receptor-1; ADMA: asymmetric
dimethylarginine; NO: nitric oxide; NADPH: nicotinamide adenine dinucleotide phosphate; ONOO:
peroxynitrite; Bad: BCL2-associated agonist of cell death; Bax: Bcl-2-associated X protein; MCP-1:
monocyte chemoattractant protein-1; MCSF: macrophage colony-stimulating factor.

Accumulating evidence shows that LDL(−) could be a novel marker for ASCVD, and levels of
LDL(−) are positively correlated with the increasing severity of CVDs [20–22]. LDL(−) serves as a pivotal
target for further studies and clinical development strategies beyond statins therapies. By targeting
LDL(−), we summarize its pathophysiological links and highlight the molecular mechanisms of
atherogenic lipids in the current review.

2. Properties of Electronegative Low-Density Lipoprotein (LDL(−))

2.1. Chemical Properties of LDL(−)

LDL(−) differs from LDL(+) in many aspects [23]. Regarding the lipid components, LDL(−) contains
higher concentrations of triglycerides, non-esterified fatty acids (NEFA), lysophosphatidylcholine
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(LPC), platelet-activating factor (PAF), and ceramide [24–27]. Notably, lipid extracts of LDL(−)
contribute to the atherogenic effects on endothelial cells and immune cells [27,28]. Regarding its protein
composition, LDL(−) shows additional proteins such as apolipoprotein AI (apoAI), apolipoprotein E
(apoE), and apolipoprotein CIII (apoCIII) [29]. Furthermore, the conformation of apoB100 in LDL(−)
is altered and has higher competency to bind with proteoglycans [30–32]. Based on the sodium
chloride gradient, Chen et al. successfully divided LDL into five subfractions, L1–L5, with increasing
electronegativity [29,33,34]. L1 LDL is unmodified; in contrast, L5 LDL is highly O-glycosylated on the
apoB100 and apoE [28,35]. The terminal glycan of apoE glycosylation (94S, 194T, 289T) in L5 LDL is
sialic acid. This sialic-acid-containing glycan increases the electronegativity and hydrophilicity [35].
However, by dividing human plasma LDL into either two subfractions ((+) and (−)) or five (L1–L5),
the most electronegative subfractions show similar properties and apoptotic effects on endothelial cells.
Thus, we will be using LDL(−) throughout this review.

2.2. Receptors of LDL(−)

LDL(−) is not recognized by the LDL receptor. Instead, it goes through lectin-like oxLDL receptor-1
(LOX-1), which is highly expressed in endothelial cells, immune cells, platelets, and adipocytes [36–39].
Transfection with LOX-1-specific small interfering RNAs (siLOX-1) to endothelial cells may
attenuate LDL(−)-induced downstream signaling [36]. LOX-1-neutralizing antibodies such as TS20
(for bovine) [40], TS58 (for mouse) [41], and TS92 (for human) [42,43] can inhibit the internalization of
LDL(−). Genetic knockout LOX-1 also protects against the harmful effects of LDL(−) [37,38]. Higher
content of PAF on LDL(−) activates the PAF receptor (PAFR) and leads to endothelial cell apoptosis [33].
Incubating PAF acetylhydrolase (PAF-AH) with LDL(−) or pretreatment of WEB-2086 attenuates
LDL(−)-induced apoptosis [33]. In addition, ceramide-rich LDL(−) activates toll-like receptor 4 (TLR4)
and the cluster of differentiation 14 (CD14) on monocytes that results in cytokine release. Using the
TLR4 inhibitor, the viral inhibitory peptide of TLR4 (VIPER), reduces these effects [44,45].

2.3. Structure Modifications and Enzymatic Functions of Electronegative LDL

Electronegativity and apolipoprotein misfolding are two independent features of LDL(−) [46].
The misfolded apoB100 of LDL(−) shows an increased binding affinity to proteoglycans, which may
prolong LDL retention in the arterial wall and trigger inflammatory responses [31]. Stabilizing the
LDL’s structure through the use of 17-β-estradiol (E2) prevents aggregation; however, it cannot
prevent the generation of LDL(−) [46,47]. The structural modifications of apoB100 are associated
with phospholipolytic activities and exchange of lipid components [28,48,49]. The sphingomyelinase
(SMase)-like activity of LDL(−) may hydrolyze sphingomyelin, which produces apoptotic factor,
a ceramide [28,48]. The phospholipase D (PLD) activity of LDL(−) degrades phosphorylcholine, LPC,
and sphingomyelin, which is associated with self-aggregation and atherogenic properties. Treatment
with 400 μM of chlorpromazine may effectively inhibit both the SMase and PLD activities of LDL(−) [48].

2.4. Animal Models Showing Elevated Electronegative LDL

The overproduction of LDL(−) was demonstrated in animal models that consumed a high-fat
diet. Lai et al. gave either a standard chow diet or high-fat & high-cholesterol (HFC) diet to each
group of 8-week-old male golden Syrian hamsters for six weeks. Plasma LDL-C levels in HFC-diet-fed
hamsters were significantly higher than for the control group. Additionally, LDL(−) accounted for
12.5% of all lipoproteins in control hamsters, whereas the value was drastically increased to 42% in
HFC-diet-fed hamsters [50]. Recently, Chang et al. distributed an atherogenic diet to sixteen-week-old
male New Zealand White rabbits. After six weeks, the LDL(−) from HFC-diet-fed rabbits accounted
for about 17.2 ± 5.5% of the LDL fraction. On the other hand, it was almost undetectable in rabbits
fed with a control chow diet [51]. Moreover, from the recent publication by Chan et al., LDL(+) and
LDL(−) isolated from SLE patients’ LDL samples were then injected into eight-week-old apoE knockout
mice. Their results showed that only the LDL(−)-injected mice experienced a significant increase in
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the plasma CX3CL1 level. By observing histological staining results, LDL(−) can trigger endothelial
dysfunction and the formation of atherosclerotic lesions in apoE knockout mice [27]. Taken together,
we summarized that LDL(−) plays a vital role in atherosclerosis and plaque formation.

3. Mechanisms of Electronegative LDL on Endothelial Cells

The endothelium regulates fluid and molecule trafficking between the bloodstream and tissues for
metabolism [52]. In addition, it inhibits platelet aggregation and adhesions by secreting prostacyclin,
NO, and exosomes [53,54]. With LDL(−), the atherogenic components lead to endothelial activation
and vascular inflammation. Chemokines such as monocyte chemotactic protein-1 (MCP-1) and
interleukin-8 (IL-8) are released from the damaged endothelium. The vascular adhesion molecules are
highly expressed to promote plaque formation [55]. The mechanisms behind this are listed below.

3.1. Phosphatidylinositol-3 Kinase (PI3K)-Serine/Threonine Kinase (Akt) Signaling

The phosphatidylinositol-3 kinase (PI3K)-serine/threonine kinase (Akt) signaling involves the
proliferation and survival of endothelial cells through inhibiting pro-apoptotic proteins [56]. Both
fibroblast growth factor 2 (FGF2) and vascular endothelial growth factor (VEGF) activate PI3K/Akt
signaling [57,58]; in contrast, LDL(−) disrupts Akt phosphorylation, impairing the FGF2 mRNA
expression, as well as induces endothelial cell apoptosis [40,59]. In their study, Lu et al. also
demonstrated that the apoptotic effects of LDL(−) on endothelial cells could be attenuated by treatment
with FGF2 or constitutively expressing active Akt [59]. LDL(−) inhibits B-cell lymphoma 2 (Bcl-2);
in contrast, it triggers the expression of Bad/Bax (Bcl-2-associated agonist cell death) and inflammatory
factor tumor necrosis factor-α (TNF-α). These actions result in the release of cytochrome c from
mitochondria [36,59].

3.2. Lectin-Like oxLDL Receptor-1 (LOX-1) Signaling

Lectin-like oxLDL receptor-1 (LOX-1) reacts with multiple ligands in response to danger signals [60].
Patients with cerebral stroke and coronary artery diseases exhibited elevated levels of soluble-form
LOX-1 (sLOX-1) [61,62]. Furthermore, patients with ST segment elevation myocardial infarction
(STEMI) and rheumatoid arthritis (RA) showed increased sLOX-1 expression in the aspirated coronary
thrombi [63,64]. Due to earlier release than biochemical markers of myocardial injury, sLOX-1 could be
a novel biomarker for plaque instability [65]. In a hypercholesteremic mice model, the LOX-1 knockout
reduced the plaque size and atherosclerotic lesions [66–68].

For the detailed mechanisms, LDL(−) leads to the overexpressed changes of LOX-1 on endothelial
cells by inducing the expression changes of the pro-inflammatory molecules nuclear factor of kappa
light polypeptide gene enhancer in B-cells (NF-κB), vascular cell adhesion molecule (1VCAM-1),
and MCP-1 [69,70]. Recently, a similar cohort study was completed to show similar results of
LOX-1-mediated inflammation in SLE patients [71]. In addition, the expression of LOX-1 dependents
on vasoconstrictors (angiotensin II, endothelin-1) and inflammatory factors such as interferon-γ (IFN-γ),
tumor necrosis factor-α (TNF-α), and IL-1β was observed [72]. In vitro, oxidized LDL may enhance
the production of angiotensin-converting enzyme (ACE) and endothelin-1 [73,74].

Through LOX-1, LDL(−) downregulates the phosphorylation of Akt and endothelial nitric oxide
synthase (eNOS) but increases C-reactive protein (CRP) [11,36,42]. LOX-1 activates Ras homolog family
member A (RhoA) and the Ras-related C3 botulinum toxin substrate 1 (Rac1) pathway, leading to the
inhibition of intracellular endothelial NO synthesis and overproduction of ROS [75]. Recently, NOS was
reported to influence miR-122 expression in hypertension cases, leading to endothelial dysfunction;
however, the expression changes of miR-122-mediating endothelial dysfunction remains unanswered.
We, therefore, predict LOX-1 signaling of LDL(−) in such cases [76]. Similarly, ROS overproduction leads
to p66shc protein phosphorylation, which further deteriorates mitochondrial DNA and contributes to
plaque formation [77–79]. The phenomenon mentioned above can be attenuated by knocking out the
LOX-1 gene [80,81].
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3.3. Mitochondria Damage

The basal physiological mechanism of mitochondrial ROS formation is dependent on several
factors such as NO, cytosolic Ca2+, and fatty acids [82]. NADPH oxidase 4 (NOX4) in vascular
cells inhibits mitochondrial complex I and promotes ROS generation [83]. During the pro-apoptotic
conditions, ROS formation is also boosted by growth factor adaptor protein p66Shc, which facilitates
the cytochrome c oxidation. Moreover, ROS formation can be further increased by the expression and
activation of p66Shc during hyperglycemic conditions [84,85]. LDL(−) inhibits endothelial nitric oxide
synthase (eNOS) expression via the Akt signaling pathway, resulting in decreased NO production
and leading to endothelial cell apoptosis [86]. Recently, Chen et al. demonstrated that apoE in
LDL(−) is responsible for LDL-induced mitochondrial dysfunction. After LDL(−) internalization,
apoE translocates from the lysosome to the mitochondria, leading to mitochondrial permeability
transition pore (mPTP) opening, dynamin-related protein 1 (DRP1) phosphorylation, and mitochondrial
fission [41].

3.4. Endoplasmic Reticulum Stress

The intraluminal oxidation in the endoplasmic reticulum (ER) plays a critical role in maintaining
calcium concentration and proper folding of transmembrane proteins. The increased amount of
lipoprotein promotes a condition known as ER stress, defined by the accumulation of unfolded protein
in the ER lumen [87,88]. The molecular mechanism between LDL oxidation and UPR (unfolded
protein response)-mediated expression of IL-8, IL-6, and MCP-1 in endothelial cells, which contributes
to endothelial dysfunction, is poorly explained [89,90]. Apart from oxidation, glycation of LDL is
also found to be a potent marker for dyslipidemia. Studies showed that glycated LDL could initiate
nicotinamide adenine dinucleotide phosphate (NADPH) oxidation via ROS production and could
induce apoptosis in endothelial cells [91,92]. Therefore, the LDL oxidation and glycation are involved
in amplifying endothelial dysfunction and contributing to atherosclerosis.

4. Mechanisms of Electronegative LDL on Immune Cells

Alongside endothelial cells, immune cells play a significant role in the pathogenesis of
atherosclerosis. Monocytes and T lymphocytes create an inflammatory milieu by releasing several
cytokines and growth factors. As LDL(−) concentration is elevated in the blood plasma, it tend to
interacts with these monocytes and lymphocytes via cytokines and growth factors [93,94]. LDL(−)
impregnates the process of oxidation via the feedback loop mechanism shown in Figure 2 and enhances
inflammation. The NEFA and ceramide in LDL(−) also show atherogenic properties [93,95–97].
The detailed mechanisms behind this are listed below.

4.1. Monocytes

Numerous studies have described the effects of LDL(−) on inducing cytokine release from
monocytes, which may be important in atherosclerosis [25,98]. Remodeling of the vascular extracellular
matrix (ECM) seemed to be an important landmark of atherosclerosis. LDL(−) induces the release of
matrix metalloproteinase (MMP)-9 and tissue inhibitors of metalloproteinase (TIMP)-1 from monocytes
through the TLR4/CD14 inflammatory pathway [45]. Additionally, the downstream signal cascade of
TLR4/CD14 will then trigger PI3K/Akt signaling and promote p38 mitogen-activated protein kinase
(p38 MAPK) phosphorylation, leading to LDL(−)-induced cytokine release from monocytes [99].
The elevated levels of those cytokines may regulate and contribute to vascular plaque formation.

4.2. Macrophages

Macrophages play a crucial role in the early stage pathogenesis of atherosclerosis [100]. Circulating
monocytes undergo differentiation into macrophages and further polarization into classically
activated (M1) or alternatively activated (M2) states in order to withstand environmental stimuli.
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M1 macrophages are responsible for pro-inflammatory properties, whereas M2 macrophages exert
opposing anti-inflammatory properties [101].

According to Yang et al., LDL(+) and LDL(−) isolated from patients with ST segment elevation
myocardial infarction (STEMI) were treated with THP-1 macrophages. Their results indicated that only
LDL(−) could induce the overproduction of interleukin (IL)-1β [102], granulocyte colony-stimulating
factor (G-CSF), and granulocyte–macrophage colony-stimulating factor (GM-CSF) in macrophages
through LOX-1-, extracellular signal-regulated kinase (ERK)1/2-, and NF-κB-dependent pathways.
Inhibition of ERK1/2 and NF-κB activation can prevent G-CSF and GM-CSF production induced by
LDL(−) [103].

In 2020, Chang et al. treated THP-1 with LDL(−), which resulted in increased pro-inflammatory
cytokines such as IL-1β, IL-6, IL-8, and TNF-α, as well as M1 surface marker CD86; however, M2-related
cytokines and surface marker CD206 were not changed by LDL(−) [39]. Additionally, the expression of
CD11c, a marker of M1 macrophages, can also be induced by LDL(−) [104]. LDL(−) can induce M1
polarization of human macrophages responsible for secreting pro-inflammatory cytokines, resulting in
foam cell formation and vascular plaque formation.

In addition to human macrophages, in treating LDL(+) and LDL(−) with RAW264.7 cell, the results
showed that only LDL(−) can induce the expression of CD95 death receptor (Fas), its ligand CD95 L
(FasL), and tumor necrosis factor ligand member 10 (Tnfsf10), which stimulate the activation of the
caspases, resulting in cell apoptosis [105].

Figure 2. Schematic procedures of lipoprotein metabolism and LDL(−) formation. SREBP: sterol
regulatory element-binding protein; PPAR-γ: peroxisome proliferator-activated receptor; CD36: cluster
of differentiation 36; TG: triglycerides; apoB100: apolipoprotein B100; VLDL: very low-density
lipoprotein; IDL: intermediate-density lipoprotein; LDL: low-density lipoprotein; LDLR: LDL receptor;
FFA: free fatty acid.

4.3. Platelets

Apart from monocytes and macrophages, accumulating evidence has shown that LDL(−) may
trigger platelet activation and aggregation. Platelet hyperreactivity is the most direct evidence
contributing to thrombosis in the leading causes of cardiovascular diseases, such as STEMI [106] and
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stroke [43,107]. As above, Chan et al. separated LDL(+) and LDL(−) from patients with STEMI, with the
results illustrating that only LDL(−) was augmented in patients compared to healthy controls. Treating
LDL(−) to platelets enhanced their aggregation and adhesion to damaged human aortic endothelial
cells (HAECs), which was through LOX-1 and PAFR activation [37]. Furthermore, LDL(−)-induced
amyloid β (Aβ) release via IκB kinase 2 (IKK2) in human platelets was reported by Shen et al. in
2016. Besides, LDL(−) works synergistically with Aβ to induce glycoprotein IIb/IIIa receptor activation
and phosphorylation of IKK2, IkBa, p65, and c-Jun N-terminal kinase 1 in order to enhance platelet
aggregation. These results can be attenuated by inhibiting IKK2, LOX-1, or NF-kB with their inhibitors
BMS-345541, TS92, and Bay 117-82, respectively [43]. To conclude, high levels of LDL(−) in patients
can trigger platelet activation and aggregation through LOX-1 and PAFR receptors.

5. Electronegative LDL in Vascular Diseases

Figure 2 demonstrates the lipid and lipoprotein metabolism in the liver, blood, and peripheral
tissues. Nutritional overload increases fatty acids via the overexpression of cluster of differentiation
36 (CD36) and peroxisome proliferator-activated receptor (PPAR-γ) [108–110]. This phenomenon is
highly contrasted to the de novo synthesis pathway, although FFAs from either source in the liver
are indistinguishable. The elevated level of free fatty acids ultimately increases triglyceride through
esterification. Combined with apoB100 and triglyceride, the efflux of VLDL into circulation promotes
the pro-atherogenic metabolic state. VLDL particles deliver lipids hydrolyzed by lipoprotein lipase
(LPL) and release FFAs in plasma [111–113].

With the increasing incidence of LDL retention in endothelial cells [114–118], the LDL particles
reportedly undergo oxidative modifications by macrophages and endothelial cells within arterial
walls (Figure 2) [119–124]. The accumulation of oxLDL further boosts the electronegativity, ultimately
generating LDL(−) in circulation [33]. LDL(−) is highly atherogenic and pro-apoptotic to the vascular
system, including the endothelium of the blood–brain barrier (BBB). Wang et al. in 2017 explored
the role of LDL(−) in pheochromocytoma-derived cell line (PC12) cells, where deliberate dosages of
LDL(−) induced neurotoxic stress in a LOX-1-dependent manner [125].

The presence of LDL(−) in circulation correlates with atherosclerosis progression and endothelial
dysfunction-mediated cardiovascular diseases. LDL(−) levels are significantly higher in frequent
smokers, diabetic patients, and hypercholesterolemia patients [33,34,40,59]. In addition, LDL(−) levels
were 10-times higher in STEMI and stroke patients, even though the LDL-C levels were similar to
healthy controls [37,43].

6. Current Treatment Strategies Targeting Electronegative LDL

The diagnosis and treatment for endothelial damage are dependent on the ankle–brachial index,
vascular imaging, surgery, and revascularization [126–128]. Currently, treatment for dyslipidemia and
the prevention of microvasculature damage mainly revolve around reducing LDL-C levels [129–131].
A plethora of studies have demonstrated that excessive levels of lipids lead to endothelial damage;
however, only a few studies have outlined strong mechanistic interactions between lipid alterations
and endothelial dysfunction (Table 1).
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Table 1. Primary dyslipidemia markers and pathways involved in different diseases.

Diseases
Dyslipidemia

Markers
Drug Treatment Effect on ED

Pathway/Phenomenon
Involved

Studied on References

Hypertension NOS, ROS α-Linolenic acid Yes SIRT-3 Mice [132]
Hypertension NOS, ROS ____ Yes miR-122, CAT-1 Human [76]
Hypertension,

Angina
NOS, CRP,

Hyperglycemia Carvedilol Yes β-adrenergic mediate
Vasodilation Human [133–136]

Heart failure oxLDL, LDL Rosuvastatin Yes Inflammatory markers Human [137,138]

ACS oxLDL, LDL-C and
cardiac fibrosis perindopril Yes – Human [139,140]

CKD, CHF Cardiac fibrosis carvedilol Yes β-adrenergic mediate
Vasodilation Human [141]

LVF, CKD oxLDL, LDL and
Cardiac fibrosis

Renal and heart
transplant —– —– Human [142]

STEMI ____
Enoxaparin,

Clopidogrel and
β-blocker

No Case study Human [143]

STEMI Atherosclerotic
Plaques

Statins, Aspirins,
β-blocker,

ACE-inhibitor
Yes ___ Human [144,145]

STEMI
CRP and

Atherosclerotic
plaques

Vit B, B6, and B12 No Homocysteine Human [146]

STEMI LDL-C, Ox-LDL and
L5 ___ ___ PKC/AKT pathway Mice [37]

CAD, Diabetes
NOS,

Hyperinsulinemia,
Hyperglycemia

Pioglitazone Yes Anti-inflammation,
Vasodialation Human [147,148]

T1DM Cardiac fibrosis Fingolimod
(FTY720) Yes Rag-1 Mice [149]

T2DM Hyperglycemia and
Cardiac Fibrosis H2/H3- RLX Yes α-SMA, MMP, TIMP and

NLRP3 Rat [150,151]

T2DM NOS and
Hyperglycemia Berberine Yes AMPK and eNOS

Phosphorylation
In-vitro,
Ex-vivo [152–154]

T2DM Hyperglycemia,
oxLDL, LDL, TG Fenofibrate Yes PPAR-α/γ Rat [155,156]

RA CRP, LDL, TG MTX and
Glucocorticoid Yes Hemodynamics Human [157]

RA
NOS,

Myeloperoxidase,
LDL

Tocilizimab Yes JAK/STAT and mTOR Human [158]

Stroke SLE Atherosclerotic
plaques

Glucocorticoids,
Immunosuppressant Yes —– Human [159,160]

SLE Atherosclerotic
plaques

Anifrolumab and
tsDMARDs Yes JAK/BTK Human

Phase III [161]

RP: C-reactive protein; LDL-C: Low-density lipoprotein cholesterol; TG: Triglyceride; MTX: Methotrexate;
RA: Rheumatoid arthritis; NHC: Normal healthy control; T1DM: Type 1 diabetes mellitus; Rag-1:
Recombination-activating gene 1; NOS: Nitric oxide synthase; JAK/STAT: Janus kinase/signal transducer activator of
transcription protein; T2DM: Type 2 diabetes mellitus; H2/H3-RLX: Relaxin-1 and Relaxin3; mTOR: mammalian
target of rapamycin; α-SMA: Alpha smooth muscle actin; MMP: Matrix metallopeptidase; TIMP: Tissue
inhibitor of metalloproteinase; NLRP3: NOD-LRR and pyrin-domain-containing protein 3; Ox-LDL: oxidized
low-density lipoprotein, CHF: Chronic heart failure; CVD: Cardiovascular disease; AMPK: AMP (Adenosine
monophosphate)-activated protein kinase; eNOS: endothelial NOS; PPAR-γ/α: Peroxisome proliferator-activated
receptor alpha/gamma; CKD: Chorionic kidney disease; LVF: Left ventricular failure; SLE: Systemic lupus
erythematosus; tsDMARDs: Targeted synthetic disease-modifying antirheumatic drugs; JAK/BTK: JAK/Bruton’s
tyrosine kinase (inhibitor); STEMI: St-elevation myocardial infarction; ACE: Angiotensin-converting enzyme; ROS:
Reactive oxygen species; SIRT-3: Nicotinamide adenosine diphosphate (NAD)-dependent deacetylase sirtuin-3;
miR122: MicroRNA 122; CAT-1: Cationic amino acid transporter 1; PKC/AKT: Protein kinase C/protein kinase B.

Statins, the inhibitors of β-hydroxy β-methylglutaryl-CoA (HMG-CoA), are successful in lowering
cholesterol loadings and expression of LOX-1; they also inhibit atherosclerotic progression and acute
atherothrombosis [162–164]. Additionally, statins effectively reduce the proportion of LDL(−) [165–168];
discontinuation leads to LDL(−) approaching baseline levels [42]. However, the mechanisms of LDL(−)
reduction are still not clear. Ezetimibe inhibits the Niemann–Pick C1-like 1 transporter (NPC1L1),
which leads to decreased cholesterol absorption [169]. Proprotein convertase subtilisin kexin type 9
(PCSK9) is an enzyme for the degradation of LDL receptor (LDLR); blocking PCSK9 may increase
LDLR, therefore lowering blood LDL-C concentrations. PCSK9 inhibitors such as alirocumab and
evolocumab aggressively reduce the degradation of LDL receptors and increase the clearance of LDL
cholesterol in hepatic cells [170]. They increase plaque stability but decrease the necrotic lipid core,
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as shown in Figure 1 [171–175]. However, other than statins, whether these drugs can decrease LDL(−)
or not is currently unclear.

Several anti-inflammatory approaches were taken here to study the management of dyslipidemia,
such as cell therapy using mesenchymal stem cells [176], leukotriene inhibitors [177], chemokine
ligands (CC motif ligand), MCP-1, IL-1, and TNF-α blockers for the prevention of atherosclerotic
plaque formation [178–184]. The currently used drugs significantly decrease LDL-C levels, stabilize
vascular plaque, and slowdown atherosclerotic progression; however, new therapeutic strategies for
LDL(−) and biomarkers are still needed.

7. Perspective

LDL(−) plays a critical role in the pathophysiology of atherogenesis. It triggers the dysfunction of
endothelium by macrophage differentiation, monocyte migration, and platelet aggregation. Moreover,
LDL(−) impairs endothelial cells by superoxide overproduction and platelet activation [185–187].
In combination with other well-known markers of inflammation, namely metabolic diseases,
we concluded that LDL(−) can be a novel prognostic tool for these lipid disorders. Regarding
treatment for the prevention of ASCVD, even though statins can partially reduce the concentration,
finding a way to clear LDL(−) remains of utmost importance [22]. In particular, a method involving
hydrolyzing atherogenic lipids in LDL(−) and producing harmless metabolites might be a novel
therapeutic approach in the future.
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Abbreviations

Aβ Amyloid β

ACE Angiotensin-converting enzyme
ADP Adenosine diphosphate
ADPase Ecto-Adenosine diphosphate
ApoB100 Apolipoprotein B100
ApoCIII Apolipoprotein CIII
ApoE Apolipoprotein E
ASCVD Atherosclerotic cardiovascular diseases
Bad/Bax BCL2-associated agonist of cell death
Bcl-2 B-cell lymphoma 2
BBB Blood–brain barrier
BP Blood pressure
CAD Coronary artery disease
CCL Chemokine ligand
CD Cluster of differentiation
CER Ceramide
cIMTPWV Carotid intermedia thickness and pulse wave velocity
COX Cyclooxygenase
CD36 Cluster of differentiation 36
CRP C-reactive protein
CVD Cardiovascular disease
EC Endothelial cell
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ECM Extracellular matrix
ED Endothelial dysfunction
ERK Extracellular signal-regulated kinase
eNOS Endothelial nitric oxide synthase
ER Endoplasmic reticulum
Fas CD95 death receptor
FasL Ligand CD95 L
FFA Free fatty acids
FGF2 Fibroblast growth factor 2
FPLC Fast-protein liquid chromatography
G-CSF Granulocyte colony-stimulating factor
GDF Growth differentiation factor
GM-CSF Granulocyte–macrophage colony-stimulating factor
HDL High-density lipoprotein
HFC High-fat, high-cholesterol
HIF-1α Hypoxia-inducible factor-1α
HMGCoA β-hydroxy β-methylglutaryl-CoA
HUVECs Human umbilical vein endothelial cells
ICAM Intracellular adhesion molecule 1
IDL Intermediate-density lipoprotein
IFN-γ Interferon- γ
IKK2 IκB kinase 2
IL Interleukin
iNOS Inducible NO synthase
IR Insulin resistance
IRAK2 Interleukin-1 receptor-associated kinase-2
IRE-1 Inositol requiring enzyme-1
Lp(a) Lipoprotein (a)
LDL Low-density lipoprotein
LDL(−) Electronegative LDL
LDL-C LDL cholesterol
LPC Lysophosphatidylcholine
LPL Lipoprotein lipase
LOX-1 Lectin-like oxidized low-density lipoprotein receptor-1
MAPK Mitogen-activated protein kinase
MCP-1 Monocyte chemotactic protein-1
MetS Metabolic syndrome
MMP Metalloproteinase
MSC Mesenchymal stem cell
NADPH Nicotinamide adenine dinucleotide phosphate
NEFA Non-esterified fatty acids
NF-κB Nuclear factor kappa light-chain enhancer of activated B cells
NO Nitric oxide
Nox NADPH oxidase
NPC1L1 Niemann–pick C1-like
oxLDL Oxidized LDL
PAFR Platelet activating factor
PAFR Platelet activating factor receptor
PC12 Pheochromocytoma cell-derived cell line
PGI2 Prostacyclin 2
PI3K Phosphatidylinositol-3 kinase
PLD Phospholipase D
PSCK9 Proprotein convertase subtilisin kexin type 9
RhoA Ras homology family member A
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Rac1 Ras-related C3 botulinum toxin substrate 1
Smase Sphingomyelinase
STEMI ST segment elevation myocardial infarction
TGF-β Transforming growth factor- β
TIMP Tissue inhibitors of metalloproteinase
TLR4 Toll-like receptor 4
TNF-α Tumor necrosis factor-α
Tnfsf10 Tumor necrosis factor ligand, member 10
UCP 2 Uncoupling protein 2
UPR Unfolded protein response
VCAM-1 Vascular cell adhesion molecule-1
VEGF Vascular endothelial growth factor
VIPER Viral inhibitory peptide of TLR4
VLDL Very low-density lipoprotein
VSMCs Vascular smooth muscle cells
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Abstract: Apurinic/apyrimidinic endonuclease 1/redox factor-1 (APE1/Ref-1) is involved in DNA
base repair and reducing activity. However, the role of APE1/Ref-1 in atherosclerosis is unclear.
Herein, we investigated the role of APE1/Ref-1 in atherosclerotic apolipoprotein E (ApoE−/−)
mice fed with a Western-type diet. We found that serologic APE1/Ref-1 was strongly correlated
with vascular inflammation in these mice. Neutrophil/lymphocyte ratio (NLR), endothelial
cell/macrophage activation, and atherosclerotic plaque formation, reflected by atherosclerotic
inflammation, were increased in the ApoE−/−mice fed with a Western-type diet. APE1/Ref-1 expression
was upregulated in aortic tissues of these mice, and was co-localized with cells positive for cluster
of differentiation 31 (CD31) and galectin-3, suggesting endothelial cell/macrophage expression of
APE1/Ref-1. Interestingly, APE1/Ref-1 plasma levels of ApoE−/− mice fed with a Western-type diet
were significantly increased compared with those of the mice fed with normal diet (15.76 ± 3.19 ng/mL
vs. 3.51 ± 0.50 ng/mL, p < 0.05), and were suppressed by atorvastatin administration. Correlation
analysis showed high correlation between plasma APE1/Ref-1 levels and NLR, a marker of systemic
inflammation. The cut-off value for APE1/Ref-1 for predicting atherosclerotic inflammation at
4.903 ng/mL showed sensitivity of 100% and specificity of 91%. We conclude that APE1/Ref-1
expression is upregulated in aortic endothelial cells/macrophages of atherosclerotic mice, and that
plasma APE1/Ref-1 levels could predict atherosclerotic inflammation.

Keywords: APE1/Ref-1; atherosclerosis; ApoE knockout mouse; atorvastatin; VCAM-1; galectin-3;
neutrophil/lymphocyte ratio

1. Introduction

Atherosclerosis is chronic vascular inflammation characterized by excessive lipoprotein in
macrophages and expression of proinflammatory molecules such as the vascular cell adhesion
molecule [1]. Increased oxidative stress and proinflammatory gene induction initiates the formation of
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atherosclerotic lesions [2]. Under conditions of oxidative stress, reactive oxygen species produce these
oxidative DNA lesions via mechanisms that involve oxidation and fragmentation of nucleobases [3].
Increasing evidence shows oxidative DNA damage in atherosclerotic plaques [4]. Atherosclerosis
is characterized by lipid accumulation and inflammation within the arterial wall [1]. Chronic lipid
accumulation promotes inflammation. Vascular inflammation is intimately involved in foam-cell
formation and plaque stability, thereby contributing to all the stages of atherosclerosis [5].
Apolipoprotein E (ApoE) functions in the transport of lipids and plays a key role in the redistribution
of lipids from local tissue [6].

Apurinic/apyrimidinic endonuclease 1/redox factor-1 (APE1/Ref-1) is an essential multifunctional
protein involved in DNA base-excision repair and in redox regulation of several functional proteins
including transcription factors. APE1/Ref-1 plays key roles in the maintenance of genomic stability and
cellular homeostasis [7,8]. The sub-cellular localization of APE1/Ref-1 is regulated by post-translational
modification such as acetylation [7]. Additionally, APE1/Ref-1 acts as an anti-inflammatory mediator
by inhibiting reactive oxygen species and by increasing the levels of endothelial nitric oxide
production [9,10]. Studies have shown extracellular secretion of APE1/Ref-1 in hyperacetylation
and in the plasma of endotoxemic animals [11,12]. While biologically active APE1/Ref-1 can be
secreted from cells, the biological function of extracellular APE1/Ref-1 remains unclear. Extracellular
APE1/Ref-1 is believed to participate in circulating surveillance for oxidative damage [13]. Additionally,
the biological utility of serologic APE1/Ref-1 in cardiovascular disorders has been reported in coronary
arterial disorders [14] and murine myocarditis [15], suggesting that APE1/Ref-1 level in blood is
correlated with angina or myocardial injury.

The specific cell types that secrete APE1/Ref-1 are not identified. Only limited information could
be obtained from previous reports that preformed with in vitro experiments. In hyperacetylation
condition, APE1/Ref-1 can be secreted from human embryonic kidney 293 (HEK293) cells [11] and
vascular endothelial cells [16]. It also was proposed that APE1/Ref-1 is secreted from monocytes in
response to lipopolysaccharide [17]. The ApoE knockout mouse (ApoE−/−) model is widely used to
investigate the pathogenesis of atherosclerosis. When challenged with a Western-type diet, ApoE−/−
mice show increased cholesterol levels and develop atherosclerotic lesions [18]. High cholesterol
levels and the ensuing inflammation increase cardiovascular events and mortality, this is considerably
decreased by the use of statins [19]. In addition to their lipid-lowering effects, statins also show
anti-inflammatory and antioxidative activity [19]. However, whether plasma APE1/Ref-1 levels are
altered, and what hematological factors or which cells types are correlated with APE1/Ref-1 remains
unclear in experimental models of atherosclerosis.

