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Preface

Cardiovascular diseases are the most common chronic diseases with the most frequent causes

of mortality worldwide. The aim of this Special Issue is to present some latest updates on the

role of the renin–angiotensin system (RAS) in cardiovascular biology, from cellular mechanisms

to organ functions and novel therapeutic mechanisms. The RAS has an important role in the

regulation of blood pressure and salt-water homeostasis. Angiotensin II is the main regulator, which

operates mostly by stimulating AT1 receptors, a member of the G protein-coupled receptor family,

and activating mainly calcium signaling mechanisms inducing, e.g., smooth muscle contractions,

vasoconstriction, and blood pressure elevation. Long-term overactivation of the RAS may result

in inflammatory mechanisms, vascular hypertrophy and remodeling, water retention, hypertension,

and atherosclerosis.

This Special Issue provides original work and review articles by outstanding research groups

based on the latest scientific knowledge on the area of RAS in cardiovascular biology.

Our Readers are invited to obtain a deeper insight into this interesting research area to update

their knowledge on cardiovascular diseases and treatment proposals.

Mária Szekeres, György L. Nádasy, and András Balla

Guest Editors
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Angiotensin II (Ang II) is a hormone with much more complex actions than is typical
for other agonists with heterotrimeric G protein-coupled receptors (GPCRs). Its principal
receptor, angiotensin type 1 receptor (AT1R), is distributed in many cells of the body in
diverse organs, controlling the water and salt balance, vascular contractility and blood
pressure. The main functions are discussed below.

1. Pleiotropic Effects of Ang II

AT1Rs can attach promiscuously to Gq/11, Gi/o and G12/13 intracellular signal proteins
in various cells of the body. The activation of the mitogen-activated protein kinase (MAPK)
cascade and the release of epithelial growth factor (EGF) and vascular endothelial growth
factor (VEGF) lend a trophic character to the hormone [1–3]. In the blood vessel wall, it
induces inflammatory cell transformation, chronic inflammation with cytokine release,
white cell migration, fibrosis and apoptosis of cells. It can be considered an inflammatory
transmitter with a strong resemblance to chemokines [4]. It is also a neural transmitter. In
the brain stem, diencephalon and limbic system neural circuits controlling salt and water
balance even behavior elements containing Ang II-releasing neurons [5,6]. These complex
actions are very far from the original epithelial salt-conserving function of this archaic
agonist. In the mammalian body, several functions intermingle inseparably in the diverse
actions of Ang II. Corrections needed to restore the salt balance, volume balance, blood
pressure, vascular mechanics, cellular longevity and drinking behavior in optimal cases
may be parallel, but it could be that the adjustment of one important parameter induces
disadvantageous changes in another. In the case of fast environmental changes, with no
time for genetically fine-tuning the whole system, Ang II will emerge as a pathological factor.

Three papers which have been published in this Special Issue deal with such pleiotropic
functions of the renin–angiotensin system (RAS). In an excellent study by Miotto et al. [7]
from the State University of Sao Paulo, Brazil, the aortic wall of perindopril-treated sponta-
neously hypertensive rats (SHR) was analyzed. Using the best available high throughput
proteomic methods, they found that chronic treatment with the angiotensin converting
enzyme (ACE) inhibitor perindopril in the artic wall altered 38 subcategories of cellular
protein components, among them “supramolecular polymer”, “heterotrimeric G protein
complex”, “actin cytoskeleton”, “supramolecular fiber”, “intermediate filament”, “mem-
brane raft” and “oxidoreductase” complexes. The reduced aortic stiffness they observed
seems to be connected to the elevated expression of the Ehd2 (EH domain-containing)
protein, a component involved in the endothelial nitric oxide synthase (eNOS)–nitric oxide
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(NO) endothelial vasodilatory pathway. They succeeded in proving that the rigidity-
reducing effect of chronic exercise has a different mechanism [7]. The extremely complex
nature of the renin–angiotensin system (RAS) is shown by another paper in this Special
Issue. Danilov et al. [8] found that the steric structure of the ACE protein is dependent not
only on its amino acid sequence, but also on the presence of certain blood constituents [8].
Pathological connections of the RAS are far-reaching. Interspecies conservatism of the
structure of ACE2, its receptor protein, made it possible for the SARS-CoV-2 virus to adapt
from the original bat host to humans with surprising speed. A virus binding to the attacked
cells will be followed by its internalization, together with the receptor. The elements of
RAS will be involved in several subsequent pathological events. Such long post-COVID
cardiovascular injuries have been reviewed by Cojocaru et al. in a recent Special Issue [9].

2. The Natural History of Water and Salt Balance

If we want to understand the role of Ang II as an important pathological factor, we
have to explore how its problematic, divergent characteristics developed. The types of
life occupying the disturbingly thin (12 miles) biosphere on the surface of the Earth are
inherently attached to highly organized macromolecular interactions in watery solutions.
Water, one of the most abundant “liquid stones” of the Earth’s crust, diluted salty substances
from the solid rocks. Early forms of life adapted to that salty water, the salinity of which
increased with time. Our planet can be considered extremely fortunate, having been able
to keep water and maintain it in its fluid form on its surface for such a long time. This
has ensured the continuous existence and development of life. With the rising of the
continents, dry land appeared, forming new habitats for living creatures that they were
eager to colonize. On continents, water needed for life processes could be ensured through
the atmospheric water circulation: rain, molten snow and ice watered the soil and fed
rivers and lakes. However, this water was only of very limited salt content. Sophisticated
mechanisms developed to keep the water and salt balance of the organisms even under
such conditions [10–12].

Marine invertebrates succumbed to the slowly elevating salinity of surrounding sea-
water, their extracellular osmolarity elevated in equilibrium with it. Their angiotensin II
hormone controlled the extracellular fluid pressure and volume. In marine fish, however,
like in all vertebrates, extracellular fluid osmolarity conserved the lower salinity of the
ancient oceans. This was a mere third of present day’s ocean salinity values. Keeping
extracellular sodium values constant simplified the genetic maintenance of the elaborate
membrane ionic processes on which their sophisticated and, in the case of vertebrates, very
successful neural and muscle functions depended. For marine vertebrates, the removal of
salt from the body turned out to be the most important task. In fishes, it is performed due
to the esophageal desalination of swallowed sea water and sodium excretion through the
epithelial ionocytes of the gills [13]. The RAS controls extracellular fluid volume (thirst,
determining salty sea-water swallowing), as well as the contraction of the newly acquired
blood vessels that form a closed “intravascular” compartment lined with a smooth, contin-
uous, low-friction endothelial sheath and, in case of larger vessels, additionally surrounded
by a contractile smooth muscle media. Adjustments in blood volume and vascular and
heart contractilities ensure proper intravascular blood flow and pressure. All these parame-
ters are controlled (among others) by the renin–angiotensin system, through the action of
the renin enzyme secreted into the blood by the mesonephros and of the peripheral ACE
producing the active angiotensin II octapeptide. The kidneys of fishes are mesonephros,
where nephrons do not have a Henle loop [14]. The mesonephros is present in the human
embryo. It is fully developed at the 8th week and disappears at embryonal week 16, giving
way to the metanephros [15]. Fish species living in freshwater rivers and lakes are con-
fronted with just the opposite task: while water was still in abundancy (if a draught did not
happen), there was a scarcity of salt. The lack of salt should be prevented by proper sodium
reuptake processes in the kidneys and uptake from the low-sodium freshwater habitats.
The very long shores of rivers, lakes, rivulets and swamps made it a successful strategy to
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live partially (amphibians) or permanently (reptiles, birds, mammals) on dry land where,
however, both water and salt were scarce. From that point onward, ensuring both water
and salt requirements of the body, and economizing them, became one of the most impor-
tant tasks to ensure survival. Quadrupeds living on dry land for a substantial part of their
life could only manage it through their sophisticated kidneys, the metanephros, with very
effective sodium reuptake mechanisms in the Henle loop, distal and connecting tubules, as
well as in the collecting duct, controlled both directly and indirectly (mineralocorticoid)
through metanephric JGA renin and peripheral angiotensin II. The metanephros in the
human fetus starts to develop at week 5 and remains thereafter in the final form of the
kidney [15]. While renin-containing granules are distributed in the cells along the length of
the afferent arteriole in fish mesonephros and early fetal metanephros, renin production
is concentrated in the juxtaglomerular apparatus in adult mammals: granular cells of the
afferent arteriole in the vicinity of the macula densa of the distal tubules store and release
the renin controlled by (among other factors) the amount of salt in the distal tubules [16].
An effective osmoregulation ensures corresponding water conservation.

3. The Natural History of the Elements of RAS

As we can see, the renin–angiotensin system plays an important role in maintaining
the salt and water balance of very diverse animal species under very diverse conditions.
It may be surprising that the components of the renin–angiotensin system are highly con-
served proteins and peptides, and that their basic molecular structure has been maintained
during their evolution. Vertebrate angiotensin peptides differ from each other in no more
than 2–3 amino acid residues [17]. Functionable ACE is present in Gram-negative bacteria,
annelid worms and molluscs [18,19]. Vertebrate development has been associated with
the duplication of the ACE gene, where a more active form of the enzyme developed and
the ancestral unduplicated form of the protein retained its role in testicular development
(tACE) [20]. The angiotensin II stimulation of adrenocortical cells to produce mineralo-
corticoid appeared in early fish (shark) [21]. Renin production in the kidney, peripheral
ACE, angiotensin I and II production and angiotensin receptors are present in all vertebrate
classes (with the potential exemption of some lower fishes) [17]. Angiotensin II contracts
fish blood vessels either directly or through catecholamine release and elevates blood
pressure, which has a central dipsogenic effect [16]. The angiotensin receptors (AT1R and
AT2R) have substantial homology with chemokine receptors, apelin receptors and even
opioid receptors, which can explain their involvement in inflammatory, cell differentia-
tion and neurotransmitter processes [22]. The ancestry of RAS in sea life can be judged
from the fact that extracts of several marine microbial fungal strains have been found to
effectively inhibit the mammalian AT1 receptor (also ETA and ETB receptors). At the same
time, this observation demonstrates what pharmacological treasures can be present in only
superficially examined ecosystems of our planet [23]. It is interesting to note here that
the phylogenetic conservatism of RAS proteins had a very serious consequence: the large
similarity of the bat and human ACE2 proteins made it possible for the COVID-19 virus,
which used this particular protein as a cell surface anchor, to be transmitted from bats to
humans and to adapt to the human molecule within only a few mutations (“variants of
concern”), inducing a pandemic which recently killed millions of human beings [24].

4. Minor Variabilities of the Human RAS Genes

Minor variabilities of the human RAS genes can be important factors in hypertension
and cardiovascular disease development. The time is approaching when—similar to
present-day cancer molecular diagnostics—patient DNA analysis will contribute to the
examination of pathomechanisms and the determination of individual optimal therapy.
From the point of view of human biology, it would be very interesting to reveal which
molecular alterations have accumulated under which geographical and ethnographic
conditions. Two polymorphisms of the human ACE gene (ACE I/D and ACE2 rs2106809)
have been reported which increase Ang II levels and elevate blood pressure, but at the same
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time have protective effects against severe malaria. Their frequency is elevated in malaria-
endemic geographical areas [25]. The ACE I/D also increases the risk of hypertrophic
cardiomyopathy [26], together with other variabilities of ACE [27]. Polymorphisms of the
ACE and AT1R and AT2R genes seem to be associated with preeclampsia and pregnancy-
induced hypertension [28]. Angiotensinogen is also a fairly conservative protein: several
sequence features are maintained in 57 vertebrate species. In the human genome, however,
minor variabilities are very frequent: 690 angiotensinogen variants have been identified
in 1092 human genomes, the most frequent variations being somatic single nucleotide
polymorphisms [29]. The potential pathological significance has yet to be investigated.

5. The Diverse Functions of AT1R

The AT1R is distributed in diverse tissues, inducing diverse functions at the level of the
organism. However, reflecting its long and complex development, this receptor has complex
functions even at the molecular level. The pleiotropic effects of AT1R stimulation, almost
unique among heterotrimeric G protein-coupled receptors, have been reviewed [1,2]. This
receptor can associate, in addition to Gq/11, Gi/o and G12/13 signal proteins. The termination
of activation can be accomplished through the internalization of the receptor molecule
via β-arrestin-mediated mechanisms. The substantial activation of the MAPK cascade
reveals trophic effects and, interestingly, several dual-specificity MAPK phosphatases
negatively regulating their activities are also upregulated in a negative feedback manner [3].
Earlier in the H295R human adrenocarcinoma cell line and in primary rat adrenocortical
glomerular cells, we mapped Ang II-induced expression kinetics of CYP11B2 and BDNF
genes [30]. Later, in chronic in vivo studies, we found that the infusion of angiotensin
II into rats resulted in reduced morphological lumen and the elevated thickness of the
wall of resistance arteries, which only slowly and partially recovered after the cessation
of the infusion [31]. In addition, aberrations in the geometry of the intramural coronary
resistance artery network were observed [32]. A further complication is that the activation
of AT1R by Ang II is accompanied by the release of endocannabinoids, as was found in a cell
expression system [33] and in vascular tissues such as the skeletal muscle (gracilis) arteriole,
coronary vessels or aorta [34,35]. The Ang II-stimulated release of 2-arachidonoylgylcerol
was directly detected in aortic vascular smooth muscle cells [36]. In cardiac tissue, we also
found that an Ang II-induced release of endocannabinoids may counteract the positive
inotropic effect of Ang II to decrease metabolic demand [37]. Ang II also activates chronic
inflammatory cellular pathways, inducing vascular damage and accelerating vascular
aging (for a review, see [4]). In addition, according to some disputed views, ACE and Ang
II even might restrict longevity throughout the animal world [38].

6. The Role of Ang II in Maintaining Blood Pressure under Basal Conditions

In terrestrial animals, salt and water conservation, blood volume conservation and
blood pressure maintenance are inherently connected to each other. In the diverse functions
of the renin–angiotensin–aldosterone system, this fact is reflected. The four most important
actions of the renin–angiotensin system are all directed to elevate and maintain blood
pressure: 1. Cellular (epithelial) sodium reuptake. 2. Stimulation of mineralocorticoid
production (with similar effects). 3. Vascular smooth muscle contraction. 4. Inducing thirst.
Among the physiological circuits controlling and maintaining normal blood pressure, those
with the involvement of this octapeptide are among the most important. The renin gene and
AT1a receptor gene knock-out mice (homozygous) had blood pressure reductions of around
20–30 mmHg [39]. The RAS is active under basal conditions at “normal” levels of water and
salt intake and fluid loss. Ang II is continuously produced in many tissues; the overdose
of ACE inhibitor was found to decrease blood pressure to as low as 88/42 (57) mmHg
(systolic pressure/diastolic pressure (mean pressure)) in a set of toxicology patients [40].
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7. The Role of Ang II in Maintaining Blood Pressure under Extreme Conditions

The significance of having an effective renin–angiotensin system for human survival
is even more prominent under extreme conditions. The mammalian brain (and to some
degree heart) are extremely sensitive to any reduction in the continuous supply of oxygen
through continuous blood flow. A drop in the mean arterial blood pressure below about
70 mmHg interferes with the cerebral blood flow and disturbs sensation, motor abilities,
decision making and communication, and substantially reduces muscle force and physical
and mental performance, in a real situation massively reducing the probability of survival,
maybe even in a few minutes. Historically, our ancestors were subjected to an impressive
array of dangerous blood pressure lowering effects, such as bleeding, crushing wounds,
toxicoses, exsiccosis, water deprivation, excessive heat, infections, diarrhea, vomiting,
profuse sweating, etc. Several blood pressure elevating mechanisms help to prevent this
from occurring, and the renin–angiotensin system is one of the most powerful among them.
In irreversible circulatory shock, plasma renin values enormously elevate, but even such
extreme values cannot produce the blood pressure needed for adequate microcirculation.
High plasma renin values can thus be considered a bad prognostic marker for critically ill
patients [41].

8. Salt Appetite, Salt Preference and the Overconsumption of Salt

Behavioral elements are important in processes that control body water and salt. Ang
II is a transmitter in hypothalamic, brain stem and limbic neuronal circuits controlling thirst,
vasopressin release and salt preference. Salt preference increases when sodium deprivation
is present. Several mammals have a salt appetite, and humans are among them. A salt
appetite might have had an additional advantage in early humans turning hunters: even
unsalted meat has a fairly salty taste [5,6].

Salt appetite and salt preference could have been important behavioral elements in
keeping a salt (and fluid) balance in our early ancestors. We have good reason to think that
salt preference, controlling salt intake, has been genetically adjusted to conditions when salt
was scarce and the dangers of salt deficiency were larger than the dangers of consuming
more salt than was optimal. However, with historical development, humans learned how to
produce that commodity by evaporating sea water and by mining salt deposits from layers
of solid rock. Hallstatt salt mining in the Austrian Alps dates back 7000 years, and in the
bronze age in Europe there was substantial commercial salt transportation [42]. In Medieval
times, the consumption of commercial salt turned habitual even among the poor, and salt
taxation was one of the most stable entries in governmental income lists. In West and North
European cities, foodstuffs preserved using salt became components of the everyday food
of city dwellers, ensuring the development of high concentrations of non-agricultural urban
residents with specific industrial, commercial and intellectual skills. Even lengthy deep-sea
ship travels and military operations depended on salt-preserved food. With improved
financial situations, limits on salt consumption practically disappeared and the genetically
inherited salt taste dictating salt consumption started to elevate. This is an important
element in the hypertension pandemic we are observing in the present day [43].

In developed countries, elevated salt consumption is—together with other factors—an
important component of the increasing prevalence of the essential hypertension disease.
Daily salt intake in practically all cultures now exceeds the estimated physiological require-
ments of 10–20 mmol/day [44]. The global sodium intake of adults runs at 4310 mg/day
(10,780 mg/day salt), twice the recommended limit of the World Health Organization of
2000 mg/day (<5000 mg salt/day) [45] or the sodium limit advised by the US Institute of
Medicine (2300 mg/day, 100 mmol/24 h) [46].

There is a classical negative feedback system between salt intake and the activity of
the renin–angiotensin–aldosterone system, a system that works in the direction of salt
accumulation [47]. In salt-sensitive individuals, anti-natriuretic effects are not sufficiently
suppressed by salt consumption, which results in marked blood pressure elevation [48,49].
Reducing salt intake has a blood-pressure-lowering effect. According to the meta-analysis
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by He and McGregor [50], in the range of 3–12 g/day, the lower the salt intake, the lower the
blood pressure. Salt restriction or the consumption of salt substitutes can be an alternative
to drug treatment in certain hypertension cases [51].

9. The RAS as a Pharmacological Target in Large Populations

The enormous significance of these eight biologically inherited molecules of the RAS
for human health can be judged from some statistics at hand. In the US, anti-hypertensive
drug use increased from 20 to 27% of the population between 1999 and 2000 to 2011 and
2012, with 31% and 66% of the non-institutionalized population being involved in age
groups 40–64 and >65 years, respectively. Of these, 12% took ACE inhibitors and 5.8% AT1R
inhibitors [52]. In England, in 2018, 22% of primary care patients received antihypertensive
prescriptions. ACE inhibitors being ordered increased from less than 0.5% in 1988 to
over 9% in 2018, while angiotensin receptor blockers, which started to be produced in
1995, reached 4% in 2018 [53]. Among hypertensive treatments, in the years after 2011,
ACE inhibitors represented 38% and angiotensin receptor blockers 2.1% [54]. Similarly
high numbers, but with a different ratio between drug groups, have been reported from
Denmark. Among 352 antihypertensive drug users per 1000 inhabitants, 70 were taking
ACE inhibitors and 65 angiotensin receptor blockers [55]. Looking at such statistics, we can
conclude that in a substantial part of the population of developed countries, especially in
the elderly, we cannot talk any longer about the “physiological control of blood pressure
and salt balance”: there is a combined pharmaco-physiological control, instead.

10. Conclusions

We conclude that our RAS and salt preference behavior has not genetically adapted
to the hedonistic salt use which is broadly accessible today. Public information should be
more widely distributed about the risks of high salt consumption. Diagnostic tests and even
genetic tests should be worked out to identify, within the supposedly heterogenous group
of “essential hypertensives”, those for whom moderate or aggressive salt restriction can be
an important element of therapy. Further, with such tests, a more targeted, individualized
pharmacotherapy can be hopefully planned in the not-too-far future.
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Abstract: The cardiovascular continuum describes how several cardiovascular risk factors contribute
to the development of atherothrombosis, ischemic heart disease, and peripheral arteriopathy, leading
to cardiac and renal failure and ultimately death. Due to its multiple valences, the renin–angiotensin–
aldosterone system plays an important role in all stages of the cardiovascular continuum, starting
from a cluster of cardiovascular risk factors, and continuing with the development of atherosclerosis
thorough various mechanisms, and culminating with heart failure. Therefore, this article aims to
analyze how certain components of the renin–angiotensin–aldosterone system (converting enzymes,
angiotensin, angiotensin receptors, and aldosterone) are involved in the underlying pathophysiology
of the cardiovascular continuum and the possible arrest of its progression.

Keywords: renin–angiotensin–aldosterone system; cardiovascular risk factors; stroke; heart failure;
atrial fibrillation

1. Introduction

The cardiovascular continuum was first described by Victor J. Dzau et al. in 2006 [1]
as a chain of events precipitated by several cardiovascular risk factors, which may lead to
the occurrence of atherothrombosis, ischemic heart disease, and peripheral arteriopathy if
left untreated. Also, major complications such as cardiac and renal failure and finally death
may occur [1].

The renin–angiotensin–aldosterone system (RAAS) and its significant classical role
in the occurrence of arterial hypertension was first discussed in the 1960s [2,3]. In 1976,
the first converting enzyme inhibitor, captopril, was patented, and in the early 1980s
it was recognized as a medication for lowering blood pressure values [4]. Afterwards,
other converting enzyme inhibitors (ACEIs) were developed, and then the blockers of AT1
receptors of angiotensin II (ARBs) or sartans were discovered. Over time, the understanding
of RAAS has expanded tremendously, with ACEIs and ARBs having an important role
in the treatment of heart failure by blocking RAAS at different steps. Also, these drugs,
especially ACEIs, have anti-atherosclerotic effects, too. RAAS is ubiquitous in multiple
organ systems, especially the kidneys, systemic vasculature, and adrenal cortex, and is
strongly involved in the pathogenesis of hypertension, heart failure, other cardiovascular
diseases, and renal diseases. Due to its multiple valences, RAAS plays a crucial role in all
stages of the cardiovascular continuum, starting with several cardiovascular risk factors,
and continuing with the development and progression of atherosclerosis, ultimately leading
to the onset of heart failure.

Therefore, the discussion in this article is focused on certain components of the renin–
angiotensin–aldosterone system (converting enzymes, angiotensin, angiotensin receptors,
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and aldosterone) and their involvement in the pathogenesis of various conditions within
the cardiovascular continuum, as you can see in Figure 1.

Cardiovascular 
Risk Factors:
-Obesity
-Hypertension
-Dyslipidemia
- Metabolic 
Syndrome
-Diabetes Mellitus

Atherosclerosis

Ischemic Heart Disease

Myocardial Infarction

Stroke

Heart Failure

RAAS RAAS

RAAS

RAAS

RAAS

Chronic Kidney 
DiseaseACEIsACEIs

ARBs
RAAS

Figure 1. RAAS and the pathogenesis of various conditions within the cardiovascular continuum.

2. RAAS and Several Cardiovascular Risk Factors

2.1. Hypertension

The role of RAAS in the pathogenesis of arterial hypertension is already well known.
The juxtaglomerular cells favor the cleavage of prorenin to renin. The activation of prorerin
in the kidney is stimulated by several enzymes such as proconvertase 1 and cathepsin B [5].
Renin degrades angiotensinogen (AGT) synthesized in the liver into angiotensin I. Cathep-
sin D and tonins also have the same AGT action [5]. Angiotensin I (AG I) under the action of
the “classic” converting enzyme (ACE) is transformed into angiotensin II (AG II)—Figure 2.
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Figure 2. RAAS components—the angiotensins, the converting enzymes and their specific receptors.

However, there are other enzymes called non-EC enzymes (chymase and cathepsin G)
that have the same effects [5].

Under pathological conditions, the excess of AG II causes stimulation of AG II AT1
receptors, leading to arterial vasoconstriction, sodium and water retention due to increased
release of aldosterone, and finally to atrial remodeling and stimulation of the sympathetic
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nervous system. All these pathophysiological mechanisms are responsible for arterial
hypertension development.

On the other hand, AT2 receptor stimulation results in vasodilatation and nitric oxide
release, with proven antiproliferative effects [5]. At the same time, the conversion enzyme
determines the degradation of bradykinin (into inactive peptides), which is known as a
substance with important vasodilatory effects. The renin–angiotensin-converting enzyme-2
(ACE2) system has a central role in triggering some counter-regulatory mechanisms com-
pared to the classic converting enzyme, with a structure somewhat similar to it (42% of the
terminal amino acid structure is identical in the two enzymes).

ACE-2 acts on AG I, converting it to AG (1–9) and on AG II by hydrolyzing it to
AG (1–7). Thus, ACE-2 has the role of decreasing the level of AG II where there are
increases and activations of this hormone, as you can see in Figure 2.

Thus, EC-2 represents an important counter-regulatory substance of AG II, not only
due to the hydrolysis of AG II, but also due to the production of AG (1–7) which, through
actions on specific Mas receptors, determines the release of nitric oxide synthase (NOS) and
increased sodium excretion—Figure 2. Also, AG (1–7) acts on AT2 receptors and type 2
bradykinin (BK) receptors, which implies important vasodilatory actions. In recent years,
several components of the system have been identified, such as AG (1–12), angiotensin A,
and alamandin—Figure 2.

Alamandin is produced by the degradation of angiotensin A by ACE-2 or directly
from AG (1–7). It acts on specific receptors, such as -MrgD, which also has vasodilatory,
antifibrotic, antiproliferative, and natriuretic effects [6,7]. So, we are talking about receptors
whose stimulation causes favorable, cardioprotective effects (AT2, Mas, and MrgD) and
about AT1 receptors with detrimental cardiovascular effects [8].

In healthy people, there is a balance between the production of ACE and ACE-2. In
conditions of arterial hypertension, this balance is lost in favor of the production of ACE [8].

Considering the important role that the renin–angiotensin–aldosterone system plays
in the pathogenesis of hypertension, current guidelines recommend angiotensin-converting
enzyme inhibitors (ACEIs) or sartans (ARBs) as the first line of treatment in this disease in
most patients if there are no contraindications [9].

2.2. Obesity

Obesity is another important risk factor often associated with high blood pressure. In
people with obesity, a series of substances called adipokines are secreted from within richly
represented adipose tissue. These are mainly represented by adiponectin, leptin, omentin,
resistin, visfatin, TNF-α, IL-4, CRP, and PAI-1, but also by AGT. Apart from adiponectin
and omentin, all other adipokines, and therefore also AGT, are involved in the emergence
of endothelial dysfunction [10].

At the same time, the existence of local AG II in adipose tissue and AT1 and AT2
receptors at the adipocyte level have been described [11]. Another interesting thing demon-
strated is that stimulation of AT2 receptors by AG II promotes preadipocyte differentiation,
and, in humans, AG II generated by mature adipocytes suppresses the differentiation of
adipocyte precursors, decreasing the proportion of small insulin-sensitive adipocytes [12].
AGII also has other actions at the adipocyte level: it determines leptin release, increases
PGI2 secretion, and favors the activity and transcription rate of glycerol-3-phosphate de-
hydrogenase and fatty acid synthase [13]. On the other hand, in people with obesity,
the presence of increased insulin resistance is accompanied by the amplification of renin
activity [13].

The renin–angiotensin system, locally present, plays an important role in the devel-
opment of adipocytes [13]. At the same time, the presence of important components of
the renin–angiotensin system at the adipocyte level could have detrimental cardiovascu-
lar effects in people with obesity, which could lead to the creation of a vicious circle of
obesity–arterial hypertension–diabetes–atherosclerosis.
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2.3. Diabetes Mellitus

Diabetes mellitus is frequently associated with hypertension and obesity.
Animal studies have shown that in the presence of prediabetes, there is important

activity of the renin–angiotensin system. Thus, increased values of renin, angiotensinogen,
ACE, AT1 receptor, aldosterone, and AG II were detected in these studies [14]. The pres-
ence of diabetes in the context of hyperglycemia increases insulin resistance and causes
endothelial dysfunction with the activation of the renin–angiotensin system and levels of
AG II.

The important role of the renin–angiotensin system in diabetes was demonstrated by
the evidence provided by ACEIs and ARBs in the treatment of diabetic nephropathy, in
which they determined the decrease in proteinuria, renoprotective effects, and the regres-
sion of this complication [15]. Moreover, at the renal level, there are all the components
of RAAS. The renal effects of the excess release of AG II cause glomerular sclerosis, tubu-
lointerstitial fibrosis, and a reduction in nephron mass with the appearance of chronic
nephropathy through multiple mechanisms.

At the retinal level, there are components of the renin–angiotensin system: renin, AGT,
AG II, EC, EC-2, AG 1–7, AG II, AT1, AT2, and Mas receptors [16]. AG II has an important
role in maintaining local homeostasis, with the control of vasoconstriction, the regulation
of glial cell function, and the modulation of neuronal functions [17].

In a study conducted in Canada in which type 1 diabetes patients were included, it was
demonstrated that the renin–angiotensin–aldosterone system is involved in the occurrence
of diabetic retinopathy [18]. It contributes to the increase in vascular permeability and
cell proliferation with important pro-inflammatory effects and increasing oxidative stress,
favoring the development of diabetic retinopathy [19].

Under these conditions, ACEIs and ARBs have proven their effectiveness in patients
with diabetic retinopathy. Thus, lisinopril administered to patients with type 1 diabetes
with normal blood pressure caused a decrease in the progression of diabetic retinopathy of
up to 50% [20]. At the same time, the administration of candesartan in patients with type 2
diabetes was associated with a decrease in the progression of retinopathy [21].

2.4. Dyslipidemia

The accumulation of Ox-LDL in the arteries causes the activation of the local RAAS,
which further contributes to the production of LDL and its oxidation into ox-LDL. All this
leads to increased oxidative stress and inflammation [22,23]. At the same time, there is
recent evidence showing that megalin, an important component of the low-density lipopro-
tein receptor superfamily, can contribute to RASS activation, promoting atherosclerosis [24].

2.5. Obstructive Sleep Apnea

Recent data highlight a possible role of RASS in obstructive sleep apnea. Thus, in a
meta-analysis published in 2023 that includes data collected from 20 studies that included
2828 participants, it is shown that patients with obstructive sleep apnea not only have
higher levels of the components of the renin–angiotensin–aldosterone system, but also have
higher values of blood pressure and heart rate compared to those without this pathology,
even among patients without treatment-resistant hypertension [25].

3. Renin–Angiotensin–Aldosterone System and Renal Function

Excessive production of AG II and aldosterone in pathological situations is associated
with the development and progression of kidney diseases, such as diabetic or non-diabetic
nephropathy. The mechanisms involved in this sense would be increased glomerular
capillary pressure, profibrotic effects, and proteinuria [26].

The damage to the nephrons in the context of some pathological renal injuries causes
the increase in filtration and the increase in glomerular capillary pressure, with consequent
damage to the glomeruli. RASS is involved in the synthesis of nephrin, a protein that
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is formed at the transmembrane level, in glomerular podocytes [27] which has a role in
limiting the release of proteins from the glomerular level.

Activation of RASS causes a decrease in the release of nephrin with the appearance
of proteinuria. AG (1–7) determines, at the renal level, the stimulation of phospholipase
activity, the stimulation of sodium transport in the proximal tubule, natriuresis, diuretics,
and the increase in glomerular filtration [28].

At the renal and local levels, there are components of RASS. AG II is involved in cell
proliferation, increased collagen deposits, and apoptosis, and the appearance of glomeru-
lar sclerosis and tubulointerstitial fibrosis, all of which lead to glomerular sclerosis and
tubulointerstitial fibrosis. Further evolution towards reducing the number of nephrons and
chronic nephropathy is needed.

Stimulation of AT1 receptors at the renal level causes local vasoconstriction, increased
renal sodium reabsorption, activation of pro-inflammatory cytokines, activation of ox-
idative stress and endothelial dysfunction, increased PAI-1 activity, and promotion of
thrombosis [29]. On the other hand, stimulation of renal AT2 receptors leads to renal and
systemic vasodilatation, a decrease in renal sodium reabsorption, inflammation, mitogene-
sis, and fibrosis [29].

RASS blockers have renoprotective effects, independent of blood pressure values, and
can prevent proteinuria and its regression when it exists. These medications cause vasodi-
latation of the related arterioles with a reduction in intraglomerular pressure, regression of
remodeling at the arterial level, and improvement of endothelial function at the level of
resistance arterioles, especially in patients with nephrosclerosis [29].

4. Implications of the Renin–Angiotensin–Aldosterone System in the Development
of Atherosclerosis

The presence of the risk factors mentioned above can contribute over time to the
appearance of the atherosclerosis process. The RAAS is also involved in the generation and
progression of the atheroma plaque. RAAS components act on all cells involved in plaque
formation at the level of smooth muscle cells, endothelial cells, and macrophages [30].

At the same time, AT1, AT2, and Mas receptors exist at these levels [31]. Through
the actions of AG II and AG IV, endothelial dysfunction is promoted. The RAAS plays
a key role in regulating the inflammatory response by attracting inflammatory cells to
the site of arterial wall insult. At the same time, local synthesis of RAAS components
takes place at the level of inflammatory cells [32]. Other mechanisms by which AG II
can contribute to the formation of atheroma plaque are represented by vasoconstriction,
endothelial dysfunction, bradykinin degradation, effects on fibrinolysis, increased release
of nitric oxide, and plasminogen activator inhibitor I.

On the contrary, bradykinin and angiotensin (1–7) contribute to maintaining a healthy
endothelium [32]. Thus, it is clear that ACEs can have anti-atherosclerotic effects. Several
ACEIs have proven cardioprotective effects due to their effects on the bradykinin cascade,
fibrinolysis, and the decrease in the levels of AG II [33].

In the HOPE trial, patients with high cardiovascular risk were included, and were
administered ramipril. Authors reported a decrease in the rate of occurrence of cardiovas-
cular mortality, acute myocardial infarction, or stroke. The beneficial actions of ramipril
were mostly independent of the reduction in blood pressure values, and also of the pres-
ence of left ventricular hypertrophy, which argues for the direct anti-ischemic effects of
ramipril [34].

Treatment with perindopril in the EUROPA study, in patients with stable angina
pectoris and low cardiovascular risk, led to a significant decrease in the main objectives
represented by cardiovascular mortality, myocardial infarction, and cardiovascular re-
suscitations [35]. In the PERSPECTIVE sub-study within the EUROPA trial, the same
ACE achieved more than that, namely, stabilization of the coronary plaque evaluated by
intravascular ultrasonography [36].
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In another study with perindopril, PREAMI, patients over 65 years of age with my-
ocardial infarction and normal ejection fraction were evaluated, and administration of
this ACE led to a significant decrease in the risk of heart failure and death [37]. In the
PERTINENT study, the effects of perindopril on some markers of atherosclerosis were
followed. Its administration caused significant decreases in the levels of angiotensin II,
tumor necrosis factor-alpha, von Willebrand factor, and increased levels of nitric oxide,
bradykinin, and nitrates/nitrites [38], but did not influence the levels of C-reactive protein
and fibrinogen [39].

The addition of perindopril to amlodipine, in the ASCOT-BPLA study, in hypertensive
patients determined a significant reduction in the rate of cardiovascular events, the risk of
nonfatal myocardial infarction, and fatal ischemic heart disease compared to “standard”
β-blocker (atenolol) antihypertensive therapy ± diuretic (thiazide) [40]. This reduction has
been observed since the introduction of perindopril therapy [40].

Anti-atherosclerotic effects were also proven by quinapril therapy, which, when ad-
ministered to post-PTCA patients, caused a significant reduction in the rate of restenosis
compared to placebo in the TREND study [41].

The benefits of ACE inhibitor therapy in myocardial infarction were primarily demon-
strated by the SMILE trial, in which administration of zofenopril within 24 h of the onset of
the myocardial infarction resulted in a significant reduction in mortality after 6 weeks of
treatment, which was maintained or increased after one year of treatment [42].

A meta-analysis published in 2000 that included three large trials (SAVE, TRACE,
AIRE) concluded that ACE inhibitors administered 48 h from the onset of AMI caused
a decrease in mortality, a reduction in the risk of heart failure and the number of hos-
pitalizations for this condition. At the same time, there was also a reduction in the risk
of reinfarction [43]. In conclusion, the trials that included patients with various forms
of ischemic heart disease and who benefited from ACEI therapy (SAVE, AIRE, TRACE,
SMILE, EUROPA, and QUIET) demonstrated the benefits of this class of drugs in terms of
reducing cardiovascular events.

The anti-atherosclerotic effects of ARBs are controversial. Undoubtedly, ARBs also
have anti-inflammatory effects, demonstrated in animal studies, that are largely mediated
by blocking AT1 receptors, inhibiting the release of pro-inflammatory cytokines, such as
tumor necrosis factor (TNF)-α, interleukin (IL)-6, and decreased aldosterone release [44,45].
ARBs do not cause an increase in BK synthesis and contribute to an increase in AG II levels.

Under these conditions, AG II actions are not exerted on AT1 receptors, but can be
exerted on alternative pathways with the production of AG III and IV with overactiva-
tion of AT2 and AT4 receptors [33]. Stimulation of AT2 receptors by AG II leads to the
release of prostaglandin E2, which mediates the release of matrix metalloproteinases from
macrophages, an enzyme with an important role in the rupture of the atheroma plaque [46].

In turn, AGIV, by stimulating AT4 receptors, causes an increase in the production
of nuclear factor-κB and the release of other pro-inflammatory factors that act on vascu-
lar smooth muscle cells [44,47]. Blocking AT4 receptors, however, also causes important
myocardial antiapoptotic, antifibrotic, and antihypertrophic effects [44,48]. The TRAN-
SCEND study (Telmisartan Randomized Assessment Study in ACE-I Intolerant Subjects
with Cardiovascular Disease) evaluated the role of telmisartan in patients diagnosed with
ischemic heart disease or diabetes with organ damage, who did not tolerate ACE inhibitors.
Authors reported a significant reduction in the risk of major cardiovascular events [49]. At
the same time, in the ONTARGET study (Ongoing Telmisartan Alone and in Combination
with Ramipril Global End-point Trial) the effectiveness of telmisartan was similar to that
of ramipril in reducing the risk of cardiovascular mortality, myocardial infarction, stroke,
or hospitalizations for heart failure. It was also evaluated when it was administered to
patients with vascular diseases or diabetics with increased cardiovascular risk, without
heart failure [50]. Another ARB, losartan, had similar effects to captopril in post-myocardial
infarction patients [51].
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In the OLIVUS study (Impact of OLmesartan on progression of coronary atheroscle-
rosis: evaluation by IntraVascular UltraSound), the administration of olmesartan to some
patients with stable angina pectoris caused a decrease in the volume of the atheroma
plaque [52].

Among the ARBs, only valsartan proved its effectiveness in reducing cardiovascular
events after myocardial infarction [53], with the VALIANT study demonstrating that
valsartan administered post-myocardial infarction causes the same decrease in mortality as
captopril [53].

ACEIs (or ARBs) are indicated in the European ESC for the secondary prevention
of ischemic heart disease in patients who also have heart failure, diabetes, or arterial
hypertension [54].

Aldosterone-related medication has important antifibrotic actions, including the regres-
sion of myocardial remodeling and myocardial infarction. In the EPHESUS study, which
included post-myocardial infarction patients with an ejection fraction of less than or equal
to 40%, patients were given 50 mg of eplerenone daily, and there was a significant decrease
in all-cause mortality, cardiovascular mortality, and hospitalizations for heart failure [55].
The same results were obtained in the RALES study performed with spironolactone [56].
The ESC guidelines recommend anti-aldosterone medication in patients with a history of
myocardial infarction, with EF ≤40%, with heart failure or diabetes, and without renal
failure or hyperkalemia, along with treatment with ACE inhibitors and beta-blockers [54].