In this study, we investigated whether plasma APE1/Ref-1 levels were upregulated and correlated
with vascular inflammation, and whether this process could be controlled by using statins. We also
investigated the usefulness of serologic APE1/Ref-1 as a potential biomarker for vascular inflammation
in ApoE−/− mice fed with a Western-type diet.

2. Experimental Section

2.1. Procedures Involving Animals

In this study, we used 8-week-old male apoprotein E-knockout mice (ApoE−/−; Jackson Laboratory,
Bar Harbor, ME, USA) and age- and sex-matched C57BL/6J mice (DooYeol Biotech, Seoul, Korea.)
The mice were housed at 24 ◦C and with a 12-h day/12-h night cycle, with water and chow administered
ad libitum. Mice were fed with either a normal diet (cat.# 2918, Envigo, Madison, MI, USA) or a
Western-type diet containing 21% fat, 34% sucrose, 19.5% casein, and 0.2% cholesterol (cat.# TD 88137,
Envigo, Madison, MI, USA) for 20 weeks. Our animal protocol was approved by the Ethics Committee
of Animal Experimentation of the Chungnam National University (2019037-CNU-43, 26 Mar 2019).
In addition to C57BL/6J wild-type (WT) control group, ApoE−/− mice (n = 30, male) were randomly
subdivided into three groups (n = 10 per group): the normal diet (ND) group, the Western-type diet
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group (WD), and the atorvastatin-treated ApoE−/− mice fed with a Western-type diet (WD + statin).
Atorvastatin (Pfizer Ltd., New York, NY, USA) (20 mg/kg/day) was administered orally.

2.2. Analysis of Blood Cells and Chemistry

Mice were sacrificed at 20 weeks after commencement of the diet. Blood samples were
collected from the heart of the deeply anesthetized mice in the morning after an overnight starvation
period. Whole blood was collected into ethylenediaminetetraacetic acid (EDTA) anticoagulated tubes.
A ProCyte Dx® hematology analyzer (IDEXX Laboratories, Inc., Westbrook, ME, USA) was used to
measure the hematological parameters of the collected blood. The following hematological parameters
were assessed: red blood cell (RBC) count, hemoglobin, hematocrit, platelet count, and white blood
cell (WBC) count. A differential WBC count was performed for neutrophils, lymphocytes, monocytes,
eosinophils, and basophils. Whole blood was collected into heparin-coated tubes for plasma separation,
and plasma was separated by centrifugation at 3000 rpm for 15 min. The plasma samples were used
for blood chemistry analysis and measurements of cytokine levels. The levels of plasma cholesterol,
triglycerides, lipoprotein, and glucose were measured using a BS-220 chemistry analyzer (Mindray,
Shenzhen, China).

2.3. Quantification of Plasma APE1/Ref-1

Plasma levels of APE1/Ref-1 were determined using an APE1/Ref-1 sandwich enzyme-linked
immunosorbent assay kit (MediRedox, Daejeon, Korea) according to the manufacturer’s instructions.
Briefly, plasma samples were added to the wells, the plates were incubated at 37 ◦C for 90 min, and then
washed five times using phosphate-buffered saline with Tween® 20 (PBS-T). This was followed by the
addition of 100 μL of the detection primary antibody at 1:200 dilution, and the plate was incubated
at 37 ◦C for 2 h. The plate was then washed seven times with PBS-T, after which a horseradish
peroxidase-conjugated secondary antibody (1:200) was added to the wells (100 μL per well), and the
plate was incubated at room temperature for 30 min. After further washing, 100 μL freshly prepared
tetramethyl benzidine substrate was added to each well. The color-development reaction was stopped
by the addition of 100 μL stop solution, and absorbance was measured at 450 nm using a Glomax
microplate reader (Promega, Madison, WI, USA). Each sample was assayed in duplicate, and mean
values were determined. To establish a standard curve, purified recombinant human APE1/Ref-1
(MediRedox, Daejeon, Korea) was serially diluted (2-fold) and used in a concentration series from
0.312–20 ng/mL. Secreted APE1/Ref-1 levels (ng/mL) were calculated using a standard curve.

2.4. Immunoblotting

Aorta tissues, harvested from ApoE−/− and C57BL/6J mice, were chopped in
radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology, Danvers, MA, USA)
and homogenized using a sonicator (Hielscher, Teltow, Germany). Aorta tissue was centrifuged at
12,000 rpm for 15 min and the supernatant was collected. Aorta lysates were subjected to 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by immunoblotting using
anti-vascular cell adhesion molecule-1 (VCAM-1) (1:1000, cat.# MAB6434) or anti-galectin-3 (1:000, cat.#
AF1197) from R&D Systems (Minneapolis, MN, USA), anti-APE1/Ref-1 (1:1000, cat.# MR-MA14) from
MediRedox (Daejeon, Korea), and anti-β-actin (1:5000, cat.# A5316) from Sigma-Aldrich (St. Louis,
MI, USA).

2.5. Immunohistochemistry

Aortic tissues were fixed using 4% paraformaldehyde, paraffin-embedded, and sectioned at
a thickness of 3 μm. Aortic sections were then incubated overnight at 4 ◦C with anti-VCAM-1
(1:200, cat.# MAB6434) or anti-galectin-3 (1:200, cat.# AF1197) from R&D Systems (Minneapolis, MN,
USA), or anti-APE1/Ref-1 (1:300, cat.# MR-MA14) from MediRedox (Daejeon, Korea). Horseradish
peroxidase-conjugated goat-anti-rabbit and anti-mouse secondary antibodies (1:1000) were then
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applied onto the sections. Specificity of immunostaining was assessed using nonimmune rabbit
immunoglobulin G (IgG) and mouse IgG as negative controls. The sections were counterstained
with hematoxylin, dehydrated, and mounted. Histological staining was digitalized using microscope
(Motic, Richmond, BC, Canada) and analyzed using the TS view 7 software (Microscope.com, Roanoke,
VA, USA).

2.6. Immunofluorescence

Aortic sections were dehydrated and quenched using 3% hydrogen peroxide. Sections were then
blocked using 5% bovine serum albumin (BSA). The sections were incubated overnight at 4 ◦C with
anti-cluster of differentiation 31 (CD31) (1:40, cat.# ab28364) or anti-smooth muscle protein 22α (SM22α,
1:400, cat.# ab14106) from Abcam (Cambridge, MA, USA), anti-galectin-3 (1:200, cat.# AF1197) from
R&D Systems (Minneapolis, MN, USA), and anti-APE1/Ref-1 (1;300, Cat.# MR-MA14) from MediRedox
(Daejeon, Korea). Then, Alexa Fluor® 488-conjugated anti-rabbit IgG, Alexa Fluor® 647-conjugated
anti-mouse IgG, or Alexa Fluor® 647-conjugated anti-IgG was applied for 60 min at room temperature.
Aortic sections were then counterstained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich, St. Louis,
MI, USA). Digital microscopy was performed using a Leica confocal microscope (Leica-Microsystems,
Wetzlar, Germany).

2.7. Oil Red O Staining

Next, mouse aortic tissues were stained with Oil red O to quantify advanced atherosclerotic lesions
(20 weeks on Western-type diet). Oil Red O staining was performed using standard protocol [20].
Aortas were fixed in 10% formalin for 16 h at room temperature, washed three times in double-distilled
water, and then exposed to 60% isopropanol for 3 min. The fixed aortas were subsequently incubated
in Oil Red O solution (at 3:2 Oil Red O:double distilled water) for 30 min. Afterwards, the aortas were
immersed into 60% isopropyl alcohol for 30 sec and then washed with double-distilled water. Images
of Oil Red O-stained aortas were captured for quantification of areas containing atherosclerotic lesions.
The digital images of the entire Oil Red O-stained aortas were evaluated using the ImageJ software [21].

2.8. Statistical Analysis

Values are expressed as mean ± standard error of the mean. Data were analyzed using one-way
ANOVA and multiple comparison analysis with the post-hoc Bonferroni correction. p < 0.05 was
considered statistically significant. All statistical analyses were performed using GraphPad Prism
version 8 (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Plasma Lipid Profile in ApoE−/− Mice Fed with Normal and Western-Type Diet

First, we evaluated how much the plasma lipid and glucose profile changed according to
dietary conditions in all the experimental groups. As shown in Figure 1, total plasma cholesterol and
low-density lipoprotein (LDL) in wild-type control mice (WT) fed with a normal diet was approximately
107 mg/dL and 10 mg/dL, respectively. ApoE−/− mice fed with a normal diet (ND) showed higher
plasma cholesterol (335 mg/dL) and LDL levels (202 mg/dL) compared with those of wild-type control
mice (WT). ApoE−/− mice fed with a Western-type diet (WD) for 20 weeks showed further increased
levels of total cholesterol (1134 mg/dL) and LDL (723 mg/dL) compared with those of control mice
or ApoE−/− mice fed with a normal diet (ND). However, blood glucose levels were unchanged by
the Western-type diet. Interestingly, the groups treated with atorvastatin (20 mg/kg) did not show
significantly improved lipid levels compared with those of ApoE−/− mice fed with a Western-type
diet (WD).
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Figure 1. Plasma lipid and glucose level in apolipoprotein E (ApoE−/−) mice fed with normal and
Western-type diets. (A) Total cholesterol, (B) low density lipoprotein (LDL), (C) high density lipoprotein
(HDL), (D) triglyceride, and (E) glucose were measured in experimental groups (WT; C57BL/6J wild-type
control mice, ND; ApoE−/− mice fed with a normal diet, WD; ApoE−/− mice fed with a Western-type
diet, WDS; atorvastatin-treated ApoE−/− mice fed with a Western-type diet) using a chemistry analyzer.
All values represent mean ± SEM, n = 8–10 animals per group. * p < 0.05, vs. ND group was determined
by one-way ANOVA followed by Bonferroni’s multiple compare test.

3.2. Hematologic Parameters in ApoE−/− Mice Fed with Western-Type Diet

Using complete blood count and leukocyte/lymphocyte ratio (NLR), we examined which
hematologic parameters were changed by a dietary condition for 20 weeks. RBC counts, hemoglobin
hematocrit, platelet counts (Figure 2A–D) were unchanged in the experimental groups; however,
the WBC differential counts were considerably altered. The percentage of neutrophils in ApoE−/−
mice fed with a Western-type diet (WD) was significantly increased (33.8% for ND vs. 59.5% for WD,
p < 0.05), while lymphocyte percentages were decreased (64.4% for ND vs. 33.9% for WD, p < 0.05)
(Figure 2I,J). Interestingly, treatment with atorvastatin (20 mg/kg) significantly reduced changes in
WBC differential count, suggesting that atorvastatin exerted anti-inflammatory effects. NLR is used
as a marker for inflammation and is associated with atherosclerosis [22,23]. ApoE−/− mice fed with
a Western-type diet showed an increased NLR; however, this effect was suppressed by atorvastatin
(Figure 2K). Collectively, our results indicate that a Western-type diet administered for 20 weeks to
ApoE−/− mice induced systemic inflammation and hypercholesterolemia in these animals.
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Figure 2. Hematologic parameters following 20 weeks of normal and Western-type diets. (A) Red
blood cell count, (B) hemoglobin, (C) hematocrit, (D) platelets, (E) white blood cell count, (F) eosinophil,
(G) basophil, (H) monocyte, (I) neutrophil, (J) lymphocyte were analyzed in experimental groups
(WT; C57BL/6J wild-type control mice, ND; ApoE−/− mice fed with a normal diet, WD; ApoE−/− mice
fed with a Western-type diet, WDS; atorvastatin-treated ApoE−/− mice fed with a Western-type diet)
using a hematology analyzer. (K) Neutrophil-to-lymphocyte ratio (NLR) was calculated dividing the
neutrophil by lymphocyte in experimental groups. All values represent mean ± SEM, n = 8–10 animals
per group. * p< 0.05, vs. ND group, # p < 0.05 vs. WD group was determined by one-way ANOVA
followed by Bonferroni’s multiple compare test.

3.3. APE1/Ref-1 Expression Is Increased in Aorta of Atherosclerotic Mice

To explore whether APE1/Ref-1 expression was changed in atherosclerosis, we first evaluated
the formation of atherosclerotic plaques. The aortas were excised and en face areas of the aortas
were stained with Oil Red O. As shown in Figure 3A, ApoE−/− mice fed with a Western-type diet
(WD) showed significantly increased plaque areas in the whole aortas and aortic arches compared
with those of wild-type control mice (WT) and ApoE−/− mice fed with a normal diet (ND). However,
the group treated with atorvastatin showed significantly reduced plaque areas compared with those
of WD groups. As shown in Figure 3B, immunohistochemical labeling showed positive APE1/Ref-1
expression in the innermost endothelial layer of the aortas collected from WT and ND groups. In the
aortic tissue of ApoE−/− mice fed with a Western-type diet (WD), APE1/Ref-1 expression was markedly
increased in whole aortic wall, especially in the innermost layer of endothelial lining, in a fatty streak of
plaque, in the smooth muscle layer, and in a thrombus in aortic lumen. Next, we used immunolabeling
with vascular cell adhesion molecule-1 (VCAM-1), a vascular inflammation marker [24], and galectin-3,
a macrophage marker [25–27], to investigate whether aortic tissue was activated or inflamed by a
Western-type diet. Our results indicate low expression levels of VCAM-1 and galectin-3 in the aortas
of WT and ND groups (Figure 3B). However, VCAM-1 and galectin-3 expression in the aortas of
ApoE−/− mice fed with a Western-type diet was markedly increased. In the aortas of ApoE−/− mice fed
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with a Western-type diet, the expression of galectin-3 was particularly increased in fatty streaks or
foam cells of plaques and areas of atherosclerotic microaneurysms. Next, we used Western blotting
to quantitatively analyze whether APE1/Ref-1 expression was changed in aortic tissues (Figure 3C).
As shown in Figure 3C, aortic APE1/Ref-1 expression was markedly increased in ApoE−/− mice fed
with a Western-type diet compared with those of WT or ND groups. Additionally, the expression of
VCAM-1 and galectin-3 were significantly increased in the aortas of ApoE−/− mice fed a Western-type
diet (WD) compared with that of mice fed with a normal diet (ND). The upregulated expression of
APE1/Ref-1, VCAM-1, and galectin-3 in ApoE−/− mice fed with a Western-type diet was robustly
suppressed by treatment with atorvastatin. These results suggest that APE1/Ref-1 expression was
increased in endothelial cell- and/or macrophage-activated aortic tissues of atherosclerotic mice.

Figure 3. Apurinic/apyrimidinic endonuclease 1/redox factor-1 (APE1/Ref-1) expression is increased
in the aortas of atherosclerotic mice. (A) Oil Red O staining and quantification of atherosclerotic
plaques in the aorta. Representative images of whole aorta obtained from ApoE−/− mice (left). Relative
percentage of Oil Red O positive areas in whole aorta of ApoE−/− mice analyzed using the ImageJ
software (right). Each bar shows mean ± SEM (n = 3), * p < 0.05, vs. ND group, # p < 0.05, vs. WD group.
(B) Immunohistochemistry for APE1/Ref-1, vascular cell adhesion molecule-1 (VCAM-1), and galectin-3
expression in the thoracic aortas of experimental groups (WT; C57BL/6J wild-type control mice, ND;
ApoE−/− mice fed with a normal diet, WD; ApoE−/− mice fed with a Western-type diet, WD + statin;
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atorvastatin-treated ApoE−/− mice fed with a Western-type diet). The aortic tissues were color
developed using 3,3′-diaminobenzidine reagent and counter stained with hematoxylin (magnification
40×, scale bar 50 μm) (left). Fold changes in the levels of positive immunolabeling relative to those of
the control group (WT) are shown for each experimental group (right). Each bar shows mean ± SEM
(n = 3), * p < 0.05, vs. ND group, # p < 0.05, vs. WD group. (C) Immunoblotting for APE1/Ref-1,
VCAM-1, and galectin-3 expression using aortic-tissue lysates obtained from each experimental group.
Relative band intensities were normalized to that of β-actin. Each bar shows mean ± SEM (n = 3),
* p < 0.05, vs. ND group, # p < 0.05, vs. WD group.

3.4. Upregulated APE1/Ref-1 Is Co-Localized in Macrophages and Endothelial Cells

Atherosclerotic plaques consist of a heterogeneous population of cells including endothelial
and smooth muscle cells, macrophages, and/or transdifferentiated cells such as foam cells [28,29].
Therefore, we next examined cellular co-localization of APE1/Ref-1 in the aortas of ApoE−/− mice
fed with a Western-type diet (WD). To identify macrophages, endothelial cells, and smooth muscle
cells in atherosclerotic plaques, we utilized specific fluorescence imaging using cell-specific markers
in tissue sections of the mouse aorta. As shown in Figure 4A, the expression of the macrophage
marker [25] galectin-3 (red) was not detected in the aortas of ApoE−/− mice fed with a normal diet
(ND), but was increased in ApoE−/− mice fed with a Western-type diet (WD). APE1/Ref-1 (green) was
highly expressed in WD mice, and the signal for APE1/Ref-1 was merged with that for galectin-3
(red), thereby indicating the co-localization of APE1/Ref-1 in macrophages. As shown in Figure 4B,
the signal for APE1/Ref-1 (green) was mainly merged with that for CD31 (red), which is a specific
marker for endothelial cells [30] in the aortas of WD mice, this suggests that APE1/Ref-1 expression
was upregulated in the endothelial layer. As shown in Figure 4C, the signal for SM22α (red), a specific
marker for smooth muscle cells [31], was not merged with the signal for APE1/Ref-1 (green) in the
aortic tissues of ApoE−/− mice fed with a normal (ND) or a Western-type diet (WD). These results
suggest that upregulated APE1/Ref-1 expression in ApoE−/− mice fed with a Western-type diet may
have been derived from macrophages and endothelial cells in atherosclerotic plaques.

Figure 4. Upregulated APE1/Ref-1 expression is co-localized in macrophages and endothelial cells.
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(A) Immunofluorescence labeling for APE1/Ref-1 and galectin-3 in the thoracic aorta of ApoE−/−
mice fed with a normal diet (ND) or a Western-type diet (WD). Aortic tissues were immunolabeled
using Alexa Fluor® 647-conjugated anti-galectin-3 antibody (red) and Alexa Fluor® 488-conjugated
anti-APE1/Ref-1 (green). Red fluorescence signal for galectin-3 was used to detect macrophages.
Right image (magnification 400×) shows a white square on the left image (magnification 40×, scale
bar 50 μm). White arrows indicate co-localization of APE1/Ref-1 with galectin-3 in macrophages
(orange-yellow signal) (right). Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI)
(blue). (B) Immunofluorescence labeling for APE1/Ref-1 and cluster of differentiation 31 (CD31)
in the thoracic aorta of ApoE−/− mice fed with a normal diet (ND) or a Western-type diet (WD).
Aortic tissues were immunolabeled using Alexa Fluor® 647-conjugated anti-CD31 antibody (red)
and Alexa Fluor® 488-conjugated anti-APE1/Ref-1 (green). Red fluorescence signal for CD31 was
used to detect endothelial cells. Right image (magnification 400×) shows a white square on the left
image (magnification 40×, scale bar 50 μm). White arrows indicate co-localization of APE1/Ref-1 with
CD31 in endothelial cells (orange-yellow signal) (right). Cell nuclei were stained with DAPI (blue).
(C) Immunofluorescence analysis of APE1/Ref-1 and SM22α in the thoracic aorta of ApoE−/− mice fed
with a normal diet (ND) or a Western-type diet (WD). Aortic tissues were immunolabeled with Alexa
Fluor® 647-conjugated anti-SM22α antibody (red) and Alexa Fluor® 488-conjugated anti-APE1/Ref-1
(green). Red fluorescence signal for SM22αwas used to detect vascular smooth muscle cells. Nuclei
were stained with DAPI (blue fluorescence). Right image (magnification 400×) shows a white square
on the left image (magnification 40×, scale bar 50 μm). Notably, APE1/Ref-1 signal did not merge with
that for SM22α.

3.5. Plasma APE1/Ref-1 Levels Are Markedly Elevated in ApoE−/− Mice Fed with a Western-Type Diet

APE1/Ref-1 can be secreted into blood circulation in endotoxemia [12]. Having determined that
the expression of APE1/Ref-1 was increased in atherosclerotic plaques of ApoE−/− mice fed with a
Western-type diet, we investigated whether plasma APE1/Ref-1 levels were elevated in atherosclerotic
inflammation. Plasma APE1/Ref-1 level in mice was evaluated with sandwich ELISA assay as described
in the experimental section. Plasma APE1/Ref-1 in C57BL/6J wild-type control mice (WT) and ApoE−/−
mice fed with a normal diet (ND) were 3.12 ± 0.57 ng/mL and 2.74 ± 0.82 ng/mL, respectively,
thus showing no significant difference between the WT and ND groups. However, interestingly,
the levels of plasma APE1/Ref-1 in ApoE−/− mice fed with a Western-type diet (WD) were significantly
increased compared with those of the ND group (11.36 ± 2.17 ng/mL for WD vs. 2.74 ± 0.82 ng/mL
as for ND). These increased plasma levels of APE1/Ref-1 detected in the WD group were suppressed
by treatment with atorvastatin (11.36 ± 2.17 ng/mL for WD vs. 3.54 ± 0.52 ng/mL for WD + statin)
(Figure 5A). This suggests that plasma levels of APE1/Ref-1 were increased under hypercholesterolemic
conditions accompanied by inflammation. Analysis using receiver operating characteristic (ROC)
was performed to evaluate the utility of plasma APE1/Ref-1 as a biomarker for atherosclerosis and to
determine the optimal cut-off value. Based on the ROC curve, the cut-off value for plasma APE1/Ref-1
level for diagnosis of atherosclerosis in ApoE−/− mice fed with a Western-type diet (WD) as compared
with wild-type control mice (WT) was set at 4.90 ng/mL, with an area under the ROC curve of 1.0,
a sensitivity of 100%, and a specificity of 91% (Figure 5B). Similarly, the cut-off value for plasma
APE1/Ref-1 level for diagnosis of atherosclerosis in ApoE−/− mice fed with a Western-type diet (WD) as
compared with ApoE−/− mice fed with a normal diet (ND) was set at 5.64 ng/mL, with an area under
ROC curve of 1.0, a sensitivity of 100%, and a specificity of 90%.
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Figure 5. Plasma APE1/Ref-1 level was significantly elevated in ApoE−/− mice fed with a Western-type
diet. (A) Quantitative analysis of plasma APE1/Ref-1 levels in each experimental group (WT; C57BL/6J
wild-type control mice, ND; ApoE−/− mice fed with a normal diet, WD; ApoE−/− mice fed with a
Western-type diet, WD + statin; atorvastatin-treated ApoE−/− mice fed with a Western-type diet)
was performed using an enzyme-linked immunosorbent assay (ELISA). Results are represented as
mean ± S.E.M., n = 5–10. * p < 0.05, vs. ND group, # p < 0.05, vs. WD group was determined using
one-way ANOVA followed by the Bonferroni’s multiple comparison test. (B) Receiver operating
curves of plasma APE1/Ref-1 levels for the diagnosis of atherosclerosis in ApoE−/− mice fed with a
Western-type diet (WD) compared with those of wildtype control mice (WT). Area under curve (AUC)
(�) = 1.00; p < 0.0001. Receiver operating curves of plasma APE1/Ref-1 levels for the diagnosis of
atherosclerosis in ApoE−/− mice fed with a Western-type diet (WD) compared with those of ApoE−/−
mice fed with a normal diet (ND). Area under curve (AUC) (�) = 1.00; p < 0.0001. Notably, there was
no significant difference between WT and ND groups.

3.6. Correlation of Hematologic Parameters with Plasma APE1/Ref-1 Level

Having established that plasma APE1/Ref-1 levels were elevated in ApoE−/− mice fed with a
Western-type diet, we next analyzed which hematologic parameters were correlated with plasma
APE1/Ref-1 levels. Correlation analysis was first performed in three groups of wild-type control mice
(WT) and ApoE−/− mice fed with a normal diet (ND) or a Western-type diet (WD). As shown in the
left panel of Table 1, plasma APE1/Ref-1 levels were significantly correlated with the level of total
cholesterol (r = 0.61), LDL (r = 0.62), and the neutrophil/lymphocyte ratio (NLR, r = 0.63). This suggests
that high cholesterol, LDL, and NLR were important factors that correlated with increased APE1/Ref-1
levels. To evaluate the correlation between plasma APE1/Ref-1 levels and hematologic parameters
during treatment with atorvastatin, correlation analysis was performed in ApoE−/− mice fed with a
Western-type diet (WD) and atorvastatin-treated ApoE−/− mice fed with a Western-type diet (WD +
statin). As shown in the right panel of Table 1, plasma APE1/Ref-1 level was significantly correlated
with neutrophil counts (r = 0.61), lymphocyte counts (r = −0.62), and NLR (r = 0.79), but was not
correlated with lipid profiles such as that for total cholesterol (r = 0.37). This indicates that plasma
levels of APE1/Ref-1 were correlated mainly with the neutrophil/lymphocyte ratio, which is used as a
marker of systemic inflammation.
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Table 1. Correlation analysis of hematologic parameters with plasma APE1/Ref-1 levels.

Hematologic
Parameters with

Plasma APE1/Ref-1

Between Wild Type, ApoE−/− Mice Fed
Normal Diet and Western Type Diet

(WT, ND and WD)

Between ApoE−/− Mice Fed Western-Type
Diet and Atorvastatin-Treated Group

(WD and WD + statin)

r 95% CI a p Value r 95% CI a p Value

Total cholesterol 0.609 0.213 to 0.833 0.006 0.366 −0.106 to
0.703 n.s

Low density
lipoprotein 0.616 0.224 to 0.836 0.005 0.277 −0.203 to

0.649 n.s

Triglyceride 0.288 −0.192 to
0.656 n.s −0.055 −0.497 to

0.409 n.s

monocyte 0.382 −0.088 to
0.712 n.s 0.059 −0.406 to

0.500 n.s

Neutrophil 0.313 −0.165 to
0.671 n.s 0.611 0.217 to 0.834 0.005

Lymphocyte -0.347 −0.692 to
0.127 n.s −0.616 −0.836 to

−0.224 0.005

Neutrophil/lymphocyte
ratio 0.633 0.251 to 0.845 0.004 0.786 0.515 to 0.914 <0.001

WT; C57BL/6J wild-type control mice, ND; ApoE−/− mice fed with normal diet, WD; ApoE−/− mice fed with a
Western-type diet, WD + statin; atorvastatin-treated ApoE−/− mice fed with a Western-type diet, CI; confidence
interval, n.s; not significant, a Pearson Correlation Coefficient between plasma APE1/Ref-1 and relevant parameters.

4. Discussion

In this study, we showed that APE1/Ref-1 expression is upregulated in the aortic tissues of
atherosclerotic mice fed with a Western-type diet. In these atherosclerotic mice fed with a Western-type
diet, elevated plasma levels of APE1/Ref-1 were correlated with the neutrophil/lymphocyte ratio,
which were controlled with treatment with atorvastatin.

To evaluate the functions of APE1/Ref-1 in atherosclerosis, we selected ApoE−/− mice as our
animal model of atherosclerosis. ApoE−/−mice demonstrate decreased cholesterol clearance of remnant
lipoproteins, which results in hypercholesterolemia. In our present study, however, the level of plasma
cholesterol (~335 mg/dL) did not lead to the formation of atherosclerotic plaques in ApoE−/− mice
fed with a normal diet. However, ApoE−/− mice fed with a Western-type diet (high in fat and
cholesterol) showed plasma cholesterol levels that were elevated to more than 1000 mg/dL (Figure 1),
and atherosclerotic plaques were observed throughout the aortas of these mice. Collectively, ApoE−/−
mice that chronically consumed a Western-type diet for 20 weeks developed atherosclerotic plaques
with vascular inflammation. Inflammatory monocytes can secrete proinflammatory cytokines, thereby
contributing to vascular dysfunction and accumulation of lipid-laden foam cells. The association of
elevated monocyte and neutrophil levels with atherosclerotic progression has been reported in several
studies [32,33]. The neutrophil/lymphocyte ratio (NLR), which is calculated by dividing the neutrophil
count by the lymphocyte count, is also used as an indicator of systemic inflammation [34]. High NLR
is particularly associated with atherosclerosis [22,23,35]. In our present study, ApoE−/− mice fed with a
Western-type diet showed increased neutrophil or monocyte counts, decreased lymphocyte counts,
and increased NLR, these effects were suppressed by treatment with atorvastatin (Figure 2).

Increasing evidence indicates that APE1/Ref-1 expression is upregulated in several types of cancer,
and in cardiovascular and inflammatory disorders [13]. APE1/Ref-1 is highly expressed in hypertensive
rats [36] and in human atherosclerotic plaques [37]. Oxidative stress and endothelial dysfunction are
implicated in the pathogenesis of numerous cardiovascular diseases including hypercholesterolemia
and atherosclerosis in humans [38] and in ApoE knockout mice [39]. In humans, endothelial dysfunction
is thought to precede the development of atherosclerosis [40]. The incorporation of lipids within the
endothelium, which is an early manifestation of atherosclerosis, and the associated oxidative processes,
may contribute to the degradation of nitric oxide, resulting in vascular dysfunction [41]. Defective base
excision repair of oxidative DNA damage promotes atherosclerosis [42]. Endogenous reactive oxygen
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species (ROS) may increase the level of DNA damage, which then leads to an increased APE1/Ref-1 level,
thereby enhancing base excision repair capacity. Indeed, the upregulation of APE1/Ref-1 expression
is an adaptive response to cytotoxicity of oxidative agents [43–45]. Therefore, increased expression
of APE1/Ref-1 is necessary for the repair of damaged DNA and defense against oxidative stress in
atherosclerotic lesions.

It is important to uncover the mechanisms behind APE1/Ref-1 secretion. APE/Ref-1 can be secreted
by using non-classical secretion pathways because of the absence of a leading peptide sequence [13].
The secretion of APE1/Ref-1 is mediated by ATP-binding cassette A1 (ABCA1) transporter or vesicular
formation [46,47]. The acetylation at the lysine residues of APE1/Ref-1 is a particularly important
step for extracellular secretion [11]. Hyperacetylation induced the extracellular vesicular formation
containing APE1/Ref-1, which was analyzed with gold particle-labelled APE1/Ref-1 in triple negative
breast cancer cell lines [47]. However, research into the mechanisms behind how APE1/Ref-1 is secreted
and by which cell types will be further needed.

The immunofluorescence images of co-localized APE1/Ref-1 show that APE1/Ref-1 is mainly
overexpressed in macrophages and endothelial cells. APE1/Ref-1 overexpression was closely related to
increased expression of galectin-3, a specific macrophage marker, and CD31, a specific endothelial cell
marker. Galectin-3 is a carbohydrate-binding lectin implicated in the pathophysiology of cardiovascular
diseases and highly expressed within atherosclerotic lesions of mice and humans [48–50]. Galectin-3
expression is related to oxidative stress in macrophages. Protein kinase C (PKC) activator, a nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase-dependent inducer of ROS, stimulates an increase
in galectin-3 mRNA and protein expression; however, blocking with apocynin reverses these effects [51].
These previous findings show that upregulated APE1/Ref-1 expression in macrophages under
hypercholesterolemic conditions is likely related to macrophage defense mechanisms against oxidative
stress. CD31 is a protein that is encoded by platelet endothelial cell adhesion molecule-1. CD31 is
fairly specific for endothelial differentiation [52]. CD31 is enriched at endothelial cell intercellular
junctions. In these locales, it regulates leukocyte trafficking, mechanotransduction, and vascular
permeability, and functions as an adhesive stress-response protein to maintain endothelial cell junctional
integrity and to restore the vascular permeability barrier following inflammatory or thrombotic
challenge [53]. APE1/Ref-1 expression in endothelial cell layers suggests that it plays an important
role in the regulation of endothelial cell activation under hypercholesterolemic conditions. Previous
studies have shown that APE1/Ref-1 overexpression inhibits tumor necrosis factor-α (TNF-α)-induced
endothelial activation by inhibiting the generation of intracellular superoxide and phosphorylation
of p38 mitogen-activated protein kinase [9]. Adenoviral APE1/Ref-1 gene transfer inhibits balloon
injury-induced neointimal formation in the rat carotid artery and inhibits PKC-mediated p66shc
phosphorylation [54,55]. Additionally, lipid-rich plaque formation within the arterial wall produces
a hypoxic environment. Hypoxia leads to the formation of new blood vessels [56]. APE1/Ref-1
regulates several transcription factors involved in cell survival mechanisms and hypoxia signaling.
APE1/Ref-1 redox signaling activity can regulate the transcriptional activation of hypoxia-inducible
factor 1 alpha [57]. Therefore, increased APE1/Ref-1 expression in atherosclerotic plaques may be a
defense mechanism to protect tissue or cells against hypoxic injury.

Several animal and human studies have been conducted in an attempt to find a correlation
between plasma APE1/Ref-1 levels and cardiovascular diseases. Elevated APE1/Ref-1 levels are
detected in cardiovascular disorders. The 37-kDa immunoreactive band, identified as rat APE1/Ref-1
using liquid chromatography/tandem mass spectrometry in lipopolysaccharide-induced endotoxemic
rats [12], suggests that plasma APE1/Ref-1 level may serve as a serological biomarker for endotoxemia.
The levels of serum APE1/Ref-1 are elevated in coronary artery disease, and these levels are higher
in myocardial infarction than those in angina [14]. In our present study, we confirmed that serologic
APE1/Ref-1 was increased in the plasma of ApoE−/− mice, and that its levels were decreased by
treatment with atorvastatin. These results strongly suggest that APE1/Ref-1 could be used as a serologic
biomarker to detect the progression of atherosclerosis. Previous reports have shown that atorvastatin
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decreases plasma levels of inflammatory markers, plasma levels of highly sensitive C-reactive protein,
TNF-α, and monocyte chemoattractant protein-1 [58]. Based on results obtained in these studies,
reduction in vascular inflammation using treatment with atorvastatin would decrease plasma or tissue
levels of APE1/Ref-1, suggesting that APE1/Ref-1 can be used as a biomarker to assess the degree
of vascular inflammation. Our results show that plasma levels of APE1/Ref-1 were correlated with
vascular inflammation involved in atherosclerotic processes of ApoE−/− mice. Therefore, elevation
of plasma APE1/Ref-1 can aid in the diagnosis or follow-up of patients with vascular inflammation
and atherosclerosis. Furthermore, we evaluated the cut-off value for the plasma level of APE1/Ref-1
for use as a biomarker of atherosclerosis. Based on the ROC curve, the cut-off value was set at
4.903 ng/mL, with an area under the ROC curve of 1.0, a sensitivity of 100%, and a specificity of 91%.
This suggests that the plasma level of APE1/Ref-1 could be a reliable serologic biomarker for the
evaluation of atherosclerosis.