5. The Renin–Angiotensin–Aldosterone System and Stroke

The excess secretion of AG II also has negative effects on cerebral vessels. It increases
inflammation and promotes atherosclerosis at this level, activates the sympathetic nervous
system and also the local RAAS. This is because, at the cerebral level, there is also a
component of the RASS, including AT1 and AT2 receptors [57].

Both ACEIs and ARBs have proven their effectiveness in the secondary prevention of
cerebral vascular accidents [58]. Thus, in the PROGRESS (the perindopril protection against
recurrent stroke) study, perindopril was determined to reduce the risk of recurrent stroke,
with the benefits being similar in both normotensive and hypertensive patients [59]. In a
sub-study of the Heart Outcomes Prevention Evaluation (HOPE) trial, patients receiving
ramipril had a 32% reduction in the risk of any type of stroke and a 61% reduction in
fatal stroke compared to the placebo group [34]. The benefits were observed in all pa-
tients, regardless of BP values. Beneficial effects were also obtained following treatment
with ARBs.

In the LIFE (Losartan Intervention for Endpoint Reduction in Hypertension) trial,
losartan administered to hypertensive patients with left ventricular hypertrophy resulted
in a 24% reduction in major vascular events and a 21% reduction in stroke compared
to placebo [60]. The analysis of a subgroup of patients with previous stroke within the
SCOPE trial (Study on Cognition and Prognosis in the Elderly) showed that the administra-
tion of candesartan significantly reduced the rate of recurrent stroke and cardiovascular
events [61]. Also, in the ACCES (Evolution of Acute Candesartan Cilexetil Therapy in
Stroke Survivors) trial, candesartan administered to hypertensive patients on the first day
of stroke, determined after one year, resulted in a significant reduction in mortality and
cardiovascular events [62].

6. The Renin–Angiotensin–Aldosterone System and Heart Failure

Secretion of AG II, stimulation of AT1 receptors, and release of aldosterone represent
the main mechanisms involved in the pathogenesis of heart failure (HF). The main actions
of aldosterone consist of cardiac effects (cardiac fibrosis), renal effects (sodium/water
retention and potassium excretion), but also other effects (endothelial dysfunction).

There is a series of well-known studies in which there were patients with HF, and in
which the administration of ACEIs and ARBs determined the decrease in cardiovascular
mortality and the number of days of hospitalization [63–66]. There are also meta-analyses
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in which ACEI or ARB studies were included, which proved the effectiveness of the two
drug classes in HF, especially in terms of reducing mortality [67,68].

Thus, in the CONSENSUS (Cooperative North Scandinavian Enalapril Study) [63]
and SOLVD (Studies of Left Ventricular Dysfunction) [64] trials, it was demonstrated that
the administration of ACEs, specifically enalapril, in patients with heart failure, increased
survival and improved the NYHA class in patients with this condition. In the Val-HeFT
trial (The Valsartan Heart Failure Trial), which included valsartan administered to pa-
tients with CHF, a statistically significant reduction of 13.3% in the risk of mortality and
cardiovascular morbidity was determined [66]. The administration of candesartan in the
CHARM trial (Candesartan in Heart Failure–assessment of reduction in mortality and
morbidity) in patients with CHF who did not tolerate ACE inhibitors led to a 23% reduction
in cardiovascular mortality and hospital days [65].

The latest ESC guidelines recommend ARBs in patients with reduced ejection fractions
if they do not tolerate ACEIs or angiotensin receptor–neprilysin inhibitors. These drug
classes reduce cardiovascular mortality and hospitalizations for HF [69].

7. The Renin–Angiotensin–Aldosterone System and Atrial Fibrillation

The RAAS is implicated in the occurrence of atrial fibrillation (AF) through several
mechanisms, the most important of which would be the direct ones on the atrial structural
and electrical properties and the indirect ones in the context of HF and arterial hypertension
(important comorbidities of AF).

In arterial hypertension, the elevation of left atrial pressure and LV end-diastolic
pressure occurs, which favors the development of AF [70]. In animal models with HF,
ACEIs, and ARBs determined the regression of atrial remodeling and fibrosis and shortened
the atrial effective refractory period [71]. At the same time, an analysis of human atrial
myocytes taken from patients undergoing cardiac surgery reported increased tissue levels
of ACE and AG II receptors in patients with AF compared to those in sinus rhythm [72].

The increase in the level of AG II activates the mechanisms of inflammation and
fibrosis and the release of metalloproteinases with the excess production of collagen at the
atrial level [73]. Genetic polymorphisms of ACE (ACE I/D polymorphism) and aldosterone
synthase involved in the occurrence of AF have also been described [73]. At the same time,
it is important to underline the fact that RAAS components are also synthesized at the local
and atrial level.

The effects of ARBs respective to ACEIs in AF have been studied substantially. Thus,
in the VALUE study that included hypertensive patients, the administration of valsartan
was accompanied by a decrease in the risk of AF by 24% in the first 3 years, and 16% after
6 years [74].

In a systematic review and meta-analysis of 26 randomized clinical trials, it was shown
that RAAS blockade had an important role in the prophylaxis of AF in patients with HF,
causing a 24% reduction in the risk of its occurrence [75]. Other data show that RAAS
blockade resulted in a 34% reduction in progression to permanent AF [73].

In a meta-analysis published in 2015, it was demonstrated that the use of ACEIs
and ARBs in comparison with beta-blockers, calcium blockers, or diuretics, prevented the
occurrence of AF in patients with systolic HF and those with arterial hypertension [73].

The role of anti-aldosteronics in the development of AF is also discussed. Thus,
eplerenone was beneficial in maintaining sinus rhythm after catheter ablation in patients
with permanent AF [76]. A very recent meta-analysis shows that the administration of anti-
aldosteronics in patients with cardiovascular disease or at risk of developing cardiovascular
disease is equally effective in preventing cardiovascular events in patients with and without
HF and most likely retains its effectiveness regardless of the presence of AF [77]. They
have demonstrated moderate effectiveness in preventing the onset or recurrence of AF
episodes [77].
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The 2023 ESH Guidelines for the management of arterial hypertension emphasize the
importance of RAAS blockers, along with beta-blockers, in the prevention of AF recurrences
in hypertensive patients [7].

8. Conclusions

RAAS plays a primary role in the pathogenesis of atherosclerosis, risk factors, and cardio-
vascular diseases, exerting significant effects throughout the entire cardiovascular continuum.
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Abstract: The renin-angiotensin system (RAS) is one of the biggest challenges of cardiovascular
medicine. The significance of the RAS in the chronic progression of SARS-CoV-2 infection and its
consequences is one of the topics that are currently being mostly discussed. SARS-CoV-2 undermines
the balance between beneficial and harmful RAS pathways. The level of soluble ACE2 and membrane-
bound ACE2 are both upregulated by the endocytosis of the SARS-CoV-2/ACE2 complex and
the tumor necrosis factor (TNF)-α-converting enzyme (ADAM17)-induced cleavage. Through the
link between RAS and the processes of proliferation, the processes of fibrous remodelling of the
myocardium are initiated from the acute phase of the disease, continuing into the long COVID
stage. In the long term, RAS dysfunction may cause an impairment of its beneficial effects leading
to thromboembolic processes and a reduction in perfusion of target organs. The main aspects of
ACE2—a key pathogenic role in COVID-19 as well as the mechanisms of RAS involvement in COVID
cardiovascular injuries are studied. Therapeutic directions that can be currently anticipated in
relation to the various pathogenic pathways of progression of cardiovascular damage in patients
with longCOVID have also been outlined.

Keywords: renin-angiotensin system; ACE2; angiotensin II; signal transduction; cardiovascular
system; long COVID

1. Introduction

The first cases of COVID-19, the disease caused by the novel coronavirus SARS-CoV-2,
were reported in December 2019 in the city of Wuhan, Hubei Province, China. However,
the initial cluster of cases was reported to the World Health Organization (WHO) on
31 December 2019. This marked the beginning of global recognition and response to the
COVID-19 pandemic. Due to this, on 30 January 2020, the WHO declared a Public Health
Emergency of International Concern and on 11 March 2020 classified the outbreak as a
pandemic [1]. Over 767 million confirmed cases and more than 6.9 million deaths had
been reported globally as of 4 June 2023 [2]. According to WHO, no matter the age or the
severity of the first symptoms, the individuals exposed to SARS-CoV-2 are susceptible to
the post-COVID-19 disease, also known as long COVID [3,4]. Informal patient reports of
previously healthy people enduring persistent symptoms and not fully healing following
infection with SARS-CoV-2 began to appear in April 2020, not long after the pandemic’s
onset. These patients began to identify as “Long Haulers,” and thus the term “Long COVID”
was invented [5].
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The Department of Health and Human Services, in collaboration with the Centers
for Disease Control and Prevention and other partners, issued the Long COVID defini-
tion: “Long COVID is broadly defined as signs, symptoms, and conditions that continue
or develop after initial COVID-19 or SARS-CoV-2 infection. The signs, symptoms, and
conditions are present four weeks or more after the initial phase of infection; may be
multisystemic; and may present with a relapsing–remitting pattern and progression or
worsening over time, with the possibility of severe and life-threatening events even months
or years after infection. Long COVID is not one condition. It represents many potentially
overlapping entities, likely with different biological causes and different sets of risk factors
and outcomes” [6].

Based on an estimation of 10% of infected individuals and more than 651 million
COVID-19 cases worldwide, at least 65 million people worldwide have long-term COVID [7].
Long COVID can be divided into two phases based on how long the symptoms last. Post-
acute COVID refers to symptoms that last longer than 3 weeks and up to 12 weeks, whereas
chronic COVID refers to symptoms that last longer than 12 weeks [8,9].

Age and sex gender are related to long-COVID progression. In fact, women and/or
young people have a higher probability of developing long COVID than men, but the
risk level levels out around the age of 60 [10]. Regardless of whether individuals were
hospitalized, a study found that 45% of COVID-19 survivors had a variety of unresolved
symptoms after less than four months [11].

There is disagreement among experts on the type of symptoms that COVID-19 may
be responsible for, which further complicates issues. Another study revealed that 12.7% of
COVID-19 patients in the general population will experience persistent somatic symptoms
after COVID-19 by considering the symptoms that worsened and could be linked to
COVID-19 and while correcting for seasonal variations and non-infectious health aspects of
the pandemic on symptom dynamics [7]. According to a study based on 9764 participants,
the 12 main symptoms that characterize the most of the long COVID disease are: loss of
smell or taste, post-exertional malaise, chronic cough, brain fog, thirst, heart palpitations,
chest pain, fatigue, dizziness, gastrointestinal symptoms, issues with sexual desire or
capacity, and abnormal movements. The prevalence of long COVID across the various
study groups ranged from 10 to 23% based on the 12 defining symptoms, depending on
when they got the disease and whether they were already diagnosed with long COVID
when they enrolled in the study. In addition, this study revealed that long COVID was
more prevalent in those who were unvaccinated and those who experienced it more than
once [4].

It has been observed that in patients with a history of cardiovascular disease, higher
serum concentrations of ACE2 may be responsible for the increased severity of COVID-19
disease [12]. Furthermore, the use of ACE inhibitor therapies may increase the risk of
SARS-CoV-2 infection. However, in patients who have recovered, Ang II levels normal-
ized [13]. Patients who have required a prolonged hospital stay or have died have associ-
ated elevated serum troponin levels as an expression of ischemic and non-ischemic cardiac
lesions [14].

In addition to hemodynamic actions, local RAS has multiple functions, including
regulation of cell growth, differentiation, proliferation, apoptosis, reactive oxygen species
generation, tissue inflammation and fibrosis, and hormone secretion. In this regard, local
RAS has alternative pathways regulated by biologically active peptides (e.g., Ang IV, Ang A,
alamandine, and angioprotectin), additional specific receptors (e.g., pro-renin receptor), and
alternative pathways for Ang II generation (e.g., renin-independent mechanisms of Ang-
peptide generation from Ang (1–12)) [15]. The precise mechanisms of myocardial injury
in patients with COVID-19 are still unclear. It is also not known whether the myocardial
injury is a direct effect of the virus or a response to systemic inflammation or both.

Among the factors of poor prognosis in patients with COVID-19, older age, presence
of comorbidities, and smoking were cited. A study published by Cheng et al. found that
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older age is associated with reduced ACE2 and consequently reduced susceptibility to
infection [16].

2. Methods

We have conducted a systematic review of the literature to provide updated evidence on
the role of RAS during the long COVID-19. The following databases have been searched: Med-
line, Google Scholar, and WHO Global Research Database on COVID-19 from 1 January 2020
to 10 June 2023. We screened original articles and reviews in English, and the search terms in-
cluded “long COVID”, “renin-angiotensin system”, “ACE2”, “cardiovascular effects”, “WHO
long COVID”, “SARS-COV-2”, as well as “persistent symptoms”.

3. The Alteration of RAS Components—A Key Role in SARS-CoV-2 Infection

The RAS is composed of a series of regulatory peptides that play important roles in the
body’s physiological functions, such as maintaining fluid and electrolyte balance, control-
ling blood pressure, controlling vascular permeability, and promoting tissue growth [17].

RAS has two opposite axes [18] (Figure 1):

1. Harmful arm-ACE/Ang II/angiotensin II receptor type 1 (AT1R) pathway; because
it separates Ang II from Ang I and interacts with the AT1R to cause vasoconstric-
tion, inflammation, hypertrophy, blood coagulation, cell growth and proliferation,
extracellular matrix remodelling, and stimulation of oxidative stress and fibrosis.

2. Protective arm-ACE2-Ang (1–7)-MasR receptor (MasR); Ang (1–7) interacts with
MasR to promote vasodilation, anti-inflammatory effects, antifibrotic effects, anti-
proliferative effects, and vascular protection and mediates endothelial nitric oxide
synthase activation and suppress apoptosis, negatively regulating RAS. The Ang (1–7)
is produced either by the cleavage of Ang II by ACE2 or through the metabolism
of inactive Ang (1–9) (cleaved from Ang I by ACE2). The cardiac antihypertrophic
actions of Ang II and Ang (1–7) are mediated through the activation of Ang type 2
receptors (AT2R) and MasR, respectively [19]. Since only AT1R is blocked, using
an ARB (angiotensin receptor blockers) for the therapy of COVID-19 patients may
have favorable outcomes because any formed Ang II may have anti-inflammatory
effects through its interaction with AT2R or through conversion by residual ACE2 to
Ang (1–7) acting through AT2R, MasR, and Mas-related G protein-coupled receptor
D) [20]. Thus, by preventing or reversing Ang II-induced cardiac hypertrophy, AT1R
inhibition or activation of AT2R and Mas receptors as well as decreased oxidative
stress may have a cardioprotective role.

Figure 1. The two axes of the RAS.
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The balance between the two axes defines health status. Conditions including lung
disease, hypertension, and heart failure have all been related to an imbalance between
these two systems [21].

The key receptor at the SARS-CoV-2 entry, ACE2, is considerably reduced in COVID-19
infection, which inhibits the protective effect of the ACE2-Ang (1–7)-MasR arm. Dysregula-
tion of the RAS, direct viral toxicity, endothelial cell destruction, and thrombo-inflammation,
as well as dysregulation of the immune system, are among the mechanisms allowing multi-
organ damage caused by SARS-CoV-2 infection. The involvement of these mechanisms
in the pathophysiology of COVID-19 is currently not fully understood [18]. RAS dysregu-
lation and ACE-2 mediated viral entry, as well as tissue damage, may be also secondary
to sepsis, even though some of these mechanisms, such as systemic cytokine release and
microcirculatory dysfunction, may be important factors to the pathogenesis of COVID-19.

Due to the involvement of ACE2, a key part of the RAS, this system has been linked to
COVID-19. The RAS is stated to be involved in COVID-19 in various ways.

3.1. SARS-CoV-2 Cell Entrance

The SARS-CoV-2 virus can enter human cells (Figure 2), particularly those in the
respiratory tract, through the ACE2 receptor. The virus’s spike protein links to ACE2,
allowing the virus to enter host cells more easily. An essential phase in the infection process
is this interaction between the virus and ACE2.

 
Figure 2. SARS-CoV-2 cell entrance.

A summary of the steps involved in the direct viral entrance is provided as follows:
3.1.1. The ACE2 receptor, which is widely expressed on the surface of a variety of

human cells, including those in the respiratory tract, lungs, heart, and other organs, is
recognized and bound to the spike protein on the surface of SARS-CoV-2 [18].

3.1.2. After initial attachment, the spike protein undergoes a process termed priming.
Some transmembrane proteinases and proteins, including vimentin and clathrin, may be
involved in the binding and membrane fusion processes. Examples include transmembrane
protease serine 2 (TMPRSS2), disintegrin and ADAM17, and TNF-converting enzyme. For
instance, both TMPRSS2 and ADAM17 have the ability to cleave ACE2 in order to increase
viral uptake and ectodomain shedding, respectively [22–25]. However, additional proteases
may also be involved in this process. The spike protein’s structural modifications brought
on by priming enable it to merge with the host cell membrane.

3.1.3. Membrane Fusion: In order to merge with the host cell membrane, the primed
spike protein undergoes a conformational shift. This fusion enables the virus to release its
genetic material and enter the cytoplasm of the host cell.
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3.1.4. Genetic Material Release: The viral genetic material, which takes the form of
ribonucleic acid (RNA), is released once inside the host cell. The instructions for generating
new viral components are encoded by the viral RNA.

3.1.5. Replication and Assembly: The mechanisms of the host cell use the viral RNA to
create viral proteins and reproduce the viral genome. In the host cell, new virus particles
are assembled.

3.1.6. Release of New Viral Particles: the newly formed viral particles are released
from the infected host cell, either by cell lysis (cell apoptosis) or by budding from the host
cell membrane. These released viral particles can continue to infect other cells and continue
the cycle of infection.

Because of this, SARS-CoV-2 can infect different systems in the body, leading to a
range of COVID-19-related symptoms and complications.

3.2. ACE2—A Key Pathogenic Role in COVID-19

The components of the RAS and, in particular, ACE2—the central element of
this system—play a particular role in the pathological states of COVID-19 via the
following mechanisms:

3.2.1. ACE2 Downregulation

SARS-CoV-2 infection has been associated with the downregulation of ACE2 expres-
sion. The binding of the virus to ACE2 and its internalization during the infection process
can lead to a decrease in the number of ACE2 receptors on the cell surface. This downregula-
tion of ACE2 could have several implications, as ACE2 is involved in various physiological
processes, including the regulation of blood pressure and the balance of the RAS.

3.2.2. Imbalance in the RAS

ACE2 is responsible for converting Ang II to Ang (1–7), which has vasodilatory and
anti-inflammatory effects. The downregulation of ACE2 during SARS-CoV-2 infection can
result in an imbalance between Ang II and Ang (1–7) levels. This imbalance may contribute
to increased levels of Ang II, which is known to promote vasoconstriction, inflammation,
and fibrosis.

3.2.3. Inflammatory Response and Lung Injury

Dysregulation of the RAS system, along with the release of pro-inflammatory cytokines
and chemokines, can contribute to an excessive and uncontrolled inflammatory response
in the lungs. This inflammatory response can lead to lung injury, acute respiratory distress
syndrome (ARDS), and other complications associated with severe COVID-19.

3.2.4. The Kallikrein-Kinin System (KKS)

KKS, the degradation pathways of which are regulated by ACE and ACE2, is a system
linked to RAS. Through the cleavage of kininogens by kallikrein, the KKS increases in
inflammation and causes an increase in bradykinin [26]. An increased risk of thrombotic
events such as pulmonary embolism, myocardial infarction, and stroke is reported after
COVID-19 infection [27]. Considering that the kallikrein–kinin system can activate the
coagulation system through factor XII, therapeutical approaches that rebalance the RAS
and the closely linked KKS may be able to reduce the hyperinflammatory and procoagulant
state experienced by long-COVID patients [28]. Since blocking the AT1R restores RAS
equilibrium as a result of a reduction in ADAM17, an increase in ACE2 subsequently,
and a downregulation of the B1 bradykinin receptor, targeting RAS in long-COVID might
be favourable. Studies have shown that AT1R antagonists/blockade (AT1RB) are bene-
ficial for long-COVID patients because they prevent the ACE-dependent degradation of
bradykinin [29,30]. Using computational modelling, it was recently discovered that AT1RB
could be changed to have a stronger affinity for the ACE2-receptor, competing with or
scavenging for the spike protein of the SARS-CoV-2 [29]. Targeting RAS has not been found
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to benefit outcomes for adult patients hospitalized for acute COVID-19, according to three
recent studies. Based on an assumption that overactivation of the RAS pathway would
result in worse COVID-19 results, the REMAP-CAP investigators have studied the use of
an ACE inhibitor or an ARB against no RAS inhibition [31]. In two trials, TXA-127 and
TRV-027, respectively, which have both been evaluated versus placebo, researchers from the
ACTIV-4 Host Tissue platform got a novel approach to correct imbalances in Ang (1–7) and
Ang II caused by RAS dysregulation [32,33]. However, it should be noted that the US and
European heart associations have recommended changing RAS-inhibitor administrations.
The BRACE CORONA and REPLACE COVID randomized trials contributed to support
the theory that the need for the medications was a marker for patients who have a greater
underlying burden of chronic health conditions and cardio-vascular risk rather than the fact
that the medications themselves were probably not causing any harm [34,35]. However, the
REMAP-CAP study has found that the administration of RAS inhibitors could attenuate
Ang II levels and thus improve outcomes.

If ACE2 is bound to SARS-CoV-2, the normal conversion of Ang II to Ang (1–7) would
be inhibited, and there would be a relative increase in Ang II activity. The addition of
TXA-127, a synthetic Ang (1–7), to COVID therapy in the hope of achieving RAS balance,
would limit the effects of Ang II. Another solution is TRV-027, an agonist of the Ang II
type 1 receptor [34,35]. However, these two drugs have not worked as expected. The
REMAP-CAP results provide conclusive proof that this approach is not appropriate for
acute treatment [31]. Despite this, there is still a possibility that RAS inhibitors could be
used in a randomized trial to treat long COVID, whereas RAS dysregulation has been
considered to be a cause.

The treatment of corticosteroids has no impact on persistent symptoms in hospitalized
patients because long COVID-19 displays multiorgan symptoms that are likely brought on
by a variety of mechanisms [36].

4. RAS Involvement in COVID Cardiovascular Injuries

In the cardiovascular system, RAS is involved in the pathogenesis of COVID-19
through the following pathways:

4.1. Inflammatory Response

Infection with the SARS-CoV-2 virus has introduced a new paradigm in the under-
standing of the immune response through the extent and diversity of the body disorders.
Considered from a broad point of view, cellular infection with SARS-CoV-2 causes excessive
production of virions and secondary endoplasmic reticulum stress [37]. To interrupt the
massive production of virions, the infected cell dies as part of the defense mechanism [38].
ACE2 plays a role in mediating the interaction between the virus and host cells, being the
entry receptor for the SARS-CoV-2 virus [39]. From a physiological perspective, ACE2 reg-
ulates the RAS, which plays a role in the homeostasis of the human body. ACE2 expression
is more pronounced in alveolar epithelial cells, renal tubular cells, Leydig cells as well as
in cells in the gastrointestinal tract or heart [40]. Furthermore, cardiomyocytes and type
II alveolar cells have the ability to positively influence the transmission and generation
of viruses thus increasing the vulnerability of both organs [41]. It should be noted that
the effects of RAS, whether determined by local or systemic components, are hormonally
influenced, and thus there is a gender-related variability.

Following the pathogenic processes, after infection, viral replication, and migration,
multiple inflammatory pathways are triggered, through which macrophages and dendritic
cells are activated and proinflammatory cytokines and chemokines are secreted; there are
multiple inflammatory mechanisms that induce deregulation of the RAS. These processes
are often excessive and self-induced and can be responsible for tissue destruction and host
death, as follows:

4.1.1. Secretion of inflammatory factors by macrophages is mediated by SARS-CoV-2 S,
N, and E proteins [42]. Protein N is responsible for enhancing the secretion of inflammatory
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factors such as TNF-alpha, interleukin (IL) 6, and IL-10 [43]. It has been suggested that the
S protein may bind to Toll-like receptor (TLR) 4, which in turn increases ACE2 expression,
and the S1 subunit induces activation of nuclear factor-κB (NF-κb) and mitogen-activated
protein kinase (MAPK) pathways [42,44].

4.1.2. Binding of Ang II to target cells activates the Janus kinase 2/signal transducer
and activator of transcription 3 (JAK2/STAT) (STAT1/2/3) pathway, resulting in increased
production of proinflammatory cytokines [45]. Activation of this pathogenic pathway leads
to the loss of the ACE2 receptor and RAS dysfunction [46].

4.1.3. Through the p38 MAPK pathway, the immune response and ACE2 endocytosis
are impaired, leading to ACE2 down-regulation, RAS disruption, and Ang II accumula-
tion [47]. As an exacerbation of inflammatory processes occurs, the extracellular domain of
ACE2 breaks down, altering RAS balance, which ultimately induces myocarditis, cardio-
vascular complications, and ARDS [48]. Ang II plays a role in increasing cardiomyocyte
contractility and the transformation of fibroblasts in the heart into myofibroblasts with pro-
fibrotic action [49]. As inflammatory processes are sustained over time and exacerbated by
Ang II and oxidative stress, cardiac remodelling, and destructive effects on the vasculature
occur [40].

An important factor in the pathogenesis of long COVID is oxidative stress. The main
pathogenic processes of long COVID include a systemic hyperinflammatory state and
coagulopathy, which are exacerbated by inflammation and oxidative stress. There is a vi-
cious cycle of oxidative stress, inflammation, and long-COVID disease progression because
thrombosis and inflammation lead to the reactivation of reactive oxygen species (ROS).
Inflammation is triggered by ROS, which also affect the endothelium, cause microthrombi
and neuroinflammation, stimulate the production of autoantibodies, and interfere with the
synthesis of neurotransmitters [50]. Through activating NADPH Oxidase, ACE2 stimulates
oxidative stress, an effect that is mainly mediated by Ang II [51]. An increase in Ang II
and ROS set by the SARS-CoV-2 infection triggers oxidative stress and multisystemic in-
juries [52]. According to a study, the degree of severity of the disease and poor outcomes
are associated with higher levels of oxidative stress markers, lower levels of antioxidant
indicators, and lower levels of ACE2 expression in hospitalized COVID-19 patients [53].

Once these imbalances and fibrotic remodelling processes are initiated, RAS dys-
function and serum ACE2 activity appear to be hardly and incompletely reversible. As
a result, the disturbances described by long-COVID syndrome, produced not only after
severe infections but also after persistent, subclinical infections, are associated with RAS
dysfunction [54].

The range of cells that can be infected by the virus is also notable, with viral genes
being detected in the cardiac conduction system, which explains the arrhythmias observed
in these patients [55]. A study published by Tavazzi et al. reveals, by analysis of biopsy
specimens, that myocardial interstitial cells undergo viral invasion and inflammation [56].
Studies on the presence of viral particles in cells of the cardiovascular system are not
entirely clear. A study that followed the morphological analysis of 276 patients who died
after infection with different variants of concern of SARS-CoV-2 virus revealed the presence
of spike protein, but no viral RNA has been found in the myocardium. Electron microscopy
observed virion-like particles on the surface of the vascular endothelium [57].

Based on single-cell RNA sequencing and histology studies, human cardiomyocytes
have been found to express the SARS-CoV-2 receptor ACE2, especially in patients with
cardiovascular disorders, which suggests that SARS-CoV-2 may target cardiomyocytes [58].
In the cytoplasm and nucleus, cardiomyocytes present a low level of TMPRSS2 [59], but
significant levels of cathepsin B and L, indicating that endocytosis is the primary route
for SARS-CoV-2 entry by cathepsin-dependent manner [58,60]. These results indicating
the role of cathepsins in cardiomyocyte infection support the consideration of cathepsin L
inhibitors in anti-COVID therapy [61]. Cardiomyocytes are permissive for SARS-CoV-2
infection, according to in vitro studies on human induced pluripotent stem cells (hiPS) and
isolated adult cardiomyocytes as well as in vivo animal models [58]. Thus, it has been
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shown that cardiomyocytes produce viral spike glycoproteins and have intracellular double-
stranded viral RNAs. SARS-CoV-2 infectivity was confirmed in 3D cardiospheric tissue,
and increased viral RNA concentrations have been found in supernatants from infected
cardiomyocytes. The expression of the viral spike protein was effectively suppressed
by neutralizing antibodies, recombinant ACE2, or inhibition of the RNA polymerase
with remdesivir.

A significantly greater interaction between SARS-CoV-2 and the receptor can result
from the microvascular pericytes expressing a significant amount of ACE2. As a result,
endothelial dysfunction is caused by the lesion of the pericytes set by the dissemination
of the viral infection [62]. The microvasculature’s lining pericytes, as well as vascular
smooth muscle cells, fibroblasts, and cardiomyocytes, exhibit significant cardiac expression
of ACE2 [63].

In addition to the exacerbated inflammatory response, the pathogenic pathways of
which in relation to RAS have been described above, the association between long COVID
syndrome and cardiovascular disorders can be linked to the viral genes being incorporated
into the deoxyribonucleic acid of infected cells, which results in the maintenance of proco-
agulant processes and other cardiovascular complications [64]. From these perspectives,
at least long-term RAS imbalance and cellular remodelling are a continuous process, and
the final stage of evolution is fibrosis of endothelial structures, cardiomyocytes, or the
conduction system.

In addition to inflammatory mechanisms, myocardial damage may also occur as a
result of vascular endothelial disorders, cardiomyocyte apoptosis, increased mechanical
stress, thrombus formation, or inadequate perfusion [14].

4.2. Endothelial Dysfunction

A dynamic connection between the circulating blood and different tissues is achieved
by the vascular endothelium. The regulation of vascular tone and maintenance of vascular
homeostasis depend entirely on the vascular endothelium, an active paracrine, endocrine,
and autocrine organ [65].

As a multisystem disease, COVID-19 is partly caused by damage to the vascular
endothelium. After infection, there may be residual repercussions and long-term sequelae,
which may be caused by chronic endothelial dysfunction [66]. These COVID-19 long-
term effects have been considered the next upcoming public health global emergency, and
scientific data on the size and magnitude of the situation are urgently needed to assist in
the planning of a proper healthcare response. The ACE2 receptors expressed by endothelial
cells are used by SARS-CoV-2 to infect the host and cause clear and distinct systemic
endotheliitis [67].

Endotheliitis and infection-mediated endothelial injury can cause excessive thrombin
production, inhibit fibrinolysis, and activate complement pathways, which may result in
microvascular dysfunction and the deposition of micro thrombi [68].

As mentioned above, SARS-CoV-2 enters in cells via the SARS-CoV ACE2 receptor,
primes the S protein via the serine protease TMPRSS2, and thus, directly infects the en-
dothelium. In addition, an authorized TMPRSS2 inhibitor limits this entry and could be
used as a therapy option [23].

Endothelial damage may be a major contributing factor to the persistence of long-
COVID symptoms, together with platelet pathology and the presence of micro clots in the
circulation [69].

A study has revealed higher autoantibody levels in long-COVID patients [70]. These
antibodies approach antiphospholipid antibodies, which are the main cause of antiphos-
pholipid syndrome in the general population. The autoantibodies attach to cell surfaces,
where they stimulate neutrophils, platelets, and endothelial cells, leading to thrombosis
at the blood vessel wall barrier [71]. There are individuals with a history of SARS-CoV-2
infection, which have anti-ACE2 antibodies. These patients have reduced plasma levels of
soluble ACE2. Additionally, exogenous ACE2 activity is inhibited by plasma from these
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patients. Thus, following SARS-CoV-2 infection, the ACE2 antibodies are produced and
reduce ACE2 activity. This might result in more Ang II circulating, which promotes the
proinflammatory status that underlies the long-COVID symptoms. Post-Acute Sequelae
after SARS-CoV-2 infection may be treated with recombinant soluble ACE2 protein [70].

Endotheliitis present in COVID-19 patients may be the cause of the systemic impair-
ment of microcirculatory function in various arterial beds and its clinical consequences.
This statement supports the use of ACE inhibitors, anti-cytokine, anti-inflammatory, and
statin drugs, to stop viral replication [67].

4.3. Microvascular Abnormalities: Hypercoagulability and Thrombus Formation

Patients with COVID-19 present infection-mediated endothelial injury, marked by in-
creased von Willebrand factor levels and endotheliitis, characterized by the presence of
activated neutrophils and macrophages in a number of vascular beds, including the lungs,
kidney, heart, small intestine, and liver. These changes can trigger excessive thrombin produc-
tion, inhibit fibrinolysis, and activate complement pathways, initiating thrombo-inflammation
and ultimately leading to micro thrombus deposition and microvascular dysfunction.

The current literature reveals that SARS-CoV-2 infection increases a patient’s risk for
thromboembolic diseases. A recent study showed that platelet hyperactivity is associated
with detectable virus RNA in blood and that COVID-19 patients display higher platelet
activation in vivo, as shown by enhanced integrin αIIbβ3 activation and P-selectin ex-
pression. In addition, platelets had high levels of ACE2 and TMPRSS2 expression, two
essential cellular elements involved in SARS-CoV-2 cell entry, and SARS-CoV-2 and its
spike protein induce platelet activity and thrombus formation via the MAPK pathway,
which is downstream of ACE2. These findings imply that treatment with anti-spike mono-
clonal antibody and recombinant human ACE2 protein can prevent platelet activation and
thrombus formation caused by SARS-CoV-2 [72].

The occurrence of microvascular dysfunction in long-COVID patients may be due to
peripheral activation of ACE2 receptors or exacerbation of proinflammatory cytokines that
may remain in circulation even after the infection subside [73]. ACE2 causes endothelial
injury that results in endothelial dysfunction, microvascular inflammation, and thrombosis,
as mechanisms of microvascular abnormalities in COVID-19 [74]. This observational study
revealed that the underlying cause of angina-like chronic chest pain in people who have
recovered from COVID-19 is coronary microvascular ischemia [75].

4.4. Fibrosis

Fibrosis is the outcome of almost all chronic inflammatory diseases. Fibrosis can
be considered a consequence of a disordered wound-healing process and can be directly
related to the severity of the acute event [76]. Different mechanisms of lung injury have
been described in COVID-19, with both viral and immune-mediated mechanisms being
involved [77]. Studies have shown that SARS-CoV-2 infection can lead to damage to
epithelial structures and is associated with the presence of fibrotic tissue through excess
collagen (fibrosis). Among the multiple effects of RAS that include the regulation of cell
growth, apoptosis, and inflammation, tissue fibrosis is controlled. The practical existence
of a tissue RAS that may be independent of the circulating RAS causes confusion in the
overall interpretation of the role of this system, given the existence of alternative pathways
related to active peptides or Ang II generation [15].

Given the short time since the outbreak of the COVID-19 pandemic and with efforts
largely focused on acute case management, there are insufficient data to assess the long-term
impact of infection, spontaneous reversibility, or potential benefits of initiating antifibrotic
therapy in patients with post-infection sequelae.

RAS does not act by itself but is closely related to other inflammatory mechanisms,
oxidative stress, and endothelial dysfunction, which contribute to the development and
maintenance of cardiac lesions. Some effects of RAS such as synaptic remodelling, improved
cell survival, cellular signal transmission, and antioxidant effects should not be omitted [78].
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Fibrosis as a fibro-proliferative disease also recognizes a genetic predisposition and is
correlated with chronic inflammation. In relation to post-COVID fibrosis, the transforming
growth factor-β signalling pathway, the Wingless/int signalling pathway, and the Yes-
associated protein/transcriptional coactivator PDZ-binding motif signalling pathway have
been proposed as mechanisms of production [79]. Another pathway of fibrotic disease
production is based on the release of fibroblast growth factors, transforming the growth
factor released from megakaryocytes [80]. Due to intense inflammatory processes, there
is a continuous release of these mediators, which can lead to inadequate remodelling and
fibrosis [81], although current data suggest the influence of the thrombotic process as a pre-
cursor of pulmonary and hepatic fibrosis [82]. There are still no possibilities of therapeutic
intervention due to the difficulty of separation from physiological healing processes.

Thille et al. described in a cohort of 159 autopsies of patients with ARDS that 4% of
patients with a disease duration of less than 1 week, 24% of patients with a disease duration
between 1 and 3 weeks, and 61% of patients with a disease duration greater than 3 weeks,
developed fibrosis [83]. The repair process involves regeneration by native stem cells and
deposition of connective tissue to replace areas of defect [84]. Alveolar macrophages play a
central role in this process by phagocytosing alveolar debris and producing cytokines and
growth factors involved in the repair pathway [85].

In SARS-CoV-2 infection, the main cause of aggravation of the disease course is
considered to be cytokine storm with excessive release of metalloproteinases producing
epithelial and endothelial damage, vascular endothelial cell growth factor (VEGF), and
cytokines such as IL-6 and TNFα involved in the fibrotic process [86]. VEGF and fibroblast
growth factors stimulate the migration and proliferation of intact endothelial cells leading
to pulmonary capillary angiogenesis [87]. The detection of fibrotic changes at the beginning
of the disease suggests an attempt to repair the lesions that appeared in the acute phase.
However, it is too early in the disease progression to determine whether this finding
resolves in time or results in permanent fibrosis.

5. Conclusions

We have attempted to summarize the pathophysiological mechanisms resulting from
an unbalanced RAS system that may contribute to long COVID’s symptoms.

However, further research on the underlying mechanisms is needed. Recent data
suggest an intricate immune-inflammatory signaling network involving the imbalance of
the RAS. To date, there is not yet a biomarker for the long-COVID prediction. Due to the
wide range of symptoms, it is important to thoroughly evaluate the patients in order to
exclude any other causes or comorbidities, notably persistent inflammation, microvascular
cardiac dysfunction, microclots, persistent endothelial dysfunction, and fibrosis, which
have been all described in long COVID.

The variety of cardiovascular symptoms in long COVID requires extensive evaluation
and assessment, which challenges clinicians and determines the design of future clinical
trials. Applying a variety of approaches to reset the RAS may be a possibility for managing
patients with long COVID.

Association between long-COVID syndrome and cardiovascular disorders can be
linked to the viral genes being incorporated into the deoxyribonucleic acid of infected cells,
which results in the maintenance of a vicious cycle of oxidative stress, inflammation, as
well as procoagulant processes. Microvascular dysfunction in long-COVID patients may
be due to peripheral activation of ACE2 receptors or exacerbation of proinflammatory
cytokines that may remain in circulation even after the infection subsides. Long-term RAS
imbalance and cellular remodelling is a continuous process, and the final stage of evolution
is fibrosis of endothelial structures, cardiomyocytes, or the conduction system. Therapeuti-
cal approaches that rebalance the RAS may be able to reduce the hyperinflammatory and
procoagulant state experienced by long-COVID patients.

Long COVID continues to concern the medical world and compels us to expand
the diagnostic methods and therapeutic guidelines to protect patients from the harmful
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effects of SARS-CoV-2 proteins. Multi-organ damage and cardiovascular complications
in particular require detailed genetic and molecular studies, as well as translational and
randomized trials.

6. Future Perspectives

Long-term longitudinal follow-up of cardiovascular dysfunction in patients with long
COVID is needed to better understand the mechanism behind the persistence of symptoms
and to target therapy.

The connection between endothelial dysfunction and long-COVID-19 symptoms is
becoming clearer. The medical care of long COVID patients may benefit from dividing
risks into categories.

Because of the particular nature of long-COVID cardiovascular symptoms, it is likely
that several methods of therapy will be necessary to manage care for the patients.

Studies on the biological factors that could lead to the onset of long-COVID symptoms
are required. These factors may include the presence of SARS-CoV-2 persistent reservoirs
in specific tissues, the reactivation of other pathogens under immune dysregulation, the
interaction of viruses with hosts, the host microbiome with the human virome, coagulation
disorders, and autoimmunity triggered by peptides from the pathogen and the host that
are structurally similar.