There are some limitations in the present work. Multiple strategies are necessary to find new
biomarkers associated with atherosclerotic inflammation. However, this study was conducted in
animals by using ApoE knockout animals as a model for arteriosclerosis. Experimental data such as
cut-off values obtained from animal experiments are difficult to use directly in humans and need to be
supplemented through human studies in the future. Research to determine the secreted cells has been
conducted only in vascular tissues. In order to identify specific cells from which APE1/Ref-1 is released,
it needs to be confirmed through the future development of tissue-specific knockout of APE1/Ref-1.
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Abstract: Arginine (L-arginine), is an amino acid involved in a number of biological processes,
including the biosynthesis of proteins, host immune response, urea cycle, and nitric oxide production.
In this systematic review, we focus on the functional role of arginine in the regulation of endothelial
function and vascular tone. Both clinical and preclinical studies are examined, analyzing the effects
of arginine supplementation in hypertension, ischemic heart disease, aging, peripheral artery disease,
and diabetes mellitus.
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1. Pleiotropic Effects of Arginine

L-arginine, hereinafter referred to as arginine, is a semi-essential or conditionally essential amino
acid, since it can be synthetized by healthy individuals but not by preterm infants [1]. From a chemical
point of view, arginine is a 2-amino-5-guanidinopentanoic acid (Figure 1). Its name derives from the
Greek word ἄργυρoς (silver), indicating the color of arginine nitrate crystals.

Arginine is involved in a number of biological processes, it is the substrate for a series of reactions
leading to the synthesis of other amino acids, and it is a substrate for two enzymes, namely nitric
oxide (NO) synthase (NOS) and arginase, which are fundamental for the generation of NO and
urea, respectively. Arginine is known to act as a substrate for NO production by endothelial cells,
thus regulating vascular tone and, overall, cardiovascular homeostasis [2]. NO is synthesized from
arginine by the enzyme NOS in a reaction that involves the transfer of electrons from nicotinamide
adenine dinucleotide phosphate (NADPH)—via the flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN) in the C-terminal reductase domain [3,4]—to the heme in the N-terminal
oxygenase domain, where the substrate arginine is oxidized to citrulline and NO [5,6], as shown in
Figure 1. Arginine is also implicated in T-cell proliferation and host immune responses, as well as in
creatine and collagen synthesis [7–11].

There are three isoforms of NOS, two of which—endothelial (eNOS) [12,13] and neuronal
(nNOS) [14–16]—are constitutively expressed, while the third one, inducible NOS (iNOS) [17–19],
is expressed in response to cytokines and is related to the inflammatory response [6,20]. NO generation
occurs in two steps: first, NOS hydroxylates arginine to Nω-hydroxy-arginine (which remains
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largely bound to the enzyme); in a second step, NOS oxidizes Nω-hydroxy-arginine to citrulline and
NO [21–29].

Figure 1. Functional role of arginine in the synthesis of nitric oxide (NO). NADPH: nicotinamide
adenine dinucleotide phosphate; eNOS: endothelial NO synthase.

In normal conditions, NOS catalyzes the transformation of arginine, O2, and NADPH-derived
electrons to NO and citrulline (Figure 1). However, in the presence of pathologic conditions like
atherosclerosis and diabetes, the NOS function is altered, and the enzyme catalyzes the reduction of O2

to superoxide (O2
−), a phenomenon that is generally referred to as “NOS uncoupling” [30–41], and has

been linked to a limited bioavailability of tetrahydrobiopterin (BH4, also known as sapropterin) [42–47].
Indeed, the donation of an electron by BH4 to produce a transient BH4•+ radical is required for the
oxidation of arginine to citrulline and the associated formation of a ferrous iron–NO complex at the
NOS heme catalytic center [48–51]. BH4 is synthesized from guanosine triphosphate (GTP) by GTP
cyclohydrolase I (GTPCH) and recycled from 7,8-dihydrobiopterin (BH2) by dihydrofolate reductase
(Figure 2). Of note, NOS is inhibited by arginine analogs that are substituted at the guanidino nitrogen
atom, like NG-monomethyl-arginine or NG-nitro-arginine [52–58].

As mentioned above, in the urea cycle arginine is converted by arginase, a manganese
metalloenzyme, in ornithine and urea; this cycle is crucial not only for allowing urea excretion,
but also for producing bicarbonate, which is critical for maintaining acid/base homeostasis [59–63].
Arginase exists in two distinct isoforms, arginase I and II, that share ~60% sequence homology;
arginase I is a cytosolic enzyme mainly localized in the liver, whereas arginase II is a mitochondrial
enzyme with a wide distribution and is expressed in the kidney, prostate, gastrointestinal tract, and the
vasculature [64–67].

The enzyme arginase is a key modulator of NO production by competing for arginine: in other
words, NO generation is dependent on the relative expression and activities of arginase and NOS. More
specifically, increased arginase activity may lead to a decreased bioavailability of arginine for NOS,
thereby diminishing NO production. This mechanism has emerged as an essential factor underlying
impaired endothelial functions [68,69]. Specifically, an increased arginase activity has been associated
with endothelial dysfunction in a number of experimental models of hypertension, atherosclerosis,
diabetes, and aging [70–92].
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Figure 2. Functional role of arginine in endothelial (dys)function. ADMA: asymmetric dimethylarginine;
Arg: arginine; BH2: 7,8-dihydrobiopterin; BH4: tetrahydrobiopterin; CAT: cationic amino acid
transporter; Citr: citrulline; NADPH: nicotinamide adenine dinucleotide phosphate; NO: nitric oxide;
NOS: NO synthase.

2. Arginine and NO Production in Physiological Conditions: The Arginine Paradox

Indeed, endothelial dysfunction is a leading cause of several pathological conditions affecting the
cardiovascular system, including hypertension, atherosclerosis, diabetes, and atherothrombosis [46,93–119].
Moreover, in April 2020, we were the first group to show that the systemic manifestations observed
in coronavirus disease (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), could be explained by endothelial dysfunction [120]. Indeed, alterations in endothelial
function have been linked to hypertension, diabetes, thromboembolism, and kidney failure, all featured,
to different extents, in COVID-19 patients [121–123]. Other investigators have later confirmed our
view [124–133]. On these grounds, based on the positive effects of arginine on endothelial function,
we can also speculate that arginine supplementation could be helpful, while not being harmful,
for contrasting endothelial dysfunction in COVID-19 patients.

An increasing interest in the potential therapeutic effects of arginine supplementation, especially
in cardiovascular disorders, has recently emerged. An impaired NO synthesis is considered a main
feature of a dysfunctional endothelium [107,134–136]; however, several studies suggest that arginine
supplementation in healthy subjects does not lead to a significant increase in NO production [11,137–140].
For instance, the daily administration of arginine for 1 week did not affect the serum concentration of
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two established indicators of NO production, namely NO2
− and NO3

−, in twelve healthy subjects [138].
In another study, 20 healthy subjects received daily arginine supplementation in both sustained-release
or immediate-release form; despite the significant increase in the plasma arginine concentration,
which proved the effectiveness of the administration protocol, the authors did not observe significant
differences in urinary extraction of nitrate [141].

One reason for the absence of significant results in normal conditions could be that the NO
synthesis machinery seems to be saturated by the endogenous arginine. Indeed, the Michaelis–Menten
constant (Km) of NO synthase is in the micromolar range, specifically 2.9 μmol/L, as demonstrated
by Bredt and colleagues [142]. Arginine plasma levels measured in healthy humans are 15–30-fold
higher than this Km, thereby making the levels of the substrate a non-limiting factor in the enzymatic
reaction leading to NO production. Despite such a biochemical ratio, which in fact makes the
enzyme physiologically saturated, various studies are also showing beneficial effects of arginine
supplementation in healthy subjects. For instance, arginine supplementation has been tested in athletes,
as vasodilation favors muscle perfusion and nutrient/oxygen delivery during exercise, enhancing
muscle strength and recovery [143]. Controversial results come from these studies, sometimes yielding
no effects of arginine supplementation on muscle performance, and sometimes demonstrating a
significant improvement in exercise capability [137,144–148].

The phenomenon known as “arginine paradox” is born from this scenario, and indicates that we
were losing part of the story concerning the alternative ways by which arginine can act on endothelial
NO production. The arginine paradox refers to the fact that despite intracellular physiological
concentrations of arginine being several hundred micromoles per liter, thereby exceeding the Km

of eNOS, the acute provision of exogenous arginine still increases NO production [149–151].
One of the mechanisms that may help explain the arginine paradox comes from the discovery of

asymmetric dimethylarginine (ADMA), an endogenous inhibitor of NOS [152–155]. Given its own
structure similar to arginine, ADMA is a direct competitor for NOS binding. Moreover, both ADMA
and arginine are both transported into the cell via the cationic amino acid transporter (CAT, also known
as “y+ system”), a high-affinity, Na+-independent transporter of the basic amino acids [156,157],
and therefore also compete with each other on this level (Figure 2). Since ADMA competes with
arginine for NOS and for cell transport, the bioavailability of NO depends on the balance between
the two [158]. Plasma levels of ADMA increase during hypertension, hypercholesterolemia, diabetes,
and atherosclerosis [95,159–170]. Hence, despite the range of endogenous arginine levels, they could
still be sufficient to guarantee eNOS saturation, and so the arginine/ADMA ratio would be reduced,
resulting in a net inhibition of NO production [171–173].

The arginine/ADMA ratio is widely considered to be an important indicator of NO bioavailability
as well as of the risk of formation of atherosclerotic plaques [174]. The ratio has been shown to be
a better predictor for all-cause mortality compared to ADMA alone [174,175]. Similarly, although
plasma ADMA levels were a significant predictor of all-cause mortality in an elderly population,
the effect disappeared in subjects with higher arginine levels [176], and the arginine/ADMA ratio
(but not ADMA alone) was a significant risk factor for microangiopathy-related cerebral damage in an
elderly population [177].

Arginine supplementation can equilibrate the arginine/ADMA ratio, recovering the production of
NO. In other terms, the increased arginine availability, resulting from supplementation, competes with
ADMA in binding eNOS (Figure 2). This interesting mechanism sheds light on the effectiveness of the
increased arginine availability, implicating further therapeutic options for arginine supplementation.
Furthermore, this phenomenon can explain some conflicting results about arginine supplementation
studies, as ADMA levels should be considered in the study populations. Specifically, cardiovascular
patients with increased ADMA plasma levels could be the best target of arginine supplementation.

Another potential explanation of the arginine paradox may be that arginine could be
compartmentalized in the cytoplasm, and local concentrations in the vicinity of NOS may be lower
than expected from arginine levels in whole-cell homogenates [178].
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3. Impaired NO Production as a Mechanism of Endothelial Dysfunction and Arginine Intervention

The major determinants of cardiovascular risk, including dyslipidemia, glucose intolerance,
smoking, hypercholesterolemia, and aging, have a direct impact on the endothelium [179–181].
Exposing the vasculature to these conditions induces endothelial dysfunction and alterations as
an early phenomenon, able to evolve and contribute to the progression towards clinically relevant
disorders like hypertension, atherosclerosis, and diabetes mellitus. Hence, the endothelium plays
a key role in cardiovascular physiology and pathophysiology [182–194]. Fervent research has been
conducted in recent years in order to understand the underlying mechanisms and identify therapeutic
strategies to prevent or counteract endothelial dysfunction.

The ability of the endothelium to regulate vascular homeostasis is largely dependent on NO
production, making endothelial vasodilator failure the main sign of endothelial dysfunction and a
hot point to be targeted. The impaired endothelial NO availability in perturbed vasculature can
be attributable to a diminished synthesis of NO or, indirectly, to an increased ROS production,
which inactivates the NO source [195,196]. In addition to counteracting oxidative stress, the stimulation
of NO synthesis represents an alternative and a potentially effective approach [197,198], for instance,
by providing further substrates to NO synthase. Theoretically, arginine supplementation meets
these needs, and thus, it has been tested in many cardiovascular disorders as a potential therapeutic
strategy [199]. However, human studies on arginine supplementation have often been a source of
debate. Indeed, in healthy subjects as well as in patients suffering from cardiovascular disorders,
levels of plasma arginine range from ~45 to ~100 μmol/L [137,200–202], significantly higher than the
eNOS Km of 2.9 μmol/L [203]. Endocrine mechanisms may also contribute to vasodilation induced by
arginine. Indeed, arginine stimulates the release of both insulin [204–206] and glucagon [207] from
pancreatic islets of Langerhans. Interestingly, an intravenous infusion of arginine has been shown to
induce vasodilation and insulin release in healthy humans, but when insulin secretion was blocked
by octreotide co-infusion, no vasodilation occurred, whereas vasodilation was restored by insulin
co-administration [208]. Since high intravenous doses of arginine (30 g) have also been shown to
induce growth hormones (GHs), and secretion [209], the vasodilation induced by arginine could also
be mediated by GHs via a signaling pathway that includes insulin-like growth factor-1 [210,211].

Substantial data indicate that endothelial dysfunction is highly prevalent in elderly
individuals [212,213]. Endothelial dysfunction has also been implicated in age-associated declines in
cognitive function, physical function, as well as in the pathogenesis of stroke, erectile dysfunction,
and renal dysfunction. Clinical trials testing the effects of arginine in aging-induced endothelial
dysfunction have yielded controversial results. An acute intravenous infusion of arginine (1 g/min
for 30 min) had no effect on endothelial-dependent vasodilation in healthy older individuals [214].
Similarly, the intravenous infusion of arginine induced a significant increase in the renal plasma flow,
glomerular filtration rate, natriuresis, and kaliuresis, in young but not in aged hypertensives [215].
Another study conducted in healthy postmenopausal women taking 9 g of arginine per day for 1 month
confirmed that plasma arginine increased without a concomitant significant change in flow-mediated
dilation [216]. On the contrary, in a prospective, double-blind, randomized crossover trial in 12 healthy,
old participants (age 73.8 ± 2.7 years), chronic arginine supplementation (16 g/day for 2 weeks)
markedly increased their plasma levels of arginine (114.9 ± 11.6 vs. 57.4 ± 5.0 mM) and significantly
improved endothelial-dependent vasodilation [217].

4. Arginine Supplementation in Hypertension

The majority of studies in animal models supports a beneficial effect of arginine supplementation in
hypertension, especially in the presence of salt-sensitive hypertension. For instance, both oral [218–220]
and intraperitoneal [221,222] arginine administration in Dahl salt-sensitive (DSS) rats was shown to
prevent the increase in blood pressure induced by a high salt diet. However, arginine was not effective
in DSS pretreated with high salt for three weeks [218], suggesting that arginine is able to prevent
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and counteract hypertension when it is in the early stages, but probably not when some changes and
pathological remodeling have already occurred.

The outcome of arginine supplementation could also depend on the method of administration.
For instance, renal medullary interstitial infusion of arginine prevents the increase in blood pressure
in high salt-treated rats, while the intravenous dose necessary to obtain a similar increase in plasma
arginine does not affect blood pressure [223]. A rat model of type 1 diabetes mellitus shows an
important reduction in blood pressure after 4 weeks of oral arginine treatment [224]; oral arginine
administration prevents fructose-induced hypertension [225]. Oral arginine administration does
not correct hypertension in spontaneously hypertensive rats, although markedly reduces renal
damage [226].

Although the beneficial effect of arginine supplementation in hypertension appears to be largely
attributable to its impact on NO synthesis, arginine has also been shown to have antioxidant
properties, thus affecting the activity of redox-sensitive proteins and lowering blood pressure [227–234].
Indeed, supplementation with 3 g/day arginine for two months increases the serum total antioxidant
capacity in obese patients with prediabetes [235]; of note, in vitro experiments performed in endothelial
cells have revealed that arginine reduces superoxide release and the cell-mediated breakdown of
NO [236].

In the clinical scenario, the oral administration of arginine acutely improves endothelium-dependent,
flow-mediated dilatation of the brachial artery in patients with essential hypertension [237];
however, the long-term effects of arginine were not investigated in this study [237]. In a Japanese
population, the acute intravenous infusion of arginine (500 mg/kg for 30 min) is able to decrease
arterial pressure of both salt-sensitive and salt-insensitive patients [238]. In a similar study, conducted
on African-Americans, the same amount of arginine administration reduces blood pressure with a
greater effect in the salt-sensitive population [239]. Interestingly, in hypertensive patients in which
the control of blood pressure with angiotensin converting enzyme (ACE)-inhibitors and diuretics
for three months was unsuccessful, the addition of oral arginine (6 g/day) was effective in reducing
both systolic and diastolic blood pressure levels [240]. Unfortunately, many of the findings on the
effects of arginine supplementation in hypertension derive from small clinical studies and, despite the
promising efficacy, further investigations are needed, especially large, randomized, and controlled
trials. The ability to modulate the renin-angiotensin-aldosterone system (RAAS) is another mechanism
by which arginine can regulate blood pressure: specifically, arginine inhibits ACE activity, reducing
angiotensin II production and its effects on vascular tone [241].

5. Arginine Supplementation in Ischemic Heart Disease and Peripheral Artery Disease

Alongside the preservation of endothelial-dependent vasodilation, the enhanced bioavailability
of NO reduces the activation of pro-inflammatory genes and the expression of endothelial adhesion
molecules [242]. These events strongly regulate the development and the fate of atherosclerosis [243–245].
For these reasons, it is not surprising that arginine has a powerful effect on atherogenesis and its
evolution. In particular, preclinical investigations have shown that chronic arginine administration
in LDL-receptor KO mice significantly reduces the extension of atherosclerotic plaques [246].
Similarly, arginine supplementation in humans reverses the increased monocyte–endothelial adhesion,
mirrored by a normalization of platelet aggregation [247]. These effects make arginine a promising drug
for disorders like coronary artery disease (CAD), heart failure, and peripheral artery disease (PAD).

In 1997, two important studies investigating the effects of arginine in CAD were published [248,249].
In a placebo-controlled study, Adams and collaborators showed that oral administration of arginine
(21 g/day for 3 days) significantly improved the vasodilatory response of the brachial artery in
premature CAD [248]. A double-blind placebo-controlled study conducted on 22 patients with stable
angina pectoris revealed that the administration of arginine was able to improve their exercise capacity
in just 3 days [249]. The following year, a clinical study confirmed the beneficial effects of long-term
arginine supplementation (9 g for 6 months), showing significantly enhanced vascular responses
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to acetylcholine in patients with coronary atherosclerosis [250]. Preclinical studies were consistent
with these findings. For instance, oral administration of arginine reduced the intimal hyperplasia
in balloon-injured carotid arteries in spontaneously hypertensive rats [251]. This first encouraging
evidence prompted further investigations about arginine’s effects on CAD. Again, arginine treatment
for 4 weeks preserved endothelial function in CAD patients, markedly reducing LDL oxidation [252].
Another study highlighted the method of administration as a major determinant of the efficacy of
high dose arginine supplementation: intra-arterial infusion, but not oral administration, was able to
improve endothelial-dependent vasodilation in patients with stable angina pectoris [253].

The therapeutic potential of arginine has been also investigated in heart failure [254–258] and
ischemia-reperfusion injury [259–261], often yielding controversial results. Endothelium-dependent
vasodilation in response to acetylcholine and ischemic vasodilation during reactive hyperemia is
attenuated in the forearm of patients with heart failure [262]. In a seminal paper, Hirooka and
collaborators demonstrated that the intra-arterial infusion of arginine was effective in reversing the
blunted endothelium-dependent vasodilation observed in heart failure [263]. Moreover, oral arginine
supplementation (6 g twice a day for 6 weeks) enhanced endurance exercise tolerance in heart
failure patients, an important determinant of daily-life activity in patients with chronic stable heart
failure [264]. In line with these results, a clinical study carried out in 21 patients with class II/III
heart failure (New York Heart Association, NYHA) established that improved endothelial function
following exercise training is associated with increased arginine transport [265]. However, another
investigation in 20 patients with NYHA class III/IV heart failure demonstrated that responses to
acetylcholine and sodium nitroprusside determined using forearm plethysmography were not affected
by arginine (20 g/day every day for 28 days), although the actual levels of arginine in the blood were not
measured [266]. Exogenous arginine (3 g three times a day for 6 months) administered to patients after
an acute myocardial infarction did not improve vascular stiffness measurements or ejection fractions;
this clinical trial had to be interrupted due to excess mortality in the treated patients [267].

The improvement in peripheral circulation is critical in patients with PAD, as in severe cases the
extensive damage of leg tissues can result in gangrene and amputation [268–270]. Intravenous arginine
administration to PAD patients is able to increase the calf blood flow and walking distance [271].
Similarly, an acute intravenous arginine infusion (30 g in 60 min) improves NO production and blood
flow of the femoral artery in PAD patients [272]. The oral consumption of arginine for 2 weeks
is able to increase the pain-free walking distance, improving the quality of life of patients with
hypercholesterolemia [273]. Nevertheless, if the short-term arginine administration seems to be
effective in treating PAD, the results on long-term administration are less consistent. A randomized
clinical trial testing the long-term (6 months) effects of arginine supplementation was conducted on
133 subjects. Despite an increase in plasma levels of arginine, the study revealed no significant effect of
arginine treatment on NO-dependent vasodilation, as well as on the relative functional phenotype of
PAD patients [274].

6. Arginine Supplementation in Diabetes Mellitus

Given the fundamental pathogenic role of endothelial dysfunction in diabetes and its
complications [275,276], the therapeutic use of arginine supplementation has been tested. In addition
to the direct impact of arginine on endothelial vasodilator capacity, a crosstalk with the insulin
pathway has been suggested [150,277]. In particular, as mentioned above, arginine can induce the
release of insulin from pancreatic beta cells [204–206]. On the other hand, insulin is able to reduce
ADMA concentrations [278] and to stimulate the secretion of arginine [279,280]. The stimulation
of insulin receptors induces NO release, producing an insulin-dependent vasodilation [281–285].
Of note, such a protective effect of insulin on arginine mobility and endothelial NO production is
compromised in diabetes [286]. Henceforth, diabetic patients could be an optimal target population
for arginine supplementation.
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Preclinical studies corroborate this theory: in diabetic rats, the oral administration of arginine
reverses endothelial dysfunction [287], restoring endothelium-dependent relaxation and decreasing
oxidative stress [224]. Arginine administration in tap water (free base, 50 mg/kg/day) for 4 months
has been shown to reduce both cardiac [288] and renal [289] fibrosis in db/db mice, by the interaction
of arginine with reactive carbonyl residues of glycosylation adducts of collagen, thereby inhibiting
glucose-mediated abnormal cross-linking of collagenous structures. These results were later confirmed
in a clinical setting, showing that 2 g of arginine free base administered orally as two daily doses of 1 g
each reduced the lipid peroxidation product malondialdehyde in diabetic patients [290].

Clinical studies confirmed the reduction in blood pressure, platelet aggregation, and hemodynamic
function in diabetic patients treated with intravenous arginine [291]. While in healthy subjects arginine
treatment does not seem to affect insulin receptor sensitivity or density [292], in conditions of insulin
resistance, arginine improves insulin sensitivity; indeed, the intravenous injection of arginine in
obese or type 2 diabetic patients stimulates insulin responsiveness, restoring insulin-dependent
vasodilation [151,293]. Similarly, the oral administration of arginine improves hepatic and peripheral
insulin sensitivity in a cGMP dependent fashion [294]. A prospective, crossover clinical trial conducted
in mildly hypertensive type 2 diabetic patients revealed a significant decrease in blood pressure
in response to arginine, occurring two hours after the oral administration; the effect of lowering
blood pressure was associated with increased plasma levels of citrulline, whereas no significant
changes in insulin levels were detected, suggesting that the observed phenotype was dependent on
arginine-induced NO synthesis [295].

Overall, the mentioned studies substantiate the use of arginine in the diabetic population, at least
as a prophylactic treatment able to prevent cardiovascular complications of diabetes. One potential
limitation for the use of arginine is the risk of reaction with precursors of advanced glycosylated
products [296], which are particularly abundant in diabetes. Since the addition of methylglyoxal
(abundant in diabetic patients [297]) to arginine has been shown in vitro to produce potent superoxide
radicals in a dose-dependent manner [298], arginine supplementation has been suggested to be
combined with antioxidants. A double-blind study on 24 diabetic patients verified this assumption
evaluating the combination of N-acetylcysteine and arginine oral treatments: the combined treatment
was able to reduce systolic and diastolic blood pressure, total cholesterol, C-reactive proteins, vascular
adhesion molecules, and improved the intima-media thickness during endothelial post-ischemic
vasodilation [299]. This last evidence indicates that the combination of arginine with an antioxidant
agent should be potentially effective and well-tolerated.

7. Conclusions and Perspective: Arginine as a Therapeutic Tool

Overall, data available in the literature support and encourage the use of arginine supplementation
in cardiovascular disorders, especially in preventing the evolution of hypertension and atherosclerosis.
One limitation of using arginine supplementation remains the selection of the optimal target population.
In this sense, we believe that ADMA levels could be very useful in selecting the target population,
and patients with increased ADMA/arginine ratios are probably the most suitable population, in which
arginine supplementation can actually be effective. Another limitation about arginine use concerns its
dose. Indeed, available studies suggest a number of different doses, sometimes effective, sometimes not.
For instance, the acute oral administration of arginine (9 g/day) has been shown to be not successful in
inducing an effective NO production [216]. Instead, chronic administration of oral arginine (e.g., vials
containing arginine salts-free 1.66 g/20 mL), has been shown to favor the utilization of arginine for NO
synthesis [300], and we have data showing that oral arginine (3 g/day of Bioarginina®, Farmaceutici
Damor, 2 vials/day) improves endothelial function in hypertensive patients via the regulation of
non-coding RNAs (Gambardella et al., personal communication). Large, prospective randomized
clinical trials are needed to better define the target population for arginine supplementation, alongside
with correct dosage definitions. To date, a dose of ~3 g/day of arginine (e.g., Bioarginina®, 2 vials/day)
seems to be effective in favoring the utilization of arginine for NO synthesis, without toxic effects.
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Abstract: Despite the numerous risk factors for atherosclerotic cardiovascular diseases (ASCVD),
cumulative evidence shows that electronegative low-density lipoprotein (L5 LDL) cholesterol is a
promising biomarker. Its toxicity may contribute to atherothrombotic events. Notably, plasma L5
LDL levels positively correlate with the increasing severity of cardiovascular diseases. In contrast,
traditional markers such as LDL-cholesterol and triglyceride are the therapeutic goals in secondary
prevention for ASCVD, but that is controversial in primary prevention for patients with low risk. In this
review, we point out the clinical significance and pathophysiological mechanisms of L5 LDL, and the
clinical applications of L5 LDL levels in ASCVD can be confidently addressed. Based on the previously
defined cut-off value by receiver operating characteristic curve, the acceptable physiological range
of L5 concentration is proposed to be below 1.7 mg/dL. When L5 LDL level surpass this threshold,
clinically relevant ASCVD might be present, and further exams such as carotid intima-media thickness,
pulse wave velocity, exercise stress test, or multidetector computed tomography are required. Notably,
the ultimate goal of L5 LDL concentration is lower than 1.7 mg/dL. Instead, with L5 LDL greater
than 1.7 mg/dL, lipid-lowering treatment may be required, including statin, ezetimibe or PCSK9
inhibitor, regardless of the low-density lipoprotein cholesterol (LDL-C) level. Since L5 LDL could
be a promising biomarker, we propose that a high throughput, clinically feasible methodology is
urgently required not only for conducting a prospective, large population study but for developing
therapeutics strategies to decrease L5 LDL in the blood.

Keywords: electronegative low-density lipoprotein; LDL(–); L5 LDL; oxidized LDL; oxLDL;
cardiovascular disease; atherosclerosis
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1. Introduction

Blood cholesterol remains the critical therapeutic target for primary and secondary prevention
in clinical atherosclerotic cardiovascular disease (ASCVD), according to the international guidelines
published by the American College of Cardiology (ACC) and the American Heart Association
(AHA) [1,2]. Incorporating both low-density lipoprotein-cholesterol (LDL-C) and high-density
lipoprotein-cholesterol (HDL-C) as the essential parameters, many proposed risks calculators, such
as Pooled Cohort Equation or ASCVD Risk Estimator Plus, are currently available for assessing a
person’s overall risk and monitoring statin therapy [1]. Some reports advocate “the lower the LDL-C,
the better” [3], yet other studies criticized that this cannot preclude the occurrence of ASCVD but
instead brings more individuals to suffering the side effects after statin exposure, such as muscle pain,
impaired liver function, and new-onset diabetes mellitus [4,5], adversely impacting the quality of life.

We previously reported that by using fast-protein liquid chromatography, LDL can be divided
into five subfractions, L1-L5, based on increasing electronegativity. Of those, L5 LDL exhibits
atherothrombogenic and proinflammatory properties in vitro and in vivo [6]. The concentration of
L5 LDL is low in normal healthy subjects [7], but increased in patients with chronic cardiometabolic
disorders (e.g., type 2 diabetes [8], metabolic syndrome [9]) or acute ischemic events (e.g., ST-elevation
myocardial infarction [10], ischemic stroke [11]), regardless of their plasma LDL-C concentrations
(Table 1). More recently, we demonstrated that L5 LDL also plays an atherogenic role in patients
with systemic lupus erythematosus (SLE) as well as rheumatoid arthritis (RA), who often have severe
atherosclerotic complications that, however, cannot be attributed to conventional risk factors [12,13].

Table 1. Clinical significance of electronegative low-density lipoprotein (L5 LDL)–data collected
in Taiwan.

Publications Sci Rep [7] JCEM [9] Blood [10] Blood [11] JCM [13] AR [12]

Subjects HLP MetS STEMI stroke RA SLE
n 35 29 30 35 30 45

T-CHOL 235.9 ± 36.6 232.9 ± 31.6 a 179.1 ± 33.9 151.4 ± 34.3 219 (193–245) c NA
TG 164.5 ± 90.6 259.6 ± 209.1 a 119.6 ± 65.6 123.8 ± 72.5 123 (87–170) c NA

HDL-C 53.1 ± 16.4 45.4 ± 9.7 a,** 38.5 ± 8.6 *** 32.7 ± 6.6 58.5 (48–66) c 48.9 ± 17.5 **

LDL-C 146.0 ± 34.9 *** 142.2 ± 41.8 a 116.7 ± 32.4 105.4 ± 34.5 142 (111–168) c 105.1 ± 32.3 *

L5% 2.3 ± 1.3 *** 5.3 ± 6.9 a,*** 15.4 ± 14.5 *** 19.1 ± 10.6 *** 2.0 (1.3–4.5) c,*** 2.4 ± 1.3 ***

[L5] 3.2 ± 2.0 *** 7.3 ± 9.8 a,** 18.9 ± 21.0 *** 20.6 ± 13.5 *** 2.9 (1.7–5.7) c,*** 2.4 ± 1.3 ***

Controls NHC None-MetS NHC NHC NHC NHC
n 35 29 30 25 12 37

T-CHOL 173.4 ± 32.8 215.3 ± 50.8 b 179.3 ± 32.9 150.8 ± 32.9 208 (201–231) c NA
TG 79.7 ± 56.1 91.6 ± 47.5 b 78.6 ± 59.8 109 ± 38.5 90 (72.8–126) c NA

HDL-C 54.4 ± 14.0 56.5 ± 17.4 b 55.6 ± 14.2 41.8 ± 12.1 59 (46–78) c 58 ± 16
LDL-C 103.3 ± 27.6 140.9 ± 44.5 b 108.1 ± 28.4 92.6 ± 33.5 131 (120–155) c 118.2 ± 23.3

L5% 1.3 ± 0.7 2.1 ± 1.4 b 1.5 ± 1.1 0.5 ± 0.3 0.9 (0.6–1.1) c 0.7 ± 0.3
[L5] 1.3 ± 0.7 3.0 ± 2.0 b 1.7 ± 1.5 0.5 ± 0.4 1.3 (0.8–1.5) c 0.8 ± 0.4

L5% [P’t-NHC] 1.0 ± 0.2 3.2 ± 1.3 13.9 ± 2.7 18.6 ± 1.8 NA 1.7 ± 0.2
[L5] [P’t-NHC] 1.9 ± 0.4 4.3 ± 1.9 17.2 ± 3.8 20.1 ± 2.3 NA 1.6 ± 0.2

Data are presented as the mean ± SD unless indicated otherwise. * p < 0.05; ** p < 0.01; *** p < 0.001; a Patient
who met criteria of metabolic syndrome (MetS); b Individual who met two or fewer criteria; c Data are presented
as the median (interquartile range). HLP: hyperlipidemia; STEMI: ST-segment elevation myocardial infarction;
RA: rheumatoid arthritis with subclinical atherosclerosis; SLE: systemic lupus erythematosus; NHC: normal
healthy control; T-CHOL: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C:
low-density lipoprotein cholesterol; NA: not available; L5%: percentage of L5 subfraction in total LDL; [L5]: L5
concentration; L5% [P’t – NHC]: the difference of L5% between two groups; [L5] [P’t – NHC]: the difference of [L5]
between two groups.