Thus, teams with a variety of expertise, such as pathology, virology, immunometabolism,
physical therapy, and rehabilitation, must collaborate on studies on long-COVID patients.
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Abstract: Background/Objectives: Increased sodium chloride (NaCl) intake led to leukocyte activa-
tion and impaired vasodilatation via increased oxidative stress in human/animal models. Interest-
ingly, subpressor doses of angiotensin II (AngII) restored endothelium-dependent vascular reactivity,
which was impaired in a high-salt (HS) diet in animal models. Therefore, the present study aimed
to assess the effects of AngII exposure following high salt (HS) loading on endothelial cells’ (ECs’)
viability, activation, and reactive oxygen species (ROS) production. Methods: The fifth passage
of human aortic endothelial cells (HAECs) was cultured for 24, 48, and 72 h with NaCl, namely,
the control (270 mOsmol/kg), HS320 (320 mOsmol/kg), and HS350 (350 mOsmol/kg). AngII was
administered at the half-time of the NaCl incubation (10−4–10−7 mol/L). Results: The cell viability
was significantly reduced after 24 h in the HS350 group and in all groups after longer incubation.
AngII partly preserved the viability in the HAECs with shorter exposure and lower concentrations of
NaCl. Intracellular hydrogen peroxide (H2O2) and peroxynitrite (ONOO−) significantly increased in
the HS320 group following AngII exposure compared to the control, while it decreased in the HS350
group compared to the HS control. A significant decrease in superoxide anion (O2

.−) formation was
observed following AngII exposure at 10−5, 10−6, and 10−7 mol/L for both HS groups. There was a
significant decrease in intracellular adhesion molecule 1 (ICAM-1) and endoglin expression in both
groups following treatment with 10−4 and 10−5 mol/L of AngII. Conclusions: The results demon-
strated that AngII significantly reduced ROS production at HS350 concentrations and modulated the
viability, proliferation, and activation states in ECs.

Keywords: angiotensin II (AngII); cell adhesion molecules (CAMs); endothelium; reactive oxygen
species (ROS); sodium chloride (NaCl)

1. Introduction

Complex interactions between vascular smooth muscle cells (VSMCs), endothelial cells
(ECs), and immune cells contribute to vascular health and its physiological function [1,2].
Endothelial dysfunction (ED), an early indicator of vascular dysfunction (VD), is character-
ized by the loss of the endothelium’s anti-inflammatory, anticoagulant, and vasodilatory
properties, marking one of the initial stages in cardiovascular disease (CVDs) [3–6], such as
hypertension, atherosclerosis, stroke, obesity, diabetes, and thrombosis [7–11].

A powerful stimulator of vascular inflammation and oxidative stress is a high intake
of sodium chloride (NaCl) [12–14], which leads to ED by promoting vascular low-grade
inflammation and impaired vasodilation even in healthy, normotensive individuals [13–16].
For example, in young, healthy individuals, a seven-day high salt (HS) intake significantly
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impairs endothelium-dependent vasodilation in macro- and microcirculation without af-
fecting arterial blood pressure (BP), fluid retention, or body composition [17]. The HS
diet is known to increase the risk of heart failure and hypertension [18–22]. Excessive
salt intake is a significant, yet preventable, contributor to CVD-related deaths globally.
Implementing appropriate dietary restrictions, lifestyle modifications, and effective phar-
macological interventions, all of which emphasize sodium reduction to help regulate blood
pressure, improve endothelial function [23], and mitigate these negative trends [19,24–28].
Pharmacological treatments for hypertension include antihypertensive medications, such
as angiotensin-converting enzyme (ACE) inhibitors [29–31], angiotensin II (AngII) receptor
blockers (ARBs) [32–36], calcium channel blockers (CCBs) [37–39], and diuretics.

The effects of an HS diet are associated with alterations in the redox equilibrium
between reactive oxygen species (ROS) generation and antioxidant mechanisms [40]. The
bioavailability and production of endothelium-derived vasodilator nitric oxide (NO), along
with other endothelium-derived vasodilator factors, are heavily influenced by increased
ROS and overall vascular oxidative stress [13,41,42].

Notably, HS intake suppresses the renin–angiotensin system and AngII levels, which is
the main regulatory system for the maintenance of blood volume and arterial blood pressure
by vasoconstriction, increased aldosterone synthesis, and stimulation of the sympathetic
nervous system [43–45]. In the vasculature, under normal conditions, higher levels of AngII
induce ROS generation in vascular smooth muscle and ECs [46]. However, paradoxically,
low levels of AngII also lead to increased ROS generation. For example, Ćosić et al.
(2016) reported a significant increase in intracellular ROS levels and down-regulation of
antioxidant enzyme expression, accompanied by impaired flow-induced dilation (FID)
of middle cerebral arteries (MCAs) in Sprague-Dawley (SD) rats after a seven-day HS
dietary intake [42]. On the other hand, subpressor low-dose exposure to AngII has shown
beneficial effects on redox balance and restoration of flow-induced dilation after salt-
induced impairment of endothelium-dependent vasodilation [47,48]. Interestingly, we have
demonstrated that increased NaCl dietary intake induced low-grade systemic inflammation,
which could be related to suppressed AngII levels and involved changes in Th17 and
Treg cell distribution, a shift in lipid and arachidonic acid metabolism, and vascular wall
remodeling in animal models [49] and in humans on an HS diet [13]. Since HS interferes
with cellular response through the alteration of key molecules involved in the inflammatory
response [13,50,51], using supraphysiological doses of sodium in vitro helps to model
pathological conditions, amplify cellular responses, and reveal mechanisms that are not
observable under normal baseline conditions. Specifically, it was shown that excess salt
leads to cellular senescence, promoting inflammatory/fibrotic response and reducing
NO generation in human and animal cells [52–54]. A previous study by Dmitrieva and
Burg (2015) [55] showed that elevated extracellular NaCl affects adhesion molecules’ gene
expression in human umbilical vein endothelial cells (HUVECs), directly involving it in the
facilitation of vascular changes. Nevertheless, existing research does not appear to address
the effects of AngII supplementation in a cell culture model of high NaCl intake, nor its
implications for regulating redox balance in ECs. Thus, the present study hypothesizes
that increasing concentrations of NaCl in the cell medium will affect the viability and ROS
generation in ECs and will alter the activation state of the cells. At the same time, AngII
addition in physiological doses will prevent these changes and exhibit a protective effect in
the EC culture model.

The aim of this study was to assess the NaCl-dose response accompanied by AngII
exposure in vitro on human aortic endothelial cells (HAECs) viability, intracellular ROS pro-
duction, and cell adhesion molecules’ (CAMs’) expression (intercellular adhesion molecule
1, ICAM-1; vascular cell adhesion molecule 1, VCAM-1; E-selectin; and endoglin) follow-
ing treatment, to further elucidate underlying mechanisms and effectors in salt-induced
endothelial damage.
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2. Materials and Methods

2.1. Materials and Chemical Reagents

HAECs were purchased from Innoprot (Barcelona, Spain). Cell culture flasks and well
plates were purchased from TPP Techno Plastic Products AG (Trasagiden, Switzerland).
Human Large Vessel Endothelial Cell Basal Medium, low serum growth supplement
(LSGS), and Trypsin-EDTA (0.25%) were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA). AngII was purchased from Merck (Darmstadt, Germany). NaCl was
purchased from Gram-Mol d.o.o. (Zagreb, Croatia). The 3-(4, 5-dimethylthiazolyl-2)-2 and
5-diphenyltetrazolium bromide (MTT) were purchased from Invitrogen (Thermo Fisher
Scientific, Waltham, MA, USA).

2.2. HAECs

The HAECs were carefully thawed, seeded in tissue-appropriate cell culture flasks for
adherent cells (T-25 cm2), and placed in an incubator (Shel Lab, CO2 Series, Sheldon Manu-
facturing Inc., Cornelius, OR, USA) under the following conditions: ~37 ◦C, 5% CO2, and
>80% humidity level. Human Large Vessel Endothelial Cell Basal Medium supplemented
with LSGS was used throughout our experiment. HAECs were monitored daily, and basal
media was changed every other day until reaching confluence. For experimental purposes,
the fifth passage (P5) of cells was used at approximately 80% confluence. Trypsinization
was used as a method for the detachment of the HAECs from the flask/plate surface.

2.3. Cell Culture Treatment: NaCl and AngII

Cell culture treatment was performed in 24 and 96-well plates, depending on the fol-
lowing protocols. The osmolality of the control medium was 270 mOsmol/kg (133 mmol/L)
(CTRL group). The HS medium was prepared by adding NaCl to the total osmolality of
(1) 320 mOsmol/kg (158 mmol/L; HS320 group) and (2) 350 mOsmol/kg (173 mmol/L;
HS350 group) [55–58]. During the experiment, the control medium was replaced by the
high NaCl medium for 24, 48, and 72 h. The cell medium used for experimental purposes
was not supplemented with LSGS, or in other words, it was serum-free.

Different concentrations of AngII were administered at half of the NaCl incubation
(for 24 h after 12 h, for 48 h after 24 h, and for 73 h after 36 h). AngII was added in the
following concentrations: 10−4, 10−5, 10−6, and 10−7 mol/L.

For experiments including only HS exposure and flow cytometry analysis of CAMs’
expression, 5 biological replicates (n = 5) were performed, with each replicate carried out
over a 6-month period, using newly thawed vials of cells and conducted at the appropriate
passage. However, for oxidative stress analysis, which included AngII exposure, 3 biologi-
cal replicates (n = 3) were performed due to technical challenges encountered during the
study period. All experiments were performed in 5 technical replicates.

2.4. Cell Viability and Metabolic Activity

MTT assay was performed as described by Shiwakoti et al. (2020) [59]. Cells were
seeded in 96-well plates and treated with appropriate NaCl concentrations and 10−6 mol/L
of AngII, as described above. After 24, 48, and 72 h, 10 μL of MTT stock solution was added
to each well, and the plate was placed in an incubator for 4 h to produce formazan crystals.
After incubation, 100 μL of MTT solvent was added to dissolve the created formazan
crystals. The intensity of staining was proportional to the number of living cells. Plates
were read spectrophotometrically at 595 nm using a microplate reader (BioRad PR 3100
TSC, Bio-Rad Laboratories, Hercules, CA, USA).

Cell viability was calculated as a percentage of the untreated control by subtracting
the absorbance of treated cells from the absorbance of untreated cells, dividing by the
absorbance of untreated cells, and multiplying by 100.
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2.5. Flow Cytometry

The samples were collected after the HAECs were exposed for 72 h to different
concentrations of NaCl and AngII (36 h), which were administered to the cell cultures in
24-well plates. The cells were washed in 1× phosphate-buffered saline (PBS) and prepared
for the appropriate staining protocol (approximately 105 cells/mL of medium).

The FACS Canto II flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA; 488 ex-
citation laser and 530/30 BP analysis filter) was used for the assessment of intracellular
ROS production, as well as the CAMs’ expression. Data analysis and visualization were
performed using Flow Logic software v.8 (Inivai Technologies, Mentone, Australia).

2.5.1. Intracellular ROS Production

A dichlorofluorescein diacetate (DCF-DA) assay was used to determine the levels of
hydrogen peroxide (H2O2) and peroxynitrite (ONOO−). DCF-DA is a non-fluorescent,
cell-permeable dye that is deacetylated inside the cell by cellular esterases to DCFH (2′,7′-
dichlorodihydrofluorescein). DCFH is oxidized in the presence of ROS in a fluorescent DCF
(2′,7′-dichlorofluorescein), which can be detected as an indicator of oxidative stress. The
dihydroethidium (DHE) assay was used to determine the level of superoxide anion (O2

.−)
in the HAECs. This is another cell-permeable dye, which, upon entering the cell, is oxidized
by superoxide to form ethidium, which emits red fluorescence that can be quantified to
assess the levels of superoxide production within the cell.

Cells were resuspended in 100 μL of 1× PBS and incubated with DCF-DA or DHE
(10 μM final concentration) for 30 min at +4 ◦C. Following the incubation period, the
samples stained with DCF-DA were re-suspended in PBS and immediately analyzed, while
samples stained with DHE required additional rinsing with PBS before resuspension in PBS
and cytometer reading. Following initial readings, phorbol 12-myristate 13-acetate (PMA)
was added to each sample to stimulate ROS production. Data are expressed as geomean
fluorescence intensity (GMFI) in FLH-1 and FLH-2 channels. Assays were performed
according to previously reported protocols that were optimized for this purpose [60,61].

2.5.2. CAMs’ Expression

Cells were resuspended and washed twice before staining with appropriate antibodies.
The following antibodies were used for staining the HAECs: ICAM-1 (CD54, clone: 15.2,
Proteintech Group, Inc., Rosemont, IL, USA), VCAM-1 (CD106, clone: 51-10C9; BD Pharmi-
gen Inc., Franklin Lakes, NJ, USA), E-selectin (CD62E, clone: 68-5H11; BD Pharmigen Inc.,
Franklin Lakes, NJ, USA), and endoglin (CD105, clone: 266; BD Pharmigen Inc., Franklin
Lakes, NJ, USA).

2.6. Statistical Analysis

The normality of the residuals, where appropriate, was assessed using the Shapiro–
Wilk test, while the homogeneity of variances was determined using the Brown–Forsythe
test. Significant differences between treatment groups were determined using one-way
ANOVA and the following post hoc analyses: Dunnett’s test, which compared each treat-
ment group to the control, and Tukey’s HSD test, which compared all treatment groups
against each other (p < 0.05).

3. Results

3.1. Assessment of Cell Metabolic Activity (MTT Assay)

Changes in cellular metabolic activity (i.e., an indicator of cell viability) of HAECs
following incubation with different NaCl concentrations before and after the addition of
AngII in the cell media are shown in Figure 1. Cell metabolic activity was significantly
reduced after 24, 48, and 72 h at 350 mOsmol/kg NaCl concentration compared to the
CTRL. The addition of AngII to the HS320 incubated cells did not alter cell metabolic
activity at 24 and 72 h time points, except for 48 h, where AngII significantly decreased
metabolic activity compared to the CTRL and HS320 conditions. The addition of AngII to
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the HS350 incubated cells resulted in preserved metabolic activity of cells after 24 and 72 h,
while it significantly decreased metabolic activity after 48 h of incubation.

Figure 1. Cellular metabolic activity of HAECs after treatment with different concentrations of NaCl
and AngII assessed via MTT assay. A—absorbance; nm—nanometers; CTRL—control; HS—high salt;
AngII—angiotensin II; One-way ANOVA; *,+ significance level p < 0.05 (* compared to control group;
+ compared to HS group before AngII).

3.2. Assessment of Intracellular ROS Production: Analysis of DCF-DA and DHE
Fluorescence Signals

In the HS320 group, treatment with NaCl did not have any significant effect on the
formation of H2O2 and ONOO− in the HAECs. Following 10−4 and 10−5 mol/L of AngII
exposure, H2O2 and ONOO− formation was not different from the levels observed in the
HS320 condition without AngII but increased significantly with AngII 10−6 and 10−7 mol/L,
suggesting that higher doses of AngII suppressed H2O2 and ONOO− production. Forma-
tion of H2O2 and ONOO− was significantly increased in the HS350 group compared to
the CTRL group (Figure 2). In the HS350 group, a significant decrease was detected after
administering AngII in concentrations from 10−4 to 10−6 mol/L.

Production of O2
.− in HAECs was significantly decreased in HS320 compared to

CTRL, while there were no significant changes in the formation of O2
.− in the HS350 group

compared to the CTRL group (Figure 3). O2
.− level was significantly decreased in the

HS320 group supplemented with AngII compared to the CTRL but increased compared
to the HS320 group without AngII. In the HS350 group, O2

.− production was signifi-
cantly decreased after the addition of AngII compared to the CTRL and HS350 group
without AngII.

Additionally, PMA stimulation that was performed following the initial baseline read-
ings, specifically under HS conditions (HS320 and HS350), is presented as Supplementary
Figures for DCF-DA (Figure S1) and DHE assays (Figure S2).
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Figure 2. Formation of hydrogen peroxide and peroxynitrite in HAECs following high-salt treatment
accompanied by AngII exposure (A). Representative histogram overlay (B) and stacked histograms
(C). Grey color representing CTRL group, blue color representing HS320 group, red color repre-
senting HS350 group. Results are expressed as geometric mean fluorescence intensity (GMFI).
DCF-DA—dichlorofluorescein diacetate; CTRL—control; HS—high salt; One-way ANOVA; *,+ sig-
nificance level p < 0.05 (* compared to HS group before AngII; + compared to control group).
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Figure 3. Formation of superoxide in HAECs following high-salt treatment accompanied by AngII
exposure (A). Representative histogram overlay (B) and stacked histograms (C). Grey color repre-
senting CTRL group, blue color representing HS320 group, red color representing HS350 group.
Results are expressed as geometric mean fluorescence intensity (GMFI). DHE—dihydroethidium;
CTRL—control; HS—high salt; One-way ANOVA; *,+ significance level p < 0.05 (* compared to HS
group before AngII; + compared to control group).

3.3. Quantitative Analysis of CAM Expression: Flow Cytometry Analysis

Changes in CAM expressions following treatment with NaCl and different concentra-
tions of AngII are shown in Figure 4. HS did not affect VCAM-1 expression (Figure 4A).
However, VCAM-1 was significantly increased in the HS320 group following the addition
of AngII at a 10−4 mol/L dose compared to the CTRL and HS groups, and in the HS350
group following AngII at 10−5 mol/L compared to the HS group. ICAM-1 expression
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was significantly decreased in the HS320 and HS350 groups following the addition of
10−4 mol/L of AngII compared to the CTRL (Figure 4B).

A significant decrease in endoglin expression occurred in both HS groups supple-
mented with 10−5 mol/L of AngII compared to the HS and CTRL groups (Figure 4C). There
were no significant changes in the expression of E-selectin in all study groups, with or
without AngII exposure (Figure 4D).

Figure 4. Changes in CAMs’ expression: VCAM-1 (A), ICAM-1 (B), Endoglin (C), and E-selectin
(D) in HAECs following high-salt treatment accompanied by AngII exposure. Grey color repre-
senting CTRL group, blue color representing HS320 group, red color represent-ing HS350 group.
Results are expressed as geometric mean fluorescence intensity (GMFI). CAMs—cell adhesion
molecules; HAECs—human aortic endothelial cells; VCAM-1—vascular cell adhesion molecule
1; ICAM-1—intracellular adhesion molecule 1; HS—high salt; CTRL—control; AngII—angiotensin II;
One-way ANOVA; *,+ significance level p < 0.05 (* compared to HS group before AngII; + compared
to control group).

3.4. Protein Expression of AT1 and AT2 Receptors

Results that are presented in the Supplementary Materials (Figure S3) showed that
protein expression of both AT receptors was significantly decreased in animals on the HS
diet compared to control animals. AngII partially restored the AT1 receptor expression
compared to the HS group but was still lower than in the CTRL group. The AT2 receptor
was not affected by the AngII treatment.

4. Discussion

Other than regulating vascular tone, blood flow, and coagulation, ECs also secrete
various cytokines, chemokines, growth factors, and adhesion molecules. This makes them
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important players in inflammation and leukocyte-EC adhesion, which underlies all major
cardio-metabolic diseases [4,7,62,63].

Some of the noteworthy findings in the present study are the following: (1) higher
doses and prolonged exposure to NaCl decrease the ECs’ metabolic activity and increase the
ECs’ ROS production, thus making ECs an important source of ROS leading to endothelial
dysfunction; (2) AngII exposure significantly reduces ROS production of ECs and can
protect their metabolic activity to some extent; (3) AngII can modulate the expression of
CAMs (as demonstrated by a decrease in ICAM-1 and endoglin expression with certain
utilized doses of AngII). Taken together, the present study demonstrates the direct effects
of NaCl on ECs’ activation status and redox balance, which could be altered by AngII.

As previously discussed, HS intake is a significant source of ROS, leading to systemic
oxidative stress, decreased antioxidant activity, and impaired endothelial function [64,65].
NaCl, being the universal stressor, provokes an adaptive response in cells to mitigate
the damage and maintain viability under hyperosmotic conditions. Generally, the eleva-
tion of osmolality above 400 mOsmol/kg H2O progressively impairs cell proliferation,
and while cell cycle arrest provides short-term adaptation, it ultimately leads to cell death
(500 mOsmol/kg), while lower concentration for shorter periods induces reversible changes
in cells [66]. In our current study, we aimed to evaluate the NaCl-dose and time-dependent
response in conjunction with AngII exposure in vitro, focusing on the HAECs’ metabolic
activity, intracellular ROS production, and the expression of CAMs (ICAM-1, VCAM-1, E-
selectin, and endoglin) following treatment. The results suggest that a NaCl concentration
of 320 mOsmol/kg in the HAECs culture has a hormetic effect (bi-phasic dose–response
curve), yielding a lower level of ROS, especially superoxide anion [67–70]. There are several
potential explanations for this occurrence. HS alters the redox state of cells. A low dose
of this stressor might produce mild stress-altering gene expression and protein synthesis.
As demonstrated earlier, this further affects enzymes involved in ROS production, such
as NADPH oxidase and mitochondrial respiratory complex, activating protective mecha-
nisms like antioxidant pathways and consequently leading to reduced ROS [64,66,71,72],
suggesting that cellular tolerance occurs when cells are exposed to NaCl concentrations
close to physiological levels, such as 320 mOsmol/kg. However, Dmitrieva et al. (2004) and
others warned that these surviving, adapted cells may be damaged beyond repair at the
DNA level despite rapid proliferation and minimal apoptosis [66,72–74]. Furthermore, Xu
et al. (2009) co-cultured ECs with VSMCs and reported that ECs upregulate antioxidants,
more accurately, thioredoxin, consequently decreasing ROS production by the VSMCs in a
state of stress [75]. These findings are supportive of our present results but also present a
challenging perspective for future investigations.

On the other hand, a concentration of 350 mOsmol/kg appears to be a critical point
for NaCl-induced oxidative stress in our cultured HAECs, significantly increasing H2O2
and ONOO− production (DCF-DA assay). A significant increase in O2

.− was observed at a
NaCl concentration of 350 mOsmol/kg following PMA stimulation (DHE assay), presented
in Figure S1 (Supplementary Materials). These differences in ROS production at different
NaCl concentrations might result from different metabolic pathways activated by NaCl,
ranging from oxidase activation to structural/mitochondrial damage [76–78].

The endothelium, a metabolically active layer of cells, acts as a selective barrier sepa-
rating the vascular wall and circulating blood [79]. Its intricate role includes functioning
as an active endocrine, paracrine, and autocrine organ necessary for maintaining vascular
homeostasis [80–82]. It is well documented that higher supraphysiological concentrations
of AngII increase ROS production via NADPH-oxidase [83,84]. Even at low concentrations,
such as 10−7 mol/L, AngII induces protein nitration in endothelial cells, with the extent of
nitration increasing in a concentration-dependent manner as the concentration of AngII
rises [85]. However, too-low levels of AngII have been shown to increase ROS in the
vasculature, too [48,86,87], rendering the conclusion that a physiological range of AngII
is needed to balance oxidative stress. Previously, we have shown that three days of a
subpressor dose of AngII supplementation in HS-fed rats restored the FID of MCAs and
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significantly increased GPx4 and extracellular SOD antioxidative enzyme expression [48].
Furthermore, the HS diet significantly reduced the expression of Cu/Zn SOD and Mn
SOD in the cerebral resistance arteries of the HS-fed rats, while an infusion of AngII re-
stored protein Cu/Zn SOD (but not Mn SOD) expression [88]. A study involving the
two-week infusion of AngII in sham rats and rats with myocardial infarction suggested
the activation of counter-regulatory mechanisms by AngII, as blood pressure changes and
vascular remodeling were minimal in the animals with myocardial infarction leading to
compensation of hypertensive and growth stimulatory effects of AngII observed in sham
rats. Namely, rats with myocardial infarction exhibited concomitant increases in plasma
ANP and NO synthase activity following AngII infusion, demonstrating AngII-activated
protective mechanisms related to blood vessel structure and function [89]. In the present
study, AngII exposure in our cell cultures significantly altered metabolic activity following
HS treatment after 48 h. Viability was reduced after 48 h but seemingly restored after 72 h
of incubation. It has been reported that AngII exposure increases the viability of human
mammary epithelial cells (184A1) through mitochondrial metabolism, as well as changes
in cell behavior via AT1R overexpression [90]. Interestingly, AngII stimulates the Na/K
pump in the proximal tubular cell culture and acutely stimulates the transcellular sodium
transport [91], thus preventing an increase in cellular osmolality. If such an effect of AngII
is present in the ECs, it remains to be investigated and demonstrates that it could also
contribute a piece of the puzzle to the beneficial effect of AngII in the endothelium.

One possible explanation for an observed beneficial effect of AngII on the metabolic
activity of the NaCl-stressed HAECs is the upregulation of antioxidative systems. This
has been demonstrated in animal models of rats on an HS diet and in Dahl salt-sensitive
rats [46,48]. In the vasculature, subpressor doses of AngII have led to restored microvascular
reactivity and increased expression of antioxidative enzymes, such as SOD. Interestingly, it
was previously reported that AngII, as a stress inducer, increases the expression of Nrf2-
related genes in rat and mice neuronal cell lines, consequently leading to an increase in cell
viability [92]. Consequently, future research should not only focus on the functions and
activation pathways of Nrf2 but also explore its broader implications and applications.

The results showed that elevated levels of NaCl lead to an increase in oxidative stress
and cause changes in the expression of certain CAMs. However, these changes do not
occur uniformly in the same direction or at the same concentration of NaCl. This variabil-
ity is likely due to the involvement of different signaling pathways, which may respond
differently to NaCl, resulting in diverse effects on oxidative stress and the regulation of
CAMs [13,93]. Endothelial pro-inflammatory phenotype is generated by increased pro-
inflammatory cytokines production (IL-1β, IL-6, TNF-α) alongside C-reactive protein (CRP).
This phenotype is characterized by an increase in CAMs, such as E-selectin, ICAM-1, and
VCAM-1 [94–96]. Animal studies have shown upregulation in CAM expression following
the HS diet [97–99]. Leukocyte migration and vascular adhesion mediated by ICAM-1 and
VCAM-1 regulate inflammation and homeostasis in various diseases [98,100]. HS intake
also stimulates the expression of E-selectin, monocyte chemotactic protein-1 (MCP-1), and
endothelin 1 (ET1) [101,102]. ICAM-1 plays an important role in vascular inflammation
and represents an attractive target for future treatment due to its increased expression in
response to stressors [103,104]. The results of the present study showed decreased ICAM-1
expression following AngII exposure in a moderate NaCl concentration. Furthermore,
endoglin is an angiogenesis/vascular remodeling participator with its soluble form that
tends to be increased in inflammatory/vascular pathological conditions (atherosclerosis, hy-
pertension, type 2 diabetes, and dyslipidaemia) and endothelial injury events [105–107]. In
our study, endoglin expression was significantly decreased following AngII exposure in all
three HS groups. This is in line with the notion that oxidative stress upregulated endoglin,
e.g., in the placenta [108]. Since AngII can decrease oxidative stress, as demonstrated in
this and previous studies, the reduction in endoglin levels is warranted.

While our study lays a foundation for future research on the mechanisms of AngII
in relation to cell viability and activation, it has certain limitations. Subsequent studies
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should incorporate pharmacological experiments and explore the effects of angiotensin
receptor blockers on ROS production and the expression of adhesion molecules in HAECs
following AngII treatment. Indeed, in our previous work on rat animal models, we
have demonstrated that the inhibition of AT1R leads to impaired endothelium-mediated
vasodilation in response to changes in flow in isolated, pressurized, middle cerebral arteries
and increases oxidative stress [93]. Further, results on protein expression of the AT1 and
AT2 receptors in brain blood vessels (BBV) provided in Supplementary Figure (Figure S3)
suggest that permissive effects of AngII on vasodilation and oxidative balance include and
are mediated mainly via AT1 receptors.

One limitation of this study that may arise is the osmolarity control of the experiments
that could have been performed by, e.g., mannitol or sorbitol. However, in this study,
we opted not to perform this experiment due to growing evidence that increasing the
osmolarity of the culture medium by the addition of sorbitol or mannitol (100 mM) did
not show alteration in cellular response, as shown in neutrophils [56] or rat glial cell
culture [109], but results suggested the sole effect of high sodium and not of increased
osmolarity. Furthermore, the mechanisms of action and consequences of mannitol vs. NaCl
are different [110], and mannitol also induces apoptosis in ECs [111]. Importantly, the
effect of increased osmolarity is reversible [112], as shown in the experiments on mIMCD3
mouse renal collecting duct cells, where, with up to 600 mosmol/kg, the effect was only
transient, and by 12 h at 550 mosmol/kg, the effect was reversible to normal. Thus, our
control condition is the physiological concentration of NaCl (i.e., 270 mOsmol/L).

While our study focused on measuring intracellular ROS (baseline and following
PMA stimulation), we acknowledge that calcium signaling, which can modulate PKC
activity, was not directly assessed. This represents a limitation of our study, particularly
in the context of HS conditions where calcium-dependent PKC-signaling pathways are
relevant [113]. Future research should explore this aspect, including the measurement of
intracellular calcium levels and their relationship to PKC activation and ROS generation.

5. Conclusions

The present study demonstrated that a longer duration and higher concentration of
NaCl have detrimental effects on ECs’ metabolic activity and induce them as a source of
ROS. Importantly, the present study demonstrated that AngII can decrease oxidative stress
and alter the activation state of ECs, thus providing beneficial conditions for cell survival.
The potential common denominator of observed effects of AngII is the upregulation of
antioxidative systems. Thus, future research should focus on further elucidating the
mechanisms underlying AngII-induced antioxidative defense modulation and its potential
therapeutic implications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines12122741/s1, Figure S1: Intracellular production of
hydrogen peroxide and peroxynitrite (DCF-DA) in HAECs following high-salt treatment without
and upon stimulation with PMA. Results are expressed as geometric mean fluorescence intensity
(GMFI). DCF-DA–dichlorofluorescein diacetate; HAECs–human aortic endothelial cells; CTRL–control;
HS–high salt; PMA–phorbol 12-myristate 13-acetate; One-way ANOVA; * significance level p < 0.05;
Figure S2: Intracellular production of superoxide anion (DHE) in HAECs following high-salt treatment
without and upon stimulation with PMA. Results are expressed as geometric mean fluorescence
intensity (GMFI). DHE–dihydroethidium; HAECs–human aortic endothelial cells; CTRL–control;
HS–high salt; PMA–phorbol 12-myristate 13-acetate; One-way ANOVA; * significance level p < 0.05;
Figure S3: The relative protein expression (normalized to β-actin as a reference protein and loading
control) and representative blots of the AT1 and AT2 receptors in brain surface vessels in the CTRL, HS,
and HS and ANGII groups of Sprague-Dawley rats determined by Western blot method. CTRL–control;
HS–high salt; ANGII–angiotensin II; AT1–angiotensin II type 1; AT2–angiotensin II type 2; One-way
ANOVA; * significance level p < 0.05.
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Abbreviations

ACE angiotensin-converting enzyme
AngII angiotensin II
ANOVA analysis of variance
ARBs angiotensin II receptor blockers
AT1R angiotensin type 1 receptor
CAMs cellular adhesion molecules
CCBs calcium channel blockers
CO2 carbon dioxide
CRP C-reactive protein
Cu copper
DCFDA dichlorofluorescein diacetate
DCFH 2′,7′-dichlorofluorescein
DHE dihydroethidium
ET-1 endothelin 1
FID flow-induced dilation
FLH fluorescence height
GMFI geometric mean fluorescence intensity
GPx glutathione peroxidase
H2O2 hydrogen peroxide
HAECs human aortic endothelial cells
HS high salt
HUVECs human umbilical vein endothelial cells
ICAM-1 intercellular adhesion molecule 1
IL interleukin
MCAs middle cerebral arteries
MCP-1 monocyte chemotactic protein-1
Mn manganese
MTT 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide
NaCl sodium chloride
NADPH nicotinamide adenine dinucleotide phosphate
Na/K sodium/potassium pump
NO nitric oxide
O2

.− superoxide anion
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ONOO− peroxynitrite
PBS phosphate-buffered saline
PKC protein kinase C
PMA phorbol 12-myristate 13-acetate
Prx peroxiredoxin
ROS reactive oxygen species
SD Sprague-Dawley
SOD superoxide dismutase
Th17 T helper 17 cells
TNF-α tumor necrosis factor alpha
Treg T regulatory cells
VCAM-1 vascular adhesion molecule 1
Zn zinc
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Abstract: α-Lipoic acid (LA) is an antioxidant of endogenous production, also obtained exogenously.
Oxidative stress is closely associated with hypertension, which causes kidney injury and endothelial
dysfunction. Here, we evaluated the cardiovascular and renal effects of LA in the two-kidney-one-clip
(2K1C) hypertension model. The rats were divided into four groups: Sham surgery (Sham), the
two-kidneys-one-clip (2K1C) group, and groups treated with LA for 14 days (Sham-LA and 2K1C-LA).
No changes were observed in the pattern of food, water intake, and urinary volume. The left/right
kidney weight LKw/RKw ratio was significantly higher in 2K1C animals. LA treatment did not
reverse the increase in cardiac mass. In relation to vascular reactivity, there was an increase in the
potency of phenylephrine (PHE) curve in the hypertensive animals treated with LA compared to the
2K1C group and also compared to the Sham group. Vasorelaxation induced by acetylcholine (Ach)
and sodium nitroprusside (SNP) were not improved by treatment with LA. Urea and creatinine levels
were not altered by the LA treatment. In conclusion, the morphological changes in the aorta and
heart were not reversed; however, the treatment with LA mitigated the contraction increase induced
by the 2K1C hypertension.

Keywords: antioxidant; lipoic acid; hypertension; 2K1C; oxidative stress; renal function; renin–
angiotensin system; vascular reactivity

1. Introduction

Hypertension is the main risk factor for cardiovascular and kidney diseases and has
been associated with a high risk of cardiovascular morbidity and mortality [1]. A decrease
in blood pressure (BP) induces a reduction in cardiovascular risk [2]. Hypertension is a
highly complex disease and several mechanisms underlie its pathophysiology, involving
central nervous system imbalances, endothelial dysfunction, and renal defects [3].

Renovascular hypertension (RVH) has been widely studied as a prototype of angiotensin-
dependent hypertension [4]. 2K1C is a classic animal model used in hypertension studies,
as it significantly resembles renal hypertension as observed in humans [5]. The process of
reducing renal flow induced by placing a clip on the renal artery promotes an increase in
BP and vasoconstriction via the angiotensin-II (Ang-II) type 1 receptor (AT1R) [6].
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Almost two decades ago, Griendling et al. (1994) [7] reported, for the first time, that
Ang-II, a product of RAS cascade, activates vascular smooth muscle (VSM) nicotinamide
adenine dinucleotide phosphate [NAD(P)H] oxidase, an important cellular source of reac-
tive oxygen species (ROS), with a crucial role in inducing the state of oxidative stress [8].

It is possible to suggest that the use of experimental antioxidant therapy attenu-
ates or prevents the development of hypertension through actions that include direct
scavenging of ROS, mimicking antioxidants such as superoxide dismutase (SOD), and
inhibiting the NAD(P)H oxidase enzyme [9–13], in addition to reducing the overexpression
of AT1R [12,14] and attenuating cardiac and renal dysfunctions generated by hyperten-
sion [12,14].

Evidence has demonstrated that the use of antioxidants in the treatment of hyperten-
sion is promising. The therapeutic use of LA in hypertension is justified by its ability to
restore the level of endogenous antioxidants and prevent the deleterious modification of
the sulfhydryl group in Ca2+ channels [15]. Studies in experimental models of hyperten-
sion, including RVH, showed that treatment with LA was able to generate a variety of
beneficial effects, involving reduced expression of NADPH oxidase subunits, in addition to
attenuating sympathetic hyperexcitation [16], improving baroreflex sensitivity [10,11] and
increasing SOD and glutathione (GSH) levels [17].

Furthermore, LA has been associated with an improvement in the endothelial synthesis
of nitric oxide (NO), the leading vasodilator agent of the cardiovascular system [18–20],
in addition to attenuating the increase in blood pressure by reducing the expression and
activity of a disintegrin and metalloprotease 17 (ADAM17), an enzyme that promotes
hypertensive effects through the release of a variety of inflammatory cytokines and is also
responsible for the cleavage of angiotensin-converting enzyme type 2 (ACE2) [6,11].

Considering the biological importance of LA, the current study aimed to investigate
the cardiovascular and renal effects induced by oral treatment with LA in 2K1C hyperten-
sive rats.

2. Materials and Methods

2.1. Animals and Ethical Approval

Adult male Wistar rats (150–180 g) were housed in conditions of controlled tempera-
ture (21 ± 1 ◦C) and exposed to a 12 h light–dark cycle with free access to food (standard
rodent pellets Nuvilab CR-1, Quimtia, Colombo, Brazil) and tap water. All procedures
described in the present study are in accordance with the Institutional Animal Care and
Use Committee of the Federal University of Ceará CEUA/UFC (protocol #2867020519). The
animals were randomly allocated into four experimental groups, according to the surgical
protocol performed and treatment: Sham surgery (Sham), n = 5; 2K1C (2K1C), n = 6; Sham
surgery + lipoic acid (Sham-LA), n = 5; and 2K1C + lipoic acid (2K1C-LA), n = 5.

2.2. Induction of 2K1C Renovascular Hypertension

Rats underwent surgical procedures to develop renovascular hypertension (2K1C
Goldblatt model), as described by Queiroz et al. (2012) [10]. Briefly, under combined
ketamine and xylazine anesthesia (75 and 10 mg/kg, i.p., respectively), a midline abdominal
incision was made. The left renal artery was exposed and isolated over a short segment
by blunt dissection. A U-shaped silver clip (0.2 mm internal diameter) was placed over
the vessel at a site proximal to the abdominal aorta and the wound closed and sutured.
A Sham procedure, which entailed the entire surgery except for renal artery clipping,
served as control. After the procedures, animals received an intramuscular injection of
antibiotic (penicillin—24,000 IUs plus streptomycin—10 mg; Pentabiótico Veterinário—
Zoetis, Campinas, São Paulo, Brazil) and an s.c. injection of analgesic/anti-inflammatory
(ketoprofen 5 mg/kg; Agener União, Embu-Guaçu, Brazil). Rats were returned to their
home cages and were observed for six weeks to develop hypertension.
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2.3. Treatment with α-Lipoic Acid

LA was dissolved in a solution of NaOH (5N) and then with isotonic saline. A
total of 28 days (4 weeks) after surgery to implant the clip in the renal artery (2K1C) or
Sham surgery, the animals began treatment with oral administration, via gavage, of LA
(60 mg/kg) or vehicle once a day for 14 days. During the second week (8th to 14th day) of
treatment, animals were placed in metabolic cages. During this period, water, food intake
and urine were measured daily.

2.4. Analysis of Water Intake, Food Intake, and Diuresis

From the 8th day of treatment, the animals were housed in metabolic cages; urine
was collected through a container attached to the bottom of the cage, quantified using a
graduated cylinder, and a sample was stored at −12 ◦C for biochemical analysis. Water and
food intake were recorded daily. The daily food intake was measured from the difference
between each final and initial chow weight remaining in the cage food container after a
period of 24 h. The daily water intake was measured from the difference between each final
and initial volume measured from a polypropylene bottle (100 mL capacity with divisions
to the nearest mL) with a stainless-steel spout attached to the cage, after a period of 24 h.

2.5. Assessment of Blood Pressure

Blood pressure was assessed by the non-invasive method of tail plethysmography.
Initially, the rats underwent an adaptation period of 3 days in a cylindrical container to
minimize eventual bias in recordings due to stress. Initially, the rats were heated for 10 min
in a heating box containing a 150-watt ceramic heat bulb to promote caudal artery dilation.
Next, they were placed in the containment cylinder. An occluder and a sensor were fitted to
the proximal portion of each rat’s tail. At the time of testing, they were coupled to an electric
sphygmomanometer connected to a signal transduction system (MRBP System, IITC Life
Science, Woodland Hills, CA, USA) and to a computer containing suitable software for
continuous recording; then, the mean arterial pressure was calculated properly.

2.6. Histomorphometric Analyses

After removal, the kidneys (right and left) were sectioned in the sagittal plane; one-half
was placed in histological cassettes for analysis and immersed in a container subjected
to chemical fixation with 10% aqueous formalin solution, followed by dehydration with
ethanol and soaking in paraffin. The paraffin blocks were submitted to microtomy with
serial section, with a thickness of five micrometers. The other half was placed in centrifuge
tubes for the study of oxidative stress.

The heart was sectioned transversely in the apex region, before being placed in a
centrifuge tube for the same investigation as mentioned above, and the remainder was
placed in Falcon tubes containing 10% formalin together with an abdominal aorta ring,
sectioned transversely. The organs in the tubes were kept at −12 ◦C. Samples were stained
with hematoxylin–eosin (HE).