In 2018, Chu et al. determined the cut-off values of L5 levels for clinical ASCVD using receiver
operating characteristic (ROC) curve analysis [7]. In their original study, individuals with a plasma
L5 LDL level of less than 1.7 mg/dL showed no clinical evidence of ASCVD. In contrast, individuals
with the plasma L5 LDL concentration exceeding the range of 2.3~2.6 mg/dL exhibited subclinical
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atherosclerosis or coronary artery disease (CAD) even when LDL-C or triglyceride (TG) levels were
not elevated [7,13]. While statin can reduce L5 LDL in quantity by lowering the total LDL volume,
their mechanism of action is not in quality targeting on the clearance of L5 LDL [14]. Discontinued
statin therapy results in rebounds of both total LDL-C and L5 LDL to the pretreatment levels in
three months [15]. These findings indicate that L5 LDL should be a potential clinical biomarker to be
accurately measured for ASCVD risk stratification. We hereby propose a plasma L5 LDL concentration
of greater than 1.7 mg/dL as a therapeutic threshold of initiating lipid-lowering treatments, on the
basis that the odds ratio for CAD would reach 17.68 [7]. Furthermore, precision medicine targeting the
removal of L5 LDL is of great importance in the future.

In this review, we summarize the latest research advances in the field of L5 LDL cytotoxicity and
pathogenic significance, with the goals of (1) identifying L5 LDL as the primary biomarker for clinical
ASCVD risk and the guide for statin or other lipid-lowering therapies; (2) establishing the recommended
therapeutic threshold of plasma L5 LDL; (3) encouraging further research in the development of rapid
quantification of L5 LDL for large scale epidemiological surveys among different cohorts; (4) providing
insightful information for research on the new therapeutic strategies targeting L5 LDL or its atherogenic
moieties. The most recent advances, notably the newly-established connection to autoimmune vascular
diseases, actively support L5 LDL as a promising new domain of lipoprotein research.

2. Characteristics of Electronegative Low-Density Lipoprotein (L5 LDL)

2.1. Definition and Methodolgy

The concept of “electronegative LDL” was first proposed by Gotto and Hoff at Baylor College
of Medicine in 1979. They purified the lipoprotein from human aortic plaques and normal intima
by using differential ultracentrifugation. Their immunoelectrophoresis results showed that a group
of LDL-like particle from aortic extracts was more electronegative than plasma LDL and associated
with the atherosclerotic progression [16]. In 1987, the presence of “modified LDL” was reported by
Dr. Avogaro and his colleagues in Italy. They proposed that the atherogenic properties and endothelial
cells (ECs) cytotoxicity of modified LDL can be enhanced due to the occurrence of lipoprotein
oxidation [17]. Later in 1988, they used fast-protein liquid chromatography (FPLC) equipped with
an ion-exchange column to separate plasma LDL into electropositive LDL(+) and electronegative
LDL(–) subfractions [18]. LDL(–) particles are heterogeneous in morphology and size and have a
tendency to aggregate by electronic microscopic exam. Electronegative LDL has emerged as a naturally
occurring, atherogenic entity irrespective of the concentration of plasma LDL-C [19–21]. In 2003,
Yang and Chen modified the protocol of separation, LDL can be chromatographically divided into
five subfractions with increasing electronegativity, L1–L5 [19,20] (Figure 1). L5 LDL is the most
electronegative subfraction.

2.2. Glycosylation of Apolipoproteins in L5 LDL

With the technique developed by Yang and Chen, the least electronegative subfraction of LDL
is termed as L1, whereas the most electronegative LDL is L5 [20]. It can be more accurate because
L1 does not appear electropositive. Besides, the intermediary subfractions (i.e., L2-L4) can be useful
while investigating the transitional changes of electronegativity from L1 to L5. Based on the definition
that one particle of LDL contains one mole of apolipoprotein B100 (apoB100), L5 LDL isolated from
plasma contains many other proteins such as apo(a), apolipoprotein CIII (apoCIII), apolipoprotein J
(apoJ), platelet-activating factor acetylhydrolase (PAF-AH), and paraoxonase 1 (PON1) [22,23], which
are not in L1 LDL. Besides, L5 LDL has significantly higher levels of apolipoprotein E (apoE) and
apolipoprotein AI (apoAI).
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Figure 1. Schematic procedures of L5 LDL isolation. EDTA, antibiotics, and protease inhibitors
are materials for the prevention of protein degradation. Samples undergo sequential density-based
ultracentrifugation (10,000 rpm at 4 ◦C for 2 h; d = 1.004, 45,000 rpm at 4 ◦C for 24 h; d = 1.019,
45,000 rpm at 4 ◦C for 24 h; d = 1.063, 45,000 rpm at 4 ◦C for 48 h), and after that, LDL (d = 1.019~1.063)
can be purified. Additional three times dialyzed against TRIS/EDTA buffer at pH 8.0 and later
sterilized by 0.22 μm filter, the LDL sample can be further isolated into five subfractions by a
fast-protein liquid chromatography (FPLC) system equipped with an UnoQ12 column. L5 LDL is
the most electronegative subfraction. VLDL: very-low-density lipoprotein; IDL: intermediate-density
lipoprotein; LDL: low-density lipoprotein; HDL: high-density lipoprotein; L5: electronegative LDL;
FPLC: fast-protein liquid chromatography; rpm: revolutions per minute; 1× Protease Inhibitor:
cOmplete™ (Roche Diagnostics, Basel, Switzerland).

In cardiomyocytes, apoE interacts with the voltage-dependent anion-selective channel (VDAC),
leading to dynamin-related protein 1 (Drp1) phosphorylation and mitochondrial fission [24].
Additionally, apolipoproteins associated with L5 LDL from human plasma particles are found to be
highly glycosylated. For instance, apoE that shows 94S, 194T, and 289T glycosylation with sialic acid
terminal glycan, which alters the receptor selectivity and lipid-binding capability [25]. These findings
may support that single nucleotide polymorphisms (SNPs) of apoE with changing electrical charges
are associated with metabolic disorders [26,27]. ApoB100 glycosylation is also associated with the
sphingomyelinase-like activity of electronegative LDL [28]. With sphingomyelinase activity, ceramide
can be overproduced through the sphingomyelin hydrolysis pathway and therefore induces endothelial
cell apoptosis.

2.3. Atherogenic Lipid Moieties of L5 LDL

By using colorimetric methods, L5 LDL shows triglyceride-rich but reduced cholesteryl ester
in the lipid composition [19,29,30]. These findings match clinical observations regarding the higher
plasma triglyceride content in patients with metabolic syndrome [31]. Other than that, L5 LDL from
patients with familial hypercholesterolemia or diabetes has been shown to contain higher levels of
lipoprotein-associated phospholipase A2 (Lp-PLA2) [32–34]. The function of Lp-PLA2 is to hydrolyze
phospholipids and generate lysophosphatidylcholine (LPC) and non-esterified fatty acids (NEFA) [35].

By using mass spectrometry, L5 LDL shows higher levels of ceramide, lysophosphatidylcholine
(LPC) and platelet-activating factor (PAF) in comparison to L1 LDL [12,28]. Ceramide plays an essential
role in stress-related cellular responses and apoptosis [36–39]. Alterations in ceramide levels have
been recognized in pathological conditions such as Alzheimer’s disease [40], type 2 diabetes [41],
and cardiovascular diseases [42]. LPC stimulates inflammatory chemokine expression from endothelial
cells [43–46], impairs arterial relaxation [47], increases oxidative stress [48,49], and inhibits endothelial
cell migration and proliferation [50,51]. The level of LPC increases in cardiovascular diseases (CVDs),
diabetes, and renal failure [52–54]. Besides, our recent studies also showed that LPC and PAF are
inflammatory mediators that lead to the differentiation of monocytes into proinflammatory CD16+ cells

268



Biomedicines 2020, 8, 254

and contribute to endothelial dysfunction and vascular aging, thereby providing a novel explanation
for the early onset of atherosclerosis-associated complications [12,55].

3. Cellular Signaling of L5 LDL

3.1. Signaling in Endothelial Cells

Accumulating evidence suggests that L5 LDL interacts with multiple cells such as endothelial
cells [8,15,56–58], platelets [10,11], monocytes [9,59–63], and cardiomyocytes [24,64–67]. L5 LDL
attracts both monocytes and lymphocytes to endothelial cells (ECs) [58], indicating the contribution
in the early stage of atherosclerosis. L5 LDL is not recognized by the LDL receptor (LDLR) [68],
but rather, it signals through the lectin-like oxidized LDL receptor-1 (LOX-1) and platelet-activating
factor receptor (PAFR) [10,20,57]. LOX-1, initially identified as the major receptor for oxLDL in ECs,
is expressed at high levels in pro-atherogenic settings and has been shown to have a critical role in
atherogenesis [69,70].

Upon internalization through LOX-1, L5 LDL induces TNF-α expression, which subsequently
triggers the expression of new LOX-1, making surrounding vascular epithelial cells increasingly
susceptible to damage and apoptosis [8]. In cardiomyocyte, L5 LDL can enhance the ECs’ activities by
secreting Glu-Leu-Arg (ELR)+, lipopolysaccharide-induced CXC chemokine (LIX) and interleukin-8
(IL-8), which further initiated CXCR2/PI3K/NF-κB signaling. These signals will then contribute and
induce cardiomyocyte apoptosis through the release of the proinflammatory cytokines TNF-α and
IL-1β [64].

On the other hand, L5 LDL possesses the ability to impair vascular ECs integrity and induce
ECs apoptosis by suppressing the fibroblast growth factor 2 (FGF2) transcription and disrupting its
autoregulation repairing system [8]. Cellular exogenous FGF2 plays a pivotal role in promoting cell
metabolism, proliferation, cell survival, growth, and preventing apoptosis through the PI3K-Akt
pathway [71]. These findings indicate that ECs dysfunction can be augmented by disrupting the
FGF2 formation.

3.2. Signaling in Platelets

In the field of platelets, adenosine diphosphate (ADP), one of the major soluble agonists can
mainly regulate the P2Y12/phosphatidylinositol-3 kinase (PI3K) pathway for platelet aggregation [72].
Apart from that, ADP increases LOX-1 expression and glycoprotein (GP)IIb/IIIa activation [73].
Through LOX-1 and PAFR, L5 LDL enhances ADP signaling of platelets. Besides, L5 LDL increases
P-selectin and tissue factor expression on ECs. Particularly, P-selectin shows to be capable of interaction
with the PAFR and induces platelet adherence and activation. These platelet-EC interactions triggered
by L5 LDL may promote thrombosis formation, leading to STEMI [10].

In another study, L5 LDL induces amyloid β (Aβ) secretion through LOX-1 and IkB kinase 2
(IKK2) activation. Synergistically, L5 LDL and Aβ promote the platelet aggregation and activation [11].
These findings suggest that L5 is the thrombogenic fraction of LDL and may contribute to platelet
hyper-reactivity, STEMI, and stroke complications [74,75].

3.3. Signaling in Immune Cells

During the past three decades, the autoimmune hypothesis of atherosclerosis is prospering
under the evidence of LDL-containing circulating immune complexes (LDL-CIC) accumulation
in atherogenesis [76,77]. Different from native LDL, the LDL-CIC is more electronegative and
may alter lipid and lipoprotein levels in ECs and macrophages [78]. Besides, LDL(–) can induce
inflammatory cytokines to release from monocytes, such as monocyte chemoattractant protein 1
(MCP1), interleukin-6 (IL-6), IL-8, growth-related oncogene (GRO), granulocyte-monocyte-colony
stimulating factor (GM-CSF) [79], matrix metalloproteinase-9 (MMP-9) and its inhibitor tissue inhibitors
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of metalloproteinase-1 (TIMP-1) [63]. The release of these cytokines by LDL(–) might be mediated
through CD14/toll-like receptor 4 (TLR4) signaling pathways [80].

LDL(–) also involves apoptosis and cytokine induction by upregulation of proapoptotic factor Fas
on mononuclear leukocytes [81]. Apart from that, Klimov et al. have reported that mouse macrophages
cultured with the presence of LDL-CIC can increased uptake of LDL [82]. Additionally, incubation of
human peritoneal macrophages with the same condition causes the transformation of macrophages
into foam cells [83].

In our recent studies, L5 LDL triggers the differentiation of CD16+ monocytes. Through the
CX3CR1 and CD16 expressing monocytes interact with CX3CL1-positive activated ECs, L5 LDL induces
monocyte-endothelial cell adhesion [12]. L5 LDL also enhances the polarization of M1 macrophages
that infiltrate to adipose tissue and lead to dysfunction and inflammation [9]. In macrophages,
L5 LDL induces granulocyte colony-stimulating factor (G-CSF) and GM-CSF overproduction [84,85].
These biomarkers are associated with inflammation, increased risk of cardiovascular complications and
STEMI [85,86]. Besides, L5 LDL enhances the overexpression of interleukin (IL)-1β (IL-1β) through
the activation of the nucleotide-binding oligomerization domain (NOD)-like receptor pyrin domain
containing 3 (NLRP3) inflammasomes [87].

4. Clinical Significance of L5 LDL

4.1. Cardiometabolic Disorders

In healthy subjects, the LDL constitution comprises mostly L1 LDL and the least of L5 LDL.
The majority of their LDL, L1 LDL, is endocytosed by the low-density lipoprotein receptor (LDL-R)
and processed by endolysosomes to provide nutrients to the cells [57]. In contrast, L5 LDL is
the atherogenic component and its levels are elevated in the plasma of patients with increased
cardiovascular risk [7,9,10]. The elevated levels of plasma L5 LDL can be found in patients with CAD,
hyperlipidemia (HLP) [7], metabolic syndrome (MetS) [9], familial hypercholesterolemia (FH) [88],
diabetes mellitus (DM) [8], and in smokers [89]. The reference range of L5% in total LDL and absolute
L5 concentration ([L5] = L5% × LDL-C) for healthy adults were determined to be less than 1.6% and
less than 1.7 mg/dL [7]. The increasing levels of L5% and absolute L5 concentration (mg/dL) can be
found in patients mentioned above, respectively (Table 1). The level of absolute L5 concentration
of STEMI patients could be 11.1 ± 14.0 times higher than in the healthy controls [10]. According to
previous studies, L5 LDL can disrupt the integrity of ECs through LOX-1 [8] and promote the cell
apoptosis by activating the signaling cascade downstream of CD14/TLR4 [80]. Hence, lowering the
levels of L5 LDL could further be the goal of treatment in those diseases.

4.2. Acute Ischemic Events

According to the American Stroke Association (ASA) statement, acute ischemic stroke stays as the
fifth cause of death and a leading cause of disability in the United States. Previous studies showed
that L5% and L5 concentration in healthy control are 0.5 ± 0.3 and 0.5 ± 0.4 mg/dL, respectively.
Nevertheless, in stroke patients, these markers will be elevated as 19.1 ± 10.6 and 20.6 ± 13.5 mg/dL,
respectively [11]. L5 LDL can further reduce the viability of cultured ECs [8,20,22] and promote
EC dysfunction by triggering procoagulant activity. Even more, L5 LDL may increase EC-platelet
interactions to induce platelet activation [10,75]. On the basic concept of ASAs, 80 percent of stroke
events are preventable. Early diagnosis may be relevant to the prevention of stroke. Overall, L5 LDL
plays a critical role in the development of stroke. The ablation of L5 LDL may be a compelling goal of
treatment in stroke.

4.3. Autoimmune Diseases

Patients with systemic lupus erythematosus (SLE) frequently accompanied by early vascular aging
(EVA) [12] and severe atherosclerosis complications [90–92], though their low-density lipoprotein (LDL)
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levels remain low. Comparing LDL-C and L5 LDL levels between controls and patients, results showed
that LDL-C was lower in SLE patients than in controls (105.1 ± 32.3 mg/dL versus 118.2 ± 23.3 mg/dL),
but the concentration of L5 LDL in SLE patients were three times higher than in controls (2.4± 1.3 mg/dL
versus 0.8 ± 0.4 mg/dL) [12].

As per SLE, the plasma L5% and L5 levels were significantly higher in rheumatoid arthritis (RA)
patients than in controls. The expression levels of LDLR in PBMCs were no significant difference in
observed, but the levels of LOX-1 in PBMCs of RA patients were two to three times higher than healthy
controls [13]. This phenomenon indicates that the higher expression levels of LOX-1 and L5 LDL,
the more can be uptake through LOX-1 to cause ECs dysfunction and atherosclerosis.

5. Implication of L5 LDL

5.1. Diagnostic Value of L5 LDL

According to the 2020 report from the American Heart Association (AHA), cardiovascular diseases
remain the leading cause of death worldwide [93]. Although several new drugs and more aggressive
approaches are proposed [2,94], the laboratory identification of atherogenic factors is still not specific.
Currently, the clinical evaluation of ASCVD risk is based on (1) HDL-C in men: [<40 mg/dL]; in
women: [<50 mg/dL]; (2) LDL-C [>160 mg/dL]; (3) TG [≥200 mg/dL]; (4) cholesterol ratio, i.e., total
cholesterol/HDL. Other important issues include who should be treated, dosage, and goal of treatment.

Due to the lack of a quick and feasible measurement, now estimating the 10-year ASCVD risk by
the Estimator App (developed by the American College of Cardiology Foundation) is essential. Several
factors are calculated, including age, gender, blood pressure, total cholesterol, HDL, LDL, histories such
as diabetes, smoking, statin, and aspirin usage. Recent ACC/AHA 2018 cholesterol guidelines for the
prevention of cardiovascular diseases adopted the risk-enhancers concept, focusing on more detailed
patients’ history, including metabolic syndrome, chronic kidney disease, inflammatory condition,
premature menopause, high-risk race, and some other new lipid parameters and biomarkers such as
high sensitivity C-reactive protein (hs-CRP), Lipoprotein (a) (Lp(a)), apoB100, and ankle-brachial index
(ABI) [95] in sharing decision-making.

Our recent clinical studies show that the four statin benefit groups are characterized by higher
levels of L5 LDL [14]. L5 LDL markers, either percentage or the absolute plasma concentration, can be
more reliable than those listed above (Table 1) [7–13,15,67]. Besides, the molecular mechanisms and the
clinical relevance of L5 LDL provide strong evidence-based supports to demonstrate that L5 LDL can
be potential biomarkers in the early diagnosis of vascular aging, atherosclerosis and cardiovascular
diseases [6,24,25,28,55,56,60,63,70,84].

Based on the reference range of L5 LDL and the fact that higher concentration increases the risks
of ASCVD, we propose that individuals with absolute plasma L5 LDL level of less than 1.7 mg/dL
are within the acceptable safe range. These individuals should avoid lipid-lowering therapy despite
that their LDL-C levels might exceed 190 mg/dL or above. For patients with increasing plasma
L5 LDL levels, the screening tests for CVD such as carotid intima-media thickness, pulse wave
velocity, and ankle-brachial index for peripheral artery disease, exercise stress test, and multidetector
computerized tomography (MDCT) for CAD are highly recommended.

For those patients with established clinical ASCVD, acute coronary syndrome, CAD with
percutaneous coronary intervention or bypass surgery, the therapeutic goal of absolute L5 LDL should
still less than 1.7 mg/dL, even if their LDL-C has been lowered to less than 70 mg/dL that recommended
by current guideline. In fact, the LDL-C goal has been revised to less than 55 mg/dL for patients with
very-high risk and to 40 mg/dL for patients with recurrent myocardial infarction within two years
by recent ESC/EAS 2019 dyslipidemia guideline. It reflects that these patients are of high toxic lipid
components and these patients carry poor cardiovascular outcomes.

By keeping L5 LDL goal <1.7 mg/dL, more aggressive lipid-lowering agents, e.g., ezetimibe
or PSCK9 inhibitors, on top of maximally tolerated statin use, should be considered regardless of
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the LDL-C level. That is why the 2013 ACC/AHA cholesterol guideline emphasized the intensity
instead of the LDL-C target for four statin-benefit groups. Notably, current lipid-lowering agents
available have not been shown to specifically reduce the toxic L5 LDL, but lower the overall LDL-C.
Targeting specifically on toxic L5 LDL therapeutic strategies has been developing and hopefully can be
beneficial for better CV outcomes in the near future.

5.2. Clinical Implication of L5 LDL

“No treatment goal”, “the lower the LDL-C, the better”, and “beyond absolute goals toward
personalized risk” are the current strategies of primary and secondary prevention of CVDs [96,97].
The incidence of subclinical atherosclerosis remains as high as 64% in the LDL-C range of 150~160 mg/dL
and 11% in the range of 60~70 mg/dL [4,98]. However, patients receiving statin may complain about
the side effects of muscle pain or weakness; and some of them stopped taking statins because of the
intolerance of side effects [99,100].

Based on ROC curve analysis, a L5 LDL level of more than 1.7 mg/dL is highly associated with
subclinical atherosclerosis or increased odds ratio of CVDs [7,13]. We propose that individuals with
a plasma L5 LDL level of more than 1.7 mg/dL are required for intervention. For example, statin
therapies may be beneficial in reducing the electronegative subfraction of LDL [14,15,101,102]; while
three months after discontinuation, the concentration of L5 LDL may return to the untreated-baseline
levels [15]. Besides, the treating goal of LDL-lowering therapies should be the L5 LDL concentration of
less than 1.7 mg/dL (Figure 2).

Figure 2. Reference ranges of L5 LDL and the strategy of statin treatment. Examining the plasma levels
of L5 LDL can be useful to determine (1) whether to receive statin or not, (2) more detailed physical
exams for cardiovascular functions and lesions, (3) the treatment strategy and goal. Rx: medical
prescription; CIMT: carotid intima-media thickness; PWV: pulse wave velocity; ankle-brachial index;
CTA: computed tomography angiography.

5.3. Drawback and Limitation of L5 LDL Quantification

Even though the clinical significance of L5 LDL can be high, some drawbacks and limitations
must be mentioned. First of all, a large scale of clinical study must be done to validate the significance
of being a novel clinical biomarker. Dr. Sanchez-Quesada and many other study groups published a
variety of papers mentioning the clinical prevalence and the pathogenic mechanisms of electronegative
LDL [103–108]. The level difference between patients and controls are comparable, and the atherogenic
properties are noticeable. However, since there are algorithm differences in both experimental materials
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and isolation protocols, it would be necessary to adjust the reference range of controls. Moreover,
due to the laborious work and long turn-around time (Figure 1), the diagnostic method’s efficiency
must be significantly improved. A rapid and clinically feasible diagnostic approach must be invented.
Moreover, a precision medicine targeting the removal of L5 LDL is of great clinical importance.

6. Conclusions

In summary, the recognition of L5 LDL keeps rising. Until now, it has been a promising clinical
biomarker for cardiovascular diseases despite the levels of LDL-C. We propose that a large-scale
population survey and a high throughput methodology are required. Undisputedly, new strategies for
directly eliminating L5 LDL from the bloodstream are essential works in the future.
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Abstract: Targeting angiogenesis is an attractive strategy for the treatment of angiogenesis-related
diseases, including cancer. We previously identified 23-demethyl 8,13-deoxynargenicin (compound 9)
as a novel nargenicin A1 analog with potential anticancer activity. In this study, we investigated the
antiangiogenic activity and mode of action of compound 9. This compound was found to effectively
inhibit in vitro angiogenic characteristics, including the proliferation, invasion, capillary tube
formation, and adhesion of human umbilical vein endothelial cells (HUVECs) stimulated by vascular
endothelial growth factor (VEGF). Furthermore, compound 9 suppressed the neovascularization
of the chorioallantoic membrane of growing chick embryos in vivo. Notably, the antiangiogenic
properties of compound 9 were related to the downregulation of VEGF/VEGFR2-mediated downstream
signaling pathways, as well as matrix metalloproteinase (MMP)-2 and MMP-9 expression in HUVECs.
In addition, compound 9 was found to decrease the in vitro AGS gastric cancer cell-induced
angiogenesis of HUVECs by blocking hypoxia-inducible factor-1α (HIF-1α) and VEGF expression in
AGS cells. Collectively, our findings demonstrate for the first time that compound 9 is a promising
antiangiogenic agent targeting both VEGF/VEGFR2 signaling in ECs and HIF-1α/VEGF pathway in
tumor cells.

Keywords: angiogenesis; nargenicin A1; compound 9; VEGF; VEGFR2; HIF-1α

1. Introduction

Angiogenesis leads to the formation of new blood vessels by endothelial cells (ECs) from existing
vessels. This process plays a crucial role in the growth, metastasis, and progression of solid tumors by
providing oxygen, nutrients, and growth factors [1]. Therefore, targeting angiogenesis is regarded
as a key strategy for the effective treatment of cancer [2,3]. Angiogenesis involves the enzymatic
degradation of the vascular endothelial matrix and EC migration, adhesion, proliferation, and tube
formation [4]. Diverse bioactive compounds with the antiangiogenic activities are involved in the
downregulation of angiogenesis [5,6].

Tumor angiogenesis is generally initiated by various proangiogenic factors secreted from tumor
cells. Vascular endothelial growth factor (VEGF) is the most potent inducer of angiogenesis and interacts
with the tyrosine kinase VEGF receptors (VEGFRs), including VEGFR1, VEGFR2, and VEGFR3 [7].
Among these, VEGFR2-mediated signaling prominently induces cellular responses involved in
angiogenesis. The binding of VEGF to VEGFR2 results in autophosphorylation of specific tyrosine
residues in the cytoplasmic domain of VEGFR2 and sequentially promotes the activation of its
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downstream signaling effectors, including signal transducer and activator of transcription 3 (STAT3),
serine/threonine protein kinase B (AKT), and extracellular signal-regulated kinase 1/2 (ERK1/2) [8–11].
Accordingly, blocking the VEGF/VEGFR2 signaling pathways is a powerful technique to disrupt tumor
angiogenesis and tumor growth.

Nargenicin A1 is the major secondary metabolite produced by Nocardia species and a macrolide
compound with effective antibacterial activity against various Gram-positive pathogenic bacteria [12].
In previous studies, several metabolic engineering and enzymatic modification approaches have been
applied to boost production and generate novel glycosylated derivatives of nargenicin A1 [13,14].
More recently, we characterized the tailoring steps for the biosynthesis of nargenicin A1 in Nocardia sp.
CS682, which resulted in the generation of several new analogs of the natural product [15]. An analysis of
the bioactivity of the analogs revealed that 23-demethyl 8,13-deoxynargenicin (compound 9) possesses
potential antitumor activity, unlike nargenicin A1 and the other analogs (Figure 1A). Compound 9

suppressed the growth of various cancer cell lines, including gastric, lung, skin, liver, colon, brain,
breast, and cervical cancer, within a range of concentrations that did not affect normal cell growth [15].
Further analysis of the underlying molecular mechanisms of its anticancer effect demonstrated that
compound 9 exhibits a growth inhibitory effect against AGS gastric cancer cells by inducing G2/M
cell cycle arrest, reactive oxygen species (ROS)- and caspase-mediated apoptosis, and autophagy
by downregulating the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) pathway [15]. Although we identified the anticancer activity of compound 9, its effect on
angiogenesis and VEGF/VEGFR2 signaling has not yet been studied.

Figure 1. (A) The chemical structure of 23-demethyl 8,13-deoxynargenicin (compound 9). (B,C) The
cytotoxic effect of compound 9 on HUVECs. Cells were treated with the indicated concentrations of
compound 9 for 24 h. (B) Cell growth was measured by the MTT assay and the IC50 value from obtained
data was analyzed using the curve-fitting program GraphPad Prism 5. (C) Cell viability was measured
by the trypan blue exclusion method. * p < 0.05, ** p < 0.01 vs. the control. (D) The antiproliferative
effect of compound 9 in HUVECs. Cells were treated with the indicated concentrations (6.25–200 μM)
of compound 9 in the presence of VEGF (30 ng/mL) for 72 h. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the
VEGF control. Each value represents the mean ± SD from three independent experiments.

In the present study, we assessed the antiangiogenic activity of compound 9 using human
umbilical vein endothelial cells (HUVECs). Compound 9 inhibited VEGF-induced angiogenesis by
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suppressing the proliferation, invasion, tube formation, and adhesion of HUVECs. The antiangiogenic
activity of compound 9 was verified using the chorioallantoic membrane (CAM) assay in vivo.
Compound 9 was found to downregulate the VEGFR2-mediated signaling pathways, as well as matrix
metalloproteinase (MMP) expression. Furthermore, compound 9 inhibited the AGS gastric cancer
cell-induced angiogenesis of HUVECs by decreasing the expression of hypoxia-inducible factor-1α
(HIF-1α) and VEGF. Therefore, we propose that compound 9 has the potential to regress tumor
progression by targeting angiogenesis.

2. Experimental Section

2.1. Materials

Compound 9 was isolated from the culture extract of the constructed Nocardia sp. CS682 mutant,
as shown in our previous report [15] and prepared at a concentration of 100 mM using dimethyl
sulfoxide (DMSO). Endothelial growth medium-2 (EGM-2) and antibiotics were purchased from Lonza
(Walkersville, MD, USA), and fetal bovine serum (FBS) and RPMI-1640 medium were purchased
from Invitrogen (Grand Island, NY, USA). Recombinant human vascular endothelial growth factor
165 (VEGF165), Transwell chamber system, and Matrigel were purchased from Koma Biotech (Seoul,
Korea, cat. no. K0921148), Corning Costar (Acton, MA, USA), and BD Biosciences (San Jose, CA,
USA), respectively. Gelatin, trypan blue, and 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyl tetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against VEGFR2
(cat. no. 2479), phospho-VEGFR2 (cat. no. 2478), STAT3 (cat. no. 9139), phospho-STAT3 (cat. no. 9131),
AKT (cat. no. 9272), phospho-AKT (cat. no. 4060), ERK1/2 (cat. no. 9102), phospho-ERK1/2 (cat. no.
9101), MMP-2 (cat. no. 4022), MMP-9 (cat. no. 3852), HIF-1α (cat. no. 3716), and β-actin (cat. no. 4967)
were purchased from Cell Signaling Technology (Danvers, MA, USA).

2.2. Cell Culture and Hypoxic Conditions

Human umbilical vein endothelial cells (HUVECs) and AGS human gastric cancer cells were
obtained from American Type Culture Collection (Manassas, VA, USA) and Korean Cell Line Bank
(Seoul, Korea), respectively. HUVECs and AGS cells were grown in EGM-2 and RPMI supplemented
with 10% fetal bovine serum (FBS). The cells were maintained at 37 ◦C in a humidified 5% CO2

incubator (Thermo Scientific, Vantaa, Finland). For hypoxic conditions, the cells were incubated in a
hypoxic chamber (SANYO, Chuou-ku, Osaka, Japan) under 5% CO2 and 1% O2 balanced with N2.

2.3. Cell Viability Assay

HUVECs (1 × 104 cells/well) were seeded in 12-well culture plates and then treated with
various concentrations of compound 9 (6.25–400 μM) for 24 h. The cells were stained with trypan
blue and counted by a hemocytometer using an optical microscope (Olympus, Tokyo, Japan) at
200×magnification.

2.4. Cell Proliferation Assay

HUVECs (3 × 103 cells/well) were seeded in 96-well culture plates and then treated with
various concentrations of compound 9 (6.25–200 μM) in the presence of VEGF (30 ng/mL) for 72 h.
Cell proliferation was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assay.

2.5. Chemoinvasion Assay

The invasiveness of HUVECs was investigated using a Transwell chamber system with
polycarbonate filter inserts with a pore size of 8.0 μm. The lower surface of the filter was coated
with 10 μL of gelatin (1 mg/mL) for 1 h, and the upper surface was coated with 10 μL of Matrigel
(3 mg/mL) for 1 h. Serum-starved HUVECs (8 × 104 cells) were seeded in the upper chamber of the filter,
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and compound 9 (25–200 μM) were added to the lower chamber in the presence of VEGF (30 ng/mL).
The chamber was incubated at 37 ◦C for 18 h, and then the cells were fixed with 70% methanol and
stained with hematoxylin and eosin (H&E) at room temperature for 5 min. The total invaded cells
were photographed and counted in randomly selected fields using an optical microscope (Olympus) at
200×magnification.

2.6. Capillary Tube Formation Assay

Serum-starved HUVECs (2 × 104 cells) were placed on a surface containing Matrigel (10 mg/mL)
using an angiogenesis kit (Ibidi GmbH, Munich, Germany) and incubated with compound 9 (25–200μM)
for 6 h in the presence of VEGF (30 ng/mL). The morphological changes and the tube formation of the
cells were visualized under an optical microscope (Olympus) and photographed at 100×magnification.
The number of tubes formed in the cells was counted in randomly selected fields at 100×magnification.

2.7. Adhesion Assay

The cell-matrix adhesion assay was performed in a 24-well culture plate coated with gelatin
overnight at 4 ◦C. HUVECs (6 × 104 cells/well) were seeded in each well and treated with compound 9

(25–200 μM) in the presence of VEGF (30 ng/mL). After 3 h, the unbound cells were carefully removed,
and the attached cells were visualized and counted in randomly selected fields under a microscope at
200×magnification.

2.8. Chorioallantoic Membrane (CAM) Assay

Fertilized chick eggs were incubated in a humidified egg incubator at 37 ◦C and 50% humidity for
3 days. After incubation, approximately 6–9 mL of egg albumin was removed with a 10 mL hypodermic
needle, allowing the CAM and yolk sac to drop away from the shell membrane. After 2 days, a small
hole was punched on the broad end of the egg, and a window was carefully peeled away on the
eggshell. Thermanox coverslips (Nalge Nunc International, Rochester, NY, USA) saturated with or
without compound 9 (10 μg/egg) were air-dried and placed on the CAM surface. The windows were
then sealed with cellophane tape. Two days later, 2 mL of 10% fat emulsion (Sigma-Aldrich) was
injected into the chorioallantois and the vascular images were photographed.

2.9. Western Blot Analysis

After treatment, the cells were collected and lysed using RIPA buffer (Sigma-Aldrich) supplemented
with a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA) on ice. Equal amounts
of lysates were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were then transferred to polyvinylidene difluoride (PVDF)
membranes (EMD Millipore, Hayward, CA, USA) and blocked using Tris-buffered saline with
Tween-20 (TBST) containing 5% skim milk at room temperature for 1 h. The membranes were then
incubated with primary antibodies against phospho-VEGFR2 (dilution 1:2000), VEGFR2 (dilution
1:2000), phospho-STAT3 (dilution 1:2000), STAT3 (dilution 1:2000), phospho-AKT (dilution 1:2000),
AKT (dilution 1:2000), phospho-ERK1/2 (dilution 1:2000), ERK1/2 (dilution 1:2000), MMP-2 (dilution
1:2000), MMP-9 (dilution 1:2000), HIF-1α (dilution 1:2000), and β-actin (dilution 1:2000) overnight
at 4 ◦C. After washing with TBST three times, the membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit (dilution 1:3000) or anti-mouse (dilution 1:3000) secondary antibody
for 1 h at room temperature. Immunolabeling was detected using an enhanced chemiluminescence
(ECL) kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions.