The histological evaluation was carried out at the Center for Studies in Microscopy
and Image Processing (NEMPI) of the Federal University of Ceará, and the slides were read
by a single examiner.

Subsequently, the photomicrographs were analyzed using ImageJ software, version
1.44 (Research Services Branch, U.S. National Institutes of Health, Bethesda, MD, USA).
All data were placed in an Excel spreadsheet for further statistical analysis. Images were
captured using a light microscope coupled to a camera with an LAZ 3.5 acquisition system
(Leica DM1000, Wetzlar, Germany).

2.6.1. Aortic Lumen Analysis

To perform the analysis of the aortic lumen, ImageJ software was used. One (1)
photomicrograph of each animal was taken, and the inner region was used for the study.
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This analysis is important because in hypertensive rats, the aortic lumen tends to be reduced
in response to the increase in vascular resistance because of vasoconstriction.

2.6.2. Measurement of the Tunica Adventitia/Media Ratio

The assessment of the proportion of collagen fiber deposition around the animals’
aortas was measured by the adventitial/mean ratio using HE staining. With the aid of an
optical microscope coupled to the image acquisition system (LEICA), digital images were
captured. According to the modified study carried out, the following measurements were
taken: (A) outer area of the tunic adventitia, (B) outer area of the tunica media, and (C)
inner area of the tunica media.

The difference between the outer area of the tunica adventitia and the outer area of the
tunica media (A-B) results in the total area of the tunica adventitia. The difference between
the outer and inner areas of the tunica media (B-C) results in the total area of the tunica
media. From these results, the adventitial/mean ratio was calculated to analyze whether
there was a change in the proportion of collagen fiber deposition around the artery.

In addition, we included another form of analysis in our study. The image of the aorta
was divided into 4 (four) quadrants of equal size and dimensions. In each quadrant, we
selected 2 (two) different regions to measure this ratio, thus making 8 microphotographs in
each aortic ring.

2.6.3. Area and Volume of Cardiomyocytes

To assess the areas and volumes of cardiomyocytes, 5 (five) photomicrographs of each
heart were taken. To obtain the morphometric data from the images, longitudinal sections
of muscle bundles of the heart were performed. Samples were stained in HE.

Subsequently, for volume analysis, with the aid of a mouse and ImageJ software, the
smallest and largest diameters of 5 cardiomyocytes per image were measured to assess
cell activity, and the values were applied in the formula v = a2. b/1.91, where a = smallest
diameter, b = largest diameter, and 1.91 is a constant. To assess the area, using ImageJ
software and with the aid of a mouse, the outer edge of the cardiomyocytes was outlined,
thus making up the entire area.

2.7. Biochemical Analysis of Urine

Bioclin (Química Básica LTDA., Belo Horizonte, MG, Brazil) commercial kits were
used for the dosages of biochemical markers. The measurement of plasma and urinary
creatinine was performed using the modified Jaffé method and, for urea, a kinetic UV urea
kit. The tests were carried out with BS 120 automated equipment using spectrophotometry.

2.8. Vascular Reactivity Study

Following evaluation of the functional vascular endothelium, two contractions were in-
duced using depolarizing Tyrode’s solution (K+ 60 mmol·L−1). After washing out the responses
to high K+, cumulatively increasing concentrations of PHE (0.1 nmol·L−1–10 mmol·L−1) were
added to the aortic rings with and without endothelium to evaluate the contractile responses.
To evaluate the relaxation responses, acetylcholine (ACh, 0.1 nmol·L−1–10 μmol·L−1) in rings
with endothelium or sodium nitroprusside (SNP, 0.1 pmol·L−1–1 μmol·L−1) in rings with-
out endothelium were added to the bath. Concentration-dependent contractile responses
to PHE were recorded as a percentage of the maximum contraction obtained following
tissue stimulation with high K+. Relaxation responses to cumulative concentrations of
ACh and SNP were calculated as a percentage of inhibition of the PHE-induced maximal
contraction. In vascular reactivity experiments, we use the parameters of efficacy (MR—the
maximum response, expressed in %) and potency (pEC50 = the negative logarithm to
base 10 of the EC50 of an agonist, which is the molar concentration of an agonist that
produces 50% of the maximal possible effect of that agonist). Relaxation responses to
cumulative concentrations of ACh and SNP were calculated as a percentage of inhibition
of the PHE-induced maximal contraction. In vascular smooth muscle relaxation tests,
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the relaxing effect (R) of the substances was calculated, for each concentration, as a func-
tion of the maximum contraction provided by the agonist, according to the expression
R = ((TA – TS)/TA) × 100, where TA and TS are, respectively, the tensions resulting from
the action of the agonist (PHE) and a given substance (ACh or SNP). The graphs were then
created based on the average values of the magnitude of the vasodilator or vasoconstrictor
effect, calculated for each concentration of the substance (after logarithmic transformation).
Such data were used to construct concentration–effect curves using nonlinear regression
analysis. To address this, the model that uses a sigmoid function of the type was taken as a
basis, y = a + (b − a)/(1 + 10((logCE50−x)·s)), where y corresponds to the response measure
(relaxing effect), x to the decimal logarithm of the concentration, a to the minimum response,
and b to the maximum response.

2.9. Statistical Analysis

Values are expressed as mean ± SEM. Statistical analysis was performed using one-
way analysis of variance ANOVA followed by Tukey’s multiple comparison post hoc test.
We used the Shapiro–Wilk test to verify the normality of data. The statistical analyses and
graphs were performed and constructed using GraphPad Prism version 8.0 (GraphPad Soft-
ware Corporation San Diego, CA, USA). The differences between groups were considered
significant at p < 0.05.

3. Results

3.1. Effect of α-Lipoic Acid Treatment on Water Intake and Urine Levels in 2K1C Rats

The daily water intake (Figure 1A) did not change among the experimental groups,
which presented the following mean values after 14 days of treatment with LA: Sham
(31.00 ± 2.89 mL/24 h), Sham-LA (28.84 ± 3.25 mL/24 h), 2K1C (31.73 ± 5.50 mL/24 h),
and 2K1C-LA (34.88 ± 9.48 mL/24 h) (Figure 1B).

Figure 1. Effects of LA treatment on water intake and urinary levels. (A) Daily water intake, (B) mean
water intake, (C) temporal progression of urinary volume, and (D) urine volume. Data are expressed
as mean ± SEM. Comparisons between groups by one-way ANOVA associated with Tukey’s post-test.
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The daily urinary volume was analyzed (Figure 1C) counting from the 1st day that the
animals remained in the metabolic cage, that is, the beginning of the 2nd week of treatment.
No significant changes in the urinary volume were observed between groups (Figure 1D).

3.2. Effect of α-Lipoic Acid Treatment on Food Intake in 2K1C Rats

Daily food intake (Figure 2A) was also measured from the 1st day the animals re-
mained in the metabolic cage, in parallel with the start of the 2nd week of treatment. No
differences were observed between the analyzed groups, although the 2K1C group pre-
sented an ingestion peak on the 2nd (35.67 ± 12.72 g) and 3rd days (38.50 ± 22.76 g), before
normalizing the next day.

Figure 2. Effects of LA treatment on food intake. (A) Temporal progression of food intake and
(B) average daily food intake. Data are expressed as mean ± SEM. Comparisons between groups by
one-way ANOVA associated with Tukey’s post-test.

The average daily food intake presented the following values: Sham (24.23 ± 4.21 g/24 h),
Sham-LA (22.16± 2.46 g/24 h), 2K1C (26.27± 4.71 g/24 h), and 2K1C-LA (22.45 ± 6.84 g/24 h).
There was a tendency of the treated animals to ingest less food during the study; however,
these values did not show a significant difference (Figure 2B).

3.3. Blood Pressure Measurement and Relationship between Kidney/Body Weight and Renal Index

The successful induction of 2K1C surgery was confirmed by the blood pressure analy-
sis using the non-invasive method of tail plethysmography. We can note that there was a
greater mean arterial pressure (MAP) through the six weeks of observation in the 2K1C
compared to the Sham group as observed in the area under curves of MAP (631.1 ± 19.0
vs. 536.6 ± 16.4, respectively, p > 0.05). The hypertensive animals treated with LA did not
reverse the increase in MAP (647.2 ± 20.4 vs. 631.1 ± 19.0, respectively) (Figure 3A,B).

In order to confirm whether the reduction in blood flow in the renal artery of the
clipped kidney could be a parameter to assess RVH, the weights of the kidneys in relation
to the body weight of the animals and the LKw/RKw ratio were calculated (Figure 3).

After weighing the kidneys, it was found that the Sham (1.00 ± 0.05) and Sham-LA
groups (0.99 ± 0.03) presented kidney weights in the proportion of 1:1, demonstrating
that there was no significant change between them. Between the 2K1C (0.78 ± 0.16) and
2K1C-LA (0.73 ± 0.17) groups, there was also no significant change.

However, there was a reduction in the renal index in both the 2K1C and 2K1C-LA
groups compared to the Sham group, demonstrating that hypertensive animals in the 2K1C
hypertension model presented a reduction in this index in relation to normotensive animals.

Each kidney in its referred group was analyzed separately. We found that the right
kidneys of the 2K1C (0.0042 ± 0.0006 g) and 2K1C-LA (0.0046 ± 0.0009 g) groups, when
compared to the Sham (0.0038 ± 0.0004 g) and Sham-LA groups (0.0037 ± 0.0004 g), showed
a tendency to exhibit compensatory hypertrophy, but this was not significant (Figure 4A).
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Figure 3. Effects of LA treatment on mean arterial pressure during the weeks (A) and the area under
the curve graph of the MAP (B). Graph (C) represents the left kidney (LK)/right kidney (RK) ratio.
Data expressed as mean ± SEM. Comparisons between groups by one-way ANOVA associated with
Tukey’s post-test. * Denotes a significant difference concerning the Sham group (p < 0.05). # Denotes
a significant difference in relation to the Sham-LA group (p < 0.05).

Figure 4. Effects of LA treatment on relationship between kidney weight and body weight. (A) Right
kidney/body weight ratio and (B) left kidney/body weight ratio. Data expressed as mean ± SEM.
Comparisons between groups by one-way ANOVA associated with Tukey’s post-test.

The left kidneys of the 2K1C (0.0032 ± 0.0004 g) and 2K1C-LA (0.0033 ± 0.0008 g)
groups compared to the Sham (0.0039 ± 0.0005 g) and Sham-LA (0.0037 ± 0.0004) groups
showed a tendency to exhibit hypotrophy, which is explained by the RVH model used
in this study, which promotes a reduction in renal blood flow without causing ischemia.
However, neither these results nor those of the right kidneys were significant (Figure 4B).

3.4. Effect of α-Lipoic Acid Treatment on Weight and Cardiac Morphology in 2K1C Rats

No significant changes were observed in the relationship between heart and body weight
from the animals in the 2K1C (0.0035 ± 0.0007 mg/g) and Sham (0.0029 ± 0.0001 mg/g)
groups. However, animals in the 2K1C-LA group (0.0039 ± 0.0006 mg/g) compared to
the Sham (0.0029 ± 0.0001 mg/g) and Sham-LA groups showed a significant increase
(p < 0.05) in the relationship between heart/body weight, which indicates the presence of a
hypertrophic process in the organ after renovascular surgery and the absence of reversal
with LA treatment (Figure 5).
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Figure 5. Effects of LA treatment on relationship between heart weight and body weight. Data
expressed as mean ± standard deviation. * Denotes a significant difference with the Sham group;
# vs. Sham-LA group (p < 0.05). Data expressed as mean ± SEM. Comparisons between groups by
one-way ANOVA associated with Tukey’s post-test.

3.5. Treatment with α-Lipoic Acid Promotes Changes in Vascular Reactivity in 2K1C Rats

In relation to vascular reactivity, no significant difference was observed in PHE curve
related to maximum response (MR) (Figure 6A and Table 1). However, there was an
increase in the potency (pD2) of PHE curve in the hypertensive animals treated with LA
compared to the 2K1C group (7.52 ± 0.09 vs. 6.97 ± 0.15, respectively, p > 0.05, n = 6), and
also compared to the Sham group (7.52 ± 0.09 vs. 6.84 ± 0.10, respectively, p > 0.05, n = 6)
(Figure 6A and Table 1).

Figure 6. Effects of alpha lipoic acid treatment on endothelium-dependent and -independent re-
laxation and contractile response to phenylephrine in 2K1C rats. Concentration–response curves
for increasing concentrations of (A) acetylcholine (ACh), (B) phenylephrine (PHE), and (C) sodium
nitroprusside (SNP). Values are expressed as mean ± SEM. Comparisons between groups by one-way
ANOVA associated with Tukey’s post-test.

Table 1. Table showing the MR expressed in % as well as the pD2 values from different treatments in
normotensive and hypertensive rats using PHE, Ach, and SNP.

(A) MR (%) Sham Sham-LA 2K1C 2K1C-LA

PHE 126.2 ± 13.9 172.3 ± 18.0 163.2 ± 11.6 134.7 ± 17.2
ACh 116.0 ± 2.1 106.8 ± 2.5 124.9 ± 8.9 115.4 ± 11.6
SNP 126.0 ± 12.3 121.0 ± 3.9 151.5 ± 22.3 118.1 ± 2.5

(B) pD2 Sham Sham-LA 2K1C 2K1C-LA

PHE 6.84 ± 0.10 7.40 ± 0.07 6.97 ± 0.15 7.52 ± 0.09 *,&

ACh 9.05 ± 0.09 8.58 ± 0.09 8.64 ± 0.14 8.64 ± 0.13
SNP 8.70 ± 0.10 8.19 ± 0.06 8.74 ± 0.17 8.65 ± 0.04

* Denotes a significant difference in relation to the Sham group. & Denotes a significant difference in relation to
the 2K1C group.
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In vitro pharmacological tests were performed on isolated aortic rings with intact
endothelium (ACh). Evaluation of pD2 values among the respective groups: Sham
(9.05 ± 0.09), Sham-LA (8.58 ± 0.09), 2K1C (8.64 ± 0.14), and 2K1C-LA (8.64 ± 0.13).
When evaluating MR (116.0 ± 2.1%, 106.8 ± 2.5%, 124.9 ± 8.9% and 115.4 ± 11.6%, respec-
tively, n = 6), the results demonstrate that the LA treatment was not able to significantly
improve vasorelaxation for the ACh in hypertensive animals (Figure 6B and Table 1).

In the aortic rings without endothelium, in the vasorelaxation curve for the SNP,
no significant difference was observed when we evaluated pD2 (8.70 ± 0.10), Sham-LA
(8.19 ± 0.06), 2K1C (8.74 ± 0.17), and 2K1C-LA groups (8.65 ± 0.04) or when evaluating
MR in the respective groups (126.0 ± 12.3%, 121.0 ± 3.9%, 151.5 ± 22.3%, 118.1 ± 2.5%,
n = 6) (Figure 6C and Table 1).

3.6. Effect of Alpha Lipoic Acid Treatment on Urinary Biochemistry in 2K1C Rats

There was no significant difference in creatinine levels between groups: Sham
(4.29 ± 1.98 mg/Dl), Sham-LA (2.77 ± 1.30 mg/Dl), 2K1C (4.45 ± 1.79 mg/Dl), and
2K1C-LA (1.69 ± 1.46 mg/Dl) (Figure 7A). There were also no significant differences
in urea levels: Sham (695.80 ± 61.24 mg/Dl), Sham-LA (742.30 ± 35.33 mg/Dl), 2K1C
(714.40 ± 33.64 mg/Dl), and 2K1C-LA (740.60 ± 59.22 mg/Dl) (Figure 7B). This finding
suggests that treatment with LA did not promote effects on renal function.

(A) (B) 

Figure 7. Analysis of renal function according to urinary creatinine and urea clearance. Creatinine
concentration (A) and urea concentration (B). Comparisons between groups by one-way ANOVA
associated with Tukey’s post-test (2K1C-LA vs. 2K1C group, p = 0.3116; 2K1C-LA vs. Sham group,
p = 0.0771).

3.7. Effect of Alpha α-Acid Treatment on Aortic and Cardiac Morphology in 2K1C Rats

To evaluate the effects of LA treatment on cardiac and aortic morphology, pho-
tomicrographs were captured and analyses were performed using ImageJ software. Al-
though we did not find significant changes in any of the studied groups, the 2K1C group
(1,008,276.00 ± 402,505.00 μm) and the 2K1C-LA group (1,220,547.00 ± 256,010.00 μm) did
not present changes as many changes in the aortic lumen compared to the Sham group
(1,100,162.00 ± 124,539.00 μm) (Figure 8A).

The evaluation of the proportion of collagen fiber deposition around the animals’
aortas was measured by the adventitia/mean ratio through HE staining. The 2K1C group
(1.39 ± 0.48 μm) and the 2K1C-LA group (1.28 ± 0.31 μm) did not show alterations in
collagen deposition compared to the Sham group (1.09 μm ± 0.13) (Figures 8B and 9).

We did not find significant differences in cardiomyocyte areas between the groups:
Sham (49.01 ± 4.68 μm), Sham-LA (50.90 ± 3.74 μm), 2R1C (51.75 ± 5.18 μm), and
2K1C-LA (50.90 ± 3.74 μm) (Figure 8C). Likewise, for cardiomyocyte volume results,
Sham (0.50 ± 0.12 μm), Sham-LA (0.39 ± 0.12 μm), 2K1C (0.58 μm ± 0.10), and 2K1C-LA
(0.48 ± 0.04 μm) (Figure 8D). While no significant differences were identified, the increased
area and volume values in the hypertensive groups infer the presence of cardiac hypertro-
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phy in these animals, unlike normotensive animals, demonstrating that the treatment was
not able to reduce the area and volume of cardiomyocytes (Figure 10).

μ

μ

μ

Figure 8. Histomorphometric analysis of the heart and aorta. (A) Aortic lumen area, (B) tunica
adventitia/media ratio, (C) cardiomyocyte area, (D) cardiomyocyte volume. Comparisons between
groups by one-way ANOVA associated with Tukey’s post-test.

 

Figure 9. Histological analysis of abdominal aorta ring determined by HE. (A) Sham, (B) Sham-LA,
(C) 2K1C, and (D) 2K1C-LA. Scale bar = 500 μm, 100×.
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Figure 10. Histological analysis of heart determined by HE. (A) Sham, (B) Sham-LA, (C) 2K1C, and
(D) 2K1C-LA. Scale bar = 50 μm, 400×.

4. Discussion

Our results demonstrated that oral treatment with LA induced an increase in the
potency of PHE curve in the hypertensive animals treated with LA compared to the 2K1C
group and also compared to Sham group. However, it was observed that the treatment did
not promote a significant change in the concentration–response curve for ACh and SNP,
indicating that LA did not restore the vasorelaxation altered by 2K1C hypertension.

The findings in the present research corroborate the study by Queiroz et al. (2012) [10],
which showed that 2K1C animals treated with LA at the same dose presented a reduction
in blood pressure compared to untreated 2K1C. This decrease in BP occurred due to the
improvement in baroreflex sensitivity in 2K1C animals treated with the antioxidant [10].

An important finding of this study was that treatment with LA increased the contractile
response in animals submitted to Sham surgery. This fact, as far as we could establish,
has not yet been described in the literature. Contrary to the results for vasorelaxation
obtained in this study, another study carried out with a different experimental model
in diabetic rats using the streptozotocin injection method and fed with a high-fat diet,
the treatment with LA was able to improve vascular reactivity in aortic rings, increasing
ACh vasorelaxation, and improving vascular function through pathways that increase
hydrogen sulfide, a gaseous transmitter with a beneficial effect on the vascular system, in
addition to decreasing vascular smooth muscle cell autophagy through regulation of the
AMPK/mTOR pathway [21].

Concerning the investigation of the renal effects of the treatment, after analyzing the
ratio between the weights of the kidneys, it was verified that the 2K1C animals had a
lower LKw/RKw ratio than the Sham animals. This result corroborates another study in
which this relationship was evaluated in rats after 6–8 weeks, similar to our renal clipping
protocol. The authors demonstrated that animals with an intermediate ratio, between the
range of 0.5 to 0.8, were 100% hypertensive, with blood pressure greater than 150 mmHg,
whereas for animals with a ratio lower than 0.4 and greater than 0.9, less than 50% were
hypertensive [22]. Therefore, the LKw/RKw ratio found in 2K1C rats in the present study
suggested changes in renal morphology after the development of RVH, as shown in other
studies [23–25].
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Regarding the qualitative and quantitative assessment of the excretion capacity of the
kidney, the glomerular filtration rate is the most commonly used measure for such purposes,
being more faithfully obtained during clinical practice from the creatinine clearance, and
is performed in urine collected in precisely 24 h [25]. This is one of the most widely used
methods in preclinical studies to assess the function and presence of renal dysfunction. It is
performed by estimating the glomerular filtration rate, considering plasma or serum levels
of urea and creatinine [26,27]. However, in the current study, we used 24 h urine for the
individual evaluations. Studies have demonstrated that LA decreased the renal tubular
injury scores and urinary damage markers and increased glomerular filtration [20]. The
augment in glomerular filtration leads to an increase in urinary volume, which can be an
explanation of the UV data presented in our study.

Chronic creatinine levels in animals treated with LA did not show a significant differ-
ence compared to untreated animals. Studies evaluating the renoprotective and cardiopro-
tective effects of treatment with LA observed a decrease in serum creatinine levels [28]. In
addition, another biomarker of kidney injury was evaluated, urea level, and showed that
our treatment also did not affect the reduction in urea between the groups, demonstrating
that in these animals there was no commitment of renal function. Contrary to what was
observed in the study by Amat et al. (2014) [29], 2K1C hypertension promoted renal dys-
function in animals, evidenced by increased serum levels of creatinine and urea. Although
we did not measure the serum values of these markers, we used the values as a basis since
urea and creatinine values reported through 24 h urine analyses are scarce in the literature.

Classically, the increase in serum creatinine, oliguria, albuminuria, and electrolyte
abnormalities are considered indicators of kidney injury, due to tubular changes or even
structural damage that can only be visualized by imaging or histology exams [19]. However,
in the kidney injury model caused by cisplatin [18], the authors reported an increase in
glomerular filtration, with increased creatinine clearance and consequent reduction in
plasma creatinine, in addition to the attenuation of oxidative damage. Therefore, even
though there is a tendency for creatinine to decrease, it is not possible to affirm, in the
studied model, that there was significant renal protection with the use of lipoic acid.
Likewise, no histological changes were observed that support this finding

The 2K1C model is described as a model of hypertension independent of the increase
in volume and vasopressin secretion, since the remaining non-clipped kidney acts in a
compensatory way [30]. Our behavioral results involving daily food and water intake and
daily diuresis did not show significant differences between groups. These findings are
contrary to what was found in other studies [31,32], in which an increase in water intake
and diuresis was demonstrated in 2K1C animals when compared to control animals. The
divergence in behavioral patterns observed among those studies and in the present results
might be due to the different rat strain used in the experiments.

Heart diseases have a common characteristic, accompanied mainly by increased
myocardial mass. This hypertrophy occurs through the absolute or relative thickening of
the walls of the chambers due to the increase in the dimensions of the cardiomyocytes,
especially pathologically in conditions of prolonged and abnormal hemodynamic stress,
such as hypertension and myocardial infarction [33,34].

It is understood that cardiac hypertrophy is expected in this experimental model of
hypertension. However, this increase was not seen in the 2K1C animals. In a study using the
same model, renal stenosis caused cardiac hypertrophy, accompanied by increased collagen
deposition and cardiomyocyte diameter [35]. Therefore, we also decided to conduct a
cardiac evaluation using the dimensions of the cardiomyocytes and concluded that the
area and volume of the cardiomyocytes did not present significant alterations among the
studied groups.

Similarly, in a study carried out with SHR, the 30-day treatment with the enantiomer
-(−)-ALA (125 μmol/kg/day) did not reverse cardiac hypertrophy and fibrosis gener-
ated by hypertension. However, in animals treated with another enantiomer, (+)-ALA
(125 μmol/kg/day), the attenuation of left ventricular fibrosis was observed [36].
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The aortic wall consists of three concentric layers: the tunica intima, tunica media,
and tunica adventitia [37]. The biomechanical properties of vessels, large arteries, and
veins largely depend on the amount and balance between extracellular matrix constituents,
such as collagen and elastin, and local proteases, such as matrix metalloproteinases and
leukocyte elastase. This balance can be impaired in the presence of vascular pathologies,
such as hypertension [38,39].

From this, it was decided to evaluate the adventitia/mean ratio to evaluate the collagen
deposition around the aortas of the Sham and 2K1C groups. We observed that the 2K1C
rats tended to accumulate more collagen fibers, whereas the treatment with LA showed
a possible tendency to reduce this deposition. However, the results were not significant.
Similarly, a study carried out with the descending thoracic aorta of a rabbit model with
aortic valve calcification demonstrated that treatment with LA protected against medial
vascular calcification but did not prevent the increase in arterial wall thickness [40].

Understanding the histological alterations caused by hypertension, we sought to
analyze the area/inner lumen of the aorta in our animals. Our results showed a reduction
in this lumen in 2K1C animals, while in the presence of LA, this lumen returned to its
normal morphology. This alteration may be explained by smooth muscle cells, which can
rearrange themselves around a reduced arterial lumen, accompanied by a more significant
deposition of extracellular matrix, which can lead to a decrease in biomechanical and
hemodynamic function, consequently compromising tissue perfusion [39,41], which was
supposedly verified in the adventitious/mean ratio.

5. Conclusions

Our results indicate that the treatment promoted little effects on the cardiovascular
system, showing that LA was not able to decrease the augment of mean arterial pressure
induced by renovascular hypertension. LA also increased the vasoconstriction evoked by
PHE in animals with renovascular hypertension compared to the 2K1C and Sham groups.
Although we observed changes in urinary volume and creatinine levels induced by LA,
these responses are not significant; this was the same for the morphology alterations. In
this context, further investigation is needed to examine the detailed mechanisms related to
the cardiovascular and renal actions of LA.
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Abstract: The vasoactive peptide bradykinin (BK) is an important member of the renin–angiotensin
system. Its discovery is tightly interwoven with snake venom research, because it was first detected
in plasma following the addition of viper venom. While the fact that venoms liberate BK from a
serum globulin fraction is well described, its destruction by the venom has largely gone unnoticed.
Here, BK was found to be cleaved by snake venom metalloproteinases in the venom of Echis ocellatus,
one of the deadliest snakes, which degraded its dabsylated form (DBK) in a few minutes after Pro7
(RPPGFSP↓FR). This is a common cleavage site for several mammalian proteases such as ACE, but is
not typical for matrix metalloproteinases. Residual protease activity < 5% after addition of EDTA
indicated that DBK is also cleaved by serine proteases to a minor extent. Mass spectrometry-based
protein analysis provided spectral proof for several peptides of zinc metalloproteinase-disintegrin-like
Eoc1, disintegrin EO4A, and three serine proteases in the venom.

Keywords: mass spectrometry; peptide fragmentation; envenomation; vipers

1. Introduction

Bradykinin (BK, sequence RPPGFSPFR) has been known as a vasoactive peptide for
more than 80 years and the blood pressure-lowering property of the BK system is well
documented [1]. Its discovery is tightly interwoven with snake venom research, because
it was first detected by Rocha e Silva in plasma following the addition of venom of the
pit viper Bothrops jararaca [2,3]. Moreover, BK-potentiating peptides were discovered
by Ferreira in B. jararaca venom in 1965; they enhance BK action in vivo by inhibiting
angiotensin-converting enzyme (ACE) [4,5]. In fact, ACE inhibitors, the drugs used for the
treatment of hypertension and congestive heart failure, were developed from the venom of
this species [6,7]. Interestingly, while much research has contributed to the fact that venoms
liberate BK from a serum globulin fraction, the destruction of this substance by the venom
has largely gone unnoticed [8]. It was only briefly mentioned in a 1955 study of venoms
from 15 different viperids that 13 of these venoms destroyed BK [8].

BK is associated with multiple roles in human pathophysiology besides blood pressure
homeostasis including inflammation [9–11]. In earlier work, we investigated the neuropep-
tide in the context of pain [12] and COVID-19 [13]. For these studies, we developed a
reporter assay which used dabsylated BK (DBK) as a substrate to test serum protease
activity [14]. BK is a substrate of ACE, an enzyme which has mostly been investigated with
regard to hypertensive disorder, but which has also been of interest in the recent COVID-19
pandemic, because its counter-regulator ACE2 is the SARS-CoV-2 entrance port [15]. In
serum, BK is additionally cleaved by carboxypeptidase N (CPN), a pleiotropic regulator of
inflammation [16]. With our neuropeptide reporter assay (NRA), we studied the formation
of the cleavage products of both enzymes, ACE and CPN, namely DBK fragments 1–5 and
1–8, respectively, using thin-layer chromatography (TLC) [14].

Biomedicines 2024, 12, 1027. https://doi.org/10.3390/biomedicines12051027 https://www.mdpi.com/journal/biomedicines



Biomedicines 2024, 12, 1027

Here, we were in need of a functional assay to test the anti-venomous activity of
plant extracts and checked the possible use of the NRA. To our surprise, DBK was quickly
degraded within minutes by the venom of Echis ocellatus. We present these data, including
the identification of the cleavage product.

Snake venoms are complex mixtures of primarily peptides and proteins that are
harmful to the human body, and especially the neuromuscular and circulatory sys-
tems [17,18]. Snake venom composition varies with a number of factors such as age,
diet, geographic location, and seasonal changes [18,19], and is still far from being fully
elucidated (for introduction and overview, see [18,20]). We analyzed the venom of
E. ocellatus available to us for proteases, which might act on DBK. To that end, we per-
formed proteomic data-independent (DIA) mass spectrometry (MS)-based experiments.
However, omics studies depend on well-curated reference sequence databases, and for
many snakes, these databases are still small and incomplete. The available genomes
differ notably in assembly and annotation qualities; the most complete published snake
genomes to date are those of the elapid N. naja and the viper Crotalus tigris [21]. For
E. ocellatus, a toxin transcriptome was constructed in 2006 [22], but in a subsequent
comparison with proteomics data, significant differences were observed [23]. Peptides
derived from 26% of the venom proteins could not be matched to the transcriptome
and 67% of the toxin clusters reported in the transcriptome did not match to peptides
detected in the proteome. Thus, venom proteomic analyses try to circumvent the prob-
lem by using the database for the suborder Serpentes or the available sequences from
related snakes [24–27]. The analysis of proteomics data versus non-specific databases
is not optimal [28]. Since related proteins in different snakes have similar, but not
identical sequences, this approach can only generate hints at the protein ID, but not a
complete and correct sequence. Along with the method-inherent limitations of using
peptide fragment ion mass spectra for sequence assignment in proteomics [29,30], any
proposed protein sequence needs thus to be carefully validated by orthogonal methods.
Target tandem MS (MS/MS) is a method for peptide sequence confirmation. We thus
conducted both proteomic analysis of E. ocellatus venom proteins and target MS/MS of
selected peptides for validation.

Nigeria records an average of 43,000 cases of snakebite annually, with about
1900 people being killed and approximately the same number losing a limb following a
snakebite [31,32]. Thereby, the carpet viper Echis ocellatus is responsible for about 90% of
bites and 60% of snakebite deaths [33,34]. Globally, approximately 2.7 million people are
envenomated annually [25] and the World Health Organization has added snakebite to the
list of neglected tropical diseases [35]. Many of the victims do not have access to health care
facilities and ethno-medical means of treatment are still commonly used. Research on the
anti-venomous activity of local plants is thus very important and we are also involved in a
bilateral project to that effect. During the course of the experiments, we discovered that
our well-proven DBK-based NRA is a useful tool to test venom activity, and we therefore
investigated the cleavage of DBK by the venom of E. ocellatus and identified its product.
Furthermore, we briefly examined the abundant snake proteases possibly involved and
validated a number of peptide sequences using tandem MS.

2. Materials and Methods

2.1. Preparation of Snake Venom Samples

This study involved 13 male snakes. All handling protocols were followed as stip-
ulated by the University of Ibadan Animal Care and Use Research Ethics Committee
(NHREC/UIACUREC/05/12/2022A) and in agreement with ARRIVE guideline 2.0. The
adult snakes used in the study were captured from the wild in Kaltungo (9◦48′51′′ N
11◦18′32′′ E), which is located in the northeastern part of Nigeria’s Gombe State. Gombe
is a guinea savannah area with many shrubs and a few tall trees. The snakes primarily
feed on small rodents and reptiles, which are abundant in the region. The average length
of E. ocellatus, measured from head to tail, was 53 cm. The snakes were housed at the
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serpentarium of the Department of Zoology at the University of Ibadan, where they were
acclimatized and fed for two weeks before manual milking. Venoms were pooled, frozen at
−80 ◦C, lyophilized, and stored at −20 ◦C until further use.

2.2. NRA and TLC

The NRA was performed as described with slight changes [14]. Venom (3 μL, 0.1 mg/mL)
was added to 350 pmol of dried DBK and incubated at 37 ◦C for 5 min. The reaction was halted
by adding 18 μL of ice-cold acetone and freezing the sample at −20 ◦C for 2 h. Afterwards, the
solution was centrifuged at 18,000× g and 4 ◦C for 1 h and the supernatant was transferred
to a new sample tube. The pellet was washed with 20 μL of ice-cold acetone. The resulting
solution was combined, dried in a speedvac (Savant SPD 111 V, Thermo Scientific, Dreieich,
Germany), and resuspended in methanol (MeOH, 1.5 μL) for TLC. TLC sheets were trimmed
to a size of 10 × 10 cm. The sample was spotted onto the sheet. The sample tube was rinsed
with 1 μL MeOH and the solution was added to the same spot. The mobile phase was a
mixture of CHCl3/MeOH/H2O/CH3COOH (11:4:0.6:0.09 v/v/v/v). The sheets were scanned
using a conventional flatbed scanner (Canon IJ Scan Utility, Krefeld, Germany) and analyzed
with JustTLC (Sweday, Sodra Sandby, Sweden). To convert the scanned image to grayscale, the
Photoshop plug-in Silver Efex Pro (Google, Mountain View, CA, USA) with neutral settings
and a blue filter was used.

2.3. Protein Preparation

For analysis, 5.3 mg of E. ocellatus venom was lysed in 500 μL BCA-compatible lysis
buffer (4 M urea, 50 mM tris base, 4% SDS) and 10 mM TCEP-HCl (tris-(2-chloroethyl)
phosphate) and then vortexed, ultra-sonicated, and centrifuged for 15 min at 30,000× g
and 4 ◦C. The protein concentration was determined with three replicates using the Pierce
BCA Protein Assay Kit–Reducing Agent Compatible (Thermo Fisher Scientific, Darmstadt,
Germany) according to the manufacturer instructions. Absorbance readings were taken at
562 nm. The protein concentration was determined by comparing the sample with a BSA
standard curve measured against the same buffer beforehand.

Venom proteins were prepared by filter-aided sample preparation (FASP) as de-
scribed [36]. For FASP, to 50 μg of each protein, sample buffer (8 M urea, 100 mM tris
base, pH 8.5) was added to give 200 μL. After vortexing the solution for 15 min, the sample
was transferred to a filter unit with a 10 kDa cut-off (VWR, Darmstadt, Germany) and
centrifuged for 15 min at 12,500× g at room temperature (RT). The filter unit was washed
with 100 μL of urea buffer by centrifugation at the same conditions. Proteins were reduced
and alkylated using dithiothreitol (DTT) and iodoacetamide (IAA) in urea buffer. First,
100 μL of 50 mM DTT was added to the filter unit and incubated for 45 min at RT with
gentle shaking (500 rpm). Subsequently, the unit was centrifuged (15 min, 12,500× g, RT)
and rinsed with 100 μL urea buffer, again by centrifugation. After that, 100 μL of 50 mM
IAA solution was added to the sample and incubated for 30 min at RT in the dark with
gentle shaking, followed by centrifugation under the same conditions. The alkylation
reaction was quenched by adding 100 μL 50 mM DTT solution onto the filter unit and
incubation for 15 min at RT in the dark with gentle shaking. Finally, the filter unit was
washed four times by centrifugation with 300 μL of 50 mM NH4HCO3 containing 10% can,
and the permeate was discarded. The sample was subjected to tryptic digestion using an
enzyme solution with a concentration of 0.01 μg/μL. Trypsin solution (200 μL) was added
to the filter unit, which was then sealed with laboratory film to limit evaporation. The
sample was incubated overnight at 37 ◦C and 800 rpm in a thermostatic shaker. Peptides
were collected by centrifugation (15 min, 12,500× g, RT). The filter unit was rinsed three
times with 40 μL of 0.1% formic acid (FA) containing 5% ACN and the eluate was added to
the peptide solution, dried, and stored at −20 ◦C until further use.
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2.4. Protein Analysis

For proteomic analysis, proteins were MS analyzed as described [37]. Briefly, total
venom digests were dissolved in 100 μL 0.1% FA containing 5% ACN (500 ng/μL), and
3 μL was analyzed by reversed-phase LC coupled to high-resolution MS with Synapt
G2 Si/M-Class nanoUPLC (Waters Corp., Manchester, UK) using C18 μPAC columns
(trapping and 50 cm analytical; PharmaFluidics, Ghent, Belgium) with a 90 min gradient
(solvent system 100% water versus 100% ACN, both containing 0.1% FA, 0.3 μL/min
flow rate) with three technical replicates. Peptides extracted from 1D-PAGE bands of
E. ocellatus were analyzed with the same instrumentation but using a 30 min gradient.
Data were analyzed with Progenesis for Proteomics (Nonlinear Diagnostics/Waters Corp.,
Manchester, UK) using the Uniprot entries for Echis, Viperidae, and Colubroidea (accessed
18 October 2023). Carbamidomethylation was set as fixed modification and methionine
oxidation was a variable modification; one missed cleavage site was allowed. The peptide
output from Progenesis analysis was screened by peptide score; values of 8 and better
were used for further considerations. The expected fragment ions were calculated by the
MassLynx spectrometer software V. 4.1. The fragment ion tables for the spectra shown here
are available in the Supplement for clarification.

3. Results and Discussion

3.1. DKB Cleavage by Snake Venom

The available knowledge on protease substrates to date suggests that, indeed,
BK should be cleaved by venom enzymes, although it has not been experimentally
demonstrated, so far. A search in the MEROPS database of proteolytic enzymes [38] for
the BK sequence resulted in 66 potentially BK-cleaving enzymes including ACE and CPN
(Supplementary Excel file, MEROPS table). The MEROPS output was not comprehensive
(e.g., BK cleavage by ACE to BK1-5, the fragment we observe in the NRA, was not
mentioned), but it did illustrate that BK could be cleaved on all positions except BK3 (no
enzyme found), and BK2 and BK6 (only one enzyme found) by several enzymes.

A high-throughput screening for protease activity of snake venoms [39] presented
2160 activity profiles based on 360 tested peptide substrates for five viperids. The authors
used a commercial assay (JPT Enzyme Substrate Set). The substrates sharing at least two
consecutive amino acids with BK are given in the Supplementary Excel file (JPT table).
The substrate of most resemblance to BK was SPFRSSRI derived from human kininogen-1
(KNG1; incidentally, the precursor of BK within the kinin–kallikrein system [40]) sharing
the SPFR sequence unit. Six substrates of the JPT kit had three successive amino acids in
common with BK (RPP, PPG) and 20 shared two residues (RP, PG, FS). Many substrates
for both snake venom metalloproteinases and serine proteinases were found in this study,
including inflammation mediators, coagulation factors, and collagen-integrin proteins.
Of the five viperids investigated (E. carinatus, Bothrops asper, Daboia russelii, Bitis arietans,
Bitis gabonica), E. carinatus had the highest abundance (~60%) of metalloproteinases and the
highest serine proteinase activity [39].

When incubating the venom of E. ocellatus with DBK and detecting the cleavage
products by TLC following the proven protocol of the NRA [14], we noted fast degradation
of the starting material within 5 min to less than 10% of its original amount (Figure 1);
longer periods of digestion did not change this result significantly. That is why we settled at
this incubation time for our experiments. A product was formed as a result of DBK cleavage
that was neither DBK1-5 (typically difficult to visualize without contrast enhancement) nor
DBK1-8, both known to us from earlier work [14]. By extraction of the material from the
TLC spot for the product and its analysis by MS, we demonstrated that DBK1-7 had been
generated by the enzymatic activity in the venom. The peptide fragment ion spectrum is
shown in Figure 2; it delivers convincing proof for the presence of this cleavage product.
Evidence for DBK1-5, DBK1-8, or other fragments of DBK cleavage could not be found.
BK7-8 is the cleavage site for ACE [14], but also for matrix metalloproteinase (MMP)-8,
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neprylisin, prolyl oligopeptidase, and a number of other enzymes, as indicated by MEROPS
search (Supplementary Excel file, table MEROPS).