2.10. Tumor Cell-Induced Chemoinvasion Assay

A tumor cell-induced chemoinvasion assay was performed using an in vitro co-culture system
based on the chemoinvasion assay. AGS cells (1 × 105 cells/well) were seeded in the lower chamber
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and treated with compound 9 (50–200 μM) for 24 h. Then, the medium in each lower chamber was
replaced with fresh medium without compound 9, and serum-starved HUVECs (8 × 104 cells) were
placed in the upper chamber. The chamber was incubated at 37 ◦C for 18 h. The HUVECs that invaded
the lower chamber of the filter were analyzed using the same procedure as in the chemoinvasion assay.

2.11. Tumor Cell-Induced Capillary Tube Formation Assay

To perform the tumor cell-induced capillary tube formation assay, conditioned medium was
obtained from AGS cells and used as the angiogenic stimulus for tube formation in HUVECs. Briefly,
AGS cells were treated with compound 9 (50–200 μM) for 24 h. The medium was then replaced with
fresh medium without compound 9.

2.12. Measurement of VEGF by Enzyme-Linked Immunosorbent Assay

The VEGF concentration in the AGS cells was measured using a VEGF immunoassay kit (R&D
Systems, Minneapolis, MN, USA). Cells were incubated with or without compound 9 (50–200μM) for
11 h under the indicated conditions. The supernatants were collected and the VEGF protein levels
were measured according to the manufacturer’s instructions.

2.13. Statistical Analysis

The data are presented as the mean ± standard deviation (SD) of three independent experiments.
Differences among groups were analyzed using analysis of variance (ANOVA) with SPSS statistics
package (SPSS 9.0; SPSS Inc., Chicago, IL, USA). Post-hoc analysis was carried out using Tukey’s test.
A p-value of <0.05 was considered to indicate a statistically significant difference.

3. Results

3.1. Effect of Compound 9 on In Vitro Angiogenesis of HUVECs

Prior to assessing the antiangiogenic properties of compound 9, the cytotoxic effect of compound 9

on HUVECs was first investigated using the MTT assay and trypan blue exclusion method. Compound 9

inhibited the growth of HUVECs, with IC50 value of 412.3 μM (Figure 1B). Treatment with 6.25–100 μM
of compound 9 did not affect the viability of HUVECs, whereas the cell viability was 85 and 43% after
treatment with 200 and 400μM of compound 9, respectively (Figure 1C). Thus, the effects of compound 9

on in vitro angiogenesis were evaluated at concentrations up to 200 μM with low cytotoxicity.
We next investigated the effects of compound 9 on key steps in VEGF-induced angiogenesis,

including EC proliferation, invasion, tube formation, and adhesion. As shown in Figure 1D, the MTT
assay revealed that compound 9 dose-dependently inhibited the VEGF-stimulated proliferation of
HUVECs. We also examined whether compound 9 affects the invasive migration of HUVECs using the
Matrigel chemoinvasion assay. Treatment with 50–200 μM of compound 9 significantly suppressed
the invasion of HUVECs stimulated by VEGF (Figure 2A). Furthermore, the Matrigel-based tube
formation assay revealed that 50–200 μM of compound 9 markedly disrupted the tubular structures of
HUVECs induced by VEGF (Figure 2B). Its effect on EC-matrix adhesion was assessed, and 25–200 μM
of compound 9 was found to effectively reduce the VEGF-stimulated adhesion of HUVECs to gelatin
(Figure 2C). When compared to compound 9 treatment alone in the absence of VEGF, 50 μM of
compound 9 inhibited the VEGF-induced angiogenic phenotypes to the basal levels as shown in
Figure 2A–C. In addition, cytotoxicity was not observed at 25–100 μM of concentrations by trypan blue
staining performed in parallel to the in vitro angiogenesis assays. However, treatment with 200 μM
of compound 9 exhibited the cytotoxic effect on HUVECs. These findings indicate that compound 9

inhibits VEGF-induced angiogenesis in the concentration range of 25–100 μM where cytotoxicity was
not observed.
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Figure 2. The in vitro antiangiogenic activity of compound 9 in HUVECs. (A–C) The inhibitory effects
of compound 9 on the (A) invasion, (B) tube formation, and (C) adhesion of HUVECs induced by
VEGF. Serum-starved HUVECs were stimulated with VEGF (30 ng/mL) in the presence or absence
of compound 9 (25–200 μM). The basal levels of invasion, tube formation, and adhesion of HUVECs
that were incubated in serum-free medium without VEGF were normalized to 100%. * p < 0.05,
** p < 0.01, *** p < 0.001 vs. the VEGF control. Each value represents the mean ± SD from three
independent experiments.

3.2. Effect of Compound 9 on In Vivo Angiogenesis

We further validated the potential of compound 9 to suppress angiogenesis using the chick embryo
CAM assay. As shown in Figure 3, compound 9 showed a significantly stronger inhibitory activity
on CAM microvessel formation compared to the control group, with inhibition ratios of 81% and
20%, respectively. Furthermore, the blood vessel density was quantified and markedly decreased by
compound 9 treatment without toxicity against pre-existing vessels. These results demonstrate that
compound 9 exhibits promising antiangiogenic activity both in vitro and in vivo.

Figure 3. The in vivo antiangiogenic activity of compound 9 in CAMs. Fertilized chick eggs were
maintained in a humidified egg incubator at 37 ◦C. At embryonic day 5, coverslips filled with vehicle
alone or compound 9 (10 μg/egg) were placed to the CAM surface. Two days later, the vascular images
were photographed. Calculations were based on the ratio of inhibited eggs relative to the total number
of live eggs. Microvessel density was counted and the basal levels of control were normalized to 100%.
*** p < 0.001 vs. the control.
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3.3. Effect of Compound 9 on VEGFR2-Mediated Downstream Signaling Pathways

The phosphorylation of VEGFR2 and its downstream protein kinases mediates VEGF-induced
angiogenesis [16]. Thus, we examined the effect of compound 9 on VEGFR2-mediated signaling in
HUVECs. As shown in Figure 4A, compound 9 clearly reduced the VEGF-stimulated phosphorylation
of VEGFR2 and its downstream effectors, including STAT3, AKT, and ERK1/2. In addition, the total
protein level of VEGFR2 was decreased after treatment with compound 9, whereas those of STAT3,
AKT, and ERK1/2 were not significantly affected.

Figure 4. The downregulation of VEGF/VEGFR2-mediated signaling by compound 9. (A) VEGFR2
downstream signaling inhibitory activities of compound 9. Serum-starved HUVECs were pretreated
with compound 9 (50–200 μM) for 1 h and then stimulated with VEGF (30 ng/mL) for 10 min. (B) MMP-2
and MMP-9 inhibitory activities of compound 9. Serum-starved HUVECs were treated with compound 9

(50–200 μM) in the presence of VEGF (30 ng/mL) for 24 h. (A,B) Protein levels were detected by Western
blot analysis and further quantified by densitometry. The level of β-actin was used as an internal
control. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the VEGF control. Each value represents the mean ± SD
from three independent experiments.

Matrix metalloproteinases (MMPs) participate in the degradation of the vascular basement
membrane, which is required for the invasive migration of ECs [17]. As such, we assessed the
effect of compound 9 on the expression of MMP-2 and MMP-9 stimulated by VEGF. As shown
in Figure 4B, compound 9 markedly reduced the expression levels of MMP-2 and MMP-9 in
HUVECs. Taken together, these results suggest that compound 9 may inhibit the VEGF-induced
angiogenesis of HUVECs by downregulating the VEGFR2-mediated downstream signaling pathways
and MMP-2/MMP-9 expression.
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3.4. Effect of Compound 9 on Tumor Cell-Induced Angiogenesis in Vitro

Our previous study demonstrated that compound 9 exerts effective anticancer activity against
AGS gastric cancer cells by inducing G2/M cell cycle arrest, apoptosis, and autophagy [15]. To further
evaluate whether compound 9 affects tumor cell-induced angiogenesis, we investigated the effect of
compound 9 on the invasion and tube formation of HUVECs stimulated by AGS cells. As shown
in Figure 5A, HUVEC tube formation was significantly induced by culture in conditioned medium
(CM) from AGS cells compared to control (medium only). However, CM from AGS cells treated
with compound 9 significantly inhibited the stimulated tube formation of HUVECs. In addition,
the invasion of HUVECs co-cultured with AGS cells was increased compared to that of HUVECs alone,
whereas the treatment of AGS cells with compound 9 prevented the increased invasion of HUVECs
(Figure 5B). These data indicate that compound 9 inhibits the in vitro angiogenesis induced by AGS
gastric cancer cells.

Figure 5. The inhibitory activity of compound 9 on tumor cell-induced angiogenesis. AGS gastric
cancer cell-induced angiogenesis was assessed using (A) a conditioned medium from tumor cells
for in vitro tube formation assay and (B) an in vitro co-culture system based on the chemoinvasion
assay. (A) The basal level of the tube formation of HUVECs treated with non-conditioned medium
without AGS cells was normalized to 100%. * p < 0.05, *** p < 0.001 vs. the conditioned medium
from untreated AGS cells. (B) The basal level of the invasiveness of HUVECs that were incubated in
serum-free medium without AGS cells was normalized to 100%. * p < 0.05, *** p < 0.001 vs. the control
with untreated AGS cells. Each value represents the mean ± SD from three independent experiments.

3.5. Effect of Compound 9 on HIF-1α and VEGF Expression in Tumor Cells

Hypoxia-inducible factor-1α (HIF-1α) plays a critical role in promoting tumor angiogenesis by
activating the transcription of major proangiogenic factors, including VEGF [18]. To confirm the role
of HIF-1α in mediating the suppressive effect of compound 9 on tumor cell-induced angiogenesis,
we investigated the effect of compound 9 on HIF-1α expression in AGS gastric cancer cells. As shown
in Figure 6A, compound 9 dose-dependently decreased the accumulation of HIF-1α protein induced by
hypoxia in AGS cells. Next, we examined the effect of compound 9 on VEGF expression in AGS cells.
Compound 9 inhibited VEGF secretion in AGS cells stimulated by hypoxia in a dose-dependent manner
(Figure 6B). Therefore, the inhibitory activity of compound 9 on the AGS cell-induced angiogenesis
may be associated with the downregulation of HIF-1α and VEGF expression.
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Figure 6. The HIF-1α inhibitory effect of compound 9. (A,B) AGS gastric cancer cells were pretreated
with compound 9 (50–200 μM) for 1 h and then exposed to 1% O2 for 11 h. (A) The effect of compound 9

on HIF-1α protein accumulation. Protein levels were detected by Western blot analysis and further
quantified by densitometry. The level of β-actin was used as an internal control. (B) The effect
of compound 9 on VEGF expression. The concentration of VEGF protein in the supernatant was
determined by a VEGF ELISA. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the hypoxic control. Each value
represents the mean ± SD from three independent experiments.

4. Discussion

Tumor angiogenesis is a complicated process in which new blood vessels are formed in response
to the interplay between tumor cells and ECs [19,20]. Tumor cells induce angiogenesis by secreting
proangiogenic factors, such as VEGF [21]. Notably, VEGF binds to VEGFR2 on ECs with a high
affinity, subsequently activating several key angiogenic signaling pathways, including STAT3, AKT,
and ERK1/2, which stimulate EC growth, migration, and differentiation [22–25]. Therefore, strategies
that inhibit VEGF-induced angiogenesis by targeting both ECs and tumor cells can be used to effectively
block tumor angiogenesis. To the best of our knowledge, the present study is the first to demonstrate
that 23-demethyl 8,13-deoxynargenicin, termed compound 9, exhibits potential antiangiogenic activity
through its inhibitory effects on VEGF/VEGFR2 signaling in ECs and the HIF-1α/VEGF pathway in
tumor cells.

Nargenicin A1 has been previously found to act as an antibacterial macrolide against various
Gram-positive bacteria isolated from Nocardia species, inhibiting DnaE involved in bacterial DNA
replication [12,15,26]. In addition, nargenicin A1 has shown several other activities, including the
activation of acute myeloid leukemia (AML) cell differentiation, anti-inflammation, and protection
against oxidative stress [27–29]. Due to its valuable biological activities, various technical approaches
to elucidate and modify its biosynthetic pathway have been employed to improve its production and
generate novel derivatives [13,14]. In a recent study, we isolated a novel nargenicin A1 analog, termed
compound 9, in an attempt to characterize the key biosynthetic genes involved in post-polyketide
synthase (PKS) tailoring of nargenicin A1 in Nocardia sp. CS682 [15]. Although compound 9 did not
show any effective antibacterial activity as observed nargenicin A1, it exhibited potential anticancer
properties, unlike the parent compound. Among the tested cancer cell lines, compound 9 most
sensitively suppressed the growth of AGS gastric cancer cells without cytotoxic effects against normal
cell lines. Notably, compound 9 inhibited the growth of AGS cells by inducing G2/M cell cycle arrest,
ROS- and caspase-mediated apoptosis, and autophagy via the downregulation of the PI3K/AKT/mTOR
pathway [15]. Furthermore, while compound 9 significantly decreased the migration and invasion of
AGS cells, nargenicin A1 did not. The anti-metastatic effect of compound 9 was associated with the
inhibition of MMP-2 and MMP-9, two zinc-dependent endopeptidases associated with tumor invasion
and metastasis, as well as the induction of angiogenesis [15]. Although our previous study identified the
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anticancer activity of compound 9, its antiangiogenic properties and underlying molecular mechanisms
were not investigated.

In the present study, compound 9 was found to effectively inhibit the VEGF-stimulated angiogenic
phenotypes of HUVECs, including their proliferation, invasion, capillary tube formation, and adhesion.
In addition, compound 9 significantly reduced the neovascularization of the chick embryo CAM model
without exhibiting toxicity against pre-existing vessels. As demonstrated by both the in vitro and
in vivo results, compound 9 exhibits promising antiangiogenic activity. To elucidate the antiangiogenic
mechanisms of compound 9, we investigated its effect on endothelial VEGF/VEGFR2 signaling. As a
result, compound 9 was found to inhibit the VEGF-stimulated phosphorylation of VEGFR2 and its
downstream effectors, namely STAT3, AKT, and ERK1/2, in HUVECs. However, compound 9 did not
significantly affect the total protein levels of the downstream effectors, but markedly reduced that of
VEGFR2, implying that compound 9 may obstruct the dimerization of VEGFR2. MMPs have been
previously found to degrade the vascular basement membrane to aid endothelial sprouting during
angiogenesis [17]. In the present study, compound 9 markedly suppressed the expression of MMP-2
and MMP-9 stimulated by VEGF in HUVECs, indicating that it reduced MMP expression in both ECs
and tumor cells.

Tumor cells express a variety of proangiogenic factors, including VEGF, through HIF-1, a
heterodimeric transcription factor composed of two subunits, HIF-1α and HIF-1β [30–32]. HIF-1β
is a constitutive nuclear protein, while HIF-1α is strongly induced in response to hypoxia, growth
factor stimulation, and the activation of oncogenes. Therefore, HIF-1α is considered a crucial
target for suppressing tumor angiogenesis. In the present study, compound 9 was found to
effectively inhibit in vitro AGS tumor cell-induced angiogenesis. Moreover, compound 9 significantly
decreased the expression of HIF-1α and VEGF induced by hypoxia in AGS cells. Taken together,
our results suggest that compound 9 exerts an antiangiogenic activity via the dual downregulation of
VEGF/VEGFR2-mediated signaling in ECs and HIF-1α/VEGF expression in tumor cells.

In conclusion, this study reveals for the first time the novel bioactivity and action mechanism
of compound 9 and demonstrates its potential as an angiogenesis inhibitor. Further studies will be
needed to identify the primary cellular target of compound 9 to improve our understanding of the
molecular mechanisms responsible for its anticancer and antiangiogenic activities.
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Abstract: Background: Serum gamma-glutamyltransferase (γ-GT) is recognized as a risk factor for
cardiovascular diseases (CV). Traditional cardiovascular risk factors mediate endothelial dysfunction.
Aim: to evaluate a possible correlation between serum γ-GT and endothelium-dependent vasodilation
in naïve hypertensives. Methods: We enrolled 500 hypertensives. Endothelial function was studied
by strain-gauge plethysmography. Receiver operating characteristic (ROC) analysis was used to
assess the predictive value of γ-GT and to identify the optimal cut-off value of the same variable for
endothelial dysfunction. Results: At univariate linear analysis peak percent increase in acetylcholine
(ACh)-stimulated vasodilation was inversely related to γ-GT (r = −0.587), alanine aminotransferase
(ALT) (r = −0.559), aspartate aminotransferase (AST) (r = −0.464), age (r = −0.171), body mass index
(BMI) (r = −0.152), and fasting glucose (r = −101). In the stepwise multivariate regression model,
endothelium-dependent vasodilation was significantly related to γ-GT (β =−0.362), ALT (β = −0.297),
AST (β = −0.217), estimated glomerular filtration rate (e-GFR) (β = 0.199), gender (β = 0.166),
and smoking (β = −0.061). The ROC analysis demonstrated that the accuracy of γ-GT for identifying
patients with endothelial dysfunction was 82.1%; the optimal γ-GT cut-off value for discriminating
patients with this alteration was 27 UI/L. Conclusions: Serum γ-GT values, within the normal range,
are significantly associated with endothelial dysfunction in hypertensives, and may be considered a
biomarker of early vascular damage.

Keywords: serum γ-glutamyltransferase; endothelial dysfunction; essential hypertension; atherosclerosis;
cardiovascular risk factors

1. Introduction

Gamma-glutamyltransferase (γ-GT) is a glycoprotein located on the plasma membranes of most
cells and organ tissues, especially of hepatocytes. It is involved in the extracellular catabolism of
glutathione, recognized as the major thiol antioxidant in humans and other mammals. An increase in
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serum γ-GT levels >50 IU/mL is seen as a consequence of liver injury or bile ducts blockage. In clinical
practice, serum γ-GT levels are routinely measured when hepatic/biliary disease and/or alcohol abuse
are suspected [1], and it has recently been recognized as a risk factor for metabolic alterations [2],
and chronic renal [3] and cardiovascular diseases (CV) [4–7]. These effects seem to be mediated by the
capacity of γ-GT to increase the production of reactive oxygen species (ROS) in the presence of some
transition metal such as iron [4,8]. Thus, on the basis of these findings and of other epidemiological
studies, it was suggested to consider γ-GT, within its normal range, as an early and sensitive biomarker
of oxidative stress [9]. In fact, subclinical inflammation related to oxidative stress is considered as the
main pathogenetic mechanism involved in several cardio-metabolic diseases [10].

It is well established that endothelial dysfunction, an early event in the atherogenic process,
is associated with some metabolic and hemodynamic [11–14] risk factors (i.e., arterial hypertension,
obesity, etc.) sharing the same pathogenetic mechanisms, represented by an increased oxidative stress
and subclinical inflammation. The activation of these pro-oxidant and pro-inflammatory pathways leads
to the activation and progression of atherosclerotic disease by reducing nitric oxide (NO) bioavailability
and its protective effect on vascular function [15,16]. In addition, it is important to remark that
endothelial dysfunction has been demonstrated to predict the progression of subclinical target organ
damage [17–19]; on this basis, it is possible to affirm that endothelial dysfunction has a key role in
the pathogenetic mechanisms of CV diseases and associated outcomes [14]. Even if the association
between essential hypertension and endothelial dysfunction is well established, to our knowledge
there are no data testing a possible relationship between serum γ-GT concentrations and endothelial
function in this setting of patients. Thus, we designed the present study to evaluate a possible
association between serum γ-GT concentrations, within its normal range, and endothelium-dependent
vasodilation, evaluated by strain-gauge plethysmography, in a large population of newly diagnosed,
never-treated hypertensive patients.

2. Experimental Section

For this study we enrolled 500 Caucasian hypertensive outpatients (256 men and 244 women;
mean age, 47 ± 11 years) referred to the Hypertension Clinic of the University Hospital of Catanzaro,
Italy. Exclusion criteria were secondary forms of hypertension, clinical evidence or previous history
of coronary artery disease, valvular heart disease, peripheral artery disease, diabetes mellitus,
hypercholesterolemia, liver diseases, impaired renal function (defined as an estimated glomerular
filtration rate [e-GFR] <60 mL/min per 1.73 m2), coagulopathies, vasculitis and/or Raynaud’s
phenomenon, history of alcohol and/or drug abuse, and the use of drugs interfering with liver
enzyme concentrations. To enter the study protocol, all subjects had to have serum values of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and γ-GT in the normal range; in particular,
we considered 50 IU/mL as the upper normal limit for all these three variables, as established by
our laboratory. At the first evaluation, all subjects underwent routine blood tests, assessment of risk
factors for atherosclerosis, and evaluation of vascular function through strain-gauge plethysmography.
ALT and AST were measured by pyridoxal phosphate activated (liquid reagent) (COBAS Integra
800—Roche Diagnostics GmbH, Mannheim, Germany; normal values 0–50 UI/L), γ-GT was evaluated
by standardized against Szasz (COBAS Integra 800—Roche Diagnostics GmbH, Mannheim, Germany;
normal values 8–50 UI/L).

High-sensitivity C-reactive protein (hs-CRP) was measured by a high-sensitivity turbidimetric
immunoassay (Cardio-Phase hs-CRP, Siemens Healthcare Diagnostics GmbH, Marburg, Germany) in a
subgroup of 400 patients representative of the whole study population with regard to the variables
listed in Table 1.

The local ethics committee approved the study (approval number 2012.63, 23 October
2012—Comitato Etico Azienda Ospedaliero-Universitaria Mater Domini of Catanzaro, Italy), and all
participants gave written informed consent for all procedures. All the study procedures were conducted
according to the Declaration of Helsinki.
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Table 1. Baseline characteristics of the whole study population and of the subgroup of patients with
hs-CRP values.

Variables All n = 500 hs-CRP Group n = 400 p

Age, years 47 ± 11 47 ± 11 0.998

Gender, M (%) 256 (51) 183 (46) 0.0001

Body mass index, kg/m2 27.3 ± 3.6 27.3 ± 3.6 0.997

SBP, mm Hg 149 ± 17 149 ± 17 0.999

DBP, mm Hg 91 + 12 91±12 0.998

Heart rate, bpm 72 ± 9 73 ± 9 0.098

Total cholesterol, mg/dL 205 ± 31 205 ± 31 0.997

Smokers, No (%) 78 (16) 75 (19) 0.246

Fasting glucose, mg/dL 95 ± 11 95 ± 11 0.998

LDL cholesterol, mg/dL 130 ± 31 129 ± 31 0.631

HDL cholesterol, mg/dL 52 ± 12 52 ± 12 0.997

Triglycerides, mg/dL 116 ± 40 116 ± 41 0.999

e-GFR, ml/min/1.73/m2 85 ± 20 88 ± 18 0.020

ALT, UI/L 21±11 21 ± 11 0.999

AST, UI/L 22 ± 9 22 ± 9 0.998

γ-GT, UI/L 33 ± 14 32 ± 14 0.287

hs-CRP, mg/L 4.1 ± 2.2

FBF baseline, mL·0.100
tissue−1·min−1 3.4 ± 0.7 3.3 ± 0.6 0.024

FBF maximal response to
acetylcholine, % of increase 303 ± 180 318 ± 183 0.218

Response to sodium
nitroprusside, % of increase 317 ± 110 315 ± 107 0.784

Vascular resistance, U 34 + 8 34 + 7 0.998

ALT = alanine transaminase; AST = aspartate transaminase; SBP = systolic blood pressure; DBP = diastolic
blood pressure; FBF = forearm blood flow; γ-GT = gamma glutamyltransferase; LDL= low-density lipoproteins;
HDL = high-density lipoproteins; hs-CRP = high-sensitivity C-reactive protein.

2.1. Vascular Function Evaluation

Vascular function evaluation was made at 09:00 a.m. in a quiet and air-conditioned room (22–24 ◦C)
with the fasting subjects lying supine. Forearm volume was determined by water displacement.
A 20-gauge polyethylene catheter (Vasculon 2; Baxter Healthcare, Deerfield, IL, USA), introduced
into the brachial artery of the non-dominant arm, was used for evaluation of blood pressure (BP)
and for drug administration. Measurement of percent change in forearm volume was obtained
by a mercury-filled silastic strain gauge placed on the widest part of the forearm, connected to a
plethysmograph (model EC-4; DE Hokanson, Issaquah, WA, USA) that was connected to a chart
recorder for detection of forearm blood flow (FBF) measurements. Exclusion of peripheral venous
outflow was obtained by inflating to 40 mmHg a cuff placed on the upper arm with a rapid cuff inflator
(model E-10; DE Hokanson, Issaquah, WA, USA). FBF was calculated as the slope of the change in
forearm volume; the mean of 3 measurements was obtained at each time point.

For the evaluation of endothelial function, we used the protocol initially described by Panza et al. [12] and
subsequently used by us [13,14,17,18]. Endothelium-dependent and endothelium-independent vasodilation
was assessed by a dose–response curve during intra-arterial infusions of acetylcholine (ACh) (7.5, 15,
and 30 μg/mL per minute, each for 5 min) and sodium nitroprusside (SNP) (0.8, 1.6, and 3.2 μg/mL per
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minute, each for 5 min), respectively. Prior to the administration, ACh (Sigma, Milan, Italy) was diluted with
saline and SNP (Malesci, Florence, Italy) in 5% glucose solution, and protected from light with aluminum foil.

2.2. Statistical Analysis

Data are reported as mean± SD or as percent frequency; we used t-test or the χ2 test, as appropriate,
for comparisons between groups. Relationships between paired parameters were tested by correlation
coefficient of Pearson. Multivariate models (linear or logistic regression) were constructed using,
as independent covariates, several traditional CV risk factors—age, gender, body mass index, glucose,
LDL and HDL cholesterol, triglyceride, BP, smoking, and e-GFR—to test the independent relationship
between γ-GT and the response to ACh. In an additional analysis, we tested the potential confounding
effect of hs-CRP in a subgroup of 400 patients.

In the logistic regression analysis, endothelial dysfunction, as dichotomic variable, was expressed
as a maximal response to ACh < 400% as previously reported [17,18].

In multiple linear regression models, data were expressed as standardized regression coefficient
(beta) and p value. In multiple logistic regression analyses, data were expressed as odds ratio (OR),
95% confidence interval (CI), and p value.

Receiver operating characteristic (ROC) analysis was used to assess the predictive value of γ-GT
(area under the curve) and to identify the optimal cut-off value of the same variable for endothelial
dysfunction, i.e., the value which maximizes the difference between true positive and false positive
rates of endothelial dysfunction.

To assess the internal consistency of study results, a sensitivity analysis was performed by
randomly dividing the whole study population into two equally sized subgroups.

All calculations were made with a standard statistical package (SPSS for Windows version 20.0;
SPSS, Inc., Chicago, IL, USA).

3. Results

Baseline demographic, clinical, and hemodynamic characteristics of the whole study population
and of the subgroup of 400 patients, with hs-CRP dosage, are summarized in Table 1.

3.1. Correlational Analysis

The results of univariate linear analysis between ACh-stimulated vasodilation and different
covariates in the study population are reported in Table 2. An inverse relationship was found
between peak percent increase in ACh-stimulated vasodilation and the following: γ-GT (−0.587),
accounting for 34.4% of its variation; ALT (r = −0.559), accounting for 31.2% of its variation;
AST (r = –0.464), accounting for 21.5% of its variation; age (r = −0.171), accounting for 2.9% of
its variation; BMI (r = −0.152), accounting for 2.3% of its variation; and fasting glucose (r = −101),
accounting for 1% of its variation. On the contrary, a direct relationship was observed with the
following covariates: e-GFR (r = 0.257), accounting for 6.6% of its variation and HDL cholesterol
(r = 0.108), accounting for 1.2% of its variation. No significant relationships were detected between
ACh-stimulated FBF and systolic and diastolic BP, triglyceride, and LDL cholesterol.
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Table 2. Univariate relationships between FBF maximal response to acetylcholine and different covariates.

R p

γ-GT, UI/L −0.587 0.0001

ALT, UI/L −0.559 0.0001

AST, UI/L −0.464 0.0001

e-GFR, mL/min/1.73/m2 0257 0.0001

Gender, male vs. female 0.191 0.0001

Age, years −0.171 0.0001

BMI, kg/m2 −0.152 0.0001

Fasting glucose, mg/dL −0.101 0.012

Systolic blood pressure, mmHg −0.055 0.0108

Diastolic blood pressure, mmHg −0.031 0.248

Smoking, yes vs. no 0.028 0.269

LDL cholesterol, mg/dL −0.024 0.300

Triglycerides, mg/dL −0.007 0.435

HDL cholesterol, mg/dL 0.001 0.494

Data are expressed as Pearson product-moment correlation coefficient (r) and p values. ALT = alanine transaminase;
AST = aspartate transaminase; BMI = body mass index; γ-GT = gamma glutamyltransferase; HDL = high-density
lipoproteins; LDL = low-density lipoproteins.

3.2. Multivariate Analysis

To evaluate the independent predictors of ACh-stimulated maximal FBF, covariates reaching
statistical significance, with the addition of smoking and gender as dichotomic variables, were inserted
into a stepwise multivariate regression model (Table 3). Results of this analysis demonstrated that the
variables significantly associated with endothelium-dependent vasodilation were γ-GT (β = −0.362;
p = 0.0001), ALT (β = −0.297; p = 0.0001), AST (β = −0.217; p = 0.0001), e-GFR (β = 0.199; p = 0.0001),
gender (β = 0.166; p = 0.0001), and smoking (β = −0.061; p = 0.044). γ-GT and ALT account for 35.4%
and 12.3% of the FBF variation, respectively, while other covariates retained in the final model explain
another 9.8% of its variation. Overall, the final model accounts for 56.5% of FBF variation.

Table 3. Multiple linear regression models for FBF maximal response to acetylcholine.

Partial r2 Total r2 b Coefficient P

γ-GT 35.4 35.4 −0.362 0.0001

ALT 12.3 46.7 −0.297 0.0001

AST 5.4 52.1 −0.217 0.0001

e-GFR 1.9 54.0 0.199 0.0001

Gender 2.1 56.1 0.166 0.0001

Smoking 0.4 56.5 −0.061 0.044

ALT = alanine transaminase; AST = aspartate transaminase; γ-GT = gamma glutamyltransferase.

In the additional analysis including serum hs-CRP, conducted in a subgroup of 400 patients,
the association between serum γ-GT and the peak percent of increase of ACh-stimulated FBF did not
change (β = −0.362; p = 0.0001).

Finally, we performed multiple logistic regression analyses to estimate the odds of endothelial
dysfunction, adopting the cut-off value of 400% of increase in FBF as the dependent variable,
associated with serumγ-GT levels (Table 4). The probability of endothelial dysfunction was significantly
increased by γ-GT (OR = 1.927 for 10 UI/L), ALT (OR = 2.175 for 10 UI/L), AST (OR = 1.973 for 10 UI/L),
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and gender (OR= 2.695 male vs. female); on the contrary, the risk of endothelial function impairment was
significantly reduced by the preservation of e-GFR (OR = 0.699 for 10 mL/min/1.73 m2). The additional
analysis, including serum hs-CRP in the same model, demonstrated that the link between serum γ-GT
and endothelial dysfunction did not change (OR = 1.953; 95% CI = 1.527–2.499; p = 0.0001).

Table 4. Multiple logistic analysis of endothelial dysfunction.

OR 95% CI p

γ-GT, 10 UI/L 1.927 1.548–2.399 0.0001

ALT, 10 UI/L 2.175 1.608–2.941 0.0001

AST, 10 UI/L 1.973 1.369–2.788 0.0001

Gender, male vs. female 2.695 1.413–5.141 0.003

e-GFR, 10 mL/min/1.73/m2 0.699 0.583–0.837 0.0001

ALT = alanine transaminase; AST = aspartate transaminase; γ-GT = gamma glutamyltransferase.

The ROC analysis demonstrated that the accuracy of γ-GT for identifying patients with endothelial
dysfunction was 82.1% (AUC = 0.821, p < 0.001) (Figure 1) and that the optimal γ-GT cut-off value for
discriminating patients with this alteration from those without was 27 UI/L, a threshold providing a
81% sensitivity and a 74% specificity.

Figure 1. Receiver operating characteristic (ROC) curve for the accuracy of γ-GT for identifying
patients with endothelial dysfunction. The accuracy of γ-GT for identifying patients with endothelial
dysfunction is 82.1% (AUC = 0.821, p < 0.001).

3.3. Cross-Validation

To assess the robustness of study results, we performed a sensitivity analysis by randomly
dividing the whole study population into two equally sized subgroups. This additional analysis
showed that the strength of the relationships between the key risk factors (namely, γ-GT, ALT, AST,
gender, and e-GFR) with the outcome variable (endothelial dysfunction) we found in the whole study
population (see Table 4) was of similar magnitude to that found in subgroup A (see Table 5) and
subgroup B (see Table 6) of the sensitivity analysis. The AUC in the two subgroups (Subgroup A: 76.9%;
Subgroup B: 82.1%) provided by the above-mentioned risk factors was almost identical to that found
in the whole study population (82.1%), indicating an adequate internal consistency of study results.
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Table 5. Multiple logistic analysis of endothelial dysfunction in Subgroup A (n = 247).

OR 95% CI p

γ-GT, 10 UI/L 2.089 1.545–2.823 0.0001

ALT, 10 UI/L 1.556 1.045–2.316 0.029

AST, 10 UI/L 1.865 1.146–3.035 0.019

Gender, male vs. female 2.742 1.147–6.558 0.023

e-GFR, 10 mL/min/1.73/m2 0.656 0.522–0.825 0.0001

Table 6. Multiple logistic analysis of endothelial dysfunction in Subgroup B (n = 253).

OR 95% CI p

γ-GT, 10 UI/L 1.819 1.335–2.480 0.0001

ALT, 10 UI/L 2.733 1.747–4.273 0.0001

AST, 10 UI/L 1.831 1.141–2.937 0.012

Gender, male vs. female 2.014 0.827–4.904 0.123

e-GFR, 10 mL/min/1.73/m2 0.710 0.558–0.903 0.005

4. Discussion

To our knowledge, findings obtained in this study demonstrate, for the first time, the association
between serum γ-GT within the normal range and endothelial dysfunction, evaluated by strain-gauge
plethysmography, in a very large and well-characterized population of never-treated hypertensive
patients. Particularly, the risk of endothelial dysfunction increases by 93% for each 10 IU/L elevation of
this enzyme (Table 4).