 

Figure 1. Scan of a TLC plate showing the results of DBK digestion by snake venom at different time
points. The reaction is already complete after a few minutes. The serum control visualizes the location
of DBK and its fragment DBK1-8 (fragment DBK1-5 is only visible with contrast enhancement and
thus not seen here [14]). The product of venom digestion was shown by MS analysis to be fragment
DBK1-7 (Figure 2).

 

Figure 2. Peptide fragment ion spectrum for DBK1-7 detected after DBK digest by E. ocellatus venom.
For analysis, the TLC spot was scraped off the plate, and the peptide was extracted and subjected
to target MS/MS. Ions were labeled according to the b- and y-ion series for amino acid residue
losses from either end of the peptide (for theoretical fragment ion masses and original spectrum, see
Supplementary Figure S1). The star indicates an intense ion derived from the dabsyl label [14].

The addition of EDTA to the incubation mixture abolished DBK cleavage almost
completely, indicating that most of the activity originated from metalloproteinases. Residual
DBK1-7 formation of ~5% also hinted at small contributions from other enzymes.

3.2. MS-Based Protein Assignment

In an effort to identify some of the contributing proteases, we tryptically digested
E. ocellatus venom and analysed the peptide products using reversed-phase liquid
nanochromatography (LC) coupled to high-resolution MS using the Uniprot databases
for Echis, Viperidae, and Colubroidea. Many hits were generated for similar proteins
from related species, confusing the output considerably, so we decided to use target
MS/MS of some of the DIA-detected peptides to validate the best matches (for DIA data,
see Supplementary Excel file).
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3.2.1. Snake Venom Metalloproteinases (SVMPs)

Experience has taught us that DIA hits assigned with scores >8 by our software
tool represent reliable matches that agree with manual spectrum interpretation. Indeed,
we could confirm the presence of three such peptides by manual fragmentation, as
shown in Figure 3 (Supplementary Excel file, table SVMP DIA). The first, LTPGSQ-
CADGECCDQCK, was a match to zinc metalloproteinase-disintegrin-like protein H3
from Vipera ammodytes ammodytes (R4NNL0), which exhibited similarity to the E. ocellatus
zinc metalloproteinase-disintegrin-like Eoc1 (Q2UXR0; for alignment, see Supplemen-
tary Figure S5). However, the validated peptide differed in the last amino acid, and only
one additional DIA match for a peptide with a score > 8 agreed with the Eoc1 sequence.

 

 

 

Figure 3. Fragment ion spectra for peptides measured in E. ocellatus venom digest using target
MS/MS on the doubly charged precursor. Matches from: (A) zinc metalloproteinase-disintegrin-
like protein H3, Vipera ammodytes ammodytes, R4NNL0, note zoom ranges; (B) metalloproteinase
(fragment), E. coloratus, E9JG63; (C) disintegrin EO4A, E. ocellatus, Q3BER3. Ions were labeled
according to the b- and the y-ion series for amino acid residue losses from either end of the peptide
(for theoretical fragment ion masses and original spectra, see Supplementary Figures S2–S4).

The second manually fragmented peptide, IYEIVNILNEIYR, suggested the presence of
a so-called metalloproteinase fragment from E. coloratus (E9JG63), also with resemblance to
Eoc1 (for alignment, see Supplementary Figure S6), again, with a one-amino-acid difference
to the peptide validated in the venom digests. It appears that Eoc1 is present in the venom,
but that either its sequence does not match completely known information (as observed for
other proteins before [23]) or it is present in at least two slightly different forms. Eoc1 is
known to hydrolyze azocasein, oxidized insulin B-chain, and α/β-chain of fibrinogen, but
does not cleave fibrin (see information for entry Q2UXR0).

The third sequenced peptide, FLNSGTICK, originates from disintegrin EO4A of
E. ocellatus (Q3BER3). Disintegrins are small proteins known from viper venoms. They
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are potent inhibitors of both platelet aggregation and integrin-dependent cell adhesion.
Some SVMPs contain a disintegrin domain [41,42].

The Uniprot database provides 53 entries for SVMPs in E. ocellatus (accessed
16 January 2024). Several of the entries seem to represent the same protein with only
small differences in the sequences. We have not comprehensively located all possible
SVMPs in our venom digest, because any scientifically sound protein identification
would include proper isolation of individual proteins, their purification, and the
experimental description of their biochemical properties, which is beyond the scope of
the present work.

3.2.2. Snake Venom Serine Proteases (SVSPs)

In the same manner, we validated peptides from SVSPs by tandem MS in an effort
to account for the residual protease activity after SVMP inhibition by EDTA (for DIA data,
see Supplementary Excel file, table SVSP DIA). Figure 4 shows spectra for two peptides
detected in E. ocellatus venom digest derived from the sequence of serine protease fragment
D5KRX9 of E. ocellatus (A/B) and spectra for a third peptide assigned to serine protease
fragment D5KRY1 of E. ocellatus (C). Spectral data for three more peptides are presented in
Supplementary Figures S10–S12; they underline the presence of these proteases, which are
similar in sequence and share some peptides (for alignment, see Supplementary Figure S13).

 

 

 

Figure 4. Fragment ion spectra for peptides measured in E. ocellatus venom digest using target
MS/MS on the doubly charged precursor. Matches from: (A,B) serine protease (fragment, E. ocellatus,
D5KRX9; (C) serine protease (fragment, E. ocellatus, D5KRY1). Ions were labeled according to the
b- and the y-ion series for amino acid residue losses from either end of the peptide (for theoretical
fragment ion masses and original spectra, see Supplementary Figures S7–S9).
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Another peptide, which had been assigned to serine proteases A and B of E. coloratus
(A0A0A1WDS7, A0A0A1WCI0), was also confirmed by target MS (Supplementary Figure S14).
A known sequence from E. ocellatus coming closest was that of the serine protease B5U6Y3 (for
alignment, see Supplementary Figure S15).

3.3. Substrate Recognition by Metalloproteinases with Respect to BK

A high-throughput study of MMP substrate recognition used substrate phage display
for protease profiling [43]. From over 1300 substrates tested, only ∼100 were cleaved
efficiently by all of the MMPs, and almost all of these contained the canonical P-X-X-↓L
motif. Transmembrane MMPs (MMP-14, -15, -16, -24) and GPI-anchored MMPs (MMP-
17, -25) frequently exhibited P1′ L, whereas gelatinases did not. In gelatinases (MMP-2,
-9), the P3 position displayed the highest frequency residue, which was predominantly
Pro [43]. We compared the substrate sequences given in this publication to the BK sequence
(Supplementary Excel file, table PNAS2014). We demanded an overlap of at least two
consecutive amino acid residues at the cleavage site with the substrates chosen in the study.
With the knowledge that DBK was cleaved between Pro7 and Phe8 by SVMPs, we found
only one substrate, which was cleaved at that position. VRPRPF was degraded by MMP-2,
-9, and -14 very efficiently, to some degree by MMP-15, -16, -24, and -25, and not at all by
MMP-17. A number of substrates in the study were cleaved after residues RP, but fragment
DBK1-2 was not observed in our experiments. The presence of Leu after the cleavage site
was not necessary in our case, which agreed with other authors who rather proposed the
need for a large hydrophobic residue at the P1′ position [44], and this was Phe in DBK.
However, they also demanded Pro in the P3 position, which was not available in DBK when
cleaved at Pro7. Beside PXX↓XHy, these authors described substrate motifs L/IXX↓XHy,
XHySX↓L, and HXX↓XHy, which were selective of MMP-2 over MMP-9.

It thus appears that BK is not a clear fit for any known substrate category for MMPs.
The comparison of its sequence to the available substrate information indicates cleavage by
gelatinases, which are common in snake venoms (for an overview of SVMPs, see [45]).

4. Conclusions

We discovered that BK can be cleaved by proteases in E. ocellatus venom, which
degraded its labeled form DBK after Pro7 in a few minutes. This is a common cleavage
site for several mammalian proteases such as ACE and neprylisin, but is not typical
for MMPs according to the comparison with the results from large substrate profiling
studies [43,44]. Most but not all of the protease activity was inhibited by EDTA, indicating
that DBK was also cleaved by SVMPs; less than 5% of the available material was unaffected
by inhibition. It remains to be seen in future studies if dedicated inhibitors of SVMPs
abolish all activity, or if, indeed, SVSPs also act on BK.

The fact that venom proteases may target the vasoactive neuropeptide BK is of great
interest when studying the response of the human body to snakebite. The knowledge of
which proteases are involved assists in basic research of envenomation, and its influence on
blood pressure and the RAS in general [46]. Moreover, with our DBK-based assay [14], we
have a very good tool at our hands to test medicinal plants for active compounds. In fact,
its use is a step forward from the artificial peptide substrates typically used in this line
of work.

We supplemented these data by MS-based protein analyses for SVMPs and SVSPs,
which we performed in the total venom digest. As a result of the insufficient availability of
a species-specific database, we used collections of proteins sequences from higher orders,
which provided very complex results (for limits of the method, see [28]). Therefore, we
validated some of the peptides suggested by DIA with target MS/MS and screened the
protein matches for known sequences in E. ocellatus. We provide spectral evidence for
the presence of a homologous form of E. ocellatus zinc metalloproteinase-disintegrin-like
Eoc1 in our venom. Furthermore, disintegrin EO4A of E. ocellatus was detected. For the
SVSPs, protein fragments D5KRX9 and D5KRY1 of E. ocellatus were validated, as well as

76



Biomedicines 2024, 12, 1027

a homolog of serine protease B5U6Y3. The comprehensive protein identification of all
available proteoforms was not the goal of this study. Classical protein isolation, purification,
and biochemical investigation will be required to properly define the protein content of
the venom. As long as the number of individual protein species in the venoms is not
known, and, in addition, no reliable genome sequencing data are available, any attempts
at protein identification or activity studies will remain superficial. Moreover, we tested
pooled venom from a single geographical location only, and thus have no information on
regional differences in venom composition and activity.

Snake venom is a mixture of many substances including proteins and peptides, each
of which contribute in different ways to the pathophysiological results of snakebite. Our
experiments provide knowledge regarding snake venom proteases and support basic
research, but they, of course, cannot provide an immediate cure for snakebite.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines12051027/s1, Figure S1. Spectrum for DBK1-7 measured after
DBK digestion by venom of E. ocellatus; Figure S2. Fragment ion spectra and theoretical peptide fragment
ions calculated using Masslynx software (Waters Corp.) for peptide measured in E. ocellatus venom digest
using target MS/MS of the doubly-charged precursor—Match from zinc metalloproteinase-disintegrin-like
protein H3; Figure S3. Fragment ion spectra and theoretical peptide fragment ions calculated using
Masslynx software (Waters Corp.) for peptide measured in E. ocellatus venom digest using target MS/MS
of the doubly-charged precursor—Match from metalloproteinase (Fragment); Figure S4. Fragment ion
spectra and theoretical peptide fragment ions calculated using Masslynx software (Waters Corp.) for
peptide measured in E. ocellatus venom digest using target MS/MS o the doubly-charged precursor. Match
from disintegrin EO4A; Figure S5. Clustal sequence alignment of R4NL0 andQ2UXR0; Figure S6. Clustal
sequence alignment of E9JG63 andQ2UXR0; Figure S7. Fragment ion spectra and theoretical peptide
fragment ions calculated using Masslynx software (Waters Corp.) for peptide measured in E. ocellatus
venom digest using target MS/MS o the doubly-charged precursor—Match from serine protease; Figure S8.
Fragment ion spectra and theoretical peptide fragment ions calculated using Masslynx software (Waters
Corp.) for peptide measured in E. ocellatus venom digest using target MS/MS o the doubly-charged
precursor—Match from serine protease; Figure S9. Fragment ion spectra and theoretical peptide fragment
ions calculated using Masslynx software (Waters Corp.) for peptide measured in E. ocellatus (top trace)
venom digest using target MS/MS o the doubly-charged precursor; Figure S10. Fragment ion spectra
and theoretical peptide fragment ions calculated using Masslynx software (Waters Corp.) for peptide
measured in E. ocellatus venom digest using target MS/MS o the doubly-charged precursor. Match
from serine protease; Figure S11. Fragment ion spectra and theoretical peptide fragment ions calculated
using Masslynx software (Waters Corp.) for peptide measured in E. ocellatus venom digests using target
MS/MS o the doubly-charged precursor. Match from serine protease; Figure S12. Fragment ion spectra
and theoretical peptide fragment ions calculated using Masslynx software (Waters Corp.) for peptide
measured in E. ocellatus venom digest using target MS/MS o the doubly-charged precursor. Match from
serine protease; Figure S13. Clustal sequence alignment of D5KRX9 and D5KRY1; Figure S14. Fragment
ion spectra and theoretical peptide fragment ions calculated using Masslynx software (Waters Corp.)
for peptide measured in E. ocellatus venom digest using target MS/MS o the doubly-charged precursor.
Match from serine proteases A and B of E coloratus; Figure S15. Clustal sequence alignment of B5U6Y3
and A0A0A1WDS7.
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Abstract: Primary hypertension (PH) is the leading form of arterial hypertension (AH) in adolescents.
Hypertension is most common in obese patients, where 20 to 40% of the population has elevated
blood pressure. One of the most effective mechanisms for regulating blood pressure is the renin–
angiotensin–aldosterone system (RAAS). The new approach to the RAAS talks about two opposing
pathways between which a state of equilibrium develops. One of them is a classical pathway,
which is responsible for increasing blood pressure and is represented mainly by the angiotensin
II (Ang II) peptide and, to a lesser extent, by angiotensin IV (Ang IV). The alternative pathway
is responsible for the decrease in blood pressure and is mainly represented by angiotensin 1–7
(Ang 1–7) and angiotensin 1–9 (Ang 1–9). Our research study aimed to assess changes in angiotensin
II, angiotensin IV, angiotensin 1–7, and angiotensin 1–9 concentrations in the plasma of adolescents
with hypertension, with hypertension and obesity, and obesity patients. The Ang IV concentration
was lower in hypertension + obesity versus control and obesity versus control, respectively p = 0.01
and p = 0.028. The Ang 1–9 concentration was lower in the obesity group compared to the control
group (p = 0.036). There were no differences in Ang II and Ang 1–7 peptide concentrations in the
hypertension, hypertension and obesity, obesity, and control groups. However, differences were
observed in the secondary peptides, Ang IV and Ang 1–9. In both cases, the differences were related
to obesity.

Keywords: angiotensin II; angiotensin 1–7; angiotensin IV; angiotensin 1–9; obesity; arterial hypertension

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death in the world. The WHO
report (2021) estimated 17.9 million deaths each year [1]. Only in the United States (USA),
one in every five people dies of CVD, and heart disease costs the United States approx-
imately USD 239.9 billion per year [2]. One of the main causes of CVD is hypertension.
Arterial hypertension (AH) is a very serious disease that leads to many complications,
including death, kidney failure, and myocardial infarction. Hypertension is a serious
medical problem in adolescents and even in children. In the US, hypertension is estimated
to be associated with 0.3 to 4.5% of the pediatric population [3]. Primary hypertension (PH)
is the leading form of arterial hypertension in adolescents. Hypertension is more common
in obese patients, where 20 to 40% of the population has elevated blood pressure [4]. In
addition to obesity, genetic and environmental factors play an important role [4].

AH symptoms are nonspecific and often difficult to observe. Patients complain of
headaches, fatigue, nosebleeds, sleep disturbances, and nervousness. Although the diag-
nostic criteria for hypertension in adults are well known and widespread, there is no such
consensus among adolescents.
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An important factor in hypertension is obesity. Although obesity is the underlying
disease, the associated hypertension is still considered primary [4]. The effects of obesity on
blood pressure are multiple and include hormonal, neurological, and anatomical changes.
The most important are insulin resistance, increased sympathetic nervous system activity,
increased renin release, increased circulating blood volume, and increased circulating blood
resistance [5].

One of the most effective mechanisms to regulate blood pressure is the renin–angiotens
in–aldosterone system (RAAS) [6]. The reaction cascade starts from the enzymatic frag-
mentation of angiotensinogen. Angiotensinogen is a peptide hormone, produced in the
liver, that is a precursor of all angiotensin peptides [7]. Angiotensin peptides, despite a
small molecular weight and similar structure, act in a different role. The RAAS causes the
retention of water and sodium, the release of aldosterone, the contraction of blood vessels,
increased heart rate, and consequently hypertension. On the other hand, the RAAS can
decrease blood pressure through several reverse mechanisms, such as the vasodilation of
blood vessels or the release of nitric oxide [8]. Therefore, the new approach to the RAAS
talks about two opposing pathways between which a state of equilibrium develops. One
of them is a classical pathway that is responsible for increasing blood pressure. The main
effector of the classical pathway is angiotensin II (Ang II) and, to a lesser extent, angiotensin
IV (Ang IV). The second pathway is called an alternative. The alternative pathway is
responsible for decreasing blood pressure and is mainly represented by angiotensin 1–7
(Ang 1–7) and, to a lesser extent, angiotensin 1–9 (Ang 1–9) [9,10].

Our research study aimed to assess changes in angiotensin II, angiotensin IV, an-
giotensin 1–7, and angiotensin 1–9 concentrations in plasma of adolescents with hyperten-
sion, hypertension and obesity, and obese patients with normal blood pressure. Based on
measured concentrations of the main peptides of classical and alternative RAAS pathways,
the disbalance in these pathways in AH and obese adolescents was analyzed. A secondary
aim was to identify a marker predictive of arterial hypertension.

2. Materials and Methods

We recruited adolescents suffering from AH, obesity, and combinations of these dis-
eases among patients from the Department of Pediatrics Nephrology and Hypertension
of the University Children’s Hospital in Krakow, Poland. All patients were recruited to
this study by the hypertensiologist, according to the consensus of the European Society
of Hypertension (ESH) named Pediatric Hypertension Guidelines 2016 [11], and related
patient data were collected from their medical records. Patients with the E66 (ICD-10)
diagnosis in medical documentation were eligible for the obese group. Fasting blood sam-
ples (S-Monovette EDTA K3E/2.6 mL, Sarstedt AG & Co.KG, Numbrecht, Germany) were
taken in the morning, immediately cooled, and then centrifuged. Adolescents in the control
group were recruited from families and friends of the study researchers. These adolescents
had no pathological clinical signs or complaints or any pharmacological treatment. In
the control group, fasting blood samples were drawn in the same procedure as in the
study group.

Blood samples were centrifuged and separated, and EDTA plasma was frozen at
−80 centigrade until measurement. The maximum bank loan time was not longer than
12 months. Peptide concentrations were measured using commercially available enzyme-
linked immunosorbent assay (ELISA) immunoassays: angiotensin II assay range:
12.5 ng/mL–800 ng/mL, angiotensin IV assay range: 1.56 ng/mL–100 ng/mL, angiotensin
1–7 assay range: 12.5 ng/mL–800 ng/mL, and angiotensin 1–9 assay range:
7.8 ng/mL–500 ng/mL (Qayee Bio-Technology Co., Ltd., Shanghai, China). The manufac-
turer declares that there is no cross-reaction and coefficient variation < 15%. The samples
were slowly defrosted. The first step was the transfer of the samples from −80 centigrade
to −20 centigrade for a night; then, they were thawed in ice-free water. According to the
manufacturer’s guidelines, all samples were diluted five times before analysis.
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The assay procedures were performed according to the manufacturer’s manuals
using a Bio-Rad washer and plate reader (Bio-Rad, Hercules, CA, USA). According to the
manufacturer, all of the tests used have high sensitivity and excellent specificity for the
detection of the measured parameters without significant cross-reactivity or interference
between the analytes and their analogues.

The study protocol was approved by the Jagiellonian University Bioethical Committee
(approval no. 1072.61.20.67.2019), and informed consent was obtained from all the legal
guardians of the patients and all the patients over 16 years of age enrolled in the study.

The statistical analysis was performed using IBM SPSS Statistics (v29, IBM Corporation,
Armonk, NY, USA). The concentrations of angiotensin derivative peptides were expressed
as median values and quartile ranges. Normality was checked using the Shapiro–Wilk test
in each group. The Kruskal–Wallis test was performed for comparisons between the studied
groups. If the Kruskal–Wallis test did not show any significant statistical differences, but
the analysis of differences in individual groups showed possible differences, a U Mann–
Whitney test was performed.

3. Results

We studied 28 patients with AH (15.05 ys ± 2.98; BMI 21.75 ± 3.44 kg/m2), 17 patients
with AH and obesity (13.95 ys ± 3.79; BMI 29.89 ± 4.64 kg/m2), and 29 patients with
obesity (13.50 ys ± 3.39; BMI 28.40 ± 5.59 kg/m2) and normal blood pressure. As a
control group, 52 healthy children were observed with normal BMI (12.95 ys ± 3.69; BMI
18.63 ± 3.9 kg/m2) and normal blood pressure. All patient characteristics are summarized
in Table 1.

Table 1. Patients’ characteristics.

Number of Patients Age BMI
Systolic Pressure

(SP)
Diastolic Pressure

(DP)

Hypertension 28 15.05 ys ± 2.98 21.75 ± 3.44 kg/m2 132 ± 16 mmHg 79 ± 11 mmHg
Hypertension + obesity 17 13.95 ys ± 3.79 29.89 ± 4.64 kg/m2 138 ± 19 mmHg 74 ± 14 mmHg

Obesity 29 13.50 ys ± 3.39 28.40 ± 5.59 kg/m2 114 ± 10 mmHg 68 ± 9 mmHg
Control 52 12.95 ys ± 3.69 18.63 ± 3.9 kg/m2 112 ± 11 mmHg 66 ± 10 mmHg

3.1. Angiotensin II

Plasma Ang II concentrations did not differ statistically in the analyzed groups.
The median and quartiles 1 and 3, respectively, were 275.04 (245.89–344.33) ng/mL in
hypertension, 285.12 (236.95–323.60) ng/mL in hypertension and obesity, and 281.11
(256.11–321.37) ng/mL in obesity. The concentration of Ang II in the control group was
308.05 (271.52–372.24) ng/mL. There were also no statistical differences between the study
and the control group (Figure 1).

3.2. Angiotensin IV

Plasma Ang IV concentrations differed statistically in the analyzed groups (p = 0.017).
The median and quartiles 1 and 3, respectively, were 34.51 (15.15–49.07) ng/mL in hyperten-
sion, 29.11 (19.07–38.98) ng/mL in hypertension and obesity, and 33.55 (24.52–40.71) ng/mL
in obesity. The concentration of Ang IV in the control group was 39.71 (32.09–47.75) ng/mL.
The significant statistical differences were between hypertension + obesity and control and
obesity versus control, respectively p = 0.01 and p = 0.028 (Figure 2).
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Figure 1. The median concentration of angiotensin II in the hypertension group, hypertension and
obesity group, obesity group, and control group. The boxes show the median and quartile range
of the measured plasma angiotensin II concentrations in the study and control group; the whiskers
show the minimal and maximal measured concentration. No significant differences were observed.

Figure 2. The median concentration of angiotensin IV in the hypertension group, hypertension and
obesity group, obesity group, and control group. The boxes show the median and quartile range of
the measured plasma angiotensin IV concentrations; the whiskers show the minimal and maximal
measured concentration: a significant difference between adolescents with hypertension and the
obesity vs. control group, p = 0.01; a significant difference between obese adolescents and the control
group, p = 0.028.

3.3. Angiotensin 1–7

Plasma Ang 1–7 concentrations did not differ statistically in the analyzed groups.
The median and quartiles 1 and 3, respectively, were 302.11 (255.87–367.40) ng/mL in
hypertension, 268.01 (225.16–345.57) ng/mL in hypertension and obesity, and 283.42
(237.50–341.61) ng/mL in obesity. The concentration of Ang 1–7 in the control group
was 268.76 (236.29–380.56) ng/mL. There were no statistical differences between the study
and the control group (Figure 3).
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Figure 3. The median concentration of angiotensin 1–7 in the hypertension group, hypertension and
obesity group, obesity group, and control group. The boxes show the median and quartile range of
the measured plasma angiotensin 1–7 concentrations in the study and control group; the whiskers
show the minimal and maximal measured concentration. No significant differences were observed.

3.4. Angiotensin 1–9

Plasma Ang 1–9 concentrations did not differ statistically in the analyzed groups.
The median and quartiles 1 and 3, respectively, were 181.38 (159.69–205.30) ng/mL in
hypertension, 169.16 (147.68–203.13) ng/mL in hypertension and obesity, and 172.07
(155.81–205.67) ng/mL in obesity. The concentration of Ang 1–9 in the control group
was 193.30 (169.23–215.63) ng/mL. A statistical difference between the obesity group and
the control group (p = 0.036) was confirmed by the U Mann–Whitney test (Figure 4).

Figure 4. The median concentration of angiotensin 1–9 in the hypertension group, hypertension and
obesity group, obesity group, and control group. The boxes show the median and quartile range of
the measured plasma angiotensin 1–9 concentrations in the study and control group; the whiskers
show the minimal and maximal measured concentration: a significant difference between obese
adolescents and the control group was confirmed by the U Mann–Whitney test, p = 0.036.

4. Discussion

Several studies describe the concentrations of chosen angiotensin peptides. However,
due to differences in the measurement methods, it is difficult to compare the subsequent
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peptide levels of different papers. This study is the first to comprehensively present and
analyze both RAAS pathways in adolescents with hypertension.

This study is innovative for several reasons. It is the first study to comprehensively
analyze the classical and alternative RAA systems in the adolescence period (10–18 years).
According to Litwin et al., this is when idiopathic hypertension occurs most often. Authors
analyze the RAA system as two separate pathways that should be in balance. The disbalance
of these pathways may result in AH. Some angiotensin peptides such as Ang IV and
Ang 1–9 have never been previously investigated as potential factors involved in the
development of AH.

Angiotensin II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) has the strongest biological activ-
ity in the RAAS classical pathway. The peptide has a strong affinity for the angiotensin
type I receptor (AT1R). The AT1R is located mainly in the kidneys, vascular smooth
muscle, lungs, and liver. The receptor belongs to the superfamily of G protein-bound
receptors. The stimulation of the AT1R affects the release of aldosterone from the adrenal
cortex, vasoconstriction, the activation of inflammatory processes, fibrosis, and myocar-
dial hypertrophy [12,13]. In 2004, Silva et al. compared several angiotensin deriva-
tives in children and adolescents with hypertension and normotension (3.1–16.7 ys).
Similar to our study, the concentration of Ang II was almost identical in both groups
(21.4 ± 8.7 vs. 22.2 ± 10.3 pg/mL [RIA]) [14]. Also, Al-Daghri et al., in 2010, compared
Ang II concentrations in lean and obese children and adolescents (5–12 years). In this
study, the researchers did not show a difference between the concentration of Ang II in lean
and obese patients (0.70 ± 0.32 vs. 0.51 ± 0.13 boys and 0.65 ± 0.33 vs. 0.95 ± 1.0 girls) or
between boys and girls (0.65 ± 0.3 vs. 0.73 ± 0.6) [15]. The results obtained in our study
are compatible with previous studies. These results seem to suggest the existence of a local
renin–angiotensin system. For many years, the RAAS has been described as a systemic
system. This local system may influence blood pressure, while peripheral concentrations of
angiotensin derivatives are at normal levels. The local renin–angiotensin system (RAS) is
present in many tissues and organs such as muscle, the heart, the nervous system, bone,
the kidneys, and the brain [9].

Angiotensin IV (Val-Tyr-Ile-His-Pro-Phe) has low biological activity. Ang IV has
an affinity for the type IV angiotensin receptor (ATR4). The ATR4 receptor is widely
distributed and is found in many tissues such as the brain, adrenal glands, kidneys, lungs,
and heart. The ATR4 receptor is a transmembrane enzyme, insulin-regulated membrane
aminopeptidase (IRAP). In the kidneys, Ang IV increases blood flow and decreases the
transport of sodium ions to the proximal tubules in the kidney. However, the effect of
arterial blood pressure on Ang IV is minimal. Ang IV may also have an influence on mental
disorders. By regulating blood flow in the structure of the brain, Ang IV participates in
neural plasticity, learning, and memory processes [16,17].

There are no studies that describe the concentration of Ang IV in the plasma of children
and adolescents. Many studies described Ang IV as a very important brain blood regula-
tory peptide [18,19]. Animal studies, particularly rats, confirm the hypertensive effect of
Ang IV [20]. However, due to the structure of the molecule and the activity of endopep-
tidases, the peripheral activity of Ang IV may be limited. However, the confirmation of
this effect requires additional research, in particular on the local RAS. Ang IV and the
local RAS play an important role in obesity and insulin resistance. In 2011, Wang et al.
conducted studies in rats, where they showed that Ang IV causes an increase in glucose
tolerance and insulin signaling [21]. The local RAS in adipose tissue has a significant im-
pact on the development of obesity. The presence of Ang IV increases glucose uptake [22].
In our study, the concentration of Ang IV was significantly lower in the obesity and
hypertension + obesity groups. This direction is in line with the expectations.

Angiotensin 1–7 (Asp-Arg-Val-Tyr-Ile-His-Pro) is formed directly from Ang II and, to
a lesser extent, from different angiotensin derivatives. Ang 1–7 is the selective endogenous
ligand for Mas receptors (MasRs). The MasR belongs to the G protein-coupled receptor
family. The MasR is located in the endothelium of blood vessels, macrophages, and

85



Biomedicines 2024, 12, 620

neurones. Ang 1–7 decreases blood pressure due to the vasodilation of blood vessels, the
synthesis of anti-inflammatory prostaglandins, and the release of nitric oxide. Ang 1–7
also has a positive effect on the myocardium, limiting hypertrophy and cardiomyocyte
proliferation. In the kidneys, Ang 1–7 regulates sodium ion transport and increases glucose
resorption [23,24].

There are a few studies that describe the concentration of Ang 1–7 in children and
adolescents. Silva et al., in the same study as Ang II, determined Ang 1–7 concentrations.
Patients with essential hypertension have significantly higher Ang 1–7 concentrations than
in the control group (78.8 ± 22.8 vs. 16.2 ± 7.9 [pg/mL] p < 0.05) [14]. Our results are in
opposition to the work of Silva et al. because in our study, there are no differences between
the hypertension and control groups, similar results to those received by Kohara et al. In
their studies on hypertensive rats, they obtained a 3.7 times higher concentration of Ang
1–7 than in healthy rats (p < 0.05) [25]. Cambell et al. obtained different results. In their
study, plasma concentrations of Ang 1–7 were similar in hypertensive and normotensive
rats [26]. Large discrepancies in the test results may be the result of the in vivo and ex
vivo degradation of the peptide. The authors of the studies used methods to prevent
enzymatic degradation, such as cooling the sample and/or using inhibitors. The tissue
RAS and related proteolytic enzymes are also of importance. They identify at least a
few enzymes involved in Ang 1–7 degradation, such as angiotensin-converting enzyme
2 (ACE2), decarboxylase, aminopeptidase, or angiotensin-converting enzyme (ACE) [27].
From a clinical point of view, these differences are difficult to describe. Perhaps the
increased concentration of the peptide is due to an attempt to achieve balance in the RAAS.
Shifting the balance towards the alternative axis and lowering Ang II to Ang 1–7 could
contribute to lower blood pressure.

Angiotensin 1–9 (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His) has been found in many tis-
sues and organs, such as the heart, kidneys, and testes. The highest concentrations have
been observed in the endothelium of the coronary vessels. Ang 1–9 demonstrates a very
similar effect to Ang 1–7. Ang 1–9 has a stronger effect on the myocardium than on the
blood vessel. Angiotensin 1–9 acts through the angiotensin receptor type II (AT2R) [28].

No studies have been found that describe the concentration of Ang 1–9 in hypertensive
children and adolescents. There are several studies in rats that confirm the hypotensive
effect of Ang 1–9 [29–31]. Similarly to Ang IV, Ang 1–9 may play an important role in the
local RAS. Due to the relatively high degradation of the peptide to Ang 1–7, it plays a
secondary role. However, the reduced concentration in the group of obese patients suggests
the influence of adipose tissue on the peripheral concentration of Ang 1–9 Perhaps ACE2-
rich adipose tissue degrades large amounts of Ang 1–9 to Ang 1–7, shifting the balance of
the RAAS toward cardioprotective and hypotensive effects. However, this requires further
research.

5. Conclusions

The renin–angiotensin–aldosterone system is an extremely complex mechanism. The
RAAS consists of many peptides and enzymes. In the system and among the measured
peptides, Ang II and Ang 1–7 have the strongest biological activity. In this study, there are
no differences in the concentrations of those peptides in the hypertension, hypertension and
obesity, obesity, and control groups. However, differences are observed in the secondary
peptides Ang IV and Ang 1–9. These peptides could be a predictor of AH in obese patients,
but this hypothesis should be confirmed by prospective studies. This may mean that
even minor disturbances in the RAAS of homeostasis lead to hypertension. On the other
hand, the classical pathway of the RAAS system appears to be resistant to changes in the
organism, and the alternative axis may be responsible for the development of hypertension.
The disbalance found in this study is shown in Figure 5.
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Figure 5. This diagram represents a theoretical balance between the classical pathway (CP) and
alternative pathway (AP) of the renin–angiotensin–aldosterone system; (I) shows a fully balanced
RAAS in healthy adolescents; (II) shows a theoretical balance in adolescents with hypertension,
where the activity of the CP equals the activity of the AP; (III) shows a disbalance of the RAAS in
obese adolescents with hypertension. The AP is more active than the CP; (IV) shows a disbalance of
the RAAS in obese adolescents. The AP is more active than the CP.

A detailed understanding of the pathogenesis of hypertension and the impact of
obesity requires further research. Only a small fraction of the RAAS was analyzed in our
study. Among angiotensin derivatives, there are still many promising peptides that can
be used in the diagnosis, monitoring, or even treatment of hypertension in children and
adolescents. A very promising direction of development is research on Ang 1–7 and the
MasR. Although Ang 1–7 is the only endogenous ligand for the MasR, its analogues are
actively sought. The stimulation of the Mas receptor can bring many benefits to people
with hypertension. In addition to vasodilation and NO synthesis, the MasR can induce
the synthesis of anti-inflammatory prostaglandins. This is important in inflammatory
processes and myocardial fibrosis. Therefore, the ACE2/Ang 1–7/MasR axis is a very
promising development direction. Another conclusion of the study is the need to better
understand local RAAs. Local RAAs perform very important functions in regulating blood
flow and inflammatory processes. Unfortunately, its role in systemic action and clinical use
is currently unknown. In the case of obese people, excessively developed adipose tissue is
assumed to assume the role of the endocrine organ, which can affect the economy of the
whole organism.

As shown in Figure 5, the balance of RAAS shifts to the alternative pathway in
obese patients with hypertension and obese patients with normal blood pressure. Perhaps
this is the result of compensatory mechanisms operating in the RAAS and/or that are
associated with obesity. Maintained balance in patients with hypertension may indicate
that compensation possibilities have been exhausted and other mechanisms are involved
in the regulation of blood pressure.

6. Limitations of the Study

The main limitation of this study was the high biological and analytical variability of
the analyzed compounds. Because the tested peptides were unstable in plasma, laboratory
control over the pre-analytical phase and material storage were very important.
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Abstract: Angiotensin–converting enzyme (ACE) inhibitors are the primarily chosen drugs to treat
various cardiovascular diseases, such as hypertension. Although the most recent guidelines do
not differentiate among the various ACE inhibitory drugs, there are substantial pharmacological
differences. Goal: Here, we tested if lipophilicity affects the efficacy of ACE inhibitory drugs when
used as the first therapy in newly identified hypertensives in a prospective study. Methods: We tested
the differences in the cardiovascular efficacy of the hydrophilic lisinopril (8.3 ± 3.0 mg/day) and
the lipophilic enalapril (5.5 ± 2.3 mg/day) (n = 59 patients). The cardiovascular parameters were
determined using sonography (flow-mediated dilation (FMD) in the brachial artery, intima-media
thickness of the carotid artery), 24 h ambulatory blood pressure monitoring (peripheral arterial
blood pressure), and arteriography (aortic blood pressure, augmentation index, and pulse wave
velocity) before and after the initiation of ACE inhibitor therapy. Results: Both enalapril and lisinopril
decreased blood pressure. However, lisinopril failed to improve arterial endothelial function (lack
of effects on FMD) when compared to enalapril. Enalapril-mediated improved arterial endothelial
function (FMD) positively correlated with its blood–pressure–lowering effect. In contrast, there was
no correlation between the decrease in systolic blood pressure and FMD in the case of lisinopril
treatment. Conclusion: The blood–pressure–lowering effects of ACE inhibitor drugs are independent
of their lipophilicity. In contrast, the effects of ACE inhibition on arterial endothelial function are
associated with lipophilicity: the hydrophilic lisinopril was unable to improve, while the lipophilic
enalapril significantly improved endothelial function. Moreover, the effects on blood pressure and
endothelial function did not correlate in lisinopril-treated patients, suggesting divergent mechanisms
in the regulation of blood pressure and endothelial function upon ACE inhibitory treatment.

Keywords: Angiotensin–converting enzyme (ACE); ACE inhibitor; lisinopril; enalapril; clinical study;
endothelial function; hypertension; carotis IMT; FMD

1. Introduction

Angiotensin–converting enzyme inhibitors (ACEi) are the primarily chosen drugs
to treat hypertension [1,2] and heart failure [3,4]. There are ten approved ACEi drugs,
which are generally considered to have similar medical efficacies [5]. In particular, two
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widely used drugs, lisinopril and enalapril, had similarly positive effects on heart failure
mortality [6] or hospitalization [7]. A uniform class effect was also noted in patients with
myocardial infarction [8], congestive heart failure [9], and hypertension [10].

It is important to consider that circulating ACE seems to be completely inhibited by
endogenous inhibitors [11,12] such as serum albumin [13], suggesting that only tissue-
bound enzymes can be modulated by ACE inhibitory drugs [13]. This later was supported
by the observation that physiological serum albumin completely inhibited human serum
ACE, while only partial inhibition was observed in isolated human blood vessels [13]. These
findings pinpoint vascular endothelium as the site of action for ACEi drugs. Therefore, the
apparent class effect for ACEi drugs is rather surprising in light of marked differences in
their pharmacokinetics [5], lipophilicities [14], and elimination pathways [14,15]. Here, we
tested two drugs, originally developed by Merck [16]. Enalapril and its lysine analog have a
similar efficacy in a wide range of clinical studies [17–19], albeit lisinopril was co-developed
by Merck and Zeneca in the clinical phase. Both drugs are approved for the treatment of
hypertension and congestive heart failure.

Here we performed a prospective clinical study to investigate the effects of two
ACEi drugs with different lipophilicities. Lisinopril represented hydrophilic, low-protein
binding ACEi [20], which was contrasted by enalapril, a lipophilic, relatively high-protein
binding drug of the same class [14,21]. ACEi drugs were initiated at the first diagnosis of
hypertension and the biochemical efficacy of the treatment was confirmed. The effects of
lisinopril and enalapril were tested on blood pressure (24 h ambulatory blood pressure
monitoring), arterial stiffness (arteriography), and endothelial function (flow-mediated
dilation, brachial artery) before initiation and after the administration (at least 30 days) of
the ACEi drugs.

2. Materials and Methods

2.1. Patients

Our research took place at the Department of Neurology, Clinical Center of the Uni-
versity of Debrecen. Based on the study protocol, we included patients presenting at their
primary care provider with newly diagnosed primary hypertension (ICD code I10H0)—GPs
and occupational health physicians aided the patient enrollment process. Asymptomatic
and untreated patients whose hypertension was confirmed by ABPM and who had not
yet received antihypertensive treatment were included. All subjects were asymptomatic,
predominantly middle-aged (active age), as identified by screening. Following the ABPM,
a CT scan was also performed to detect asymptomatic abnormalities (e.g., silent brain
infarction).

The exclusion criteria included extreme obesity (body mass index—BMI greater than
35 kb/m2), previous stroke, TIA, a poor general condition, a life expectancy of fewer than 5
years, and co-morbidities that may significantly affect the hypertensive patients: diabetes,
severe heart disease, psychiatric disorders (including alcohol dependence), dementia,
Parkinson’s disease, neuromuscular disorders, autonomic nervous system syndromes,
inflammatory diseases, stroke, and TIA. A “silent” infarction or other organic abnormalities
detected on cranial CT also resulted in exclusion. Pregnant or post-partum candidates were
also not recruited for the investigation.

2.2. Methods

Medical history, demographic variables, the results of a physical investigation, and
laboratory tests (serum electrolytes, renal function, blood glucose level, HbA1C, lipid
profile, complete blood count, CRP, fibrinogen level, and urine analysis) were recorded at
the initiation of the treatment.

These assessments were followed by 24 h ambulatory blood pressure monitoring
(ABPM). Blood pressure was measured every 15 min during the daytime (from 6:00 to
22:00) and every 30 min at night (from 22:00 to 6:00). Based on the data, we determined
the daytime and nighttime mean systolic and diastolic pressures and systolic and diastolic

91



Biomedicines 2023, 11, 3323

hyperbaric index. For the ABMP measurements, Cardiospy ABPM equipment from Labtech
Ltd. (Debrecen, Hungary, Model: EC-ABP) was used.

A flow-mediated dilatation (FMD) measurement of the brachial artery was performed
using a HP Sonos 5500 ultrasound device with a 10 MHz linear test transducer (National
Utrasound, Tampa, FL, USA). A B-mode longitudinal section was obtained from the
brachial artery above the antecubital fossa. A forearm cuff was inflated to 10–40 mmHg
above the patient’s systolic pressure for 5 min. Upon the cuff release, the induced hy-
peremia promoted an increase in the shear stress-mediated NO release and subsequent
vasodilatation. The FMD was expressed as the percentage increase in the resting diameter
of the artery after the cuff release with the baseline arterial diameter as a reference.

Arterial stiffness measurements were performed using TensioClinic arteriography
(TensioMed Ltd., Budapest, Hungary) [22]. This technique is based on the fact that the
contraction of the heart initiates pulse waves in the aorta. The first wave becomes reflected
from the aortic wall at the bifurcation, therefore a second reflected wave appears as a late
systolic peak. The cuff detects both waves. The morphology of this second reflected wave
depends on the stiffness of the large artery, the reflection time at 35 mmHg supra systolic
pressure of the brachial artery, and the peripheral resistance-dependent amplitude. Arterial
stiffness was assessed by determining the Augmentation Index (AIx) and the Pulse Wave
Velocity (PWV). The AIx was calculated from the amplitudes of the first and second waves
and represents the pressure difference between the late systolic peak and the early systolic
peak divided by the pulse pressure. The PWV is the ratio of the jugular fossa-symphysis
distance (which is anatomically identical to the distance between the aortic trunk and
the bifurcation) to the reflection time at 35 mmHg supra systolic pressure on the brachial
artery. Brachial artery FMD is a technique for estimating the endothelial function in large
arteries [23].

The data were evaluated using pairwise and correlation analyses. Assuming a normal
distribution was generally avoided in the statistical analysis. One reason for this is that some
sets of data did not show a normal distribution. The second is that we wanted to avoid false
positive correlations caused by outliers in the datasets with relatively small observation
numbers. The Kruskal–Wallis test was used for parameters from two populations (such as
those treated with enalapril or lisinopril), while the Wilcoxon test was performed when the
parameters before and after (paired) were evaluated. Spearman’s correlation analysis was
performed when correlations were addressed.

3. Results

Individuals with primary hypertension were recruited immediately after their diagno-
sis. Two groups were formed according to the initiated medical therapy. One group was
treated with lisinopril (n = 31), while the other was treated with enalapril (n = 28). The
general clinical parameters are summarized in Table 1. Unfortunately, many patients did
not volunteer for the multiple-day follow-up study.

The effects of the ACEi medications were tested by measuring the flow-mediated
dilation (FMD) in the brachial artery after prolonged cuff use. The treatment of patients
with enalapril improved the endothelial-mediated dilation (an increase of FMD from
6.7 ± 0.6 to 8.8 ± 0.8%, mean ± SEM, n = 17, Figure 1A), while the treatment with lisino-
pril was without effects (FMD before 7.5 ± 0.7 vs. after 7.7 ± 0.6% lisinopril treatment,
mean ± SEM, n = 16, Figure 1A). The intima-media thickness of the carotid artery was unaf-
fected by both enalapril (intima-media thickness before 0.55 ± 0.02 vs. after 0.57 ± 0.02 mm,
mean ± SEM, n = 24, Figure 1B) and lisinopril (intima-media thickness before 0.60 ± 0.02
vs. after 0.59 ± 0.02 mm, mean ± SEM, n = 30, Figure 1B). Vascular stiffness was also tested
with functional measurements. No significant effects were noted on the augmentation
index (enalapril before: 20.1 ± 6.8, after: 23.9 ± 5.9, mean ± SEM, n = 28; lisinopril before:
8.2 ± 5.5, after: 12.8 ± 5.8, mean ± SEM, n = 31; Figure 1C) or pulse wave velocity deter-
mined using arteriography (enalapril before: 9.4 ± 0.3, after: 9.1 ± 0.3, mean ± SEM, n = 28;
lisinopril before: 10.3 ± 0.4, after: 10.4 ± 0.5, mean ± SEM, n = 31; Figure 1C).
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Table 1. Medical characteristics of study populations.

Medical Drug Enalapril Lisinopril

Visit First Visit Follow Up First Visit Follow Up

Involved patients (n) 43 28 44 30
Age (years) 45.7 ± 11.1 N/A 45.1 ± 11.3 N/A
BMI (kg/m2) 28.9 ± 5.6 N/A 28.3 ± 3.8 N/A
Dose (mg/day) 0 5.5 ± 2.3 0 8.3 ± 3.0
Na+ (mM) 140.6 ± 2.0 140.0 ± 2.5 140.3 ± 2.1 139.7 ± 2.5
K+ (mM) 4.3 ± 0.3 4.3 ± 0.3 4.2 ± 0.3 4.4 ± 0.4
Glucose (mM) 5.5 ± 1.0 5.2 ± 0.6 5.2 ± 1.3 5.2 ± 1.3
HbA1C (%) 5.3 ± 0.5 5.2 ± 0.3 5.4 ± 0.8 5.4 ± 0.8
Urea (mmol/L) 5.2 ± 1.4 5.4 ± 1.4 4.8 ± 1.2 5.0 ± 1.4
Creatinine (mg/dL) 75 ± 15 74 ± 15 78 ± 17 79 ± 16
Trigliceride (mmol/L) 1.5 ± 0.9 1.6 ± 1.5 2.1 ± 3.0 1.5 ± 0.8
Cholesterol (mmol/L) 5.1 ± 0.9 5.1 ± 0.9 5.2 ± 1.1 5.3 ± 1.1
GOT (IU/L) 25.2 ± 11.8 26.4 ± 9.6 22.8 ± 7.5 23.1 ± 7.2

Systolic blood pressure (active period, mmHg, SD) 147 ± 11 138 ± 11 148 ± 11 139 ± 8
Diastolic blood pressure (active period, mmHg, SD) 90 ± 7 83 ± 7 90 ± 9 84 ± 6
Systolic blood pressure (night period, mmHg, SD) 128 ± 13 125 ± 14 132 ± 23 118 ± 27
Diastolic blood pressure (night period, mmHg, SD) 76 ± 8 75 ± 8 80 ± 10 70 ± 17

FMD (%, SD) 7.4 ± 3.1 8.8 ± 3.4 8.7 ± 4.2 7.8 ± 2.4

IMT (mm, SD) 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1

Figure 1. Different effects of enalapril and lisinopril on arterial endothelial function in hypertensive
patients. Patients were tested for hypertension in the outpatient facility of the Department of Neurology.
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Newly identified hypertensive patients were enrolled in the study. Vascular parameters, such as
flow-mediated dilation (panel (A)), intima-media thickness (panel (B)), augmentation index (panel
(C)), and pulse wave velocity (panel (D)) were determined. Each symbol represents an individual
patient. Lines connect values before and after enalapril or lisinopril treatment. Significant differences
between values determined before and after the initiation of ACEi medication are labeled by the
p values. Statistical differences were calculated by the Wilcoxon test.

Aortic pulse pressure was similarly affected by both ACE inhibitors (enalapril be-
fore: 62 ± 3, after: 52 ± 2 mmHg, mean ± SEM, n = 28; lisinopril before: 61 ± 2, after:
54 ± 3 mmHg, mean ± SEM, n = 30; Figure 2A), being lowered by both lisinopril and
enalapril (Figure 2B). Peripheral pulse pressure values were also similar among the groups
(enalapril before: 58 ± 2, after: 54 ± 2 mmHg, mean ± SEM, n = 21; lisinopril before: 56 ± 1,
after: 54 ± 1 mmHg, mean ± SEM, n = 23; Figure 2C). However, decreases at the level of
the individual patients were only significant in the enalapril-treated patients (Figure 2D).

Figure 2. Similar effects of enalapril and lisinopril on pulse pressure in hypertensive patients. Newly
identified hypertensive patients were enrolled in the study at the outpatient facility of the Department
of Neurology. Systolic and diastolic blood pressure values were determined using 24 h ambulatory
blood pressure monitoring (peripheral blood pressure) and arteriography (aortic blood pressure). The
difference between the systolic and diastolic blood pressure values was calculated to yield pulse pressure.
Each symbol represents an individual patient. Bars represent the mean and SD for aortic (panel (A)) and
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peripheral (panel (C)) pulse pressure values. No significant differences were found among the groups
(indicated by NS) by Kruskal–Wallis tests. Lines connect values before and after enalapril or lisinopril
treatment in the case of aortic (panel (B)) and peripheral (panel (D)) pulse pressure values. Significant
differences between values determined before and after the initiation of ACEi medication are labeled
by the p values. Statistical differences were calculated by the Wilcoxon test.

Aortic systolic blood pressure (determined by the arteriography) levels were similar
among the groups (enalapril before: 148 ± 3, after: 138 ± 2 mmHg, mean ± SEM, n = 21;
lisinopril before: 149 ± 2, after: 138 ± 1 mmHg, mean ± SEM, n = 26; Figure 3A) and
were similarly reduced by both ACEi drugs (Figure 3B). Peripheral systolic blood pressure
values were measured using 24 h ambulatory blood pressure monitoring (ABPM). There
were no significant differences among the patient groups (enalapril before: 146 ± 4, after:
136 ± 3 mmHg, mean ± SEM, n = 28; lisinopril before: 153 ± 4, after: 134 ± 4 mmHg,
(panel (A))mean ± SEM, n = 28; Figure 3C), while both ACEi treatments uniformly resulted
in significant reductions in systolic blood pressure values (Figure 3D).

Figure 3. Same anti-hypertensive effects of enalapril and lisinopril on systolic blood pressure in
hypertensive patients. Newly identified hypertensive patients were enrolled in the study at the outpatient
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facility of the Department of Neurology. Systolic blood pressure values were determined using 24 h
ambulatory blood pressure monitoring (peripheral blood pressure) and arteriography (aortic blood
pressure). Each symbol represents an individual patient. Bars represent the mean and SD for aortic
(panel (A)) and peripheral (panel (C)) systolic blood pressure values. No significant differences were
found among the groups (indicated by NS) by Kruskal–Wallis tests. Lines connect values before
and after enalapril or lisinopril treatment in the case of aortic (panel (B)) and peripheral (panel (D))
systolic blood pressure values. Significant differences between values determined before and after
the initiation of ACEi medication are labeled by the p values. Statistical differences were calculated
by the Wilcoxon test.

Diastolic pressure values mimicked the systolic ones. There were no differences among
the patient groups in aortic (enalapril before: 90 ± 2, after: 85 ± 1 mmHg, mean ± SEM,
n = 27; lisinopril before: 94 ± 2, after: 84 ± 2 mmHg, mean ± SEM, n = 27; Figure 4A) or
peripheral diastolic blood pressure values (enalapril before: 90 ± 2, after: 83 ± 1 mmHg,
mean ± SEM, n = 20; lisinopril before: 89 ± 1, after: 84 ± 1 mmHg, mean ± SEM, n = 20;
Figure 4C). Both ACE inhibitory drugs reduced the aortic (Figure 4B) and peripheral
(Figure 4D) blood pressure values.

Figure 4. Same anti-hypertensive effects of enalapril and lisinopril on systolic blood pressure in
hypertensive patients. Newly identified hypertensive patients were enrolled in the study at the outpatient

96



Biomedicines 2023, 11, 3323

facility of the Department of Neurology. Diastolic blood pressure values were determined using 24 h
ambulatory blood pressure monitoring (peripheral blood pressure) and arteriography (aortic blood
pressure). Each symbol represents an individual patient. Bars represent the mean and SD for aortic
(panel (A)) and peripheral (panel (C)) diastolic blood pressure values. No significant differences
were found among the groups (indicated by NS) by Kruskal–Wallis tests. Lines connect values before
and after enalapril or lisinopril treatment in the case of aortic (panel (B)) and peripheral (panel (D))
diastolic blood pressure values. Significant differences between values determined before and after
the initiation of ACEi medication are labeled by the p values. Statistical differences were calculated
by the Wilcoxon test.

Finally, the reduction in systolic blood pressure values was correlated with the im-
provement (increase) in flow-mediated dilation values in the case of enalapril. A strong
(rho = 0.72) and significant (p = 0.016) correlation was established between the decrease in
systolic blood pressure and increase in flow-mediated dilation when treated with enalapril
(Figure 5A). In contrast, no significant correlation (p = 0.23) was observed in patients treated
with lisinopril (Figure 5B).

Figure 5. No correlation between anti-hypertensive effects and endothelial function improvement
(FMD) upon short-term ACEi treatment in hypertensive patients. Newly identified hypertensive
patients were enrolled in the study at the outpatient facility of the Department of Neurology. Increases
in flow-mediated dilation (FMD) were plotted as the function of the decrease in systolic blood
pressure before and after enalapril (panel (A)) and lisinopril (panel (B)) treatments. Each symbol
represents an individual patient. The correlation between the parameters was tested by Spearman’s
test. Correlations were characterized statistically by the rho and p values. Correlation is considered
to be significant when p < 0.05.

4. Discussion

ACEi drugs represent one of the most frequently prescribed medications, being the primar-
ily chosen drugs in chronic diseases affecting large populations, like hypertension [1,2] and heart
failure [3,4]. ACEi prescriptions increase from 11.4% (40–59 years) to 21.3% (60–79 years) upon
aging in the population [24]. In spite of the clinical success of ACE inhibition, the mechanism of
action is still not fully understood [25,26]. An important example of this is the site of action of
ACEi medical drugs. Obviously, the basis of the beneficial effects of ACEi drugs is the inhibition
of ACE activity. However, recently, it was shown that physiological ACE activity is regulated by
endogenous inhibitors in the circulation (blood) [11], as well as in cardiac and lung tissues [27].
Serum albumin was identified as a major endogenous inhibitor in the human blood, completely
inhibiting circulating ACE activity under physiological conditions [13]. This suggested that
ACEi drugs cannot act on the circulating enzyme, since ACE activity is negligible under physio-
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logical serum albumin concentrations. Indeed, the serum albumin sensitivity of the vascular
tissue-bound form of ACE was lower, suggesting that tissular ACE may be the target of ACEi
drugs [13]. In line with these, we hypothesized that ACEi drugs with different lipophilicities and
affinities for carrier proteins have different physiological effects. To investigate this hypothesis,
we tested the clinical effects of the most hydrophilic ACEi drug lisinopril (with low binding to
carrier proteins) and contrasted it to the lipophilic ACEi drug enalapril.

A strength of this study was that we recruited patients upon a diagnosis of hyperten-
sion. Basal clinical parameters were recorded upon the initiation of ACEi treatment and
after the administration of the drugs for at least 30 days. Accordingly, we prospectively
recruited our patient population, in which the effects of the ACEi drugs could be tested
before and after treatment in the same individuals. This setup is particularly useful in
addressing delicate processes, such as vascular responsiveness. Endothelial function was
tested by measuring the flow-mediated dilation in the brachial artery (FMD) [28], while
arterial stiffness was tested using arteriography [29]. The major finding of this study is that,
while enalapril dramatically improved endothelial function, the hydrophilic lisinopril was
without effects. It was reported that blood pressure control correlates with an improvement
in endothelial function [30]. Some of our results confirmed this observation by showing a
strong correlation between the blood-pressure-lowering effect of enalapril and a parallel im-
provement in endothelial function, as measured by FMD [31]. However, we also found that
the blood-pressure-lowering effect is independent of an improvement in FMD in the case
of the hydrophilic ACEi inhibitor lisinopril. These findings suggest that an improvement
in endothelial function is not uniquely mediated by the blood-pressure-lowering effects
of ACE inhibition. There appears to be selective targeting of the tissular ACE population
linked to endothelial dysfunction by the lipophilic enalapril.

This is in accordance with findings correlating vascular ACE inhibition (measured by
changes in angiotensin peptide levels) [32] or vascular ACE expression (determined by
genetic polymorphism) [33] with endothelial function. Moreover, the inhibition of ACE
(and type 1 angiotensin 2 receptor) is associated with better endothelial function than that
in patients treated with calcium channels or beta receptor blockers [31,34]. Others have also
reported an improvement in endothelial function in patients treated with enalapril [35].
They hypothesized that the over-activation of vascular ACE may contribute to the in-
creased production of superoxide, which neutralizes the endothelial NO, antagonizing
endothelium-dependent dilations [35]. ACE may also interfere with inflammation [36],
affecting endothelial functions (probably by regulating reactive oxygen radical formation).
Finally, it should be noted that, quinapril, an exceptionally lipophilic ACEi, had a higher ef-
ficacy than enalapril in improving endothelial function [36,37]. Taken together, the reversal
of endothelial function by ACEi drugs may depend on the tissue affinity (lipophilicity).

Our results suggested that short-term ACEi treatment does not affect the vascular
structure, as there was no difference in carotid artery intima-media thickness before and
after the ACEi drug treatment. Similar findings were noted for arterial stiffness, as the
ACEi treatment was without effects on the augmentation index and pulse wave velocity
determined using arteriography. In general, it can be concluded that the initiation of ACE
inhibitor therapy resulted in highly significant changes in functional parameters (such
as blood pressure or endothelial function), while it did not affect structural parameters
significantly at this time point. One would speculate that functional improvements would
be followed by structural remodeling during treatment in the long term when all drugs are
up titrated [5].

We noted a significant blood-pressure-lowering effect of both enalapril and lisinopril.
Both ACEi drug treatments resulted in a robust decrease in both peripheral (24 h ambulatory
blood pressure monitoring) and aortic blood pressure (measured using arteriography). Both
systolic and diastolic blood pressure values were decreased by both ACEi drugs, resulting
in a similar decline in both the aortic and peripheral blood pressure values. Nonetheless,
there was some difference in the decrease in pulse pressure (difference in systolic and
diastolic blood pressure values). While both ACEi drugs reduced aortic pulse pressure,
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only enalapril was able to significantly reduce peripheral pulse pressure. These apparent
differences between enalapril and lisinopril may also reflect the different levels of tissular
ACE inhibition, which may be attributed to the more lipophilic nature of enalapril.

Our results showing a robust anti-hypertensive effect for both enalapril and lisino-
pril are in accordance with previous reports, suggesting a uniform class effect for ACEi
drugs [5,10,30,38]. This is important in light of the differences noted in vascular respon-
siveness. Both ACEi drugs had robust and similar anti-hypertensive effects. The anti-
hypertensive effects of ACE inhibition were attributed to various mechanisms, including
improved endothelial function, increased bradykinin levels, suppressed vascular smooth
muscle contraction, and decreased volume overload, mediated by facilitated natriure-
sis [39]. Our results showed that the anti-hypertensive effects of ACEi drugs are not
primarily mediated by improving endothelial function or arterial stiffness. This suggests
that the modulation of kidney function (increased natriuresis and consequent reduction in
volume overload) is the primary mechanism behind the anti-hypertensive effects of ACEi.

ACEIs can easily cause side effects such as dry cough, angioedema, rash, changes in
taste, increased blood potassium, and decreased kidney function [5]. Some may note that
the results of this paper do not seem to mention these phenomena. These side effects most
probably did not have time to develop, since the study represents the initial examination
(freshly identified untreated hypertensives) and their first visit after the prescription of
low-dose ACE inhibitors (randomly, enalapril and lisinopril). It is most likely that these
side effects would develop during the up-titration and long-term use of ACE inhibitory
drugs in these patients.

In summary, here we showed that, while enalapril and lisinopril have similar anti-
hypertensive effects, they have different effects on endothelial function. In particular, the
lipophilic enalapril improved endothelial function, while the hydrophilic lisinopril was
without effects. These findings suggest that the blood-pressure-lowering class effect of ACEi
drugs is mediated by improvements in kidney function and decreased volume overload. On
the other hand, ACEi drugs do not have a class effect on improving endothelial functions
(either mediated by reduced angiotensin 2 levels or by increased bradykinin levels).

A strength of this report over previous investigations is that we verified the ACEi
treatment efficacy using objective biochemical enzyme activity measurements. Another
advantage is that we performed a prospective study to identify differences among ACEi
drugs with different pharmacological properties. Note that the study was randomized in a
way that patients were recruited consecutively (odd numbers selected for one drug even
numbers for the other), although patients and doctors were not blinded. This randomization
is very important, since, otherwise, one may have a potential problem of confounding by
indication. When a drug appears to be associated with an outcome, the outcome may, in
fact, be caused by the indication for which the drug was used, or some factor associated
with the indication. This can only be avoided by randomization.

Having said that, all clinical studies have limitations. Here, we investigated a patient
population in a single-center study, involving a homogenous (Caucasian) population.
Accordingly, our results cannot be extrapolated to all human populations. Moreover, the
study consisted of patients first identified with hypertension and patients in the early stages
of their anti-hypertensive treatment. The relevance of this is that the treatment regimen
started with a low dose of ACE inhibitors, and there was no up-titration in the upcoming
visits (since the study represents the initial visit and the first upcoming visit). Note that
initial low-dose ACE inhibitors usually provide the full anti-hypertensive effects, while the
up-titration of the drug is important to improve long-term efficacy and surrogate endpoints,
such as in heart failure. We encountered a significant dropout rate in our study, resulting in
a relatively small patient population in certain instances, thereby impacting its statistical
power. Future clinical investigations could address these limitations and build on our
methodological framework.
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5. Conclusions

These data suggest that hydrophilicity defines the site of action of ACE inhibitors.
Lipophilic inhibitors improve endothelial function, while hydrophilic ones do not. The
blood pressure-lowering effect of ACE inhibitors is independent of hydrophilicity. The
blood pressure lowering is independent of improvement in endothelial function.
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Abstract: Emerging evidence indicates a previously unrecognized, clinically relevant spectrum of
abnormal aldosterone secretion associated with hypertension severity. It is not known whether excess
aldosterone secretion contributes to hypertension during pregnancy. We quantified aldosterone
concentrations and angiotensin peptides in serum (using liquid chromatography with tandem mass
spectrometry) in a cohort of 128 pregnant women recruited from a high-risk obstetrics clinic and
followed prospectively for the development of gestational hypertension, pre-eclampsia, superim-
posed pre-eclampsia, chronic hypertension, or remaining normotensive. The cohort was grouped
by quartile of aldosterone concentration in serum measured in the first trimester, and blood pres-
sure, angiotensin peptides, and hypertension outcomes compared across the four quartiles. Blood
pressures and body mass index were greatest in the top and bottom quartiles, with the top quartile
having the highest blood pressure throughout pregnancy. Further stratification of the top quartile
based on increasing (13 patients) or decreasing (19 patients) renin activity over gestation revealed
that the latter group was characterized by the highest prevalence of chronic hypertension, use of
anti-hypertensive agents, pre-term birth, and intrauterine growth restriction. Serum aldosterone
concentrations greater than 704 pmol/L, the 75th percentile defined within the cohort, were evident
across all categories of hypertension in pregnancy, including normotensive. These findings suggest
that aldosterone excess may underlie the development of hypertension in pregnancy in a significant
subpopulation of individuals.

Keywords: hypertension; aldosteronism; renin; pregnancy; RAAS profiling; mass spectrometry;
biomarkers

1. Introduction

An estimated 15.3% of pregnancies are affected by hypertensive disorders of preg-
nancy (HDP) [1,2], and the prevalence is rising [3]. HDP and related adverse outcomes
are major contributors to maternal and fetal morbidity and mortality [3]. HDP are a group
of disorders collectively characterized by elevated blood pressure during pregnancy with
multiple (mostly unknown) underlying causes, including pre-existing hypertension during
pregnancy (chronic hypertension), gestational hypertension, and pre-eclampsia. Ratio-
nal strategies for identifying subtypes of HDP could improve the management and/or
treatment of hypertension during pregnancy.

Aldosterone plays a key role in the physiological regulation of fluid homeostasis, in-
cluding the expansion of blood volume to meet the demands of pregnancy, and modulates
other physiological processes in the heart and blood vessels [4]. Aldosterone excess is con-
sidered pathological, contributing to vascular injury and endothelial dysfunction, as well
as cardiac inflammation and hypertrophy [5]. Aldosteronism is a group of conditions char-
acterized by abnormal production of aldosterone that can be primary (caused by adrenal
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adenoma, uni- or bilateral adrenal hyperplasia, or, rarer, familial hyperaldosteronism, an
inherited condition), with aldosterone production inappropriately high relative to sodium
status, renin activity, and potassium levels, and non-suppressible in response to volume
or sodium loading [6], or secondary (attributed to conditions such as renal artery steno-
sis [7], or reflecting fluid or electrolyte depletion [8]), which may include activation of the
renin–angiotensin system. Detection of uncontrolled aldosterone secretion in individuals is
important because this condition is linked with a higher incidence of target organ damage
and cardiovascular events than age- and sex-matched patients with essential hypertension
with the same degree of blood pressure elevation; treatment with mineralocorticoid recep-
tor antagonists improves outcomes for these patients [8]. Emerging studies indicate a high
prevalence of aldosteronism (multiple etiologies) among adults (perhaps up to 12% of the
US population), especially among patients with severe hypertension [9,10]. Given the high
rates of hypertension in reproductive-age women [11], it stands to reason that unrecognized
aldosteronism may contribute to hypertension during pregnancy in a subpopulation of
individuals, but there are little published data about this condition in pregnancy.

In a healthy pregnancy, plasma renin activity and aldosterone concentrations increase
to accommodate blood volume expansion and the development of the placental-fetal
unit [12,13]. Previous studies by our lab and others have reported that gestational hy-
pertension and/or pre-eclampsia is accompanied by attenuated renin activity and lower
aldosterone concentrations compared to normotensive pregnancies [14–17], presumably
reflecting a response to increased systemic vascular resistance. Few studies have inves-
tigated the condition of aldosterone excess in pregnancy; the literature comprises only a
handful of retrospective studies and case reports of pregnant patients with confirmed aldos-
teronism. Collectively, pregnancies with confirmed primary aldosteronism are indicated
to be high-risk, with a highly variable disease course, and associated with high rates of
maternal and fetal complications, such as pre-eclampsia and intrauterine growth restric-
tion [18–20]. Outside of pregnancy, primary aldosteronism is characterized by an elevated
aldosterone-to-renin ratio in blood that exceeds a defined cut-off value [8]; clear criteria for
detection of aldosteronism where the renin–angiotensin system is also activated are not
defined. Detection of any form of aldosteronism during pregnancy is complicated by the
fact that renin activity and aldosterone concentrations increase in normal pregnancy, and
reference values for these biomarkers in normotensive pregnancy have not been defined.
Further, accumulating evidence in non-pregnant individuals indicates that a previously
unrecognized and clinically relevant spectrum of abnormal aldosterone production may
exist [10]; this has not been examined at all in pregnancy.

To being to address these gaps, we used a previously described [17], liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS)-based method to quantify angiotensin
peptides and aldosterone concentrations in serum in a cohort of pregnant women followed
prospectively for the development of HDP (remaining normotensive, chronic hypertension,
gestational hypertension, pre-eclampsia, superimposed pre-eclampsia on chronic hyperten-
sion). The aims of our study were to define associations among aldosterone concentrations
in serum with blood pressure and hypertension outcomes in pregnancy, and to character-
ize activity of the RAAS in those with the highest levels of aldosterone. Recognition of
the scope of potential abnormal aldosterone production in pregnancy could better define
the prevalence of this condition, and inform the understanding of the pathogenesis and
treatment of hypertension during pregnancy.

2. Materials and Methods

2.1. Study Population

This was a secondary analysis of 128 pregnant individuals enrolled in an on-going
study at the University of Kentucky. All subjects gave informed consent to participate in this
study, which was approved on 17 February 2019 by the University of Kentucky Institutional
Review Board (#47841), and all study procedures were performed in accordance with
relevant guidelines and regulations. Patients with moderate to high clinical risk factors for

104



Biomedicines 2023, 11, 2954

pre-eclampsia (presence of more than one of the following clinical risk factors: history of
preterm pre-eclampsia, type 1 or 2 diabetes, renal or autoimmune disease; or more than
two of the following clinical risk factors: nulliparity, obesity (body mass index > 30), family
history of pre-eclampsia, Black race, lower income, age 35 or older, previous pregnancy
with small birth weight or adverse outcome, or in vitro conception) [21] were recruited
from high-risk obstetrics clinics in the Division of Maternal Fetal Medicine. The age range
was between 18 and 45 years. Patients were excluded if they had multifetal gestation or
anomalous fetus, allergy to aspirin, gastrointestinal bleeding, severe peptic ulcer or liver
dysfunction, or were taking anticoagulant medications.

2.2. Data Collection

Study clinicians (who are also providers for the patients in the cohort) in the Maternal
Fetal Medicine unit identified potential patients, performed consenting, and enrolled
participants at the time of first trimester screening (routine pre-natal visit or ultrasound
appointment). Data were collected by study clinicians as part of routine clinical care
over the course of pregnancy, and patients were treated according to clinical guidelines.
Demographic information was collected upon enrollment. Clinical data and maternal blood
were collected from routine visits in the first (12 weeks) and third (28 weeks) trimesters
of pregnancy. Patients were followed prospectively for the development of pre-eclampsia,
gestational hypertension, and chronic hypertension. Clinical data and outcomes were
obtained from electronic medical records by a trained clinical coordinator, and input into a
REDCap database by study personnel.

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured
following the American Heart Association Guidelines [22], and were determined as the
average of two consecutive measurements per arm assessed in a seated, resting position by
one observer. Maternal blood was collected during routine prenatal laboratory evaluations
in the first trimester (mean of 12 gestational weeks) and in the third trimester (mean of
28 gestational weeks). Blood was drawn by trained phlebotomists from patients in a seated
position and transferred into red-top serum tubes. Study personnel transferred the whole
blood samples to the laboratory for processing and storage. Whole blood was allowed to
rest at room temperature for 60 min, followed by centrifugation, transferred into 200 uL
aliquots, and barcoded by study personnel. Samples were stored at −80 ◦C until analysis
for angiotensin peptides and aldosterone.

Pregnancy outcomes were determined during pregnancy and after delivery by trained
clinical staff following guidelines published by the American College of Gynecologists [23].
Gestational hypertension was diagnosed as either SBP or DBP greater than 140 or 90 mmHg,
respectively, after 20 weeks gestation in women with previously normal blood pressure,
and chronic hypertension was determined by hypertension pre-dating pregnancy, or pre-
senting before the 20th week of gestation. Pre-eclampsia was diagnosed with either SBP
or DBP greater than 140 or 90 mmHg, respectively, after 20 weeks gestation, and one of
the following signs indicating proteinuria, renal or kidney damage, low platelets, edema,
or other neurologic features; pre-eclampsia in individuals with chronic hypertension was
described as super-imposed pre-eclampsia. The following outcomes were also recorded:
gestational diabetes, intrauterine growth restriction (defined as fetal weight below the 10th
percentile), and pre-term birth (<37 weeks).

2.3. Quantification of Components of the RAAS: Angiotensin Peptides, Aldosterone, and
Equilibrium-Based Biomarkers

Quantification of angiotensin I, angiotensin II, and aldosterone from serum samples
of study patients was performed using LC-MS/MS-based methodology that has been
previously described [17,24,25]. Serum samples were incubated for one hour at 37 ◦C to
generate a controlled ex vivo equilibration, followed by stabilization through addition of
an enzyme inhibitor cocktail (i.e., equilibrium analysis). Samples, calibrators, and quality
controls were spiked with stable isotope-labeled internal standards (200 pg/mL for each
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angiotensin metabolite, used to correct for peptide recovery), subjected to C-18-based solid-
phase extraction, followed by ultra-high-pressure liquid chromatography-based separation
on a reversed-phase analytical column (Acquity UPLC C18, Waters, Milford, MA, USA)
operating in line with a Xevo TQ-S triple quadruple mass spectrometer (Waters, Milford,
MA, USA). Multiple reaction monitoring mode was used for generation of total ion chro-
matograms obtained from sums of quantifier transitions for each analyte, with previously
optimized conditions for sensitivity, specificity, and signal-to-noise ratio. Integrated signals
were used to determine analyte concentrations based on via linear calibration (Software:
MassLynx/Target/Lynx, Version 4.2, Waters, Milford, MA, USA). Calculated levels of
quality controls and calibrators were used to evaluate batch performance. The lower limits
of quantification for angiotensin I and angiotensin II were 5 and 4 pmol/L, respectively,
and 13 pmol/L for aldosterone.

Biomarkers of plasma renin activity and the aldosterone-to-Ang II ratio (AA2-R)
were calculated from equilibrium concentrations of angiotensin peptides I and II and al-
dosterone [17,26,27]. The plasma renin activity surrogate (PRA-S) is the calculated sum
of the equilibrium concentrations of angiotensins I and I ((eqAngiotensin I) + (eqAn-
giotensin II), pmol/L), and the AA2-R is the ratio of the concentrations of aldosterone to
angiotensin II ((Aldosterone)/(eqAngiotensin II), (pmol/L)/(pmol/L)). These biomarkers
are well-published in the literature as correlating with clinical characteristics and/or predic-
tion outcomes in studies of hypertension [28,29], aldosteronism [26,27], heart failure [24,30],
and more [31].

2.4. Statistical Analysis

Statistical analyses were performed via GraphPad Prism version 9.5.1 (San Diego, CA,
USA). All data were assessed for normality, and the appropriate parametric/nonparametric
tests were used. A p-value less than 0.05 was considered statistically significant. Paired
clinical and biochemical data from the first and third trimester were obtained for 128 preg-
nant women. RAAS components were analyzed within-group for change over time (first
trimester to third trimester), using Wilcoxon matched pairs signed-rank tests. Between-
group differences in categorical variables (demographics) were analyzed using chi-square
or Fisher’s exact test. Between-group differences were analyzed using one-way analysis
of variance (ANOVA) followed by Dunnett’s multiple comparisons test for continuous,
parametric variables (blood pressure, age, body mass index, gestational age at delivery) for
more than two groups or t-tests for between-group comparison of two groups. The Kruskal–
Wallis test followed by Dunn’s multiple comparisons test was used for between-group
differences for non-parametric variables (RAAS components).

3. Results

3.1. Description of the Population

The study population included 128 pregnant women, where 52 remained normoten-
sive throughout pregnancy, 42 were determined to have chronic hypertension, 22 developed
gestational hypertension, 5 developed pre-eclampsia, and 7 with chronic hypertension
developed pre-eclampsia (superimposed pre-eclampsia). In Figure 1, the first trimester
serum aldosterone concentration from each patient in the cohort is ordered from lowest
to highest within each outcome. There is currently no defined reference range for nor-
mal aldosterone concentrations in blood in pregnancy, so aldosterone excess in this study
was defined as a first trimester aldosterone concentration above the 75th percentile of the
cohort. The cohort was divided into four groups of 32 patients each, based on quartile
of aldosterone concentration in serum measured in the first trimester of pregnancy, and
comparisons made across quartiles. The aldosterone value for the 25th percentile, median,
75th percentile, and maximum are indicated on the y-axis, indicating the range for each
quartile, Q1–Q4, respectively.
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Figure 1. Distribution of serum aldosterone concentrations in the first trimester of pregnancy in
the whole cohort. Serum aldosterone concentrations in the first trimester of pregnancy for each
individual patient, ordered from lowest to highest, and grouped by hypertension outcome. Dotted
lines indicate the value of aldosterone in pmol/L corresponding to the 25th percentile, median, 75th
percentile, and maximum, for the 128 participants in the cohort. Q1: quartile one; Q2: quartile two;
Q3: quartile three; Q4: quartile four; CHTN: chronic hypertension; GH: gestational hypertension;
Pre-E: pre-eclampsia; SPE: superimposed pre-eclampsia.

Demographics and clinical characteristics of each quartile are displayed in Table 1.
The cohort was primarily Caucasian, with Black, Hispanic, and mixed-race individuals
distributed fairly equally across quartiles, with the exception of Q1, where there were no
Hispanics and more Black patients compared to the other groups. The mean age of the
whole cohort was 29.5 years, and did not differ widely across quartiles. The mean body
mass index of the whole cohort was 32.9 kg/m2, likely reflecting the high-risk patient
population, and there was a trend of greater body mass index in Q1 and Q4. Q1 had the
most type 1 diabetics, but otherwise diabetes (and gestational diabetes) was distributed
fairly equally among the four quartiles.

There was a notable difference in blood pressure across the quartiles, where SBP and
DBP were significantly elevated in Q4 in both the first and third trimesters (Table 1), with
Q1 having the next highest mean blood pressure compared to Q2 and Q3. Q4 contained
the most patients with chronic hypertension and the fewest normotensive pregnancies
compared to the other quartiles, and the most patients taking labetalol or nifedipine for
blood pressure control (Table 1). Previous studies of pregnancy reported an association of
low activity of the RAAS with development of HDP [15,17]. In the current study, gestational
hypertension was most prevalent in Q1 and Q4 (combined prevalence of 21.8%) compared
to Q2 and Q3 (combined prevalence of 15.6%), but pre-eclampsia was evident across all four
quartiles. Q1 had a slightly greater number of patients with previous pre-eclampsia. Pre-
term birth was the most prevalent in Q1 and Q4 (combined prevalence of 25%) compared
to Q2 and Q3 (combined prevalence of 10.9%). IUGR was reported only in patients in Q1
and Q4 (combined prevalence of 10.9%), and not in Q2 or Q3. Gestational age at delivery
and infant birth weight trended towards lower in Q1 and Q4, but there was no significant
difference between groups.
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Table 1. Patient demographics, clinical characteristics, and outcomes of pregnant women based on
quartile of first trimester aldosterone concentration in serum.