It is well established that the primary role ofγ-GT is to contribute to the maintenance of intracellular
homeostasis of glutathione (GSH), one of the major intracellular antioxidant components [20], even if
some experimental findings demonstrated that, in the presence of iron or other transition metals,
it might also be involved in the generation of ROS [9]. Thus, on the basis of this evidence, γ-GT emerged
over time as an early and sensitive enzyme related to oxidative stress. In fact, its circulating levels,
within normal range, resulted in the increase of F2-isoprostanes, fibrinogen, and CRP, all markers of
systemic inflammation [9]. Interestingly, this association was observed independently of the presence
of metabolic alterations, typically related to γ-GT elevation [5,21]. Consistent with these findings,
we also observed a significant relationship between γ-GT and hs-CRP, confirming previously published
data suggesting that elevation of γ-GT is involved in the subclinical inflammatory response and
oxidative stress [22], both conditions associated with endothelial dysfunction [13,23].

Another important finding of this study is that ALT levels, within the normal range, are also
significantly associated with endothelial function. Particularly, the increase of 10 IU/L of ALT almost
doubles the risk of endothelial dysfunction, as reported in Table 4. Although a significant relationship
between γ-GT values within the normal range and the incidence of chronic elevation of ALT was
previously reported [24], no data are available to demonstrate a possible pathogenetic role of ALT in
the activation of an oxidative stress process. Although γ-GT can be considered as an early biomarker
of systemic and hepatic oxidative stress, ALT elevation might reflect possible inflammatory liver
damage as a consequence of this increased oxidative stress. In accordance with this, we previously
reported that hypertensive patients with both metabolic syndrome and non-alcoholic fatty liver disease
(NAFLD) had a reduced endothelium-dependent vasodilation in comparison with hypertensives
with metabolic syndrome without NAFLD [25]. Serum ALT values were significantly higher in
hypertensives with NAFLD than in those without (42.0 + 10.8 vs. 24.6 + 5.2 UI/L), leading to the
hypothesis that NAFLD—and the associated elevation of ALT levels—could be considered as an early
biomarker of endothelial dysfunction.
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5. Conclusions

The results obtained in the present study showed a strong and inverse relationship between γ-GT
and endothelium-dependent vasodilation; in particular, the novelty of this paper is the identification of a
cut-off value of γ-GT (27 IU/L) to discriminate between patients with and without (γ-GT> and <27 IU/L,
respectively) endothelial dysfunction. In addition, present data confirm previously published literature
demonstrating the strong associations between serum γ-GT and many CV risk factors and/or events;
in this context endothelial dysfunction could be considered as an established consequence of increased
oxidative stress. Furthermore, it is important to remark that strain-gauge plethysmography represents
the gold-standard technique for endothelial function testing, thus conferring robustness to the results
obtained in a wide population. Thus, serum γ-GT may be considered an additional biomarker of early
vascular damage; its usefulness is also supported by its wide availability and low cost.
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Abstract: Diabetes is a worldwide health issue closely associated with cardiovascular events. Given the
pandemic of obesity, the identification of the basic underpinnings of vascular disease is strongly
needed. Emerging evidence has suggested that endothelial dysfunction is a critical step in the
progression of atherosclerosis. However, how diabetes affects the endothelium is poorly understood.
Experimental and clinical studies have illuminated the tight link between insulin resistance and
endothelial dysfunction. In addition, macrophage polarization from M2 towards M1 contributes to
the process of endothelial damage. The possibility that novel classes of anti-hyperglycemic agents
exert beneficial effects on the endothelial function and macrophage polarization has been raised.
In this review, we discuss the current status of knowledge regarding the pathological significance
of insulin signaling in endothelium. Finally, we summarize recent therapeutic strategies against
endothelial dysfunction with an emphasis on macrophage polarity.

Keywords: endothelial dysfunction; insulin resistance; macrophage polarity

1. Introduction

Diabetes is a global health problem, characterized by defective insulin secretion and resistance to
insulin. According to the International Diabetes Federation (IDF), the number of people with diabetes
is estimated to rise from 425 million at present to more than 600 million by 2045 [1]. Diabetes carries
a significant risk of microvascular pathologies, such as retinopathy, nephropathy, neuropathy, and
atherosclerotic diseases. Indeed, the relative risk of cardiovascular disease increases by two- to
four-fold in patients with diabetes compared to non-diabetes patients [2]. Endothelial dysfunction is
an early marker for atherosclerosis, preceding angiographic or ultrasonic evidence of atherosclerotic
plaque [3,4]. In addition, accumulating evidence implicates endothelial dysfunction as an event seen
even in patients with prediabetic conditions, such as impaired fasting glucose (IFG) and impaired
glucose tolerance (IGT) [5].

The vascular endothelium functions as a structural barrier between the lumen and vessel wall.
Studies over the past decade have also shown that the endothelium secretes numerous growth factors
and cytokines that regulate multiple vascular functions (e.g., vascular tone, proliferation of vascular
smooth muscle, platelet aggregation, coagulation, and fibrinolysis). Furthermore, the endothelium
mediates vasoconstriction by secreting mediators, such as endothelin-1 and thromboxane A2. In contrast,
substances such as nitric oxide (NO), prostacyclin, and endothelium-derived hyperpolarizing factor
(EDHF) regulate vasodilation [2]. NO, the primary contributor synthesized from L-arginine by
endothelial NO synthase (eNOS), regulates the endothelium-dependent relaxation of arteries [6].
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Endothelial dysfunction is characterized by a loss of molecular functions in endothelial
cells. Factors promoting this event include metabolic disorders (e.g., diabetes [7,8], obesity [9],
dyslipidemia [10]), smoking [11], a high salt intake [12], lack of exercise [13], and menopause [14].
The release of reactive oxygen species (ROS) and the generation of oxidative stress are considered
critical factors for the pathogenesis of diabetic vascular complications. While endothelial dysfunction
is associated with various pathological aspects, including local inflammation [15,16] and oxidative
stress [17,18], the pivotal mechanisms are the decrease of NO production and inactivation of NO [19].
The inactivation of NO results from oxidative stress caused by uncoupling of eNOS [20] and an
increase in ROS-generating enzymes, including nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH) oxidase (NOX), cyclooxygenases (COX), and xanthine oxidase (XO) [21–23].

A variety of clinical methods for assessing the endothelial function are used. Previous studies to
assess the endothelial function in humans have often evaluated NO-dependent vasodilation. Measuring
the changes in the diameter and blood flow of the coronary artery in response to intra-coronary infusion
of acetylcholine is considered the standard method [24]. Non-invasive methods for measuring the
endothelial function have been evaluated in previous studies [25]. One of the most commonly applied
techniques is flow-mediated dilation (FMD), which is evaluated by brachial artery ultrasound [26].
This method is well-trusted and relevant to cardiovascular risk factors [27] but is highly dependent
on the experience level of the operators, who need special training [28]. The analysis of the pulse
amplitude tonometry (PAT) in the index finger after reactive hyperemia has been considered as another
non-invasive method for assessing the endothelial function [29]. Elevation of plasma concentrations
of biomarkers of hemostasis, inflammation, and oxidative stress are also used as indices suggesting
endothelial dysfunction [24]. Circulating levels of markers such as P- and E-selectin, ICAM-1, VCAM-1,
plasminogen activator inhibitor-1 (PAI-1), oxidized low-density lipoprotein (oxLDL), and asymmetrical
dimethylarginine (ADMA) have been used as markers of endothelial dysfunction [24].

We herein review the underlying mechanisms of endothelial dysfunction in diabetes and discuss
how endothelial metabolism is targeted by the clinical agents.

2. Insulin Resistance and Endothelial Dysfunction

Insulin plays a vital role in the maintenance of vascular homeostasis. Insulin resistance is defined as
an impaired biologic sensitivity and/or responsiveness to insulin stimulation in target tissues including
the muscle, adipose tissue, and liver. Substantial evidence supports insulin resistance as the essential
pathophysiologic impairment responsible for metabolic and cardiovascular disorders, collectively
known as metabolic syndrome. Disturbance of insulin signaling eventually leads to glucose intolerance,
diabetes, dyslipidemia, and coronary artery disease. Over the past two decades, many studies
have focused on mechanisms provoking endothelial dysfunction, including ROS-mediated eNOS
uncoupling, loss of NO bioavailability, and hyperglycemia-induced apoptosis of vascular endothelium,
which ultimately leads to impaired vascular relaxation, a common biomarker of endothelial dysfunction.
Understanding the endothelial control of metabolism in detail may aid in the development of novel
approaches for intervention in obesity and obesity-related diseases.

2.1. Insulin Signaling in Endothelium

Insulin binds to the cell surface receptor known as the insulin receptor (IR). Activated IR
phosphorylates intracellular substrates, such as insulin receptor substrate (IRS) family members,
Shc proteins, and Gap-1 [30]. In humans, three isoforms of IRS—1, 2, and 4—have been shown to
play important roles that vary depending on the cell type and metabolic conditions. For example,
IRS-1 regulates insulin action in skeletal muscle as evidenced by findings that genetic ablation of
IRS-1 results in insulin resistance and hypertriglyceridemia. IRS-2 functions as a regulator of insulin
action in liver and pancreatic β cells. Intriguingly, IRS-2-deficient mice are more susceptible to
diabetes than IRS-1 knockout mice because of the impairment of insulin secretion [31], indicating that
IRS-2 contributes to the molecular basis for diabetes. The phosphorylated IRS tyrosine activates
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phosphoinositide-3 kinase (PI3-K) and then converts phosphatidylinositol (3,4)-bisphosphate (PIP2) to
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 initiates a cascade of serine kinases, resulting in
the recruitment of phosphoinositide-dependent kinase-1 (PDK-1) and Akt to the membrane, where they
are activated [32]. Activation of Akt greatly influences cellular functions by regulating NO production,
angiogenesis, and glucose metabolism [33].

Both IRS-1 and -2 are expressed in the endothelium [34]. Akt activation promotes the cell survival
and proliferation of tumor vasculature [35]. Under pathophysiological conditions including obesity
and insulin resistance, selective endothelial insulin resistance is promoted by proteasomal degradation
of IRS-2 [34]. In the setting of insulin resistance, the reduction of endothelial proliferation results
in atherosclerosis, diminished collateral angiogenesis in occluded coronary arteries, and reduced
reendothelialization [2]. Furthermore, emerging evidence has shown that the proangiogenic role of
Akt is induced by the generation of hypoxia-inducible factor α (HIFα). HIFα activation leads to the
expression and subsequent production of angiogenic factors, such as vascular endothelial growth
factor (VEGF). Akt’s ability to enhance the rate of glycolysis is dependent on HIFα and the subsequent
expression of glycolytic enzymes [36].

Another insulin signaling pathway proceeds from Shc, which causes activation of the small GTP
binding protein Ras and then initiates a phosphorylation cascade involving mitogen-activated protein
kinase (MAPK). The MAPK pathway is associated with endothelial cells, mediating the secretion of
ET-1 [37]. Insulin signal pathways form an extremely complicated network and multiple feedback loops.
In other words, while MAPK pathways are weakly associated with regulating metabolic functions,
PI3-kinase-dependent pathways function as pivotal branches to mediate the metabolic actions of insulin.

2.2. Insulin Resistance in the Endothelium

Insulin resistance is characterized by the deficiency in metabolic actions of insulin. A disorder
of the PI3-K/Akt pathway results in a lack of insulin sensitivity in peripheral tissues. The MAPK
pathway is strongly activated with compensatory hyperinsulinemia to produce inflammatory mediators
(i.e., ICAM-1, VCAM-1, and E-selectin) when the PI3-K/Akt axis is downregulated [38]. The imbalance
between these two signals leads to endothelial dysfunction, characterized by a decreased production
of NO and increased generation of ET-1 in endothelial cells [39,40].

NOX is a key molecule in the development of endothelial dysfunction and is a major source
of ROS production in endothelial cells. Type 2 diabetes is characterized by impaired control of the
redox environment with overproduction of ROS [41]. The main factors playing a protective role are
eNOS and NO. The biological balance at the endothelium is maintained by vasodilatory substances
(i.e., prostaglandins, NO) and vasoconstricting factors (i.e., ET-1, angiotensin II). The activated
PI-3/Akt pathway induces the phosphorylation of eNOS, transformation of L-arginine to L-citrulline,
and production of NO. NO exerts a vasoprotective role by inhibiting the proliferation of vascular smooth
muscle cells, expression of inflammatory cytokines, and platelet aggregation. In contrast, the lack
of NO generation leads to the enhanced production of inflammatory and thrombotic cytokines [42].
Taken together, these findings indicate that the involvement of endothelial dysfunction and insulin
resistance in pathological disorders contributes to the impairment of the cellular glucose uptake,
NO-dependent vasodilation, enrichment of oxidative stress, and inflammation.

Elevation of circulating cytokine levels is strongly associated with insulin resistance and contributes
to endothelial dysfunction. Increased levels of cytokines, including C-reactive protein (CRP), TNF-α,
and interleukin-6 (IL-6), inhibit insulin-stimulated NO production by decreasing the eNOS expression,
leading to the inhibition of the PI3K/Akt/eNOS pathway [43,44]. Obesity and type 2 diabetes are associated
with elevated levels of leptin and resistin, which induce increases in TNF-α and IL-6 [45]. In addition,
leptin enhances the serine phosphorylation of IRS-1, thereby disturbing insulin signaling through the
PI-3K/Akt pathway [46]. In contrast, resistin reduces the expression of eNOS [47]. Although adiponectin
and ghrelin stimulate NO production through the PI-3K/Akt signaling pathways and enhance the NO
bioavailability, both cytokines are known to be reduced in patients with obesity or type 2 diabetes [48,49].
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3. Crosstalk between Macrophage Polarization and Endothelial Cells

Macrophages and endothelial cells are closely related to each other. Endothelial cells produce
cytokines pivotal for the differentiation and growth of macrophages. Macrophages constitute an
important line of defense against infection and are essential for tissue repairing as well as wound
healing [50,51]. These broad actions are mediated through macrophage conversion induced by
environmental signals, such as lower temperatures and the secretion of colony-stimulating factor 1
(CSF-1) and interleukin (IL)-4. There are two types of macrophages: the proinflammatory M1 phenotype
(classic activation) and the anti-inflammatory M2 phenotype (alternative activation). Adipose tissue
macrophages (ATMs) from obese mice and humans are polarized toward an M1 phenotype, with the
upregulation of tumor-necrosis factor (TNF) and inducible NO synthase (iNOS). In contrast, “lean” ATMs
express high levels of M2 genes, including IL-10, Ym1, and Arginase 1 [52]. Emerging evidence indicates
that proinflammatory M1 polarization induces adipose inflammation [53,54]. Consistently, a lack of M1
macrophages improves insulin sensitivity in obese mice [55,56]. In contrast, deletion of M2 macrophages
has been shown to contribute to insulin resistance in wild-type mice [57]. These findings imply that
macrophage polarization is implicated in metabolic disturbance.

NO exerts anti-inflammatory and antithrombotic effects. These actions are mediated by the
activation of soluble guanylate cyclase, which in turn activates cyclic guanosine monophosphate
(cGMP)-dependent protein kinase (PKG) through increased levels of cytoplasmic cGMP [58].
Vasodilator-stimulated phosphoprotein (VASP), a downstream target of PKG, has been identified as a
regulator controlling cytoskeletal remodeling and cell migration [59]. Previous studies focusing on
insulin resistance have revealed the endothelial NO/VASP-mediated suppression of inflammation in
adipose tissue and liver [60,61]. Of note, activation of NO/VASP signaling promotes a phenotypic
change into an M2 macrophage state. Conversely, a high-fat diet (HFD) attenuates M2 polarization and
induces M1 activation in Kuppfer cells, which leads to insulin resistance in the liver [58]. Taken together,
these findings suggest that a therapeutic approach targeting the NO/VASP pathway would promote
anti-inflammatory actions and may thus be effective for managing metabolic disorders, including obesity
and diabetes (Figure 1).

 

Figure 1. The metabolic network between macrophage polarization, insulin resistance, and endothelial
cells. Macrophages play pleiotropic functions in the endothelium. Proinflammatory M1 macrophages
are stimulated by LPS, IFN-γ, and TNF-α and promote the secretion of inflammatory cytokines,
including IL-1, IL-6, and TNF-α. In contrast, anti-inflammatory M2 macrophages are stimulated by
IL-4 and IL-10 and secrete anti-inflammatory cytokines, such as IL-10 and TGF-β. Through NO/VASP
signaling, M2 macrophages contribute to the suppression of inflammation in the endothelium, leading
to the improvement of insulin resistance and endothelial dysfunction. NO, Nitric oxide; VASP,
Vasodilator-stimulated phosphoprotein.
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4. Targeting Endothelial Dysfunction

The ultimate goal of the treatment of diabetes is to prevent microvascular and macrovascular
complications. The endothelium lining the inner wall of the vasculature modulates basic hemostatic
functions, including the circulation of blood cells, vascular tone, platelet activity, and inflammation.
Endothelial dysfunction is considered an early predictor of future cardiovascular events and
atherosclerosis. Growing knowledge concerning the diverse functions of the endothelium has
focused attention on therapeutic strategies that may improve the endothelial function. From a clinical
standpoint, a large amount of experimental evidence supports the notion that therapies targeting
endothelial dysfunction reduce cardiovascular mortality and morbidity. It is important to consider
whether or not drugs used in the clinical management of type 2 diabetes exert positive and pleiotropic
effects on the endothelium independent of the glucose-lowering action. While statins have been
reported to exert vascular protective effects that are independent of lowering the LDL-cholesterol level,
some anti-diabetic agents have recently been suggested to exert beneficial effects against endothelial
dysfunction. In addition to traditional drugs, clinical and experimental data support the possibility
that novel classes of anti-hyperglycemic agents have beneficial effects on the endothelial function and
macrophage polarization.

4.1. SGLT2 Inhibitors

SGLT2 inhibitors block the glucose uptake in the renal proximal tubule of the nephron,
resulting in the induction of glycosuria and decreased blood glucose levels. Recent trials, such as
the EMPA-REG-OUTCOME and the CANVAS Program have revealed that SGLT2 inhibitors,
i.e., empagliflozin and canagliflozin, attenuate cardiovascular events and reduce the death rate
compared to the patients treated with placebo [62,63]. SGLT2 inhibitors have been suggested to exert
beneficial actions on the endothelial function. For example, Shigiyama et al. clearly demonstrated
that dapagliflozin add-on therapy on metformin improved the endothelial function by improving
the oxidative stress in patients with inadequate glycemic control [64]. Furthermore, dapagliflozin
has been shown to improve systemic endothelial dysfunction and arterial stiffness, independent
of the blood pressure and blood glucose levels [65]. Lee et al. also reported that dapagliflozin
improves vascular smooth muscle dysfunction with alterations of gut microbiota in type 2 diabetic
mouse [66]. Uthman et al. demonstrated the anti-inflammatory action of SGLT2 inhibitors by showing
that empagliflozin rescued the TNF-α-induced reduction of the eNOS expression in human coronary
arterial endothelial cells [67].

From the perspective of inflammation, empagliflozin is suggested to promote browning of white
adipose tissue (WAT) by polarizing M2 ATMs [68]. Furthermore, dapagliflozin attenuates cardiac
fibrosis by promoting M2 macrophage polarization in myocardial infarction in rodents [69]. As such,
the inhibition of SGLT2 may shift the macrophage polarity to an M2 status, and thus, prevent metabolic
disorders causing endothelial dysfunction.

4.2. GLP-1 Receptor Agonists

GLP-1 receptor (GLP-1R) is expressed not only in pancreatic β-cells but also in various tissues
and organs, including endothelial cells, fat, brain, heart, liver, and muscle, and both GLP-1 and
GLP-1R possess pleiotropic effects [70,71]. From the standpoint of vascular protection, the usefulness
of GLP-1R agonists has been reported in basic research. For example, GLP-1R agonist reduces the
production of inflammatory cytokines [72,73] and apoptosis of endothelial cells [74] and induces
eNOS production [75]. The PI3K/Akt-eNOS activation pathway has been suggested as an underlying
mechanism [76]. Cai et al. reported that GLP-1R agonists treatment induces a protective effect on
endothelial cells through a GLP-1R-ERK1/2-dependent manner [77]. Furthermore, recent trials have
shown that exenatide, a commonly used GLP-1R agonist, improves the endothelial function in patients
with type 2 diabetes and pre-diabetes [78–80].
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As is the case with SGLT2 inhibitors, GLP-1R agonist is suggested to modulate macrophage
polarity. The reprogramming of the macrophage phenotype towards the M2 phenotype has been
shown in mice with apoE and IRS2 deficiency treated with lixenatide. This was associated with a
reduction in the atheroma plaque size [81] and the regression of the early stage of atherogenesis [82].
However, these studies were only performed in mouse models. Further mechanistic investigations
will be required in order to elucidate the precise role of GLP-1R agonists in macrophage polarity.

4.3. DPP-4 Inhibitors

Dipeptidyl peptidase-4 (DPP-4) is released from adipose tissue and acts as a pro-inflammatory
adipokine, mediating local inflammation, insulin resistance, and metabolic syndrome [83,84].
The expression of adhesion molecules and inflammatory cytokines is attenuated by DPP-4 inhibitor [85].
In addition, DPP-4 inhibitors exert anti-diabetic and myocardial protective effects through the activation
of PI3/Akt signaling and eNOS [86].

Of note, DPP-4 has been shown to regulate inflammation and insulin resistance in the setting
of obesity by modulating the macrophage polarity. For instance, linagliptin promotes the shift
of polarity toward the anti-inflammatory M2 macrophage phenotype in liver and adipose tissue,
thereby improving local inflammation and insulin resistance [87].

Furthermore, clinical data indicate that DPP-4 inhibitors, including sitagliptin [88], vildagliptin [89],
linagliptin [90], and saxagliptin [91], improve endothelial dysfunction. Treatment with sitagliptin for 12
weeks significantly improved the change in FMD and increased the circulating levels of CD34, a marker
of endothelial progenitor cells [92]. In addition, Kajikawa showed that saxagliptin markedly increased
FMD and massively decreased stromal cell-derived factor-1α (SDF-1α), a DPP4 substrate participating
in the recovery of vascular injury by recruiting endothelial progenitor cells [91]. Further clinical trials
and mechanistic investigations will be required in order to validate the role of DPP4-inhibitors in the
pathogenesis of vascular events.

4.4. Biguanides

Metformin, the most common anti-diabetic agent, upregulates the blood flow in adipose tissue
and skeletal muscle [93]. The metformin-induced production of eNOS and inhibition of leukocyte
adhesion, vascular aging, and endothelial cell apoptosis has also been reported. The activation of
AMP-activated protein kinase (AMPK) is the underlying mechanism [94,95].

Metformin also exerts an anti-inflammatory function in endothelium and adipose tissue through
multiple pathways. For example, a clinical trial using long-term metformin treatment in patients with
type 2 diabetes reported its efficacy in reducing levels of plasma markers (i.e., VCAM-1 and ICAM-1)
independent of changes in HbA1c [96]. In addition, metformin can mediate macrophage polarization
to the M2 phenotype and subsequent inhibition of the Jun N-terminal Kinase (JNK) pathway [97].

From the viewpoint of clinical trials, many prospective studies targeted at patients with type 2
diabetes have shown that metformin treatment improves the cardiovascular prognosis independently
from glycemic control. In a study dealing with type 2 diabetes patients, metformin improved both
the insulin resistance and acetylcholine-stimulated flow, with a strong statistical relationship between
these parameters [98]. In another study, the long-term treatment of metformin improved the plasma
levels of markers of the endothelial function independent of other variables, including the weight,
blood glucose level, and insulin dose [96].

4.5. Thiazolidinediones

Thiazolidinediones (TZDs) are antidiabetic agents that bind and activate peroxisome proliferator
activated receptor γ (PPARγ), which is a nuclear receptor superfamily that improves insulin sensitivity.
In addition, TZDs have attracted growing interest because of their biological activities, such as their
anti-inflammatory, antitumor, and anti-atherosclerotic activities [99].
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PPARγ is expressed in not only adipose tissue but also endothelial cells. Endothelial PPARγ
decreases the production of chemokines and adhesion molecules, such as ICAM-1 and VCAM-1,
and suppresses the production of components of NOX, NOX1, NOX2, and NOX4, leading to the
inhibition of generation of ROS [100]. Furthermore, PPARγ promotes NO production in endothelium
and abrogates endothelin expression [101].

4.6. Sulfonylureas

Sulfonylureas (SUs) have been widely used for treatment of type 2 diabetes. Effects of SUs on
vascular and endothelial cells is inconsistent. Studies have showed that glibenclamide, a kind of
second-generation SU, have a pro-arrhythmic effect on reperfusion after an ischemic event in vivo [102]
and that SUs may be coupled to an enhanced risk of congestive heart failure [103]. Meanwhile,
there are reports suggesting positive effects of SUs on endothelium. For instance, it has been
reported that gliclazide, one of the second-generation SUs, improves endothelial function in diabetic
rabbits [104] and decreases the progression of atherosclerosis in human [105]. From the standpoint of
the molecular mechanism, gliclazide has been suggested to protect endothelial cells from apoptosis by
decreasing oxidative stress [106], and glimepiride also has been shown to stimulate NO production via
PI3-dependent pathways in endothelium and lead to reduction of NF-κβ activation [107].

4.7. Medical Nutrition Therapy and Physical Activity

The aim of treatment in diabetes is to maintain an optimal level of blood glucose, lipids, and blood
pressure to delay or prevent chronic diabetic complications [108]. Patients with diabetes should achieve
good control of their blood glucose by following a nutritious meal plan and exercise program, losing
excess weight, implementing necessary self-care behaviors, and taking oral medications or insulin
therapy. Weight loss through restriction of the daily diet and physical exercise is essential for managing
diabetes and preventing vascular complications. When medications are used to control diabetes, they
should primarily augment lifestyle improvements.

Calorie restriction and physical exercise are known to improve not only the insulin sensitivity
but also endothelial dysfunction. Calorie restriction promotes NO-dependent vasodilation and
coincidentally reduces circulating ET-1 levels in patients with insulin resistance [109,110]. In addition,
regular physical exercise increases the expression of vascular eNOS via PI3K/Akt-dependent
phosphorylation in humans [111]. Taken together, the favorable effects of these lifestyle modifications
induce increased insulin signaling, enhanced eNOS activity, and reduced inflammatory and oxidative
stress, leading to the right balance between the vasodilator and vasoconstrictor actions of insulin.

Indeed, a meta-analysis Montero performed pointed out that, in patients with type 2 diabetes,
physical exercise greatly increased FMD [112]. Furthermore, another recent meta-analysis revealed
that aerobic and combined aerobic and resistance exercise notably improved the endothelial function
in patients with type 2 diabetes, as reflected by an elevated FMD. This observation was independent
of changes in cardiometabolic markers, such as the blood pressure, body mass index, and glycemic
control [113].

5. ROCK Inhibitors as Preclinical Agents

The small GTP-binding protein Rho and its downstream Rho-associated coiled-coil containing
protein kinase (Rho-kinase, ROCK) mediate a variety of cellular processes such as cell contraction,
proliferation, and migration. ROCK signaling is activated by many factors, including angiotensin II,
glucose, and cytokines, all of which are upregulated under diabetic condition [114–116]. Previous
studies have elucidated ROCK as a key molecule of endothelial dysfunction. For instance, statins have
been reported to inhibit the RhoA/ROCK pathway indirectly, acting by reducing the synthesis of
isoprenoids. The intravenous administration of pravastatin prevented impaired NO-dependent
vasodilation by blocking the activation of Rho A and Rac and the inactivation of Akt/eNOS pathways
in vivo [117]. Fasudil, the first ROCK inhibitor approved for clinical use, suppresses the migration
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of human pulmonary microvascular endothelial cells and the proliferation of pulmonary artery
smooth muscle cells caused by ET-1 [118]. Moreover, fasudil has the potential to improve endothelial
dysfunction via restoring NO bioavailability in humans with atherosclerosis [119].

ROCK initiates endothelial dysfunction via NF-κB activation. IκB kinase (IKK) phosphorylates
IκB through activation signals, which induces the degradation of IκBα via the ubiquitin system,
leads to NF-κB RelA/p65 translocation to the nucleus, and activates the transcription of target genes.
ROCK mediates the NF-κB signaling through various pathways. Our laboratory showed that ROCK
regulates thrombin-mediated p65 phosphorylation and IκBα phosphorylation in endothelial cells [120].
Moreover, we reported that ROCK regulates the nuclear translocation of RelA/p65 in mesangial
cells [121]. Recent researches from Antoniellis et al. showed that RhoA, an upstream factor of ROCK,
controls the translocation of NF-κB (p50) in neutrophils [122]. These studies suggest that ROCK
controls the nuclear translocation of multiple NF-κB components and that the way of NF-κB regulation
varies depending on the stimulus and type of cells. Taken together, ROCK is a principal determinant
of endothelial dysfunction.

ROCK has two isoforms: ROCK1 and ROCK2. While these sequences share 65% sequence
homology, each isoform plays different roles and has unique pathways of activation. ROCK1 and
ROCK2 exert different roles in endothelial dysfunction. For example, endothelium without ROCK2 has
shown the reduction of chemokines and adhesion molecules through NF-κB [116]. ROCK1 is required
in oxidized LDL-induced cell adhesion, while ROCK2 is involved in both endothelial adhesion and
apoptosis by regulating adhesion molecules [123]. ROCK2 has been shown to be a pivotal regulator of
endothelial inflammation and functions as an essential factor in the development of atherosclerosis.
Because ROCK1 and ROCK2 cannot completely compensate for each other’s loss, distinctive roles
of them have been pointed out [124]. ROCK2 is distributed in human vascular endothelial cells.
Shimada et al. suggested that ROCK2 mediates the production of VCAM-1 and ICAM-1 and induces
endothelial inflammation [125]. Furthermore, Shimokawa et al. reported that ROCK2 in a vascular
smooth muscle cell (VSMC) leads to the progression of cardiovascular diseases including pulmonary
arterial hypertension [126]. An elegant study from Sawada et al. suggested that loss of ROCK2
in bone marrow-derived cells decreased lipid accumulation and atherosclerotic lesions in the LDL
receptor-null mice [127]. Though whether or not ROCK2 is engaged in modulating monocytic migration
and adhesion toward endothelial cells is unclear, we recently demonstrated for the first time that
ROCK2—but not ROCK1—is involved in the regulation of these processes [116]. These findings
underscored the importance of ROCK2′s involvement in endothelial dysfunction. Therefore, ROCK2
represents an attractive target for studying critical regulators of endothelial dysfunction.

With regard to macrophage polarity, the importance of Rho/ROCK signaling has been clarified
gradually. Recent studies have shown that ROCK1 and ROCK2 have different roles in the regulation of
macrophage polarization into classical pro-inflammatory macrophage type 1 (M1), producing IL-12,
and alternative anti-inflammatory macrophage type 2 (M2), producing TGF-β and IL-10. Though
ROCK2 inhibition is suggested to result in a decreased population of M2 macrophages with the
upregulation of M1 markers in age-related macular degeneration (AMD) [128], the commitment of
ROCK1 and ROCK2 in the conversion of the macrophage subtype in other organs and diseases remains
to be elucidated. Further mechanistic analyses will be indispensable for clarifying the role of ROCK in
regulating macrophage polarity.

6. Conclusions and Future Perspectives

Insulin signaling pathways and endothelial cells conduct crosstalk, thus, understanding
the correlation between insulin resistance and endothelial dysfunction is essential for treating
diabetes-related vascular complications. Insulin resistance and endothelial dysfunction lead to the
failure of NO-dependent vasodilatation, the glucose uptake by cells, and the induction of inflammation
in tissues, eventually leading to atherosclerosis. In addition, endothelial NO activates VASP signaling in
macrophages by increasing the M2 macrophage polarization and exerting an anti-inflammatory function
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under conditions of insulin resistance. A novel class of anti-hyperglycemic agents is suggested to exert
their beneficial effects through this mechanism. SGLT2 inhibitors and GLP-1 agonists may promote
browning of WAT by polarizing M2 macrophages and protecting against endothelial dysfunction.
A firm understanding of the mechanism underlying each drug’s pleiotropic effect will be needed to
establish new treatment approaches for endothelial dysfunction.
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Abstract: The purpose of this study was to investigate whether aerobic exercise training inhibits
atherosclerosis via the reduction of proprotein convertase subtilisin/kexin type 9 (PCSK9) expression
in balloon-induced common carotid arteries of a high-fat-diet rats. Male SD (Sprague Dawley) rats fed
an eight-weeks high-fat diet were randomly divided into three groups; these were the sham-operated
control (SC), the balloon-induced control (BIC) and the balloon-induced exercise (BIE). The aerobic
exercise training groups were performed on a treadmill. The major findings were as follows:
first, body weight gain was significantly decreased by aerobic exercise training compared to the BIC
without change of energy intake. Second, neointimal formation was significantly inhibited by aerobic
exercise training in the balloon-induced common carotid arteries of high-fat-diet rats compared to
the BIC. Third, low-density lipoprotein (LDL) receptor (LDLr) expression was significantly increased
by aerobic exercise training in the livers of the high-fat diet group compared to the BIC, but not
the proprotein convertase subtilisin/kexin type 9 (PCSK9) expression. Fourth, aerobic exercise training
significantly decreased the expression of PCSK9, the lectin-like oxidized LDL receptor-1 (LOX-1),
and vascular cell adhesion molecule-1 (VCAM-1) in balloon-induced common carotid arteries of
high-fat-diet rats compared to the BIC. In conclusion, our results suggest that aerobic exercise training
increases LDLr in the liver and inhibits neointimal formation via the reduction of PCSK9 and LOX-1
in balloon-induced common carotid arteries of high-fat-diet-induced rats.

Keywords: atherosclerosis; aerobic exercise; endothelial dysfunction; PCSK9; LOX-1

1. Introduction

Atherosclerosis is a condition in which an artery is occluded by a plaque that leads to cardiovascular
disease, with high morbidity and mortality [1]. A high-fat diet (HFD) is the main factor that
causes atherosclerosis, such as elevated serum levels of low-density lipoprotein cholesterol (LDL-C)
and oxidative stress thereby promoting endothelial damage [2,3].