Parameter
Q1 Q2 Q3 Q4

n = 32 n = 32 n = 32 n = 32

n (%) or mean ± SD

Race

Caucasian 25 (78.1) 20 (62.5) 22 (68.8) 23 (71.9)

Black or African
American 7 (21.9) 4 (12.5) 4 (12.5) 4 (12.5)

Hispanic 0 5 (15.6) 4 (12.5) 3 (9.4)

Asian 0 1 (3.1) 0 1 (3.1)

Mixed race/other 0 2 (6.3) 1 (3.1) 1 (3.1)

Primiparous 9 (28.1) 10 (31.3) 9 (28.1) 7 (21.9)

Previous pre-e 7 (21.9) 2 (6.3) 5 (15.6) 2 (6.3)

Type 1 diabetes 10 (31.3) 5 (15.6) 2 (6.3) 4 (12.5)

Type 2 diabetes 3 (9.4) 6 (18.8) 9 (9.4) 3 (9.4)

Gestational diabetes 4 (12.5) 4 (12.5) 2 (6.3) 5 (15.6)

Medications

Aspirin 25 (78.1) 21 (65.6) 18 (56.3) 27 (84.4)

Labetalol or nifedipine 4 (12.5) 1 (3.13) 3 (9.4) 10 (31.3) @

Anti-diabetic agents 14 (43.8) 10 (31.3) 7 (21.9) 9 (28.1)

Age, years 27 ± 4 # 30 ± 6 31 ± 7 30 ± 6

BMI, kg/m2 35.0 ± 10.3 31.4 ± 7.8 31.5 ± 10.3 34.0 ± 10.4

1st trimester blood
pressure

SBP, mmHg 125 ± 13 119 ± 13 120 ± 15 129 ± 13 *

DBP, mmHg 79 ± 7 75 ± 7 77 ± 9 82 ± 4 **

3rd trimester BP

SBP, mmHg 125 ± 12 122 ± 14 120 ± 14 132 ± 17 ˆ

DBP, mmHg 78 ± 6 76 ± 8 77 ± 9 83 ± 9 ˆˆ

Gestational age at
delivery, weeks 36.8 ± 2.3 38.1 ± 1.7 38.1 ± 1.7 37.1 ± 2.2

Infant birth weight,
grams 3123 ± 711 3394 ± 550 3366 ± 559 3122 ± 776

Normotensive 12 (37.5) 16 (50.0) 17 (53.1) 7 (21.9)

Chronic HTN 9 (28.1) 10 (31.3) 7 (21.9) 16 (50.0) @

Gestational HTN 8 (25.0) 5 (15.7) 3 (9.4) 6 (18.8)

Pre-eclampsia or SPE 3 (9.4) 1 (3.13) 5 (15.7) 3 (9.4)

Pre-term birth 9 (28.0) 2 (6.3) 5 (15.6) 7 (21.9)

IUGR 3 (9.4) 0 0 4 (12.5)

Abbreviations BMI: body mass index, first trimester; SBP: systolic blood pressure; DBP: diastolic blood pressure;
HTN: hypertension; SPE: super-imposed pre-eclampsia; IUGR: intrauterine growth restriction. @, p < 0.05
difference between groups using chi-square analysis; #, p < 0.05 vs. Q3; *, p < 0.05, and **, p < 0.01 vs. Q2, Q3;
ˆ, p < 0.05, and ˆˆ, p < 0.01 vs. Q2, Q3 analyzed using one-way analysis of variance followed by Dunnett’s multiple
comparisons test.
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3.2. Biochemical Analysis of the Serum RAAS in Pregnancy Grouped by Quartile of First Trimester
Aldosterone Concentrations in Serum

We investigated activity of the RAAS in serum samples over gestation across the four
quartiles, and the median values and interquartile range for all measured components of
the RAAS are displayed in Table 2. In the first trimester, the median concentrations of
aldosterone in each group progressively increased across quartiles, and there was a six-fold
difference between the median values of Q1 and Q4 (Figure 2B). This trend corresponded
with concentrations of the upstream components, angiotensin I and angiotensin II (and
correspondingly, the calculated biomarker PRA-S, Figure 2A, Table 2), where these values
progressively increased across quartiles, but only a two-fold difference in the respective
values between Q1 and Q4 was observed. The aldosterone-to-angiotensin II ratio was
increased four-fold between Q4 and Q1 in the first trimester (Table 2). The median and
interquartile range for measured components of the RAAS in the first and third trimester
in the whole cohort of 128 patients are included as Supplementary Table S1.

Table 2. Concentrations of equilibrium angiotensin peptides, aldosterone, and biomarkers deter-
mined by liquid chromatography with tandem mass spectrometry in the first and third trimesters of
pregnancy by quartile of aldosterone.

Parameter
Q1 Q2 Q3 Q4

n = 32 n = 32 n = 32 n = 32

Median (Interquartile Range)

Aldosterone, pmol/L

1st Trimester 149.8
(70.58–178.2)

279.9
(232.8–328.0)

482.1
(416.1–612.1)

928.6
(840.2–1194.0) #

3rd Trimester 437.2
(247.4–802.8) ****

562.5
(336.8–1126) ****

944.8
(642.6–1359) ****

1041.0
(585.9–1742.0) #

Angiotensin I, pmol/L

1st Trimester 41.8
(25.3–67.6)

69.9
(49.9–92.1)

86.09
(59.1–125.9)

107.0
(89.85–161.9) #

3rd Trimester 63.6
(45.1–131.7) ***

95.8
(55.7–148.7) *

121.6
(69.9–176.1) *

108.5
(75.25–157.3) #

Angiotensin II, pmol/L

1st Trimester 104.3
(71.33–160.1)

145.1
(110.9–189.4)

172.6
(140.3–266.9)

217.0
(169.8–350.3) #

3rd Trimester 107.6
(70.21–180.2)

158.9
(90.97–281.9)

176.0
(132.2–277.0)

172.5
(122.8–280.6) *,#

PRA-S, pmol/L

1st Trimester 151.8
(101.7–225.7)

219.1
(148.6–280.4)

256.8
(197.8–612.1)

326.3
(250.5–494.3) #

3rd Trimester 187.3
(123.2–322.8) *

262.8
(139.5–422.9)

292.5
(221.9–466.0)

290.7
(205.6–456.3) #

AA2-R,
(pmol/L)/(pmol/L)

109



Biomedicines 2023, 11, 2954

Table 2. Cont.

Parameter
Q1 Q2 Q3 Q4

n = 32 n = 32 n = 32 n = 32

1st Trimester 0.95
(0.71–1.62)

1.99
(1.41–2.45)

3.28
(2.10–4.29)

4.63
(2.58–6.84) #

3rd Trimester 3.90
(2.3–7.0) ****

3.50
(2.43–6.70) ****

4.81
(3.20–7.72) ****

5.25
(3.22–9.79) *,#

Abbreviations: PRA-S: surrogate biomarker for plasma renin activity, calculated from sum of the equilibrium
concentrations of angiotensin I ([Ang I]) and angiotensin II ([Ang II]); AA2-R: aldosterone-to-angiotensin II ratio.
*, p < 0.05, ***, p < 0.001, ****, p < 0.0001 for third trimester vs. first trimester within group analyzed by Wilcoxon
signed-rank test. Between-group analysis using the Kruskal–Wallis test followed by Dunn’s multiple comparisons
test: Aldosterone: #, p < 0.01 vs. Q3, p < 0.001 vs. Q2, and p < 0.0001 vs. Q1 in the first trimester, and p < 0.001 vs.
Q1 in the third trimester. Angiotensin I: #, p < 0.01 vs. Q2 in the first trimester, and p < 0.05 vs. Q1 in the third
trimester. Angiotensin II: #, p < 0.05 vs. Q3 in the first trimester, and p < 0.05 vs. Q1 in the third trimester. PRA-S: #,
p < 0.05 vs. Q3, p < 0.01 vs. Q2, and p < 0.001 vs. Q1 in the first trimester, and p < 0.05 vs. Q1 in the third trimester.
AA2-R: #, p < 0.001 vs. Q2 and p < 0.0001 vs. Q1 in the first trimester.

A B 

Figure 2. Activation of the RAAS in pregnancy is attenuated in the quartile (Q) with the highest con-
centrations of aldosterone in serum. (A) PRA-S, surrogate for plasma activity, calculated from the sum
of the equilibrium concentrations of angiotensin I ([Ang I]) and angiotensin II ([Ang II]). #, p < 0.05 vs.
Q3, p < 0.01 vs. Q2, and p < 0.001 vs. Q1 in the first trimester, and p < 0.05 vs. Q1 in the third trimester
analyzed using the Kruskal–Wallis test followed by Dunn’s multiple comparisons test; + or −, p < 0.05
within-group increase or decrease in angiotensin I, angiotensin II, and/or PRA-S from first to third
trimester analyzed using Wilcoxon matched pairs signed-rank tests. (B) Aldosterone concentrations.
#, p < 0.01 vs. Q3, p < 0.001 vs. Q2, and p < 0.0001 vs. Q1 in the first trimester, and p < 0.001 vs. Q1 in
the third trimester analyzed using the Kruskal–Wallis test followed by Dunn’s multiple comparisons
test; +, p < 0.0001 positive change over gestation within group analyzed using Wilcoxon matched
pairs signed-rank tests. Data are median with 95th confidence interval in 128 patients with 32 patients
in each quartile.

Previous studies demonstrated increased activity of PRA-S and aldosterone concen-
trations over gestation in normotensive pregnancies [12,17]. In the current study, the
concentrations of angiotensin I and aldosterone (and a trend for PRA-S) significantly in-
creased from the first to the third trimester in Q1, Q2, and Q3 (Table 2, Figure 2A,B. In
contrast, the concentrations of angiotensin I and aldosterone did not increase over gestation
in the Q4 group (Table 2; Figure 2A,B). In fact, there was a significant decrease over gesta-
tion in the concentrations of angiotensin II in the Q4 group (p < 0.05), and this was reflected
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by a reduction in the PRA-S in the third vs. first trimester in this group only (p = 0.120;
Table 2, Figure 2A).

3.3. Association of Declining Renin Activity over Gestation with Blood Pressure in Patients with
the Highest Concentrations of Serum Aldosterone

Outside of pregnancy, aldosterone excess is often accompanied by suppressed renin
activity [8], but there are no criteria to define suppressed renin activity in pregnancy. We
recently demonstrated that declining PRA-S over gestation was linked to development
of hypertension [17], so we performed a subanalysis of patients in Q4 based on whether
PRA-S increased or decreased from the first to the third trimester (ΔPRA-S = [PRA-S,
third trimester]—[PRA-S, first trimester]). Of the 32 patients in the Q4 group, there were
13 patients with increasing PRA-S, and 19 patients with decreasing PRA-S (Figure 3A).
The SBP and DBP in the Q4 for these groups are depicted in Figure 3 and Table 3. In
patients with high concentrations of aldosterone in the first trimester (Q4), decreasing
PRA-S over gestation was associated with elevated SBP (p = 0.08; Figure 3B) and DBP
(p < 0.01, Figure 3C) in the third trimester, compared to those where PRA-S increased.

Figure 3. Systolic and diastolic blood pressure in in the quartile with the highest aldosterone
concentrations in serum stratified by increasing or decreasing PRA-S from the first to third trimester.
(A) ΔPRA-S, the change in the PRA-S (surrogate biomarker for plasma renin activity, calculated from
sum of the equilibrium concentrations of angiotensin I and angiotensin II) value from the first to the
third trimester: [PRA-S, third trimester]—[PRA-S, first trimester], in quartile four (Q4). Patients were
stratified by increasing (13 patients) or decreasing (19 patients) ΔPRA-S. (B) Systolic blood pressure
(SBP) and (C) diastolic blood pressure (DBP) in patients in Q4 with increasing vs. decreasing PRA-S.
Data are median with 95th confidence interval. #, p < 0.05 between groups, analyzed using paired
t-test.

For comparison, a similar analysis was performed to examine the association of
declining PRA-S over gestation with third trimester blood pressure in the remaining
quartiles, Q1 + Q2 + Q3 (sum of patients with first trimester aldosterone concentrations
below the 75th percentile). There were 37 patients in Q1 + Q2 + Q3 where PRA-S decreased
(including one patient with ΔPRA-S = 0), and 59 patients in quartiles Q1 + Q2 + Q3 where
PRA-S increased over gestation. SBP and DBP for these groups are lower than those
reported for Q4 with declining PRA-S (Table 3).

In addition to elevated blood pressure, the group in the highest quartile for first
trimester aldosterone concentration with declining PRA-S over pregnancy had the highest
prevalence of chronic hypertension, the most patients taking antihypertensive agents for
blood pressure control, a high incidence of pre-term birth, and the most cases of IUGR
(Table 3). There was not an apparent association among gestational hypertension and
elevated aldosterone concentrations or declining renin activity. Interestingly, there were
no cases of pre-eclampsia in the Q4 group with increasing PRA-S, and pre-eclampsia was
most prevalent in the combined two groups were PRA-S decreased over gestation (Table 3).
Within Q4, there were notably more pre-term birth cases with decreasing PRA-S, and the
Incidence of pre-term birth was overall greater with declining renin (Table 3).
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Table 3. Characteristics of patients based on increasing or decreasing renin activity over pregnancy,
in the top aldosterone quartile compared to the sum of the remaining quartiles.

Q4 (>75th Percentile) Q1 + Q2 + Q3 (<75th Percentile)

ΔPRA-S < 0
n = 19

ΔPRA-S > 0
n = 13

ΔPRA-S < 0
n = 37

ΔPRA-S > 0
n = 59

Mean ± SD or n (%)

BMI, kg/m2 34.5 ± 9.2 33.3 ± 12.3 33.9 ± 11.1 31.8 ± 8.5

SBP, mmHg 136 ± 18 # 126 ± 12 126 ± 15 120 ± 11

DBP, mmHg 85 ± 10 # 79 ± 6 78 ± 7 76 ± 8

Chronic hypertension 13 (68.4) ˆ 5 (38.5) 14 (38) 18 (30.5)

Antihypertensive
agents 7 (36.8) ˆ 3 (23.1) 5 (13.5) 3 (5.1)

Pre-eclampsia 3 (15.8) 0 8 (21.6) 2 (3.4)

Gestational
hypertension 3 (15.8) 3 (23.1) 8 (21.6) 10 (16.9)

Pre-term birth 6 (31.6) ˆ 1 (7.7) 10 (27.0) 6 (16.2)

IUGR 3 (15.8) ˆ 1 (7.7) 1 (2.7) 2 (3.4)

Abbreviations: ΔPRA-S: [PRA-S, third trimester]—[PRA-S, first trimester] (i.e., increasing or decreasing renin
activity over gestation); BMI: body mass index, first trimester; SBP: systolic blood pressure in the third trimester;
DBP: diastolic blood pressure in the third trimester; IUGR: intrauterine growth restriction. #, p < 0.01 vs. Q1 + Q2
+ Q3 with ΔPRA-S less than zero for SBP; #, p < 0.01 vs. all other groups for DBP analyzed using one-way analysis
of variance followed by Dunnett’s multiple comparisons test; ˆ, p < 0.05 difference between groups using Fisher’s
exact test.

4. Discussion

A recent study by Brown et al. across four academic medical centers reported a previ-
ously unrecognized high prevalence of primary aldosteronism present across all categories
of hypertension, including normotensive individuals [10]. These data suggest aldostero-
nism might underlie the development of HDP in a subpopulation of pregnant individuals,
but few studies have investigated pathological aldosteronism in pregnancy. We quantified
concentrations of aldosterone and other upstream components of the RAAS in a cohort
of 128 pregnant women with risk factors for HDP to determine whether high aldosterone
concentrations in serum in the first trimester (defined within-study as values greater than
the 75th percentile of the cohort) were associated with elevated blood pressure and/or
hypertension outcomes in pregnancy. The main findings from this study are: (1) Aldos-
terone concentrations in serum greater than 704 pmol/L (the 75th percentile within cohort)
were evident across all categories of hypertension in pregnancy, including normotensive;
(2) systolic and diastolic blood pressures were highest in the top quartile of aldosterone
concentration compared to the remaining quartiles, (3) especially when accompanied by
declining renin activity, and this group was characterized by a high prevalence of chronic
hypertension, use of anti-hypertensive agents, pre-term birth, and slightly higher preva-
lence of IUGR. The lowest quartile of aldosterone concentrations (less than 204 pmol/L;
below the 25th percentile of the cohort) also had high-risk characteristics, such as elevated
blood pressure, higher prevalence of type 1 diabetes, pre-term birth, and development
of gestational hypertension. Taken together, these findings agree with those of previous
studies that demonstrated lower renin activity and aldosterone levels in hypertensive
pregnancies [14–16,32,33], and add to the literature evidence of a significant portion of
pregnant women in our predominately high-risk cohort with very high concentrations of
aldosterone in serum, which was associated with pre-pregnancy (chronic) hypertension
and elevated blood pressure during pregnancy.

While it has been known for decades that pregnancies that develop gestational hyper-
tension or pre-eclampsia have reduced activity of the RAAS compared to normotensive
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pregnancies [32,34], studies have not examined associations among high aldosterone levels
and blood pressure in HDP. One reason for this is that elevated aldosterone concentrations
are known to be a normal and necessary feature of healthy pregnancy: e.g., maternal al-
dosterone secretion was required for plasma volume expansion in pregnant ewes [35]; and
aldosterone deficiency reduced placental function, litter size, and pup weight in mice [36].
The concept of aldosterone as a mediator of cardiovascular disease has emerged more re-
cently, where attributes of modern lifestyles (physical inactivity, chronic stress, and energy
overabundance) have led to an increase in the number of individuals with elevated secre-
tion of aldosterone and/or activation of mineralocorticoid receptors with adverse effects
on vascular function [4]. Females may be biologically primed for aldosterone secretion [37],
which may have provided an evolutionary advantage for successful reproduction, but the
recent literature indicates that females may be especially susceptible to cardiac and vascular
dysfunction mediated by elevated angiotensin II [38] or aldosterone levels [39–41]. Being
overweight and obesity are also associated with increased aldosterone production [42].
Increasing rates of obesity in pregnant and reproductive-age women may have resulted in
the relatively recent emergence of a subpopulation of individuals with abnormally elevated
secretion of during pregnancy.

A limitation to the study of aldosteronism during pregnancy is the absence of thresh-
olds or ranges of concentrations of serum aldosterone considered to be normal vs. abnormal
in pregnancy. Sanga et al. aimed to establish reference ranges for plasma aldosterone con-
centrations (in ng/dL) and direct renin concentration (in mU/L) in pregnancy, where
values were derived from a historical study of 18 patients followed weekly throughout
pregnancy and derived using immunoassay-based detection methods [43]. Mean plasma
aldosterone concentrations were approximately 20 ng/dL (or converted to 555 pmol/L)
in normal, healthy pregnancy at the 12th gestational week, and approximately 45 ng/dL
(or converted to 1250 pmol/L) at the 28th gestational week [20]. We report here median
and interquartile ranges of aldosterone concentrations in a cohort of 128 high-risk preg-
nant patients (a considerable sample size, comparatively [44–46]) at gestational weeks
12 (387 pmol/L, 204–705 pmol/L) and 28 (724 pmol/L, 376–1197 pmol/L) of pregnancy
quantified via LC-MS/MS (the gold standard for determination of aldosterone in clinical
assays; aldosterone concentrations derived from immunoassay-based methods are typically
higher and more variable that when derived via mass spectrometry-based methods [47]).
For reference, aldosterone concentrations outside of pregnancy measured using LC-MS/MS
range between 100–300 pmol/L [47], and the median and interquartile range for aldos-
terone concentrations in 33 non-pregnant patients with confirmed aldosteronism were
392 pmol/L and 331 to 468 pmol/L [26].

There is not an internationally accepted, standardized methodology for quantification
of renin activity. Plasma renin activity is the most sensitive and accurate method for
assessing renin activity, especially in the clinically relevant low ranges, but direct renin
concentration is often used because measurement is more convenient [48]. Mean direct renin
concentrations at gestational weeks 12 and 28 reported by Sanga et al. from 18 patients in the
literature were approximately 35 mU/L and 42 mU/L, respectively [20]. Comparatively, the
median and interquartile range of direct renin concentration in 33 non-pregnant patients
with confirmed aldosteronism were 3.8 mU/L and 2.9 to 7.5 mU/L, compared to the
mean and interquartile range of 20.3 mU/L and 10.3 to 33 mU/L in 77 non-pregnant
patients with essential hypertension [26]. While there is not a meaningful conversion
rate between direct renin concentration and plasma renin activity, the latter study of
non-pregnant patients also quantified PRA-S using the same methodology as the current
study, and the median and interquartile range for 33 patients with confirmed aldosterone
were 40 pmol/L and 18–58 pmol/L, compared to 165 pmol/L and 80–328 pmol/L in the
77 patients with essential hypertension. The median and interquartile ranges for PRA-S
were reported in our study of pregnancy were comparatively higher (246 pmol/L and
153–353 pmol/L in the first trimester, and 264 pmol/L and 175–397 pmol/L in the third
trimester). Results from our study confirm that PRA-S and aldosterone concentrations are
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elevated in pregnant compared to non-pregnant patients and add to the literature reference
values for aldosterone and PRA-S concentrations, as well as concentrations of angiotensin
I and angiotensin II (and other calculated biomarkers of RAAS activity) at equilibrium,
measured using LC-MS/MS and reported in pmol/L, in the first and third trimesters of
pregnancy in 128 patients (Supplementary Table S1).

The literature describing aldosteronism in pregnancy mostly comprises individual
case reports, small retrospective studies based on medical chart review, and narrative
reviews. Sanga et al. recently published the most comprehensive-to-date systematic review
describing features of 83 cases available in the literature of patients with confirmed primary
aldosteronism who underwent pregnancy. There were 56 cases of sporadic primary aldos-
teronism (uni- or bilateral hyperplasia) and 27 cases of familial hyperaldosteronism type 1
(inappropriate production of aldosterone by adrenocorticotropic hormone). In the latter,
most cases were diagnosed before pregnancy, blood pressure was effectively managed, and
there were fewer poor outcomes. Among the unilateral and bilateral hyperplasia cases,
approximately 60% were characterized by known existence of pre-pregnancy hypertension,
but less than half had a confirmed diagnosis of aldosteronism before pregnancy, and there
was a complication rate of 50% in previous pregnancies. Of the 83 cases reviewed, 61%
had complications in the current pregnancy, 46% had pre-term birth due to pre-eclampsia
and/or fetal distress, 22% of the fetuses had intrauterine growth restriction, 7% of the
neonates needed the intensive care unit, and 7% died.

Vidyasagar et al. recently described clinical characteristics and aldosterone concentrations
(measured via LC-MS/MS) and direct renin concentration (via chemiluminescent immunoas-
say) in nine pregnant women with confirmed primary aldosteronism and 33 pregnant women
with chronic hypertension via retrospective chart analysis [18]. In the nine cases of confirmed
aldosteronism, 50% experienced pre-term delivery due to uncontrolled blood pressure, 37.5%
had pre-eclampsia (compared to 15% in the chronic hypertension group), and there were two
small for gestational age neonates, and two NICU admissions. The biochemical analysis of
the RAAS in the nine patients with primary aldosteronism was performed in different weeks
of gestation, ranging from 7–36 gestational weeks (mean of 28), and the mean and range of
aldosterone values were 1038 pmol/L and 378–1870 pmol/L. All nine patients with confirmed
aldosteronism had a direct renin concentration less than 20 mU/L, and this was significantly
lower compared to the chronic hypertension patients. Aldosterone concentrations were com-
paratively similar, and direct renin concentrations were slightly lower in the nine patients
with confirmed aldosterone compared to those reported by Sanga et al. at gestational week
28, but both biomarkers were elevated compared to non-pregnant patients with and without
confirmed aldosteronism as described above. Results from our study are comparable, where
the median and interquartile range of aldosterone concentrations at week 28 in the Q4 group
were 1041 pmol/L and 586–1742 pmol/L, and in patients with declining renin activity over
gestation, similar clinical characteristics were observed to those described in aldosteronism
patients with lower direct renin concentrations.

A limitation to our study is that it did not include testing for, or confirmation of,
aldosteronism as primary or secondary. However, several insights can be gleaned from
our study when considered in context with the characteristics described in the preceding
studies [18,20] and prevalence of aldosteronism reported by Brown et al. in the four-site
study of 1015 patients receiving care for the treatment of hypertension [10]. The latter
study demonstrated rates of 11–22% of renin-independent (primary) aldosteronism, which
increased over the categories of normotensive, untreated stage 1 hypertension, untreated
stage 2 hypertension, and treated resistant hypertension; the rates increased among a subset
with suppressed renin activity, especially in the treated resistant group (51.6% prevalence
of confirmed aldosteronism). In our study, the aldosterone excess group was defined as the
top 25% of aldosterone concentrations, and when patients within this group were selected
for declining renin activity over gestation (considering that suppressed renin activity is a
feature of primary aldosteronism outside of pregnancy), there were 19 out of 128 patients,
about 15%, which is consistent with current estimates of primary aldosteronism in the
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population. Similar to those reviewed above [20], 68% of these patients in our study had
chronic hypertension; mean blood pressure was elevated despite more antihypertensive use,
there were three intrauterine growth restriction cases (15% prevalence, which was greater
than the other groups), and the highest prevalence (31.6%) of pre-term birth was noted.

The clinical utility of the aldosterone-to-renin ratio for detection of primary aldos-
teronism in pregnancy is unclear. First, the timing of determination of aldosterone and
renin for detection of aldosteronism matters during pregnancy; there is an upward shift
in the aldosterone and renin ranges compared to non-pregnant states [44], which rises
over gestation, but the rise in aldosterone concentrations is proportionally greater than the
rise in renin activity over the course of pregnancy (reflected in our study by a doubling
in the aldosterone-to-angiotensin II ratio from the first to third trimester of pregnancy
in the whole cohort). Second, outside of pregnancy, the elevated aldosterone-to-renin
ratio in patients with primary aldosteronism results from renin-independent secretion of
aldosterone leading to suppression of renin (as part of a regulatory negative feedback
loop) [8]. Whether mechanisms of the normal RAAS response to pregnancy (increased
renin activity and aldosterone secretion) are altered in patients with pre-existing aldos-
teronism (of multiple etiologies) is simply not known. We did note a small number of
patients in Q4 that also had very elevated values of PRA-S, which could also be attributed
to secondary aldosteronism resulting from renovascular hypertension [7], which has been
reported to present as pre-eclampsia [49]. Moreover, abnormalities in the mineralocorticoid
effector mechanisms (such as reduced mineralocorticoid receptor number in mononuclear
leukocytes in the absence of abnormal plasma aldosterone levels) have been reported as a
potential contributor to the development of pre-eclampsia [50,51]. Further, highly elevated
levels of progesterone in pregnancy may promote aldosterone production independently
from the renin–angiotensin system [52] or even interfere with aldosterone signaling through
the mineralocorticoid receptor [53]. Results from a recent trial, treatment for mild chronic
hypertension during pregnancy, underscore the important of blood pressure control in
pregnancy for the prevention of adverse outcomes [54], and patients with hypertension
in our study were treated with labetalol (a beta blocker) or nifedipine (a calcium channel
blocker in the dihydropyridine class), where the former can decrease and the latter can
increase plasma renin activity [55], potentially confounding interpretation of RAAS in
pregnancy. Likewise, the ratio of uric acid to creatinine in serum is associated with the
development of pre-eclampsia [56]. While our study design did not include collection of
these variables, it is important to note that hyperuricemia may lead to increased renin
activity in some hypertensive individuals [57].

In the current study, our analysis was based on aldosterone concentrations measured
in the first trimester, prior to the peak pregnancy-mediated response. In all quartiles,
plasma renin activity (estimated using a surrogate value for plasma renin activity, PRA-
S, calculated from the sum of the concentrations of angiotensin I and angiotensin II)
was proportional to aldosterone concentrations in the first trimester, and was highest in
the top quartile. However, only in the top quartile did median PRA-S values decrease
from first to third trimester, and aldosterone concentrations did not significantly rise over
gestation (in contrast to the other quartiles). These data suggest that renin activity and
aldosterone secretion may increase initially in response to pregnancy in patients with excess
aldosterone (values are much higher compared to non-pregnant with or without confirmed
aldosteronism), and declining renin activity over gestation with prolonged secretion of
high levels of aldosterone may be indicative of feedback suppression on renin as part of
the pathology of aldosteronism. A limitation to our study is that we did not compare
PRA-S values to traditional plasma renin activity assays, although previous studies outside
of pregnancy reported a strong correlation among values derived via PRA-S and plasma
renin activity [26,58]. Advantages of the LC-MS/MS-based methods used in our study
are that multiple effectors are quantified in a single analytic run, calculated biomarkers
(e.g., for PRA-S) are derived from directly measured concentrations of effectors at high
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sensitivity, and the reproducibility of mass spectrometry allows for comparison across
multiple studies.

Additional limitations in our study to consider include a high prevalence of overweight
and obesity in our cohort, where body fat percentage is linked to risk of aldosteronism [59].
Additionally, sodium or fluid status was not controlled in our study. Differences in sodium,
renin, and aldosterone relationships in pregnancy hypertension vs. normotensive are not
well understood [60–62]. Moreover, other hormones with important roles in fluid adapta-
tion, such as vasopressin, have been associated with development of pre-eclampsia [63,64].

5. Conclusions

Results from our study agree with those of previous studies where lower renin activ-
ity and aldosterone concentrations were associated with pre-eclampsia/hypertension in
pregnancy, and report new evidence of an association between very high concentrations of
aldosterone in serum in the first trimester of pregnancy and a phenotype of elevated blood
pressure. Further stratification by increasing or decreasing renin activity over gestation
revealed a subset of patients with a higher prevalence of chronic hypertension, use of anti-
hypertensive medications, pre-term birth, and slightly higher prevalence of IUGR. These
findings suggest that aldosterone excess may underlie the development of hypertension in
pregnancy in a significant subpopulation of individuals.
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Abstract: (1) Background: Arterial stiffness is an important predictor of cardiovascular events.
Perindopril and physical exercise are important in controlling hypertension and arterial stiffness, but
the mechanisms are unclear. (2) Methods: Thirty-two spontaneously hypertensive rats (SHR) were
evaluated for eight weeks: SHRC (sedentary); SHRP (sedentary treated with perindopril—3 mg/kg)
and SHRT (trained). Pulse wave velocity (PWV) analysis was performed, and the aorta was collected
for proteomic analysis. (3) Results: Both treatments determined a similar reduction in PWV (−33%
for SHRP and −23% for SHRT) vs. SHRC, as well as in BP. Among the altered proteins, the proteomic
analysis identified an upregulation of the EH domain-containing 2 (EHD2) protein in the SHRP group,
required for nitric oxide-dependent vessel relaxation. The SHRT group showed downregulation of
collagen-1 (COL1). Accordingly, SHRP showed an increase (+69%) in the e-NOS protein level and
SHRT showed a lower COL1 protein level (−46%) compared with SHRC. (4) Conclusions: Both
perindopril and aerobic training reduced arterial stiffness in SHR; however, the results suggest
that the mechanisms can be distinct. While treatment with perindopril increased EHD2, a protein
involved in vessel relaxation, aerobic training decreased COL1 protein level, an important protein of
the extracellular matrix (ECM) that normally enhances vessel rigidity.

Keywords: SHR; pulse wave velocity; perindopril; collagen and aerobic training

1. Introduction

An important predictor of cardiovascular events is arterial stiffness, which is assessed
by pulse wave velocity (PWV). It is present in hypertension and has been considered an
index of vascular aging [1–4]. In this sense, the imbalance between collagen and elastin,
the rupture of elastic fibers, and alterations in several proteins of the vascular components
contribute to increased arterial stiffening [5–9].

Both pharmacological and non-pharmacological treatments are promising; however,
the mechanisms are still uncertain. Among antihypertensive drugs, it has been shown that
perindopril, a renin–angiotensin system (RAS) inhibitor, has higher effectiveness, lower
mortality rate among others from the same class, and prevents vascular remodeling [10–12],
which helps to reduce arterial stiffening when compared to others drugs [13,14]. Recently,
our group [15] demonstrated that perindopril reduces blood pressure and does improve-
ments in the RhoA/Rho-kinase/LIMK/Cofilin-1 pathway.
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Likewise, physical exercise is a globally accepted tool to control hypertension and
PWV [16–18], mainly by adjusting the structural components of the vessel wall such as
subendothelial matrix proteins and elastic fibers [19].

This study used proteomic analysis to provide a deeper understanding of vascular
wall modulations under perindopril treatment and exercise training. Our hypothesis was
that both treatments would be effective in controlling arterial stiffening, but probably
through different mechanisms.

2. Materials and Methods

Thirty-two spontaneously hypertensive rats (SHR, 200–250 g, 2 months old) were
obtained from the Animal Facility of the Institute of Biomedical Sciences, University of
São Paulo, (USP) Brazil. All rats were housed in the animal facility maintenance at the
School of Sciences, São Paulo State University—UNESP, campus of Bauru. All rats received
water and food (Biobase, Águas Frias, SC, Brazil) ad libitum and were maintained in a
dark–light cycle (12–12 h) and temperature-controlled room (22 ± 2 ◦C). The animal study
protocol was approved by the Committee for Ethical Use of Animals (CEUA) of School
of Sciences (UNESP, Bauru, #1320/2019 Vol. 1) and are in accordance with the Brazilian
Ethical Principles in Animal Research.

2.1. Pharmacological Protocol

All rats were separated into 3 groups with similar body weight (BW) and randomly
assigned to undergo an experimental protocol through 8 weeks: SHRC (n = 12): sedentary
SHR, daily treated with filtered water; SHRP (n = 10): sedentary SHR, daily treated with
perindopril (Conversyl, 3 mg/kg of BW, via gavage); SHRT (n = 10): aerobic-trained SHR
throughout the experimental protocol.

The dose of perindopril was chosen based on previous publications [17]. In order
to test the effectiveness of the pharmacological treatment, a bolus of Angiotensin I was
infused after the treatment period (100 μL, at a dose of 1 μg/μL, i.v.) in 2 treated and
2 control rats and the blood pressure (BP) response was evaluated.

2.2. Physical Training

After 7–10 days adaptation period on the treadmill (5–10 min, at 0.3–0.5 km/h), a
maximum physical capacity test (Tmax) was performed on all rats, as published [20]. Then,
the trained group was subjected to a physical training program on a treadmill (1 h/day,
5 days/week, at 50–60% of their maximum capacity). The Tmax was repeated after 4 weeks
for the adjustment of the speed and at the end to evaluate the effects of training [17].

2.3. Pulse Wave Velocity

At the end of the experimental protocol, PWV was assessed, as previously published [8,15].
In summary, each rat was anesthetized with xylazine hydrochloride (Anasedan®, 10 mg/kg,
i.p) and ketamine hydrochloride (Dopalen®, 50 mg/kg, i.p), and two pOpet® probes (Axelife
SAS, Saint Nicolas de Redon, France) were positioned on the right forelimb (close to elbow)
and hindlimb (close to knee). After stabilization of the signal (in a quiet room), the transit time
(TT, ms) was recorded for 10 s and registered using pOpet 1.0 software. Taking together the
distance between probes (D, cm) and TT, PWV was calculated using the following formula, as
previously published [8]:

PWV (m/s) = D (m) /TT (s) (1)

For PWV values, 10 measurements of each rat were obtained, and the average was calculated.

2.4. Arterial Pressure

Twenty-four hours after the PWV measurement, all rats were anesthetized with xy-
lazine hydrochloride (Anasedan®, 10 mg/mL, i.p) and ketamine hydrochloride (Dopalen®,
50 mg/kg, i.p) and the carotid artery was catheterized, as previously published [21]. On
the next day, the blood pressure of each awake animal was continuously recorded for at
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least 1 h, in a quiet room, using a pressure transducer (DPT100, Utah Medical Products
Inc., Midvale, UT, USA) connected to the artery cannula, that sent the signal to an amplifier
(Quad Bridge Amp, ADInstruments, Colorado Springs, CO, USA) and then to an acquisi-
tion board (Powerlab 4/35, ADInstruments, New South Wales, Australia), as published [22].
Systolic blood pressure (SBP) was derived from pulsatile AP recordings using computer
software (Labchart pro v7.1, ADInstruments New South Wales, Australia).

2.5. Proteomic Analysis
2.5.1. Protein Extraction

After the cardiovascular parameter measurements, all rats were deeply anesthetized by
an overload of xylazine hydrochloride and ketamine hydrochloride (Anasedan®, 20 mg/kg
and Dopalen®, 160 mg/kg, i.v., respectively) and euthanized by guillotine. The thoracic
aorta was excised, cleaned with saline solution, and homogenized in liquid nitrogen to
prevent protein degradation. For the extraction, a total of 50 mg of tissue was homogenized
in 500 μL of lysis buffer (7 M urea, 2 M thiourea, and 40 mM Dithiothreitol, all diluted in
50 mM of AMBIC solution) for 2 h in the refrigerator with continuous shaking and, in the
end, centrifuged at 20,817× g for 30 min at 4 ◦C, after which the supernatant was taken.
Total protein was quantified using the Quick Start ™ Bradford Protein Assay kit (Bio-Rad,
Hercules, CA, USA) in duplicate, as described in the literature [23].

2.5.2. Proteomic Analysis of the Aorta

The proteomic analysis was performed as previously described [15,24,25]. A pooled
sample of the aorta from 2 rats was analyzed and the proteomic analysis was performed
in biological triplicates. They were subdivided into 50 μL aliquots containing 50 μg of
proteins (1 μg/μL) and then 25 μL of a 0.2% RapiGest SF solution (Waters Corporation,
Milford, MA, USA) was added, followed by agitation and another addition of 10 μL 50 mM
of AMBIC. The samples were incubated at 37 ◦C for 30 min, after which the samples were
reduced using 5 mM of dithiothreitol (DTT, Merck KGaA, Darmstadt, Germany), incubated
at 37 ◦C for 40 min and alkylated with 10 mM of iodoacetamide (IAA, Sigma-Aldrich,
Darmstadt, Germany), agitated and incubated in the dark at room temperature for 30
min. The samples were digested with the addition of 2% (w/w) trypsin (Thermo Scientific,
Santa Clara, CA, USA) at 37 ◦C overnight. After the digestion, 10 μL of 5% trifluoroacetic acid
(TFA) was added, followed by agitation and incubation at 37 ◦C for 90 min. Subsequently,
the samples were centrifuged at 20,817× g at 6 ◦C for 30 min. The supernatants were purified
and desalinated using a Pierce C18 Spin column (Thermo Scientific, Santa Clara, CA, USA).
The supernatant was resuspended in 3% acetonitrile and 0.1% formic acid as standard.
The peptide identification was performed on a nanoAcquity UPLC-Xevo QTof MS system
(Waters Corporation, Manchester, United Kingdom), as previously described [26]. Protein
identification and quantification were obtained using ProteinLynx Global Server (PLGS)
version 3.0, using the ion-counting algorithm incorporated into the software. The data
obtained were searched in the database of the species Rattus Norvegicus (UniProtKB/Swiss-
Prot). The protein profile was obtained using the CYTOSCAPE® software v.3.7.0 (Java®

1.8.0_162) and the plugins ClusterMarker and ClueGO. All proteins identified by the mass
spectrometer were inserted into the software, using their access number, and can also be seen
in the UniProt database, free of charge available on the virtual platform (Uniprot 2022). After
confirming the proteins in the Uniprot_acession database, the first network was created in
STRING CONSORTIUM 2022 (STRING version 11.5). Then, it was necessary to make a filter
with the taxonomy used in this study (Rattus norvegicus; 10116).

Within this classification, proteins were separated with a ratio value greater than 1 for
those found to be upregulated, or with a ratio less than 1 for downregulated. Different
numbers were assigned to identify the proteins specific to each group in the comparison.

122



Biomedicines 2023, 11, 1381

2.6. Protein Analysis of the Aorta

From the aorta, 30 μg of protein was electrophoretically size-separated by using a poly-
acrylamide gel system (12%) in a running buffer solution for 55 min at 200 V/500 mA/150 W
and then transferred to a nitrocellulose membrane at 120 V/500 mA/150 W for 90 min
in a buffer solution. The membranes were stained with Ponceau for verification of the
protein bands obtained by electrophoresis and washed in a Tris-buffered saline solution
with tween-20 (TBS-T). Membranes were incubated within nonfat dry milk for 15 min
in TBS-T solution for 10 min. Using the SNAP i.d. 2.0 Protein Detection system (Merck
Millipore, Darmstadt, Germany), the membranes were incubated for 10–30 min in their
respective primary antibodies (1% albumin bovine serum, BSA): e-Nos (Anti-eNOS/NOS,
BD Transduction Laboratories (biosciences), cat #610297, 1:800), cofilin-1 (cofilin-1 (Ab-3),
SAB Signalway Antibody cat#21164, 1:500), p-cofilin-1 (cofilin phosphoSer3, cat#ABP54967,
1:500), Collagen-1 (COL1A1, Antibody, Cell Signaling #84336S, 1:800) and Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH FL-335, Santa Cruz Biotechnology, INC #sc-25778,
1:800). Membranes were washed with TBS-T and incubated with their respective secondary
antibody: anti-mouse (Polyclonal Peroxidase AffiniPure Goat Anti-Mouse IgG, Jackson
ImmunoResearch®, #115035003, 1:1000) or anti-rabbit (Polyclonal Peroxidase AffiniPure
goat anti-rabbit IgG, Jackson ImmunoResearch®, #111035003, 1:1000 or 1:800) according to
each source of the primary antibody (diluted in 1% BSA). Then, membranes were washed
again with TBS-T. The secondary antibodies were detected using a chemical reaction
with enhanced luminescence (Immobilon® Crescendo western HRP substrate, Millipore
cat#WBLUR0500), and the blots were visualized on C- Digit, Blot Scanner, Li-Cor. The
bands were analyzed by using the software Image Studio Digits v. 5.2. The values were
normalized by the amount of GAPDH and presented as % of the control group.