Previous studies have indicated that lectin-like oxidized LDL (low-density lipoprotein) receptor-1
(LOX-1) binds to oxidized LDL (ox-LDL) in vasculature, which plays an important role in endothelial
damage [4]. High levels of LDL-C, particularly in the form of ox-LDL, were shown to increase
intracellular reactive oxygen stress (ROS) generation via LOX-1 activation [5]. Numerous studies
have shown that the reduction of the LOX-1 expression can significantly delay the development
of atherosclerosis [6,7].

Proprotein convertase subtilisin/kexin type 9 (PCSK9) was initially proposed in 2003 [8]. It is mainly
produced and secreted in the liver and is expressed in the small intestine, kidneys and brain [9,10].

Biomedicines 2020, 8, 92; doi:10.3390/biomedicines8040092 www.mdpi.com/journal/biomedicines319



Biomedicines 2020, 8, 92

PCSK9 overexpression increases intracellular LDL receptor (LDLr) degradation in hepatic cells [11]
and the circulation of PCSK9 inhibits LDLr recycling to the cell surface [12,13]. By contrast, the inhibition
of PCSK9 significantly reduces plasma LDL-C concentration [14], thus preventing lipid accumulation on
the vessel wall and inhibiting atherogenic plaque formation [15]. Interestingly, Ferri et al. demonstrated
that PCSK9 was detectable in human atherosclerotic plaques and PCSK9 activation reduced LDLr
expression in macrophages [16]. These results indicated that PCSK9 could directly affect the formation
of foam cells and atherosclerosis.

Current understanding suggests that exercising regularly as a therapeutic strategy can effectively
inhibit atherosclerosis [17,18]. Exercise training improves damaged endothelial cells (ECs) and inhibits
neointimal formation, which prompts the occurrence of atherosclerosis [19]. Exercising regularly
can also markedly reduce plasma LDL-C and ox-LDL during oxidative stress [20,21]. It markedly
decreases LOX-1 expression and mediates ox-LDL-induced apoptosis in vascular tissues [22].
However, studies on the effect of exercise on the prevention of atherosclerosis via the LOX-1-mediated
pathway in the molecular aspect are rarely conducted.

Several studies have indicated that exercise could also reduce plasma PCSK9 concentration
in high-fat-diet-induced mice [23] and decrease hepatic PCSK9 mRNA in ovariectomized rats [24].
This study mainly focused on the role of exercise on PCSK9 in the liver [24,25] and the intestine [26]
or the application of drugs, such as antibodies, to PCSK9 to reduce the risk of atherosclerosis [27,28].
However, it did not establish the effect of exercise training on the relationships of PCSK9 and LDLr
in the livers and PCSK9 and LOX-1 in atherosclerotic regions of high-fat-diet rats.

Therefore, this study was conducted to determine whether aerobic exercise training contributes
to treat atherosclerosis via PCSK9 and LOX-1 in balloon-induced common carotid arteries of
high-fat-diet rats.

2. Materials and Methods

2.1. Experimental Animals

Six-week-old male Sprague-Dawley (SD, n = 30) rats were used in this experiment. The rats
were adapted to a new environment for one week, and then fed a 60% high-fat (D12492, Open Source
Diets, Research Diets, New Brunswick, NJ, USA) and a chow-diet for 8 weeks [23]. After 8 weeks,
they were randomly divided into SC (sham-operated control group, n = 10), BIC (balloon-injured
control group, n = 10), and BIE (balloon-injured exercise group, n = 10), respectively. The rats
were kept in animal cages (30 cm × 20 cm) by respective groups (temperature 20–25 ◦C, humidity
50–60% and contrast 12-h cycle). Diet-induced obesity was created by feeding a high-fat diet (60% fat,
Raon Bio, Korea) ad libitum until the end of experiment. The food intake was measured every week.
All experiments were approved by the Animal Care and Use Committee at the Chungnam National
University (CNU-00818, 4 October 2016).

2.2. Balloon Injury Model

A balloon induced-atherosclerosis rat model was used in this experiment [29]. An anesthetic
(a mixture of 80 mg/kg ketamine and 12 mg/kg xylazine) was injected intraperitoneally and then
a 2 F Forgaty Catheter (Edwards Lifesciences, Irvine, CA, USA) was inserted into the left common
carotid artery (CCA) through an external carotid artery (ECA). A pressure gauge was used to inflate
the catheter balloon 1.5 times greater than the diameter of the carotid artery and then a 10 mm injury
was induced by the withdrawal of inflated balloon catheter 5 times. The rats were allowed at least
3 days to recover from the surgery.

2.3. Exercise Protocol

The rats were exercised on a treadmill (motorized rodent treadmill) for 8 weeks in order to
investigate the effects of aerobic exercise. The rats ran at 10 m/min with a 0% incline for 10 min on
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the first day. The speed and duration of the exercise were increased by 10 min and 2 m/min every
day until the fourth day. From the fifth day to the end of the experiment, the rats ran at 16 m/min
for 60 min [17]. This exercise intensity corresponded to 65–70% of the maximal oxygen uptake.

2.4. Experimental Animals

The rats were maintained on a feeding program and their individual body weights were recorded
every week throughout the experimental period. In order to measure the food intakes, 120 g of diets
per cage (3 rats) were supplied and the remaining amounts of supplied diets were measured two
times per week after using an automatic electric balance (Cas, Seoul, Korea). These were regarded as
the individual mean daily food consumption of rats (g/day/rats).

2.5. Hematoxylin and Eosin (H & E) Staining

In order to measure the neointimal formation, the balloon-injured rat carotid arteries were fixed
in 4% formaldehyde and were paraffin-embedded. Serial cross sections (5 μm thick) of arteries
were stained with hematoxylin and eosin (MHS-32, Sigma-Aldrich, MO, USA). A DP70 camera
(Olympus, Tokyo) and a TSView version 7 (Fuzhou Tucsen Image Technology, Japan) were used
to measure the size (μm2) of the intima, media and lumen, to calculate the intima-media thickness
and lumen diameter so as to compare the degree of the neointimal formation.

2.6. Western Blotting

The tissues of the carotid arteries and liver were homogenized in lysis buffer (20 mM
Tris-HCl, 0.5% NP-40, 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 2 mM DTT, 0.5 mM
phenylmethylsulfonylfluoride, 2 mM b-glycerophosphate, 1 mM sodium orthovanadate, 1 ug/mL
leupeptin and pH 7.5, Sigma, USA), and then centrifuged for 30 min at 14,000 rpm at 4 ◦C so as to remove
the supernatant and quantify the proteins by using a BCA assay kit (Bio-rad, Rockford, IL, USA).
In addition, 50 ug of proteins were subjected to electrophoresis on a 9% SDS-PAGE and then
transferred to a polyvinylidene difluoride (PVDF) membrane. The nonspecific reaction of
the membrane was removed by blocking it for one h at room temperature in 5% nonfat
dry milk in Tris buffered saline Tween-20 (TBST). PCSK9 (abcam, San Francisco, CA, USA),
LDLr (Abcam, San Francisco, CA, USA), LOX-1 (Abcam, San Francisco, CA, USA), VCAM-1
(Cell signaling, USA) and beta-actin (Sigma, St. Louis, MO, USA) were incubated for 18 h at 4 ◦C
in TBST with 5% nonfat dry milk. Horseradish peroxidase (HRP)-conjugated rabbit-antimouse
IgG (Calbiochem, San Diego, CA, USA) was used for secondary antibodies. Blots were developed
for visualization by using an enhanced chemiluminescence detection kit (Pierce Biotechnology,
Rockford, IL, USA), and the Image Quant software (Molecular dynamics, Sunnyvale, CA, USA) was
used to quantify the expression.

2.7. Statistical Analysis

SPSS 24.0 statistics were used to calculate the descriptive statistics quantity from the results of
this study and a one-way ANOVA was used to verify each variable, while Duncan’s test was used
for post-hoc analysis. The differences were considered statistically significant at p < 0.05.

3. Results

3.1. Aerobic Exercise Training Inhibited Body Weight Gain

After the high-fat-diet induced weight gain was compared with the chow-diet groups for eight
weeks (p < 0.05, 420.1 ± 19.2 vs. 463.9 ± 12.5) (Figure 1A), we investigated whether eight weeks of
aerobic exercise training reduced the final body weight in the balloon-induced atherosclerotic rat
model with a high-fat diet (Figure 1B,C). The high-fat diet significantly increased body weight gain
compared with the chow-diet groups. Aerobic exercise training significantly decreased body weight
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gain compared with the SC and BIC groups (p < 0.05, 520 ± 24.4 and 543.9 ± 11.8 vs. 486.7 ± 14.3)
without a change of energy intake (p > 0.05).

3.2. Aerobic Exercise Inhibited Neointimal Formation

In order to investigate the effect of aerobic exercise on the neointimal formation
in the balloon-induced rat model with a high-fat diet, we measured the neointimal formation
in the balloon-injured common carotid arteries (CCA) with a high-fat diet (Figure 2). The neointimal
formation was significantly inhibited by the aerobic exercise training compared to the BIC group
(p < 0.05, 1.31 ± 0.15 vs. 0.85 ± 0.12).

Figure 1. Aerobic exercise training significantly attenuated body weight without a change of energy
intake in the balloon-induced rats with a high-fat diet. Body weight after 8 weeks of a high-fat diet
(A), body weight after 8 weeks of exercise (B), and energy intake (C). Chow-diet (n = 10), high-fat diet
(n = 30), SC (n = 10), sham control; BIC (n = 10), balloon-injured control; BIE (n = 10), balloon-injured
exercise. Data showed a mean ±S.E. * p < 0.05 vs. Chow-diet; # p < 0.05 vs. BIC.

3.3. Aerobic Exercise Increased LDLr Expression in Liver of Rats, but Did not Affect PCSK9 Expression

We measured the hepatic PCSK9 and LDLr in the livers of rats (Figure 3). Aerobic exercise training
did not significantly affect the hepatic PCSK9 protein expression. However, the LDLr expression
in the liver was significantly increased by aerobic exercise compared with the BIC group (p < 0.05,
0.10 ± 0.02 vs. 0.05 ± 0.01).
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Figure 2. Aerobic exercise training inhibited the neointimal formation in the balloon-injured common
carotid arteries (CCA) of the balloon-induced rats with high-fat diets. Representation of hematoxylin
and eosin (H&E) staining in the injured CCA (A). Neointima of the cross-sectional area (μm2) was
quantified by planimetry (B). SC (n = 7), sham Control; BIC (n = 8), balloon-injured control; BIE (n = 8),
balloon-injured exercise. Data showed a mean±S.E. * p< 0.05 vs. SC; # p< 0.05 vs. BIC. Microscope were
used by 100X and Scale bars are 100 μm.

Figure 3. Aerobic exercise training did not affect the hepatic proprotein convertase subtilisin/kexin
type 9 (PCSK9) expression but increased the low-density lipoprotein (LDL) receptor (LDLr) expression
in the livers of balloon-induced rats with high-fat diets. Protein expression (A), and the densitometry
analyses of PCSK9 (B) and LDLr (C). SC (n = 6), sham control; BIC (n = 6), balloon-injured control;
BIE (n = 6), balloon-injured exercise. Data showed a mean ±S.E. # p< 0.05 vs. BIC.
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3.4. Aerobic Exercise Suppressed Expression of PCSK9, LOX-1 and VCAM-1 in CCA

We investigated the expression of PCSK9, LOX-1 and VCAM-1 in the balloon-induced common
carotid arteries of rats with a high-fat diet (Figure 4). Aerobic exercise training significantly inhibited
the PCSK9 expression in the CCA compared to the SC and BIC group (p < 0.05, 0.38 ± 0.03
and 0.41 ± 0.04 vs. 0.28 ± 0.05). LOX-1 expression in the CCA was significantly increased in the BIC
group compared to the SC (p < 0.05, 0.17 ± 0.01 vs. 0.20 ± 0.01). However, aerobic exercise training
significantly recovered the increase of balloon-induced LOX-1 expression in the CCA compared to
the BIC group (p < 0.05, 0.20 ± 0.01 vs. 0.15 ± 0.02). VCAM-1 expression in the CCA was significantly
increased in the BIC compared to the SC (p < 0.05, 0.25 ± 0.02 vs. 0.39 ± 0.05). However, aerobic exercise
training significantly recovered the increase of balloon-induced LOX-1 expression in the CCA compared
to the BIC group (p < 0.05, 0.39 ± 0.05 vs. 0.26 ± 0.06).

Figure 4. Aerobic exercise training reduced the expression of PCSK9, LOX-1 and VCAM-1
in the balloon-injured common carotid arteries (CCA) of the balloon-induced rats with high-fat
diets. Protein expression (A), and the densitometry analyses of PCSK9 (B), LOX-1 (C) and VCAM-1
(D). SC (n = 5), sham control; BIC (n = 5), balloon-injured control; BIE (n = 5), balloon-injured exercise.
Data showed a mean ±S.E. * p <0.05 vs. BIC; # p < 0.05 vs. BIE.

4. Discussion

High-fat diets and physical inactivity are associated with obesity and lead to various cardiovascular
system events, such as atherosclerosis. Physical activity as a therapeutic strategy to overcome obesity
can effectively reduce body weight [30]. In our study, aerobic exercise training significantly inhibited
weight gain in high-fat-diet rats.

Regular exercise suppresses atherosclerotic lesions in vascular walls and directly inhibits
the neointimal formation as well [19,31]. Li et al. recently reported that exercise training can
inhibit balloon-induced neointimal formation via overcoming endothelial dysfunction [18]. In this
study, eight weeks of aerobic exercise training significantly suppressed the neointimal formation
in the balloon-induced common carotid arteries of high-fat-diet rats. These findings provide direct
evidence that aerobic exercise training can effectively inhibit atherosclerosis.
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PCSK9 is a newly identified protein that shows potential in the treatment for dyslipidemia
and atherosclerosis [32,33]. In fact, PCSK9 is mainly expressed in the liver and is secreted into
circulation, and binds to LDLr on the hepatic surface, resulting in increased serum LDL-C concentrations.
Experimental studies have indicated that the overexpression of PCSK9 increases plasma LDL-C level [33],
but the inhibition of PCSK9 reduces LDL-C in serum [12,34].

One of the non-pharmacological strategies for the treatment of hypercholesterolemia is exercise
training. Studies have recently shown controversial results that aerobic exercise training reduced the
PCSK9 mRNA expression in the liver [23] of high-fat-diet obese animals. On the other hand, aerobic
exercise training increased the PCSK9 mRNA expression in the liver [24] and intestines of ovariectomized
rats. In the present study, exercise training did not affect the hepatic PCSK9. However, it has been
consistently reported that aerobic exercise training increases the mRNA and protein expression of
LDLr in the liver [23,35] and intestines [26].

In humans, LDL particles are the main carriers of cholesterol to the peripheral tissues, where they
are internalized via the LDLr, a crucial mediator of plasma LDL concentrations [36]. Epidemiological
evidence has consistently shown that increasing LDL concentrations were associated with the risk
of vascular diseases [37]. Genetic studies have reported that early exposure to excessive LDL-C
resulted in LDLr mutation and atherosclerotic lesion [38]. Exercise was shown to increase LDLr
transcription in animal models [39,40]. Our results indicated that aerobic exercise significantly
upregulated the hepatic LDLr protein level, which was consistent with the results of previous studies.
However, considering that the main function of the hepatic LDLr is the removal of LDL-C in serum,
our data showed that it effectively reduced hepatic LDLr but failed to show the positive effect of
exercise training on hepatic PCSK9. It is possible that the effect of exercise training on the management
of the LDL-C metabolism may take place more at the intestinal [24,25] and vasculature levels [16] than
at the liver tissue, but the experimental evidence at the molecular level is unclear.

LDL-C was converted to ox-LDL by obesity-induced oxidative stress [5]. Ox-LDL was recognized
by macrophages, which cause the formation of foam cells and lead to atherosclerotic plaque [41].
In addition, ox-LDL induces the apoptosis of ECs via LOX-1, whereas LOX-1 mRNA antisense inhibits
ox-LDL in ECs [41]. Riahi et al. reported that chronic aerobic exercise could downregulate LOX-1
in the hearts of rats fed with a high-fat diet [42]. However, another study showed that the cessation of
voluntary running significantly recovered LOX-1 in the vascular tissues [22]. A recent report indicated
that LOX-1 expression was reduced in PCSK9 knockout animal models and that the overexpression
of PCSK9 was reduced in LOX-1 knockout animal models [43–45]. These studies suggest crosstalk
between PCSK9 and LOX-1 in the vascular tissues. Both LOX-1 and PCSK9 are also involved
in inflammation-induced VCAM-1 [45]. VCAM-1 is expressed in endothelial cells (ECs) and smooth
muscle cells (SMCs), and induces atherosclerosis [46]. Exercise training is widely known to decrease
VCAM-1 expression in the vasculature [47–49].

Chronic endothelial injury causes atherosclerosis, but regular exercise training induces the fast
recovery of damaged endothelial cells and inhibits the migration of smooth cells which is protective
against balloon-induced atherosclerosis [17,19,31]. However, the role of exercise on PCSK9,
LOX-1 and VCAM-1 in atherosclerosis has not been reported. Thus, we verified whether PCSK9
expression changed in atherosclerotic regions in response to exercise. Interestingly, our findings
showed that aerobic exercise training significantly attenuated the expression levels of PCSK9,
LOX-1 and VCAM-1 in balloon-induced sites of high-fat-diet rats.

Recently, Ding et al. suggested the possibility that an inflammatory stimulus activates
the endothelial cell and smooth muscle cell to secret PCSK9, wherein induced LOX-1 activation
and ox-LDL is up took, leading to atherosclerosis [43]. This study has shown a positive feedback between
PCSK9 and the LOX-1 axis in the intra-arterial wall. Furthermore, it was reported that hemodynamic
high shear stress reduced the expression of PCSK9 and LOX-1, but low shear stress increased the PCSK9
expression in human endothelial and smooth cells [45]. Importantly, both the PCSK9 and VCAM-1
expression are greater in aortic arch branch point and aorta–iliac bifurcation regions than in the thoracic
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aorta. To our knowledge, the carotid arteries used in the present study were also in bifurcation region
and in low shear stress regions. Since lamina flow and high shear stress have atheroprotective effects on
vascular endothelial and smooth muscle cells [45,50], it is possible that exercise-induced high shear stress
may contribute to reduce the expression of PCSK9, LOX-1 and VCAM-1 in the atherosclerotic region.

Although circulating PCSK9 and LDL-C levels were not measured in the present study, our
data showed at least the role of exercise training as a therapeutic option to suppress PCSK9
activation in atherosclerosis, but the evidence that it does affect PCSK9 in an isolated EC or SMC
in the atherosclerotic region is lacking.

5. Conclusions

In conclusion, our results suggest that aerobic exercise training may increase LDLr expression
in the liver and inhibits neointimal formation via the reduction of PCSK9, LOX-1 and VCAM-1
in atherosclerotic regions in the high-fat-diet-induced rat models.
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Abstract: Endothelial dysfunction promotes vascular inflammation by inducing the production of
reactive oxygen species and adhesion molecules. Vascular inflammation plays a key role in the
pathogenesis of vascular diseases and atherosclerotic disorders. However, whether there is an
endogenous system that can participate in circulating immune surveillance or managing a balance in
homeostasis is unclear. Apurinic/apyrimidinic endonuclease 1/redox factor-1 (henceforth referred
to as APE1/Ref-1) is a multifunctional protein that can be secreted from cells. It functions as an
apurinic/apyrimidinic endonuclease in the DNA base repair pathway and modulates redox status and
several types of transcriptional factors, in addition to its anti-inflammatory activity. Recently, it was
reported that the secretion of APE1/Ref-1 into the extracellular medium of cultured cells or its presence
in the plasma can act as a serological biomarker for certain disorders. In this review, we summarize the
possible biological functions of APE1/Ref-1 according to its subcellular localization or its extracellular
secretions, as therapeutic targets for vascular inflammation and as a serologic biomarker.

Keywords: endothelial dysfunction; vascular inflammation; APE1/Ref-1; cardiovascular diseases;
subcellular localization; serological biomarkers

1. Endothelial Dysfunction and Vascular Inflammation

Endothelial cell activation or dysfunction is defined by the endothelial expression of cell-surface
adhesion molecules. The expression of adhesion molecules and the subsequent monocyte adhesion are
considered as early events in the development of atherosclerosis [1]. Vascular inflammation plays a
key role in the pathogenesis of vascular diseases and atherosclerotic disorders [2]. The inflammatory
reaction is a series of complex interactions between inflammatory cells or stimuli and defense cells,
such as macrophages and endothelial cells [3]. This interactive reaction triggers an inflammatory
response in vascular cells by the activating of increased proinflammatory mediators and/or molecules,
and cytokines [4].

This type of interactive reaction helps to eliminate the initial cause of injury, clear out inflammatory
foci or cells, and helps the host cells to survive. The adhesion of leukocytes to the vascular endothelium
is a hallmark of the inflammatory process [5]. Several types of antiadhesion therapeutic molecules are
being developed for inflammatory diseases [6]. Adhesion molecules such as intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and platelet endothelial cell
adhesion molecule, are involved in the recruitment of monocytes/macrophages to the inflamed sites
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in the vascular tissue [7]. The expression of cell adhesion molecules, such as VCAM-1, represents
one of earliest pathological changes in vascular inflammation diseases such as atherosclerosis [2].
Atherosclerosis is a chronic inflammatory disease of the vascular tissue that is largely driven by
an innate immune response from the macrophages [8]. Atherosclerosis is characterized by lipid
accumulation and inflammatory infiltration of the arterial walls [9]. The accumulation of a lipid plaque
and lipid-forming macrophage foam cells in the intima of the inflamed artery has been recognized
as a hallmark of atherosclerosis [10]. Macrophages actively contribute in vascular inflammation
by secreting proinflammatory cytokines, such as tumor necrosis factor (TNF)-alpha [11]. There is
increasing evidence that TNF-blocking agents including TNF receptor blockade have successfully
been used to treat systemic inflammatory disorders, such as rheumatoid arthritis [12]. A recent
interesting study evaluated the inhibition of inflammatory cytokines for treating atherothrombosis [13],
suggesting that cytokine inhibition can help resolve inflammation and maintain homeostasis, and
is thus is crucial for atheroprotection. Because cholesterol is a key component of arterial plaques,
a detailed understanding of the cholesterol transport system can lead to approaches that help to
lower the risk of atherosclerosis. Intracellular cholesterol can be exported through cholesterol
transporters. Macrophage cholesterol efflux depends on the ATP-binding cassette transporters ABCA1
or ABCG1 [14]. The combined efficiency of ABCA1 and ABCG1 promotes foam cell accumulation by
inhibiting macrophage cholesterol efflux and accelerates atherosclerosis in mice [15,16] suggesting
a target for atherosclerotic cardiovascular diseases. A new target molecule capable of efficiently
monitoring vascular inflammation, extracellularly secreted as needed to act as a biomarker, and able to
control vascular inflammation including sepsis or cytokine storms, is required. Here, we introduce
APE1/Ref-1 as a potential new target capable of meeting these demands.

2. APE1/Ref-1 Protein Has Several Cellular Functions

Is there an endogenous system that can participate in circulating immune surveillance or
managing the balance in homeostasis? The molecule that can act in circulatory surveillance
is a functional protein, which can recognize the DNA damage, and is sensitive to their redox
status and their existence in the biological fluids. To date, the cellular localization of APE1/Ref-1
exhibits three types—nuclear, cytoplasmic/mitochondrial, and secretory. Under basal conditions,
APE1/Ref-1 is localized in the nucleus, and its localization is dynamically regulated, resulting in its
cytoplasmic/mitochondrial translocation or extracellular secretion [17]. Overexpression of APE1/Ref-1
is inhibited by TNF-α-induced endothelial cell activation in cultured endothelial cells [18]. In contrast,
heterozygous APE1/Ref-1 (+/−) mice showed endothelial dysfunction and hypertension [19], suggesting
an important role for APE1/Ref-1 in endothelial functions. Conventional knockout of APE1/Ref-1
causes early embryonic lethality on embryonic day 5 to E9 [20,21]. Therefore, it is difficult to evaluate
the biological function or phenotype changes in homozygous APE1/Ref-1-knockout mice. A recent
study showed that secretory APE1/Ref-1 inhibited proinflammatory cytokines and inflammation in
lipopolysaccharide-treated mice [22]. For approximately 20 decades, extranuclear functions in systemic
inflammation and endothelial activation as well as basic nuclear functions in DNA basic repair and
genomic stability have been revealed (Figure 1).
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Figure 1. The role of apurinic/apyrimidinic endonuclease 1/redox factor-1 (APE1/Ref-1) in endothelial
activation and systemic inflammation. Heterozygous APE1/Ref-1 mice showed endothelial dysfunction
and hypertension [19]; gene transfer of APE1/Ref-1 inhibited neointimal formation of rat carotid arteries
and inhibited endothelial activation in endothelial cells [18,23]. The secretory APE1/Ref-1 inhibited
proinflammatory cytokines and inflammation in lipopolysaccharide-treated mice [22]. APE1/Ref-1
functions in DNA base repair and is essential for genomic stability. The arrow and T-bar represent
activated and inhibitory interactions, respectively.

2.1. Nuclear Function of APE1/Ref-1

The primary subcellular localization of APE1/Ref-1 is in the nucleus in most cells or tissues [24].
This appears to be because of its fundamental activity in the base excision repair pathway of DNA
lesions. APE1/Ref-1 hydrolyzes the DNA adjacent to the 5′-end of an apurinic/apyrimidinic site
to produce a nick with a 3′-hydroxyl group and a 5′-deoxyribose phosphate group like a skilled
nucleic acid surgeon [25]. The APE1/Ref-1-deficient cells show hypersensitivity to DNA damaging
agents [26,27]. APE1/Ref-1 also regulates the redox activity of several transcription factors such
as activator protein-1 (AP-1) and nuclear factor kappa B (NF-κB) [17]. The formation of disulfide
bonds in APE1/Ref-1 is important in redox activity with cysteine residues C65 and C93 playing
key roles in the thiol-mediated redox reactions [28,29]. The calcification of vascular smooth muscle
cells is strongly correlated with intracellular ROS production and apoptosis [30]. Recently, Lee et al.
showed that the redox function of APE1/Ref-1 prevents inorganic phosphate-induced calcification of
vascular smooth muscle cells by inhibiting oxidative stress and osteoblastic differentiation [31]. As the
overexpression of APE1/Ref-1 inhibits endothelial apoptosis, the redox-sensitive APE1/Ref-1 plays a
critical role in endothelial cell survival in response to inflammatory cytokines including tumor necrosis
factor-alpha [32].

2.2. Cytoplasmic Function of APE1/Ref-1

APE1/Ref-1 has also been detected in other areas in addition to the nucleus; cytoplasmic and
mitochondrial APE1/Ref-1 have also been reported [33,34]. Cytoplasmic overexpression of APE1/Ref-1
is attenuated by the upregulation of high-mobility group box1 (HMGB-1)-mediated ROS generation,
cytokine secretion, and cyclooxygenase-2 expression in macrophage cells [35]. S-Nitrosoglutathion
(GSNO), a nitric oxide donor, induces the nuclear export of APE1/Ref-1 in a chromosome-region
maintenance-1 (exportin-1)-independent manner [36]. This nuclear-cytoplasmic translocation of
APE1/Ref-1 is dependent on the nitrosation at the target sites Cys93 and Cys310 in APE1/Ref-1.
The N-terminal of 20 amino acids of APE1/Ref-1 includes the nuclear localization signal, as the
cytoplasmic proportion of APE1/Ref-1 increased with the deletion of the N-terminal of 20–35 amino
acids [19,29,36]. APE1/Ref-1 also contains a potential nuclear export sequences (NES) at amino acids
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64-80. A deletion mutant of APE1/Ref-1 (60–80) showed a slight interference with cell viability,
suggesting the important role of the cytoplasmic localization of APE1/Ref-1 in cell viability [36].
Additionally, the cytoplasmic expression of APE1/Ref-1 has antioxidant and anti-inflammatory functions
in astrocyte or endothelial cells [29,37]. Hypoxia resulted in a significant decrease in APE1/Ref-1
expression in human umbilical vein endothelial cells [38]. A novel extranuclear function of APE1/Ref-1
in endothelial oxidative stress and apoptosis is that it protects against hypoxia-reoxygenation-induced
apoptosis by modulating cytoplasmic rac-1-regulated ROS generation [39]. Recently, Hao et al. reported
that APE1/Ref-1 overexpression inhibited hypoxia-reoxygenation, which induced an increase in ROS and
NADPH oxidase expression and inhibited the mitochondrial dysfunction in H9c2 cardiomyocytes [38].

Endothelial mitochondria are a critical target of oxidative stress and DNA damage, and thus play
a crucial role in the signaling during cellular responses [40]. Phorbol 12-myristate 13-acetate (PMA),
an activator of protein kinase C, induces ROS generation and increases mitochondrial translocation of
APE1/Ref-1 [41]. Moreover, the overexpression of APE1/Ref-1 suppresses PMA-induced mitochondrial
dysfunction. In contrast, the gene silencing of APE1/Ref-1 increases the sensitivity of mitochondrial
dysfunction, suggesting that the mitochondrial APE1/Ref-1 contributes to the protective role of protein
kinase C-induced mitochondrial dysfunction in endothelial cells [41]. Mitochondrial APE1/Ref-1 is
also involved in repairing mitochondrial DNA lesions caused by oxidative and alkylating agents [42].
APE1/Ref-1 interacts with the mitochondrial import and assembly protein Mia40, which is responsible
for APE1/Ref-1 trafficking into the mitochondria [42]. A recent study using haploinsufficient
APE1/Ref-1 mice revealed slower repair kinetics of azoxymethane-induced mitochondrial DNA
damage, suggesting that APE1/Ref-1 is important for preventing changes in mitochondrial DNA
integrity during azoxymethane-induced colorectal cancer [43].

2.3. Extracellular Function of APE1/Ref-1

Mammalian cells may secrete several types of cellular proteins. In 2013, the secretion of APE1/Ref-1
into the cultured medium in response to hyperacetylation [44] and the presence of plasma APE1/Ref-1
in lipopolysaccharide-induced endotoxemic mice were first reported [45]. Thus, secreted APE1/Ref-1
protein likely has a distinct function. It is thought that the fundamental function of an intracellular
protein is performed even when the protein is secreted from the cells. The cysteine residues of
APE1/Ref-1 have a reducing activity for the redox regulation of target proteins [46]. Nath et al. reported
that the extracellular APE1/Ref-1 induces the production and secretion of the proinflammatory cytokine
IL-6 and extracellular APE1/Ref-1 treatment activates the transcriptional factor NF-κB [47]. In contrast,
the anti-inflammatory activities of secreted APE1/Ref-1 have been reported, which is thought to be
exerted by the reducing activity of APE1/Ref-1 via thiol exchanges in the extracellular domain of
cytokine receptors [48]. Recently, Joo et al. demonstrated the in vivo activity of extracellularly secreted
APE1/Ref-1, which exerts inhibitory effects on lipopolysaccharide (LPS)-induced inflammation and has a
potential for treating LPS-induced endotoxemia or systemic inflammation such as cytokine storms [22].
Under endotoxemic conditions, multiple organ failure is caused by uncontrolled inflammatory
responses such as cytokine storms or cytokine overproduction [49]. Interestingly, the secreted
APE1/Ref-1 inhibited the LPS-induced proinflammatory mediators such as TNF-α, IL-1β, and IL-6,
and chemotactic cytokines such as monocyte chemoattractant protein-1 (MCP-1), suggesting that
the secretory APE1/Ref-1 inhibits LPS-induced cytokine production [22]. Reports of the extracellular
secretions of APE1/Ref-1 have shown consistent results but have not agreed on the extracellular
functions. Taken together, the anti-inflammatory effects of secretory APE1/Ref-1 in vivo as well as the
therapeutic potential of recombinant APE1/Ref-1 protein in endotoxemic or inflammatory conditions
have been suggested (Figure 2). The diverse biological functions of APE1/Ref-1 according to its
subcellular localization are summarized in Table 1.
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Figure 2. Flowchart model of APE1/Ref-1 and its subcellular localization and functions in response
to oxidative stress and DNA damage. APE1/Ref-1 carries out circulating homeostatic surveillance in
the human body by recognizing the cellular changes in response to oxidative stress or DNA damage.
Subcellular localization of APE1/Ref-1 can be determined by post-translational modification including
redox change, acetylation, phosphorylation, nitrosation, etc. Overall, APE1/Ref-1 is involved in DNA
base repair and the modulating transcriptional factors, resulting in genomic stability or cell survival.
Under basal conditions, APE1/Ref-1 is localized in the nucleus; its localization is dynamically regulated,
which results in cytoplasmic/mitochondrial translocation or extracellular secretion.

Table 1. Summary of functions of APE1/Ref-1 according to subcellular localization.

APE1/Ref-1 Tissue/Cells Functions Reference

Intracellular

Endothelial cells

Inhibits endothelial dysfunction
Inhibits cellular ROS and increases NO production

Inhibits NF-kB and apoptosis
Inhibits VCAM-1 expression

[18,19,23,29,50,51]

Endothelial
mitochondria

Inhibit mitochondrial dysfunctions
Inhibits mitochondrial ROS
Inhibits p66shc activation

Mitochondrial DNA repair

[41,52]

[42]

A549 cells Inhibits COX-2 expression
Inhibits p38 MAPK

[53]

Vascular smooth
muscle cells

Inhibits Pi-induced calcification
Inhibits osteoblastic phenotype changes

[31]

Cytoplasmic

Endothelial cells Inhibits rac1 or NADPH oxidase [29,39]

Glial cells Inhibits neuroinflammatory response [37]

THP-1 cells Inhibits HMGB1-mediated ROS and cytokines [35]

Extracellular

HEK293 cells Trichostatin A induced APE1/Ref-1 secretion [44]

MDA-MD-231 cells Ac-APE1/Ref-1 induces apoptosis [54]

Endothelial cells
Inhibits VCAM-1 expression [48]

Inhibits COX-2 expression [22]

3. Mechanism of APE1/Ref-1 Secretion

There are two possible mechanisms for the extracellular secretion of the APE1/Ref-1 protein—active
secretion and passive release. APE1/Ref-1 is actively secreted by inflammatory cells such as macrophages
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or monocytes and endothelial cells in response to hyperacetylation signals [44]. However, different
exogenous stimuli such as trichostatin A, LPS, testosterone, and coxsackievirus B3 can induce the
secretion of APE1/Ref-1 [45,55–57]. Intracellular hyperacetylation conditions may be important
intracellular signals for the secretion of APE1/Ref-1 in normal or tumor cells [48,54,58].

Until now, this active secretion of APE1/Ref-1 has been known to be initiated by transporter
and vesicle formation; it is mediated by a nonclassical transport pathway (Figure 3). As evidence
of this, brefeldin A, an inhibitor of the endoplasmic reticulum-to-Golgi classical transport pathway,
did not affect APE1/Ref-1 secretion [57]. Active secretion of APE1/Ref-1 is not be involved in the
classical endoplasmic reticulum-to-Golgi complex secretory pathway because of the absence of a
leader peptide sequence. Trichostatin A-mediated acetylation was shown to cause post-translational
modification of APE1/Ref-1 (including Lys 6 and Lys 7 of APE1/Ref-1) [59]. This acetylation reduces
the net charge and increases the hydrophobicity of APE1/Ref-1, leading to cytoplasmic localization
and secretion. Additionally, trichostatin A did not induce the secretion of lysine-mutated APE1/Ref-1
(K6R/K7R) [44]. Pharmacological inhibition by probenecid and glyburide on acetylation-induced
APE1/Ref-1 secretion suggested the possible involvement of ABC transporters [57]. In a human
monocyte cell line, APE1/Ref-1 was secreted from the monocytes upon inflammatory challenges via
extracellular vesicle-mediated secretion pathways [47]. There is an interesting report describing vesicle
formation in the release of APE1/Ref-1 in breast tumor cell lines. Hyperacetylated MDA-MD-231 cells,
which were stimulated with aspirin, released vesicles containing APE1/Ref-1 according to analysis
using gold particle-labelled APE1/Ref-1 [54]. Further research is required to determine the molecular
mechanism of APE1/Ref-1 secretion and if this mechanism is dependent on the cell type or endogenous
stimuli. Extracellular APE1/Ref-1 may be passively released following endogenous cell damage or from
necrotic cells. In necrotic or apoptotic cells, APE1/Ref-1 may be released into the cultured medium from
the cytoplasm or nucleus, like HMGB-1 [60]. Therefore, the secreted APE1/Ref-1 in the extracellular
milieu may be considered as a cell death marker and/or a serologic biomarker of certain disorders.

Figure 3. Proposed secretion mechanism of APE1/Ref-1. APE1/Ref-1 is mainly localized in the nucleus,
which is dynamically regulated between the cytoplasm or mitochondria. Also, APE1/Ref-1 may be
secreted in response to acetylation. Its secretion is not inhibited by brefeldin A, an inhibitor of the
ER/Golgi pathway (‘double slash’ in blue), suggesting a nonclassical secretion pathway. Active secretion
of APE1/Ref-1 may be mediated by the ABCA1 transporter or vesicle formation [54,57].

4. Extracellular APE1/Ref-1 as a Serological Biomarker

Since the concept of APE1/Ref-1 secretion was established in 2013, several studies have
demonstrated the usefulness of APE1/Ref-1 as a serological biomarker for cardiovascular disorders and
tumors (Table 2). Park et al. first reported APE1/Ref-1 in the plasma of endotoxemic rats as a 37 kDa
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immunoreactive band, suggesting that plasma APE1/Ref-1 is a useful biomarker for endotoxemia [45].
Jin et al. found that serum APE1/Ref-1 levels were elevated in the patients with coronary artery
disease and were higher in myocadiac infarction than in angina in a study of clinical biomarkers [61].
Myocarditis is an inflammatory disease of the myocardium that causes cardiogenic shock, heart failure,
and sudden death [62]. Myocarditis can only be diagnosed by endomyocardial biopsy [63]. Jin et al.
reported that serum APE1/Ref-1 was elevated in experimental murine myocarditis; compared to
N-terminal pro-B-type natriuretic peptide and troponin I, serum APE1/Ref-1 was more closely related
to myocardial inflammation, reflecting the severity of myocardial injury in viral myocarditis without
endomyocardial biopsy [55].

Vascular inflammation in the tumor microenvironment is associated with tumor angiogenesis or
tumor metastasis [64]. In cancer research, the changes in the intracellular localization of APE1/Ref-1 in
tissues have gained attention, as they are related to the prognosis of certain tumors. Overexpression
of APE1/Ref-1 that is observed in tumor cells is associated with drug resistance of anticancer drugs
and poor survival [65]. Moreover, gene silencing or the inhibition of redox activity of APE1/Ref-1
results in reduced drug resistance to anticancer drugs [66]. Therefore, APE1/Ref-1 is a target protein
for tumor treatment. Recently, the usefulness of APE1/Ref-1 as a biomarker in various cancers has
been demonstrated. Plasma or urine APE1/Ref-1 levels are significantly increased in patients with
bladder cancer; area under the curve analysis revealed the diagnostic values of APE1/Ref-1 with high
specificity and sensitivity [67,68]. There is increasing evidence for the role of serum APE1/Ref-1 as a
new diagnostic biomarker for hepatocellular carcinoma [69], renal cell carcinoma and hepatobiliary
carcinoma [70], cholangiocarcinoma [71], non-small cell lung cancer [72], and gastric cancer [73] as
shown in Table 2.

Table 2. Summary of usefulness of APE1/Ref-1 as potential biomarker in vascular inflammatory disease
or tumors.

Diseases Clinical Significance
Patients

(n)
Control

(n)
Sensitivity

(%)
Specificity

(%)
AUC or
95% CI

Reference

Liposaccharide-
induced

endotoxemia
(Preclinical study)

APE1/Ref-1 is elevated in
plasma of lipopolysaccharide

(LPS)-treated mice and
reached a maximum at 12 h

after injection of LPS.

- - NA NA [45]

Viral myocarditis
(Preclinical study)

Serum APE1/Ref-1 is
increased in

coxsackievirus-induced
myocarditis and is

well-correlated with the
degree of myocardial
inflammation. Serum

APE1/Ref-1 is useful for
myocardial injury in viral

myocarditis without
endomyocardial biopsy

- - NA NA [55]

Coronary arterial
diseases

Serum APE1/Ref-1 level was
higher in coronary arterial
diseases, which higher in

myocardial infarction than
angina

303 57 36 95 0.66 [61]

Bladder cancer

Urinary APE1/Ref-1 is
increased in bladder cancer
and it correlated with tumor

grade and stage

169 108 82 80 0.83 [67]

Oral squamous cell
carcinoma

Serum APE1/Ref-1 is a novel
potential diagnostic

biomarker of oral cancer and
can reflect the treatment

responses

58 40 67 87 0.80 [74]
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Table 2. Cont.

Diseases Clinical Significance
Patients

(n)
Control

(n)
Sensitivity

(%)
Specificity

(%)
AUC or
95% CI

Reference

Cholangiocarcinoma

Serum APE1/Ref-1 level is a
potential diagnostic marker
of cholangiocarcinoma and
cytoplasmic expression in

cancer cells predicts relapses

46 39 73.9 97.4 0.709–0.886 [71]

Hepatocellular
carcinoma

Serum APE1/Ref-1 may be
considered as a promising
diagnostic biomarker for
hepatocellular carcinoma

99 100 98 83 0.98 [69]

Renal cell
carcinoma

Serum APE1/Ref-1 level may
be a diagnostic markers of

renal cell carcinoma
40 39 82.5 97.4 0.862–0.981 [70]

Non-small cell lung
cancer

Serum APE1/Ref-1 is a
biomarker for predicting

prognosis and therapeutic
efficacy in nonsmall cell lung

cancer and post-treatment
high serum APE1/Ref-1 level

was associated with poor
survival.

200 200 55.6 70.8 0.653 [72]

Gastric cancer
(lymph node
positive and

negative

Serum APE1/Ref-1 is a
valuable marker for

prediction of lymph node
metastasis in patients with

gastric cancer

52 35 49 85.7 0.666 [73]

5. Conclusions

In conclusion, APE1/Ref-1 has several cellular functions with an important role in DNA repair
and redox regulation. In addition to the intracellular function of APE1/Ref-1, its extracellular function
should be evaluated to develop therapeutic strategies. Recombinant APE1/Ref-1 protein including
modifications may be used for circulating homeostatic surveillance, alone or in combination with
treatment regimens, against endothelial dysfunction, inflammatory disorders or sepsis. Proteomic
analysis of post-translational modifications of the APE1/Ref-1 protein in biological samples would
improve the understanding of the diversity of APE1/Ref-1 function. Clinical studies of APE1/Ref-1
analysis as a biomarker in human samples will help in the diagnosis and follow-up of cardiovascular
disorders, including coronary artery disease.
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Abstract: Endothelial cells are the main determinants of vascular function, since their dysfunction in
response to a series of cardiovascular risk factors is responsible for disease progression and further
consequences. Endothelial dysfunction, if not resolved, further aggravates the oxidative status
and vessel wall inflammation, thus igniting a vicious cycle. We have furthermore to consider the
physiological manifestation of vascular dysfunction and chronic low-grade inflammation during
ageing, also known as inflammageing. Based on these considerations, knowledge of the molecular
mechanism(s) responsible for endothelial loss-of-function can be pivotal to identify novel targets of
intervention with the aim of maintaining endothelial wellness and vessel trophism and function.
In this review we have examined the role of the detoxifying enzyme aldehyde dehydrogenase
2 (ALDH2) in the maintenance of endothelial function. Its impairment indeed is associated with
oxidative stress and ageing, and in the development of atherosclerosis and neurodegenerative diseases.
Strategies to improve its expression and activity may be beneficial in these largely diffused disorders.

Keywords: endothelial cells; oxidative stress; inflammageing; endothelial dysfunction; aldehyde
dehydrogenase-2; cardiovascular disease; neurovascular disease

1. Introduction

We searched PubMed from its inception up to December, 2019, using the terms “ALDH2,
endothelial cells, endothelial dysfunction, endothelial senescence, ageing, oxidative stress,
inflammageing, cardiovascular diseases, neurovascular diseases” to identify publications in English
that described the mechanism of action of ALDH2 activity in vascular function, preclinical evidence
of beneficial effects of ALDH2 expression/activity for endothelial function, or clinical evidence of
the benefit of ALDH2 activity modulation in cardio- or neuro-vascular diseases. We mostly selected
publications from the past 10 years that we judged were relevant, but we did not exclude widely
referenced and highly regarded older publications.

1.1. Endothelial Function and Dysfunction

Vascular function such as the heartbeat is an essential system for the good functioning of our body.
Under normal conditions, endothelial cells (ECs) in blood vessels, through the release of vasoactive
and anti-aggregatory mediators and the functioning of antioxidant systems, regulate blood pressure,
protecting from hypertension and atherosclerosis. They also constitute a blood barrier, preventing
leukocyte infiltration and inflammation into the vascular wall and surrounding tissues [1,2].

Conversely, endothelial dysfunction has been identified as a hallmark of most cardiovascular
diseases. Dysfunction of ECs is correlated with an imbalance in the production of key regulators
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of the vascular homeostasis such as nitric oxide (NO) and growth factors, and/or impaired activity
(uncoupling) of endothelial NO synthase (eNOS), associated with increased reactive oxygen species
(ROS) levels and vascular oxidative stress [3,4]. Inflammatory factors such as inteleukin-6 (IL-6), tumor
necrosis factor-α (TNF-α), intercellular adhesion molecule 1 (ICAM-1) and loss of the antioxidant
mechanism are among the most important causes of vascular dysfunction [5].

When endothelial dysfunction occurs, the ability of endothelium to perform one or all of these
functions is decreased. In this condition, ECs switch to a pro-inflammatory profile, characterized by
loss of barrier integrity, and reduced release of vasoactive molecules associated with increased release
of pro-thrombotic mediators [2,5]. Our studies and those of others showed that endothelial dysfunction
is linked to impaired endothelial cell survival and physiological angiogenic outcomes with a later
rearrangement of the microcirculation that contributes to the onset of various diseases [6–8]. Both anti-
and pro-angiogenic therapeutic strategies have been developed for treating human diseases. While
angiogenesis inhibitors have been shown to have success in many diseases as cancer, few treatment
protocols with the aim to stimulate angiogenesis in ischemia-associated diseases have reached the
clinic. Indeed, since endothelial function has been proposed as “barometer for cardiovascular risk”,
identification of the molecular determinants underlying endothelial integrity and functionality is
a medical need [5,6,9–11]. In this scenario, risk factors for endothelial dysfunction are represented
by pathological conditions as hypertension, diabetes and atherosclerosis, and lifestyles as high-fat
diet, tobacco smoke, alcohol intake, and physical inactivity [12]. Since endothelium is a regulator of
exchanges between the vascular wall and surrounding tissues, it is not surprising that dysfunctional
ECs can lead to the impairment of other tissues [2,6,12]. Indeed, assessment of vascular function
and structure, and in particular of endothelial dysfunction appears to play a crucial role in a broad
array of human diseases as cardiovascular and neurodegenerative diseases, tumor growth and
metastasis [2,5,8–12].

1.2. Endothelial Senescence

Cardiovascular diseases (CVDs) represent the major cause of disability and death in the elderly
population of the Western World. As introduced above, a large number of risk factors plays a
role in the development of CVDs, especially ageing which is associated with well-characterized
phenotypes [8,13,14]. Over time, aged blood vessels become stiffer and thicker, and their ability to release
vasoactive mediators, particularly NO, decreases, while vascular permeability increases, associated
with the process of mild vessel inflammation, increased vessel thickness and compromised angiogenic
response [14–18]. Of note, even if age remains the main determinant of vascular senescence, healthy
vascular ageing can be achieved, and endothelial function is a key element of the heathy vasculature.

Senescent vascular endothelium and other tissues are frequently characterized by chronic mild
inflammation [12,13]. In particular, the age-related low grade, chronic, and systemic inflammation
is indicated by the term “inflammageing” [12,13]. The indicators of inflammageing include elevated
levels of inflammatory mediators such as IL-1, IL-6 and TNF-α, which characterize many age-related
pathological phenotypes. These indicators derive from an imbalance of the immune response
(immunosenescence) [19].

A large population of senescent cells in organs has the potential to negatively impact organ
renewal capabilities and functions, especially on ECs, accelerating the onset of several age-associated
pathologies, as CVDs and cancer [15,20].

However, senescent cells may also exert various positive effects on individuals. As senescence
is associated with irreversible growth arrest, it is considered to be a tumor suppressor process [21].
In particular, indirect evidence indicates that endothelial senescence plays a causal role in microvascular
rarefaction and affects the ability of cells to proliferate and form capillary-like structures [20]. The timely
and challenging issue for modern biomedical sciences focused on ageing is the identification of the
biological targets and the pharmacological tools able to promote “healthy ageing”.
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1.3. Aldehyde Dehydrogenase-2 (ALDH2)

The aldehyde dehydrogenase (ALDH) gene superfamily encodes enzymes that are mainly
responsible for the irreversible oxidation of various aldehydes. Three major classes of mammalian
ALDHs (classes 1, 2 and 3) have been identified. Classes 1 and 3 contain both constitutive and
inducible cytosolic isozymes. Class 2 consists of constitutive mitochondrial isozymes [22,23].
ALDH2 is primarily involved in the detoxification of acetaldehyde, the first intermediate of ethanol
metabolism, into acetate, a less active byproduct [23]. In addition to acetaldehyde, other aldehydes are
metabolized by ALDH2 [23,24]. The sources of aldehydic substrates of ALDH2 can be endogenous or
exogenous. Endogenous reactive aldehydes are generated as byproducts of cell metabolism and include
malondialdehyde, 4-hydroxynonenal (4-HNE), DOPAL, and acrolein [23]. Exogenous aldehydes are
found in industrial and environmental pollutants and may be produced during metabolism of
xenobiotics. Among these, acrolein, acetaldehyde and formaldehyde are the major reactive species
found in tobacco smoke and car exhaust [23,24]. Generally, aldehydes are toxic molecules that react
rapidly with amino acid residues, e.g., thiols to form the genotoxic DNA- and protein-adducts in
cells [23,24].

ALDH proteins are found in all cellular compartments, including cytosol, mitochondria,
endoplasmic reticulum and the nucleus. Some proteins have more than one cellular location.
Nevertheless, ALDHs also catalyze some reactions involved in the formation of bioactive molecules
that regulate important physiological functions. This is the case of some ALDHs as ALDH1A1, 1A2
and 1A3 that convert retinal aldehyde in retinoic acid. In turn, retinoic acid acts as a ligand for
retinoic X receptor (RXR) and nuclear retinoic receptor (RAR), participating in a number of growth and
developmental processes [23,25,26].

ALDH2 arises as an important gatekeeper of ROS overproduction that a cell is able to tolerate.
In fact, the main function of mitochondrial ALDH2 is to protect mitochondria and cells from
the damaging effect of aldehydes, by oxidizing the substrates into their corresponding non-toxic
carboxylic acids. Some studies distinguish between direct and indirect anti-oxidative properties
of ALDH2. The direct anti-oxidative properties are assumed to depend on its potent reductase
function with its highly activated sulfhydryl groups [27]. In addition to oxidative capabilities, ALDH2
possesses nitrate reductase activity responsible for the bioconversion of nitroglycerin to 1,2-glyceryl
dinitrate (GDN), thus inducing NO release [28–30]. ALDH2 protein can be the substrate of various
post-translational modifications, including oxidation, S-nitrosylation, phosphorylation, nitration,
acetylation, glycosylation, and adduct formation, most of which reduce its activity [31].

In the present review, we describe the effects of oxidative stress-linked accumulation of aldehydes
in the cells, focusing on ECs, and discuss the contribution of ALDH2 in several endothelium-dependent
disorders, including senescence.

2. ALDH2 and Endothelial-Related Diseases

Different diseases have in common EC impairment and dysfunction and more precisely an
alteration in ALDH expression and enzymatic activity, in turn responsible for changes in oxidative
status and inflammation (Figure 1).
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Figure 1. The role of aldehyde dehydrogenase-2 (ALDH2) in endothelial function and
endothelial-related diseases. ALDH2 downregulation (down arrow) and/or catalytic inactivation
(dashed red lines) into mitochondria in endothelial cells (ECs), leading to inefficient aldehyde
metabolism, is recognized to affect endothelial functions and make senescence occur faster. Senescence
itself might further aggravate endothelial dysfunction. In turn, ALDH2 is believed to be involved in
the ageing process, in particular ageing related-cardiovascular diseases, such as atherosclerosis and
coronary artery disease (CAD), and affect the cerebrovascular unit, contributing to the etiology of
neurovascular degenerative diseases, including Cerebral Amyloid Angiopathy (CAA).

2.1. ALDH2, Oxidative Stress and Ageing

Advanced age is an independent risk factor for life-threatening diseases, including coronary
artery disease, stroke, and neurodegenerative diseases, which are directly related to ageing-associated
EC dysfunction [32]. Despite senescence being studied deeply for many centuries and many steps in
our understanding of it accomplished, the process of ageing remains largely difficult to remedy and
remains, unfortunately, inevitable [33]. In addition to the “inflammageing” hypothesis, many theories
have been proposed to explain the process of ageing [33]. In particular, the general free radical theory
of ageing indicates that ageing is caused by ROS-dependent accumulation of damage [34]. In other
words, the traditional view in the field of free radical biology is that free radicals and ROS are toxic
and able to directly damage a large plethora of biological targets. Furthermore, the accumulation of
damage leads to the process of ageing resulting in various diseases [35]. Recent findings revealed that
the accumulation of toxic aldehydes plays a key role in ischemia-reperfusion injuries and in ageing as
much as ROS from which they derive [36–39].

Accordingly, some studies support the close link between ALDH2 dysfunction and ageing,
especially in the heart [40,41]. In particular, ALDH2 has been reported to protect ECs against oxidative
stress events due to aldehydes, and cell senescence [41,42].

One of our recent works showed that inhibition of ALDH2 activity negatively impacted EC
function. We demonstrated that ALDH2 silencing or inhibition significantly affected cell proliferation,
migration and altered cellular permeability, in terms of reduced VE–cadherin and ZO-1 expression
at cell–cell contacts and increased cellular permeability in human umbilical vein endothelial cells
(HUVECs) [42]. Although the mechanism of action has not been fully elucidated, our results indicate
that ROS production and 4-hydroxy-2-nonenal (4-HNE) accumulation, a secondary end-product of
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lipid peroxidation, contribute to mediate endothelial dysfunction and the onset of senescence in
siALDH2 and daidzin-treated cells [42]. These findings were supported by the observation that
exposure to the ROS scavenger, N-acetylcysteine, affected the pattern of 4-HNE adducts, reduced ROS
and recovered cell survival in siALDH2 cells [42]. The aldehyde 4-HNE is a reactive molecule which
forms adducts with proteins, lipids and DNA. Excessive 4-HNE adduct formation has been reported
in ischemic cardiovascular tissue isolated from rodents and humans [43,44]. From a bioenergetic
standpoint, we observed that ALDH2 attenuation reduced basal and maximal respiration and abolished
mitochondrial reserve capacity in ECs [42]. Intriguingly, this latter finding suggested that ALDH2
supports mitochondrial bioenergetics by increasing basal, maximal and consequently reserve capacity.
Further, the changes in cell morphology, from polygonal to an enlarged and irregular shape, evoked
the senescent phenotype and this led us to explore further details. The analysis of typical senescent
markers, such as p21/p53 expression and SA-β-gal, further suggested that siALDH2 or daidzin-treated
ECs present early signs of senescence [42]. This scenario suggests a protective role of ALDH2 on
endothelium. The inhibition of ALDH2 affects endothelial functions, bioenergetics and metabolism,
and makes the acquisition of a senescent phenotype faster. The acquisition of a senescent phenotype
might have a defensive role, but the expansion of senescent cells might itself further aggravate the
damage and accelerate ageing.

From a mechanistic point of view, the accumulation of endogenous reactive aldehydes,
including 4-HNE, and inhibition of ALDH2 by these reactive species increased cell vulnerability
to aldehyde-induced damage [45]. Indeed, susceptibility to lipid peroxidation byproducts of ALDH2
enzymatic activity was reported [46]. It was observed that ALDH2 is inactivated by aldehydes at
low concentrations (<10 μM) and ROS. ALDH inactivation may interfere with the detoxification of
lipid aldehydes, promoting their accumulation, which, in turn, is known to trigger ROS production,
amplifying oxidative damage in the cell. Specifically, in ECs inactivation of ALDH2 correlates with
vascular damage, vasoconstriction, and thrombosis [47].

Moreover, evidence showed the role of acetaldehyde in tissue and cell damage. In particular, a study
reported that ALDH2 prevented acetaldehyde-related toxic effects by alleviating oxidative stress and
apoptosis in HUVECs [47]. For instance, it has been observed that in HUVEC, ALDH2 over-expression
protects cells from the toxic effects of exposure to different concentrations of acetaldehyde. As a
result, the generation of ROS is decreased, as well as apoptosis and activation of stress signaling
molecules, such as signal-regulated extracellular kinases (ERK1/2), and the p38 mitogenic activated
MAP kinase protein [47]. Of note, the acetaldehyde-induced ROS generation, apoptosis and activation
of stress molecules were prevented by the ALDH2 transgene in a manner similar to antioxidant
alpha-tocopherol, indicating that facilitation of acetaldehyde detoxification by ALDH2 transgene
overexpression is able to counteract acetaldehyde-induced EC injury and activation of stress signals.
These data consecutively highlight the therapeutic potential of ALDH2 in the prevention of cell damage
induced by ethanol consumption [47], features of which are very similar to those of accelerated ageing.

Consistently, mutations in ALDHs genes as well as their downregulation or ALDHs catalytic
inactivation, leading to inefficient aldehyde metabolism, may contribute in the etiology of various
diseases including cardiopathies and neurovascular degenerative diseases, including the cerebral
amyloid angiopathy (CAA) and Alzheimer’s disease (AD) [24,48].

2.2. ALDH2 and Atherosclerosis

Heart failure is a clinical manifestation characterized by alterations in cardiac morphology and
functions that lead to reduced cardiac output and/or elevated intra-cardiac pressure at rest or during
stress. Coronary artery disease (CAD), diabetes mellitus and alcohol abuse are common determinants
of myocardial diseases, which result in ischemic injury, metabolic disorders or toxic damage [49].
Nevertheless, advanced ageing leads to alteration in morphology and function of the heart in the
absence of other accompanying cardiovascular risk factors. In particular, ALDH2 is believed to be
involved in the ageing process and ageing related-cardiovascular diseases. In fact, although ALDH2
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is better known for its involvement in ethanol metabolism, it is also crucial for cardioprotection
through the detoxification of reactive aldehydes such as 4-HNE and the bioconversion of nitrates into
NO [27,29]. ALDH2 is largely seen as a critical enzyme involved in protecting the heart from ischemic
injury. Much evidence, including meta-analysis, have assessed the associations between ALDH2
rs671 (ALDH2*2) polymorphism inactivating the enzymatic activity, and CAD [50]. Additionally,
results from various studies conducted on Asian patients have highlighted the strong association
between myocardial infarction and ALDH2 rs671 polymorphism [51]. In this context, the majority of
studies focused on myocardium [52], with limited attention on ECs or vessels. Nonetheless, ALDH2
activity is impaired by oxidized low-density lipoproteins (ox-LDLs), possibly by post-translational
modifications. In particular, ox-LDLs are found to exert an inhibitory effect on ALDH2 activity by
preventing mitochondrial sirtuin 3 (SIRT3) expression [31]. SIRT3 is one of the members of the sirtuin
family, which have a common core domain and an important role in ageing, stress resistance and
metabolic regulation. In particular, SIRT3 has received much attention for its role in mitochondrial
metabolism and ageing [53].

A study corroborates the association between ALDH2 and SIRT3 [54]. This study strengthens the
concept that moderate ethanol consumption is associated with a positive effect on eNOS activation
that results in antiatherogenic actions. In particular, Xue and colleagues showed that in human aortic
ECs (HAECs), low-dose ethanol resulted in SIRT3 inactivation, leading to rapid activation of ALDH2.
ALDH2 activity mediates ethanol-induced eNOS activation and prevents ROS accumulation [54].
Thus, ALDH2 activation promoted by SIRT3 inactivation improves HAEC function, resulting in
an anti-atherogenic effect. Consistent with this finding, another recent study showed that ALDH2
silencing or inhibition aggravated the atherosclerotic process. In ApoE−/− mice the silencing of the
ALDH2 gene was associated with a severe inflammation of the vascular wall and the formation of larger
and more unstable plaques [55]. In-vitro experiments with HUVECs further illustrated that inhibition
of ALDH2 activity resulted in elevated inflammatory molecules, an enhanced nuclear translocation or
phosphorylation of pro-inflammatory transcription factor such as NF-κB or AP-1 involved in vessel
permeability and plaque development [55]. Of note, in ECs, we and other reported that several natural
agents such as polyphenols of extra virgin olive oil modulate, beyond ROS production, the expression
and activity of enzymes and transcription factors involved in atherogenesis [56,57]. These data support
the assumption that metabolic cell redox state has a marked impact on the cell transcriptome and
proteome, and, in turn, on cell functions. In this context, it would be of interest to know the effects of
nutraceuticals on ALDH2 activity in controlling vessel integrity.

Overall, these data convincingly indicate that ALDH2 silencing or inhibition exacerbates
the atherosclerosis process, increasing plaque development and vulnerability with aggravated
inflammation. Nevertheless, further work is needed to fully understand the clinical value of ALDH2
and its activation in the prevention or treatment of atherosclerotic diseases, such as CAD.

2.3. ALDH2 and Neurodegenerative Diseases

Alzheimer’s disease (AD) is classified as a progressive neurodegenerative disorder, characterized
by neuropathological changes in particular brain regions and in a variety of neuro-transmitter systems.
The progressive neuronal degeneration that occurs in AD generally leads to dementia, the most common
consequence, affecting cognitive functions in patients such as memory, thinking and reasoning [58].
Unfortunately, AD is becoming more prevalent as human lifespan increases. AD is a multifactorial
disease driven by a combination of genetic and environmental factors and can be divided in two
forms: familial and sporadic cases [59]. A characteristic feature of AD is the deposit of amyloid β

peptides (mainly Aβ1-40 and Aβ1-42) in the brain that form extracellular amyloid plaques. These
plaques lead to neuronal dysfunction, cell death, and loss of synaptic connections, notably due to
the ensuing inflammation and oxidative stress [60]. Increased oxidative stress is reported to play a
critical role in the pathogenesis of AD prior to the onset of Aβ deposition and cognitive impairment.
Cerebrovascular dysfunction has emerged as a critical feature of neurodegenerative diseases [61].
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Cerebral amyloid angiopathy (CAA), a cerebrovascular disease that is frequently associated with
AD, is characterized by the accumulation of Aβ in cerebral microvessels. In CAA, the endothelial
dysfunction is thought to alter Aβ homeostasis and to promote infiltration of the brain parenchyma
with circulating toxic molecules [61]. At the same time, Aβ peptides, especially the vasculotropic
isoform Aβ1–40, affect brain blood vessels, altering their fundamental functions, including impairment
of vasoactive tone and barrier functions, vascular remodelling as well as suppression of the intrinsic
angiogenic properties of endothelium [48,62–64]. Although CAA remains clinically distinct from AD,
their common features have the potential to link cerebrovascular and neurodegenerative pathways in
the ageing brain. The product 4-HNE is formed during oxidative stress, and is able to react with many
molecules such as proteins, and to accumulate in the brain. Many studies have shown that 4-HNE
covalently modifies Aβ via 1,4 conjugates, altering the function of Aβ and impairing cellular features
such as metabolism, cell signaling and structural integrity [65]. Since ALDH2 protects mitochondrial
functions through the detoxification of 4-HNE that accumulates in this organelle, it is not surprising
that recent epidemiological studies showed a correlation between ALDH2*2 loss-of-function mutations
in Asian patients and a higher incidence of AD in these people [24,45].

One potential intervention for the treatment of AD can be to reduce the toxicity caused by the
Aβ peptides, particularly Aβ1-40. Previous studies from our lab elucidated the role of ALDH2 in the
protection of endothelium against Aβ1-40 damage. In particular, the chronic exposure of cultured EC
to Aβ results in profound modifications of cell pro-angiogenic functions, shifting their phenotype
toward the senescence program and reducing its pro-angiogenic capability [66]. Aβ peptides also
increase intracellular 4-HNE in ECs by impairment of mitochondrial ALDH2 activity [48]. Consistently,
in an ALDH2−/− knockout null mouse model, mice exhibited both neuronal and vascular pathological
changes associated with AD. In fact, mice exhibited progressive, age-related cognitive deficits in
non-spatial and spatial working memory and other features, together with a multitude of AD-associated
signs, including 4-HNE adducts as well as age-related increase in Aβ [67].

In addition to the observed AD-like changes in the brain, significant vascular alterations were
found in cerebral microvessels (CMVs) of ALDH2−/− mice. In comparison to the wild type, CMVs
of these mice displayed marked increases in HNE adducts and age-related increases in monomeric
Aβ. Moreover, ALDH2−/− mice exhibited endothelial dysfunction, and increased Aβ deposits in
microvessels [67].

From these studies it seems that ALDH2 activity may play a critical role for preserving endothelial
function in cerebrovascular units and preventing age-related dysfunctions.

3. Conclusions

Global average lifespan is increasing as a result of many factors, such as lifestyle. But, as longevity
continues to increase, ageing-related diseases and, consequentially, the need for new therapeutic
interventions arise. Today, regenerative medicine plays a significant role relative to other therapies,
including those for the treatment of CVD.

In this review we showed that ALDH2 asserts a protective role in the endothelium against different
types of stressors including age-associated dysfunctions. ALDH2 has emerged in recent years as a
crucial guardian against several stressor or toxic insults, supporting its potential role in many diseases,
including cardiovascular and cerebrovascular diseases that are linked to ageing (Table 1).

Since senescence-related endothelial dysfunction plays a crucial role in the pathogenesis of several
diseases, further studies are necessary to fully elucidate the role and protective mechanisms of ALDH2
in the endothelium.
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Table 1. Summary of main findings of ALDH2 and ageing, atherosclerosis or neurodegenerative
diseases.

ALDH2 Status Tissue/Cells Molecular Mechanism Function Ref.

ALDH2 and vascular ageing

ALDH2 activation Heart (rat) (−) aldehydic adducts
(carbonylation) (−) cardiac dysfunction [28]

ALDH2 activation Liver (rat)

(−) ROS
(−) pro-inflammatory

cytokines
(−) 4-HNE and MDA

(−) tissue apoptosis
(+) mitochondrial

membrane potential
[30]

ALDH2 transgenic
mice Heart

(+) ROS
(−) AMPK phosphorylation

(−) SIRT1

(+) ageing-induced
cardiac hypertrophy

(+) apoptosis
(+) mitochondrial injury

[40]

ALDH2 activation Heart (mouse)

(−) 4-HNE-protein adducts
(−) protein carbonyls

(+) autophagy flux
(+) SIRT1

(+) cardiac function [41]

ALDH2 gene
silencing Endothelial cells (+) ROS

(+) 4-HNE
(−) respiration
(+) senescence [42]

ALDH2 gene
transfection Endothelial cells (−) ROS (−) apoptosis

(−) ERK/p38-MAPK [47]

ALDH2 and atherosclerosis

ALDH2*2
loss-of-function — (+) ox-LDLs (+) coronary artery

disease [50–52]

ALDH2 gene
silencing ApoE−/− mice (+) ROS

(+) vessel wall
inflammation

(+) plaque instability
[55]

ALDH2 activation Endothelial cells (−) ROS; (+) eNOS
(−) SIRT3 activation — [54]

ALDH2 inhibition Endothelial cells (+) NF-κB
(+) AP-1

(+) permeability
(+) plaque formation [55]

ALDH2 and neurodegenerative diseases

ALDH2*2
loss-of-function Brain — (+) incidence of

Alzheimer’s disease [45]

ALDH2−/− mouse
model

Brain (+) 4-HNE adducts
(+) Aβ

(+) cognitive deficits
(+) endothelial

dysfunction
(+) Aβ in microvessels

[47]

ALDH2 inactivation Endothelial cells (+) 4-HNE (−) angiogenesis
(+) senescence [48]
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