2.7. Statistical Analysis

All values were presented as mean ± standard error of the mean (SEM). Shapiro–Wilk
test was used to test data for normality. For the samples with normal distribution, a one-
way analysis of variance (ANOVA) was performed. When the data failed the normality
test, we used the transform command in the SigmaStat software to adjust them to meet
the normality requirements. All data were analyzed using Sigma Stat software (v4.0.0.37).
Tukey’s test was used for the necessary post hoc analysis (p < 0.05).

For the proteomic analysis, the comparison between groups was obtained using the
Student t-test in the PLGS software, considering p < 0.05 for the significantly expressed pro-
teins.

3. Results

All groups presented similar BW at the beginning of the experimental protocol
(252 ± 22, 258 ± 28, and 245 ± 16 g for SHRC, SHRP, and SHRT, respectively; p > 0.05) and
similar gain during the eight weeks, since the final BW was similar (307 ± 32, 311 ± 44, and
309 ± 21 g for SHRC, SHRP, and SHRT, respectively; p > 0.05). The maximal physical capac-
ity (seconds during Tmax) was similar between the groups at the beginning (819 ± 244,
789 ± 288, and 726 ± 333 s for SHRC, SHRP, and SHRT, respectively; p > 0.05). The trained
rats ran during the first four weeks at a speed of 1.02 km/h (60% of max). After the second
Tmax, the treadmill speed was increased by 1.65 km/h in order to maintain the intensity.
At the end of eight weeks, the trained group had higher Tmax compared with the control
and perindopril groups (577 ± 189, 743 ± 252, and 1511 ± 432 s for SHRC, SHRP, and
SHRT, respectively; p < 0.0001). After eight weeks of training or perindopril treatment,
the values of SBP (206 ± 10, 131 ± 5, and 150 ± 6 mmHg for SHRC, SHRP, and SHRT,
respectively; p < 0.0001), MBP (184 ± 11, 115 ± 4 and 130 ± 7 mmHg for SHRC, SHRP, and
SHRT, respectively; p < 0.0001) and DBP (175 ± 12, 108 ± 5 and 120 ± 8 mmHg for SHRC,
SHRP, and SHRT, respectively; p = 0.0001) were lower than the control group.
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Arterial Stiffness

As shown in Figure 1, both SHRP (−33%) and SHRT (−23%) groups presented lower
PWV values, compared with SHRC. There was no difference between the perindopril-
treated and trained rats.

Figure 1. Pulse wave velocity (PWV) values of all SHR groups: sedentary control (SHRC, n = 12),
perindopril-treated sedentary (SHRP, n = 10), and trained control (SHRT, n = 10). Significance: * vs.
SHRC, p < 0.05.

The ClueGo® analysis, comparing SHRP vs. SHRC (Figure 2), demonstrates that
38 subcategories of the cellular component category were modulated. Among them, some
subcategories, such as supramolecular fiber, actin cytoskeleton, supramolecular polymer,
and membrane raft had the highest modulation. As shown in the Supplementary Materials,
the process biologic category included 67 modulated subcategories, and the most modu-
lated were the structural constituent of the cytoskeleton, energy derivation by the oxidation
of organic compounds, supramolecular fiber organization and response to reactive oxy-
gen species (Table S1, Supplementary Materials). Finally, in the immune system category
(Figure S1, Supplementary Materials), only five subcategories were modulated: mature
B cell differentiation involved in immune response, T-helper 1 cell differentiation, regula-
tion of T cell-mediated cytotoxicity, negative regulation of myeloid leukocyte mediated
immunity and dendritic cell chemotaxis.

On the other hand, the ClueGo® analysis, comparing SHRT vs. SHRC (Figure 3),
demonstrated that 16 subcategories were modulated in the cellular component category and
the highest modulated subcategory was collagen-containing extracellular matrix, followed
by lamellipodium, actin filament bundle and cortical cytoskeleton. In the process biologic
category (Table S2, Supplementary Materials), there were 48 modulated subcategories,
such as actomyosin structure organization, response to heat, regulation of reactive oxygen
species metabolic process, and myofibril assembly. In the immune system category, only
four subcategories were modulated: positive regulation of leukocyte-mediated cytotoxicity,
myeloid dendritic cell differentiation, regulation of T cell-mediated cytotoxicity, and negative
regulation of regulatory T cell differentiation (Figure S2, Supplementary Materials).
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Figure 2. The ClueGo® analysis, comparing SHRP vs. SHRC (Figure 2), demonstrates that 38 subcate-
gories of the cellular component category were modulated. Some categories, such as supramolecular
fiber, actin cytoskeleton, supramolecular polymer, and membrane raft, had the highest modulation.
The categories are presented and based on the gene ontology according to the cellular component in
which they participate, provided by the Cytoscape® software v.3.7.0. Only significant terms were
used, and the distribution was made according to the percentage of genes associated with each
category. The protein access numbers were made available by UniProt.

Table S3 (Supplementary Materials) shows all the 138 expressed proteins under the
effects of perindopril on hypertension (SHRP vs. SHRC). Among them, 73 were upregu-
lated and only 2 were downregulated. Figure 4 illustrates the network performed by the
CYTOSCAPE® software using the proteins up- and downregulated present in Table S3
(Supplementary Materials) showing the results between the perindopril-treated rats com-
pared with the control group (SHRP vs. SHRC). The upregulated proteins are in green color:
(P36201, Crip2) Cysteine-rich protein 2; (Q6AY56, Tuba8) Tubulin alpha-8 chain; (Q62736,
Cald1) Caldesmon 1; (Q4QRB4, Tubb3) Tubulin beta-3 chain; (P31000, Vim) Vimentins;
(Q3KRE8, Tubb2b) Tubulin beta-2B chain; (Q00715, Hist1h2bh) Histone cluster 1; (P04636,
Mdh2) Malate dehydrogenase, mitochondrial; (P12346, Tf) Serotransferrin; (P47875, Csrp1)
Cysteine and glycine-rich protein 1; (P07150, Anxa1) Annexin A1; (Q6P6Q2, Krt5) Keratin,
type II cytoskeletal 5;(Q6AYZ1, Tuba1c) Tubulin alpha-1C chain; (P55063, Hspa1l) Heat
shock 70 kDa protein 1-like; (P62963, Pfn1) Profilin-1; (P15999, Atp5a1) ATP synthase sub-
unit alpha_ mitochondrial; (P69897, Tubb5) Tubulin beta-5 chain; (Q07936, Anxa2) Annexin
A2; (P08010, Gstm2) Glutathione S-transferase Mu 2; (P05065, Aldoa) Fructose–bisphosphate
aldolase A; (P63102, Ywhaz) 14-3-3 protein zeta/delta; (Q7M0E3, Dstn) Destrin; (P02454,
Col1a1) Collagen alpha-1(I) chain; (Q9Z1P2, Actn1) Alpha-actinin-1; (P63269, Actg2) Actin,
gamma-enteric smooth muscle; (Q5XI73, Arhgdia) Rho GDP-dissociation inhibitor 1; (P15650
Acadl) Long-chain specific acyl-CoA dehydrogenase, mitochondrial; (Q9ER34, Aco2) Aconi-
tate hydratase, mitochondrial; (Q5XIF6, Tuba4a) Tubulin alpha-4A chain; (P31232,Tagln)
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Transgelin; (P18666, Myl12b) Myosin regulatory light chain 12B; (P63018 Hspa8) Heat shock
cognate 71 kDa protein; (P85108, Tubb2a) Tubulin beta-2A chain; (P02600, Myl1) Myosin
light chain 1/3, skeletal muscle isoform; (Q6P9T8, Tubb4b) Tubulin, beta 4B chain; (P06399,
Fga) Fibrinogen alpha chain; (Hspa5) 78 kDa glucose-regulated protein; (P70623, Fabp4)
Fatty acid-binding protein 4, adipocyte; (Q68FR8, Tuba3b) Tubulin, alpha 3b; (P21807,
Prph) Peripherin; (Q10758, Krt8) Keratin, type II cytoskeletal 8; (Q5RKI0, Wdr1) WD
repeat-containing protein 1; (P62630, Eef1a1) Elongation factor 1-alpha 1; (Q9QXQ0, Actn4)
Alpha-actinin-4; (P20760, Igg-2a) Ig gamma-2A chain C region; (P68136, Acta1) Actin, alpha
skeletal muscle; (Q62812, Myh9) Myosin, heavy chain 9, non-muscle-like 1; (P68035, Acta2)
Actin, alpha cardiac muscle 1; (Ptrf) Polymerase 1 and transcript release factor; (P02770,
Alb) Serum albumin; (P60711, Actb) Actin, cytoplasmic 1; (Q6IG12, Krt7) Keratin; (P13832,
Myl12a) Myosin regulatory light chain RLC-A; (P48675, Des) Desmin; (Q4V8H8, Ehd2) EH
domain-containing protein 2; (P47853, Bgn) Biglycan; (Q9WVH8, Fbln5) Fibulin-5; (P14659,
Hspa2) Heat shock-related 70 kDa protein 2; (P11762, Lgals1) Galectin-1; (Q9JLT0, Myh10)
Myosin heavy chain 9/10/11/14; (P42930, Hspb1) Heat shock protein family b (small)
member 1; (P85973, Pnp) Purine-nucleoside phosphorylase; (P68370, Tuba1a) Tubulin alpha-
1A chain; (Q64122, Myl9) Myosin regulatory light chain 9; (P10111, Ppia) Peptidyl-prolyl
cis-trans isomerase A; (P42930, Hspa1a) Heat shock 70kd protein 1b (mapped); (Q01129,
Dcn) Decorin; (P16409, Myl3) Myosin light chain 3. On the other side, only two proteins
were downregulated which are in red: (P01946, Hba1) Hemoglobin subunit alpha-1/2 and
(P02091, Hbb) Hemoglobin subunit beta-1 after perindopril treatment (Figure 4).

Figure 3. The ClueGo® analysis, comparing SHRT vs. SHRC (Figure 3), demonstrated that 16 subcat-
egories were modulated in the cellular component category and the highest modulated subcategory
was collagen-containing extracellular matrix, followed by lamellipodium, actin filament bundle, and
cortical cytoskeleton. The categories are presented and based on the gene ontology according to the
cellular component in which they participate, provided by the Cytoscape® software v.3.7.0. Only
significant terms were used, and the distribution was made according to the percentage of genes
associated with each category. The protein access numbers were made available by UniProt.
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Figure 4. Network illustrating the results between the perindopril-treated rats compared with the
control group (SHRP vs. SHRC), performed by the CYTOSCAPE® software using the proteins up-
and downregulated present in Table S3. The upregulated proteins are in green color: (P36201, Crip2)
Cysteine-rich protein 2; (Q6AY56, Tuba8) Tubulin alpha-8 chain; (Q62736, Cald1) Caldesmon 1;
(Q4QRB4, Tubb3) Tubulin beta-3 chain; (P31000, Vim) Vimentins; (Q3KRE8, Tubb2b) Tubulin beta-2B
chain; (Q00715, Hist1h2bh) Histone cluster 1; (P04636, Mdh2) Malate dehydrogenase, mitochondrial;
(P12346, Tf) Serotransferrin; (P47875, Csrp1) Cysteine and glycine-rich protein 1; (P07150, Anxa1)
Annexin A1; (Q6P6Q2, Krt5) Keratin, type II cytoskeletal 5;(Q6AYZ1, Tuba1c) Tubulin alpha-1C
chain; (P55063, Hspa1l) Heat shock 70 kDa protein 1-like; (P62963, Pfn1) Profilin-1; (P15999, Atp5a1)
ATP synthase subunit alpha_ mitochondrial; (P69897, Tubb5) Tubulin beta-5 chain; (Q07936, Anxa2)
Annexin A2; (P08010, Gstm2) Glutathione S-transferase Mu 2; (P05065, Aldoa) Fructose-bisphosphate
aldolase A; (P63102, Ywhaz) 14-3-3 protein zeta/delta; (Q7M0E3, Dstn) Destrin; (P02454, Col1a1)
Collagen alpha-1(I) chain; (Q9Z1P2, Actn1) Alpha-actinin-1; (P63269, Actg2) Actin, gamma-enteric
smooth muscle; (Q5XI73, Arhgdia) Rho GDP-dissociation inhibitor 1; (P15650 Acadl) Long-chain
specific acyl-CoA dehydrogenase, mitochondrial; (Q9ER34, Aco2) Aconitate hydratase, mitochondrial;
(Q5XIF6, Tuba4a) Tubulin alpha-4A chain; (P31232,Tagln) Transgelin; (P18666, Myl12b) Myosin
regulatory light chain 12B; (P63018 Hspa8) Heat shock cognate 71 kDa protein; (P85108, Tubb2a)
Tubulin beta-2A chain; (P02600, Myl1) Myosin light chain 1/3, skeletal muscle isoform; (Q6P9T8,
Tubb4b) Tubulin, beta 4B chain; (P06399, Fga) Fibrinogen alpha chain; (Hspa5) 78 kDa glucose-
regulated protein; (P70623, Fabp4) Fatty acid-binding protein 4, adipocyte; (Q68FR8, Tuba3b) Tubulin,
alpha 3b; (P21807, Prph) Peripherin; (Q10758, Krt8) Keratin, type II cytoskeletal 8; (Q5RKI0, Wdr1)
WD repeat-containing protein 1; (P62630, Eef1a1) Elongation factor 1-alpha 1; (Q9QXQ0, Actn4)
Alpha-actinin-4; (P20760, Igg-2a) Ig gamma-2A chain C region; (P68136, Acta1) Actin, alpha skeletal
muscle; (Q62812, Myh9) Myosin, heavy chain 9, non-muscle-like 1; (P68035, Acta2) Actin, alpha
cardiac muscle 1; (Ptrf) Polymerase 1 and transcript release factor; (P02770, Alb) Serum albumin;
(P60711, Actb) Actin, cytoplasmic 1; (Q6IG12, Krt7) Keratin; (P13832, Myl12a) Myosin regulatory
light chain RLC-A; (P48675, Des) Desmin; (Q4V8H8, Ehd2) EH domain-containing protein 2; (P47853,
Bgn) Biglycan; (Q9WVH8, Fbln5) Fibulin-5; (P14659, Hspa2) Heat shock-related 70 kDa protein 2;
(P11762, Lgals1) Galectin-1; (Q9JLT0, Myh10) Myosin heavy chain 9/10/11/14; (P42930, Hspb1)
Heat shock protein family b (small) member 1; (P85973, Pnp) Purine-nucleoside phosphorylase;
(P68370, Tuba1a) Tubulin alpha-1A chain; (Q64122, Myl9) Myosin regulatory light chain 9; (P10111,
Ppia) Peptidyl-prolyl cis-trans isomerase A; (P42930, Hspa1a) Heat shock 70kd protein 1b (mapped);
(Q01129, Dcn) Decorin; (P16409, Myl3) Myosin light chain 3. On the other hand, only two proteins
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were downregulated which are in red: (P01946, Hba1) Hemoglobin subunit alpha-1/2 and (P02091,
Hbb) Hemoglobin subunit beta-1 after perindopril treatment. Highlighted: (P60711, Actb) Actin,
cytoplasmic 1; (P42930, Hspb1) Heat shock protein family b (small) member 1; (Q5XI73, Arhgdia) Rho
GDP-dissociation inhibitor 1; (Q4V8H8, EHD2) EH domain-containing protein 2; (Ptrf) Polymerase 1
and transcript release factor; (P31232, Tagln) Transgelin.

The comparison between SHRT and SHRC, regarding the effects of training on hyper-
tension as shown in Table S4 (Supplementary Materials), showed that 123 proteins were
differently expressed. While 7 of them were upregulated, 22 were downregulated. The net-
work made with the proteins in Table S4 (Supplementary Materials) is illustrated in Figure 5
(SHRT vs. SHRC). As shown, the upregulated proteins are in green color: (P68035, Acta2)
Actin_ alpha cardiac muscle 1; (P63269, Actg2) Actin_ gamma-enteric smooth muscle;
(P47853, Bgn) Biglycan; (P06761, Hspa5) Endoplasmic reticulum chaperone BiP; (P70490,
Mfge8) Lactadherin; (Q6AY56, Tuba8) Tubulin alpha-8 chain; (Q9JLT0, Myh10) Myosin-10.
The downregulated proteins are shown in red: (P47875, Csrp1) Cysteine and glycine-rich
protein 1; (Q7M0E3, Dstn) Destrin; (P02454, Col1a1) Collagen alpha-1(I) chain; (P06866,
Hp) Haptoglobin; (P50399, Gdi2) Rab GDP dissociation inhibitor beta; (P68136, Acta1)
Actin_ alpha skeletal muscle; (P62738) Actin_ aortic smooth muscle; (P60711, Actb) Actin_
cytoplasmic 1; (P63259) Actin_ cytoplasmic 2; (Q9Z1P2, Actn1) Alpha-actinin-1; (P36201,
Crip2) Cysteine-rich protein 2; (P04797, Gapdh) Glyceraldehyde-3-phosphate dehydro-
genase; (P42930, Hspb1) Heat shock protein beta-1; (P01946, Hba1) Hemoglobin subunit
alpha-1/2; (P02091, Hbb) Hemoglobin subunit beta-1; (P11517, ENSRNOP00000048546)
Hemoglobin subunit beta-2; (P20760, Igg-2a) Ig gamma-2A chain C region; (P51886, Lum)
Lumican; (Q64119, Myl6) Myosin light polypeptide 6; (Q64122, Myl9) Myosin regulatory
light polypeptide 9; (P10111, Ppia) Peptidyl-prolyl cis-trans isomerase A; (P02770, Alb)
Serum albumin (Figure 5).

Figure 6 illustrates the densitometric analysis of the e-NOS (Figure 6A) and COL1
(Figure 6B) protein levels in the aorta of all rats. As shown, the SHRP group had higher
values of aortic e-NOS protein level (+69%) when compared with the control group. Thus,
it can be said that only perindopril treatment in SHR was able to increase e-NOS expression,
while training did not significantly increase it when compared to the control group.

On the other hand, aortic COL1 level was lower in the SHRT group, compared with
the control group (−46%, Figure 6B), suggesting that training was able to reduce COL1
expression in SHR, but treatment with perindopril did not significantly reduce it.

The values of aortic cofilin-1 (Figure 7A), p-cofilin-1 (Figure 7B), and the ratio p-
cofilin/cofilin-1 (Figure 7C) were similar between the groups, as shown in Figure 7. There-
fore, neither perindopril treatment nor aerobic physical training was able to significantly
modulate the total and/or phosphorylated cofilin-1 behavior in these SHR animals.
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Figure 5. Network illustrating the effects of training on hypertension showed that 123 proteins were
differently expressed (Table S4). While 7 of them were upregulated, 22 were downregulated (SHRT

vs. SHRC), performed by the CYTOSCAPE® software using the proteins up- and downregulated.
The upregulated proteins are in green color: (P68035, Acta2) Actin_ alpha cardiac muscle 1; (P63269,
Actg2) Actin_ gamma-enteric smooth muscle; (P47853, Bgn) Biglycan; (P06761, Hspa5) Endoplasmic
reticulum chaperone BiP; (P70490, Mfge8) Lactadherin; (Q6AY56, Tuba8) Tubulin alpha-8 chain;
(Q9JLT0, Myh10) Myosin-10. The downregulated proteins are shown in red: (P47875, Csrp1) Cysteine
and glycine-rich protein 1; (Q7M0E3, Dstn) Destrin; (P02454, Col1a1) Collagen alpha-1(I) chain;
(P06866, Hp) Haptoglobin; (P50399, Gdi2) Rab GDP dissociation inhibitor beta; (P68136, Acta1) Actin_
alpha skeletal muscle; (P62738) Actin_ aortic smooth muscle; (P60711, Actb) Actin_ cytoplasmic
1; (P63259) Actin_ cytoplasmic 2; (Q9Z1P2, Actn1) Alpha-actinin-1; (P36201, Crip2) Cysteine-rich
protein 2; (P04797, Gapdh) Glyceraldehyde-3-phosphate dehydrogenase; (P42930, Hspb1) Heat shock
protein beta-1; (P01946, Hba1) Hemoglobin subunit alpha-1/2; (P02091, Hbb) Hemoglobin subunit
beta-1; (P11517, ENSRNOP00000048546) Hemoglobin subunit beta-2; (P20760, Igg-2a) Ig gamma-2A
chain C region; (P51886, Lum) Lumican; (Q64119, Myl6) Myosin light polypeptide 6; (Q64122, Myl9)
Myosin regulatory light polypeptide 9; (P10111, Ppia) Peptidyl-prolyl cis-trans isomerase A; (P02770,
Alb) Serum albumin. Highlighted: (Q64122, Myl9) Myosin regulatory light polypeptide 9; (P02454,
Col1a1) Collagen alpha-1(I) chain; (P60711, Actb) Actin_ cytoplasmic 1; (P51886, Lum) Lumican;
(P02770, Alb) Serum albumin; (P68035, Acta2) Actin_ alpha cardiac muscle 1; (P47853, Bgn) Biglycan.
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Figure 6. Illustration of the protein level in aortic endothelial nitric oxide synthase protein (e-NOS,
(A)) and collagen 1 (COL1, (B)) protein in all groups: sedentary control SHR (SHRC, n = 6), sedentary
treated with perindopril (SHRP, n = 6) and trained control (SHRT, n = 6). Figure 6 (bottom panel) also
illustrates the representative Gel Blot of e-NOS and COL1 levels in the aorta of all groups, namely,
SHRC, SHRP, and SHRT, respectively. Significance: * vs. SHRC, p < 0.05.

Figure 7. Values of aortic cofilin-1 protein (A), p-cofilin-1 protein (B), and the p-cofilin-1/cofilin-1
ratio (C) in all groups: sedentary control (SHRC, n = 6), sedentary treated with perindopril (SHRP,
n = 6) and trained control (SHRT, n = 6). Figure 7 also illustrates the representative Gel Blot of Cofilin-1,
p-Cofilin-1, and GAPDH of the aorta in all groups, namely, SHRC, SHRP, and SHRT, respectively.

4. Discussion

The main results of the present study were that either perindopril or physical training
significantly reduced the pulse wave velocity of hypertensive rats. On the other hand, the
proteomic analysis indicated that pharmacological and non-pharmacological treatments
regulated distinct proteins in the aorta, suggesting that the mechanisms may be different.
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Since arterial stiffness has been considered a marker of vessel aging and a predictor for
cardiovascular diseases and future events [2,27], there is a strong recommendation to include
this measure in clinical practice [28], sometimes even for pediatric routine [29]. Although it
is not clear if arterial stiffness precedes hypertension or vice versa [30,31], several studies
clearly demonstrate that hypertensive individuals have higher PWV [8,15,32,33]. Therefore,
the maintenance of normal values for blood pressure and PWV are the goals suggested by
worldwide guidelines for the management of hypertension [34–36]. It has been shown that
an increase of 1 m/s in PWV induces an increase of 15% in cardiovascular risk [37].

It is well-known that increased activity of the renin–angiotensin system (RAS) in-
creases BP and causes vessel remodeling [13]. Therefore, angiotensin-converting enzyme
(ACE) inhibitors are highly recommended, mainly because they alter the structure of vessels
beyond BP lowering. Ong et al. [38] compared different antihypertensive drug classes, such
as diuretic, beta-blocker, calcium antagonist, and ACEi, on arterial stiffness and BP improve-
ment and concluded that the reduction in arterial stiffness is higher under ACEi than under
calcium antagonist in a four-week treatment, while all classes had similar responses after
four weeks of treatment. In addition, ACEi allows the circulating bradykinin bioavailability,
which contributes to the formation of nitric oxide [39] and induces vasodilation.

Recently, our group has shown that SHR rats had higher BP and PWV, compared
with normotensive rats, and eight weeks of perindopril treatment reduced both BP and
PWV [17]. Likewise, the results of this present study (Figure 1) confirmed our previous
results and showed that perindopril-treated SHR had lower BP and PWV compared with
the control SHR.

Physical training has been considered an important adjunct to pharmacological treat-
ment to control hypertension and is highly recommended by hypertension societies around
the world [34–36], and the mechanism involves a better control of cardiac output and
peripheral vascular resistance [40–43]. In addition, exercise training significantly decreases
PWV, and the clinical relevance of different types of exercise on PWV reduction has been
shown in several pathologies and hypertension [44–48]. In agreement, this present study
showed that eight weeks of aerobic exercise training also reduced BP and PWV, and, inter-
esting to note, both groups, the perindopril, and the trained SHR, presented similar values
of BP and PWV compared with the control SHR.

From human studies, most of the mechanisms shown to be involved with PWV reduc-
tion are systemic, such as increases in plasma nitrite concentration and plasma NOx [48–50]
and decreases in plasma levels of endothelin-1 and noradrenaline [48,49]. On the other
hand, animal studies have shown important alterations both in the aortic extracellular
matrix proteins and in the hypertrophy of vascular smooth muscle cells (VSMC), which
contribute to altering vessel remodeling, but not all animal studies evaluate PWV [51].
Therefore, the present study used a non-invasive technique, previously validated by our
group [8], which allows measuring PWV and performing histological and molecular analy-
ses in the vessel of the same animal for a better understanding of the possible mechanisms.

The present study carried out a proteomic analysis in the aorta, which allowed the
identification of differently expressed proteins of both groups, trained and perindopril-
treated SHR. Previously, our group has identified an upregulation of GDP dissociation
inhibitor protein (GDIs) in the aorta of perindopril-treated SHR, which is an internal
regulator of RhoA pathway activation, suggesting that treated SHR had an inhibition of the
RhoA/ROCK/LIMK/Cofilin-1 pathway [15]. Accordingly, Morales-Quinones et al. [52]
showed that LIMK inhibition reduces p-Cofilin/Cofilin, which was followed by a reduction
in arterial stiffness. Although the results of this present study also showed an upregulation
of GDIs after treatment with perindopril followed by a reduction in arterial stiffness,
the results of aortic p-Cofilin/Cofilin protein level were only slightly reduced. Probably
the higher variability between rats interfered with the results, and this is a limitation of
this study.

Additionally, the proteomic analysis showed an interaction between GDIs and EHD2
protein, which was also upregulated in the SHRP group. Cellular homeostasis is maintained
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due to an organized process of internalization of nutrients and molecules that move along
a series of tubular membranes, and this process is known as the endocytic trafficking
system [53]. Likewise, this system is necessary for the product’s degradation to return
to the membrane surface. Several proteins are recruited to orchestrate this endocytic
transport, and among these are the C terminal Eps15 homology domain (EHD)-containing
proteins. EHD2 is one of these proteins (family of 4 EHD) that is highly expressed in
many tissues including fat, skeletal muscle, lung, spleen, kidney, heart, and tissues rich
in caveolae like blood vessels [53–55]. It has been shown that this protein is important for
the eNOS-NO-dependent vessel relaxation since EHD2 knockout mice present lower NO
abundance in the vascular endothelium and impaired acetylcholine-induced relation in
mesenteric arteries [54]. Moreover, the proteomic analysis also demonstrated an interaction
of the EHD2 protein with the caveolae-associated protein 1 (Ptrf), which is an important
protein involved in the formation of caveolae. Ptrf is essential for caveolae recruitment in
the presence of caveolin-1. Matthaeus et al. [54] demonstrated that EHD2 knockout mice
showed a decrease in NO production, regardless of eNOS levels, which did not change.
Furthermore, they showed that, in these mice lacking EHD2, the caveola was detached from
the membrane, which resulted in the redistribution of eNOS into the cytoplasm. Indeed,
EHD2 knockdown HUVECs showed that detached caveolae still contained eNOS; however,
they observed reduced phosphorylation of eNOS Ser1177 in EHD2 knockdown endothelial
cells, which was indicative of reduced eNOS activity. Therefore, these authors concluded
that EHD2 in the caveolae neck is required for correct eNOS localization and signaling, and
therefore for proper endothelial function. Based on this proposition, and on the results of
this present study, we hypothesized that the up-regulated EHD2 observed in the proteomic
results could be contributing to maintaining the stabilization of the caveolae at the plasma
membrane and, in turn, to the correct location and function of eNOS, which could be
modulating vessel relaxation in the perindopril group, as demonstrated by reduced PWV.
Although the level of aortic eNOS protein was increased in the present study, we did
not evaluate its activity. We also did not evaluate NO formation. However, we have
previously shown [15] that perindopril treatment increased plasma nitrite concentration
(indicative of NO formation) by 83% in SHR, and this response was negatively correlated
with PWV. Therefore, we believe that the correct stabilization of caveolae in the plasma
membrane, modulated by the level of the EHD2 protein, could orchestrate the localization
and activity of eNOS. We may assume that the lower PWV observed in the group treated
with perindopril was induced by the eNOS/NO pathway, which was allowed by a correct
stabilization of the caveolae in the membrane, induced by the upregulation of EHD2.

Unlike the effects of perindopril, proteomic analysis revealed that aerobic training
downregulated the COL1a1 protein in the aorta of SHR. The elastic characteristic of arteries
depends on the balance between structural proteins responsible for determining contraction
and relaxation, such as collagen and elastin. Any change in these components, such as
increased collagen synthesis and deposition, elastin degradation, as well as disruption of
elastic fibers, can lead to vessel remodeling and increased stiffness [7,8,32,56]. Collagen
(COL1 and COL3) along with elastin are the major extracellular matrix structural proteins
of the cardiovascular system. It is widely distributed extracellularly in most tissues. Both
collagen types are predominantly secreted by fibroblasts and smooth muscle cells. While
COL1 is the main collagen type present in bone, tendons, dermis, ligaments, and connective
tissue, COL3 is distributed mostly in the skin, vessel walls and reticular fibers of most
tissues [57]. Collagen and elastin have a key role in modulating the tight balance of elasticity,
resilience, and rigidity, which is necessary for physiological functions. Since the elastic
fiber network is the most distensible component of the arterial wall, and the collagen fiber
network provides rigidity and strength of the arterial wall, the vascular balance of COL
and elastin is necessary for vessel physiological function [56,58]. In addition, both fibrillar
collagens have similar physiological functions, but COL1 is stiffer and provides structural
rigidity over COL 3, which is thinner. In this sense, recently, Witting and Szulcek [58] have
proposed that the normal physiologic range of the aortic COL1/COL3 ratio is around 2.04 to
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3.83, which is in agreement with a recent study from our group [59] and that COL1 increases
to collagen-III in all non-physiologic cases, including hypertension and atherosclerosis.

To confirm the proteomic finding, we evaluated the COL1 protein level on the aorta
of the trained SHR and observed that the trained group had a 46% lower level of COL1
when compared with the control SHR group. In addition, less aortic collagen level has
been demonstrated after aerobic training [19,60] which contributes to decreased arterial
stiffening. The mechanism induced by aerobic training to reduce the level of aortic COL1
protein may involve a lower sympathetic drive to the vessel [17,51] since the synthesis of
collagen is mediated by increased sympathetic nerve activity through the beta receptor [61].

Additionally, the network performed in this present work indicated that the down-
regulated COL1a1 protein directly interacted with the protein Lumican, which was also
downregulated. Lumican is a proteoglycan of the extracellular matrix involved in collagen
fibrillogenesis and changes in its content may affect collagen organization and, conse-
quently, blood vessels’ elastic properties [62]. In this sense, higher expressions of lumican
have been found in the aorta of patients with chronic renal failure [63] and in patients with
aortic dissection [64]. The reduced regulation of COL1 and Lumican in the aorta of the
trained SHR could contribute to decreased vessel rigidity observed in hypertension.

5. Conclusions

In conclusion, the present study indicated that both perindopril and aerobic training
similarly reduced arterial stiffness in SHR; however, the proteomic analysis on the aorta
revealed that the mechanisms can be distinct. While treatment with perindopril increased
the EHD2, a protein involved in the vessel relaxation induced by the e-NOS-NO pathway,
aerobic training decreased the aortic COL1 protein level, an important protein of the ECM
that normally enhances vessel rigidity.
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Abstract: Background: The angiotensin-converting enzyme (ACE) metabolizes a number of im-
portant peptides participating in blood pressure regulation and vascular remodeling. Elevated
blood ACE is a marker for granulomatous diseases and elevated ACE expression in tissues is asso-
ciated with increased risk of cardiovascular diseases. Objective and Methodology: We applied a
novel approach —ACE phenotyping—to find a reason for conformationally impaired ACE in the
blood of one particular donor. Similar conformationally altered ACEs were detected previously in
2–4% of the healthy population and in up to 20% of patients with uremia, and were characterized
by significant increase in the rate of angiotensin I hydrolysis. Principal findings: This donor has
(1) significantly increased level of endogenous ACE inhibitor in plasma with MW less than 1000;
(2) increased activity toward angiotensin I; (3) M71V mutation in ABCG2 (membrane transporter
for more than 200 compounds, including bilirubin). We hypothesize that this patient may also have
the decreased level of free bilirubin in plasma, which normally binds to the N domain of ACE.
Analysis of the local conformation of ACE in plasma of patients with Gilbert and Crigler-Najjar
syndromes allowed us to speculate that binding of mAbs 1G12 and 6A12 to plasma ACE could be
a natural sensor for estimation of free bilirubin level in plasma. Totally, 235 human plasma/sera
samples were screened for conformational changes in soluble ACE. Conclusions/Significance: ACE
phenotyping of plasma samples allows us to identify individuals with conformationally altered ACE.
This type of screening has clinical significance because this conformationally altered ACE could not
only result in the enhancement of the level of angiotensin II but could also serve as an indicator of free
bilirubin levels.

Keywords: angiotensin I-converting enzyme; blood; conformational changes; plasma ACE; screening;
bilirubin; Gilbert syndrome; ABCG2 mutations

1. Introduction

Angiotensin I-converting enzyme (ACE, CD143) is a Zn2+ carboxydipeptidase, which
plays key roles in the regulation of blood pressure and in the development of vascular
pathology. ACE is constitutively expressed on the endothelial cell surface, absorptive
epithelial, and neuroepithelial cells and cells of the immune system (macrophages, dendritic
cells), as reviewed in [1,2]. Blood ACE likely originates from endothelial cells [3], primarily
lung capillary endothelium [4], by proteolytic cleavage [5–7]. In healthy individuals, blood
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ACE levels are very stable over their lifetime [8], whereas in granulomatous diseases (e.g.,
sarcoidosis and Gaucher’s disease), blood ACE activity is significantly increased [9–11].

Due to the increased frequency of sarcoidosis [12], we can expect that correct and quan-
titative determination of ACE in the blood becomes increasingly necessary. Additionally,
changes in mentality in clinical medicine toward personalized/precision medicine [13–15]
aroused the need for more accurate determination of ACE levels, as well as ACE status
(ACE phenotype) [16–21].

We established a novel approach, blood ACE phenotyping, for the purpose of full
characterization of ACE in plasma or serum [17–21]. The kinetic and conformational aspects
of ACE phenotyping allowed identification of patients with conformationally changed ACE
in the blood of patients with uremia (and in a small part of the blood samples from healthy
donors). This kind of ACE was characterized by an increased activity toward angiotensin
I [17]. Potential clinical relevance of this finding is that the presence of such ACE levels in
the blood of patients can contribute to ACE inhibitor resistance in non-responders and lead
to continuous local increase in angiotensin II formation. Moreover, such ACEs could be
considered to be an indicator of a risk of the End Stage Kidney Disease (ESKD), which is
especially important for African Americans [22].

During routine testing of plasma from different categories of donors and patients, we
found an apparently healthy donor, donating his blood for transfusion procedures, who
seemed to possess conformationally changed ACE. As we had access to a large volume of
plasma from this donor (plasma was expired for transfusion) we had a possibility to study
the putative reasons for these changes in his ACE conformation.

We did not find ACE mutation to be the reason for these conformational changes in
ACE in this donor, but we found that the changes in ACE conformation in this given patient
could be explained by the presence of some plasma components, or at least increased
level of endogenous ACE inhibitors. Moreover, we came to conclusion that the results of
really precise determination of ACE status in the blood of any given patient are associated
with the bilirubin status of this patient, because likely the level of free bilirubin in this
patient not only determines an apparent conformation of ACE surface topography but
also influence the rate of ACE shedding, i.e., blood ACE level. We hypothesize that the
parameter we introduced, the ratios of the binding of two monoclonal antibodies (mAbs)
1G12/9B9 and 6A12/9B9, reflects the level of free bilirubin, which could be especially
useful in perinatology for the detection of patients with high levels of free bilirubin, i.e.,
patients with high risk of toxic brain injury [23].

2. Materials and Methods

Chemicals. ACE substrates, benzyloxycarbonyl-L-phenylalanyl-L-histidyl-L-leucine
(Z-Phe-His-Leu) and hippuryl-L-histidyl-L-leucine (Hip-His-Leu) were purchased from
Bachem Bioscience Inc. (King of Prussia, PA, USA) and Sigma (St. Louis, MO, USA). Other
reagents (unless otherwise indicated) were obtained from Sigma (St. Louis, MO, USA).

Antibodies. Antibodies used in this study include a set of 17 (mAbs) to human ACE,
recognizing native conformation of the N and C domains of human ACE [24,25].

Study participants. The study was approved by the Ethics Committee of the Medical
Center of Moscow University (protocol # 9, 26 November 2018). All corresponding proce-
dures were carried out in accordance with institutional guidelines and the Code of Ethics
of the World Medical Association (Declaration of Helsinki). All patients provided written
informed consent to have serum and citrated plasma for ACE characterization.

ACE activity assay. ACE activity in serum, plasma or purified lung ACE preparations
was measured using a fluorimetric assay with two ACE substrates, 2 mM Z-Phe-His-Leu
or 5 mM Hip-His-Leu [26,27]. Briefly, 20 μL aliquots of serum or plasma (diluted 1/5
in PBS) or aliquots of purified lung ACE preparations with corresponding specific ACE
activity, were added to 100 μL of ACE substrate and incubated for the appropriate time at
37 ◦C. The His-Leu product was quantified fluorometrically. ACE activity in individual
patients was expressed as % from pooled citrated plasma (control) collected from plasma
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of healthy donors and purchased from Interstate Blood Bank, Inc. (Memphis, TN). Before
pooling, each plasma sample was preliminary tested for the presence of ACE inhibitors or
conformationally changed ACEs, as described in this study. ACE activity in serum/plasma
was also determined with 0.3 mM angiotensin I as a substrate in PBS, pH 7.5, also using
fluorimetric assay as described above.

Calculation of ZPHL/HHL ratio [27] was performed by dividing fluorescence of the
sample with ZPHL to that with HHL. Human lung ACE was purified using lisinopril-
affinity chromatography exactly as described before [28].

Immunological characterization of the blood ACE. Microtiter (96-well) plates (Corn-
ing, Corning, NY) were coated with anti-ACE mAbs via goat anti-mouse IgG (Pierce,
Rockford, IL) bridge and incubated with plasma/serum/lung ACE samples. After wash-
ing of unbound ACE, plate-bound ACE activity was measured by adding a substrate for
ACE (Z-Phe-His-Leu) directly into wells [26]. The level of ACE immunoreactive protein,
using strong mAb 9B9, was quantified as described previously [26]. Conformational fin-
gerprinting of blood ACE with mAbs to ACE was performed and presented as described
previously [19,24].

Bilirubin determination. Plasma bilirubin levels were measured using AU480 ana-
lyzer (Beckman Coulter, USA).

Sequencing (Sanger) and genotyping. Genomic DNA was obtained from the whole
blood of donor 2D (and his sister) by QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA),
and six exons of ACE gene (ACE), 7–11th and 13th, were amplified and sequenced as in [29].
Two exons of the lysozyme gene (LYZL1), 2th and 4th, coding most of the amyloidogenic
mutations [30], were amplified and sequenced using primers, kindly provided by Dr. T.
Prokaeva (Boston University, Boston, MA). Genotyping of UGT1A1 gene for polymorphism
of TATAA repeats (UGT1A1 * 28) was performed as in [31].

Next-Generation sequencing of exomes. The sequencing of 6000 + clinically relevant
genes in the proband and his sister was performed by Genotek Ltd. (Moscow, Russia), after
Ethics committee approved the study (07/2018). The proband and his sister gave written
informed consent for studies and publication of their clinical information, images, and
sequencing data. DNA libraries were constructed using the NEBNext Ultra DNA Library
Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA) with adapters for sequenc-
ing on Illumina platform according to manufacturer’s protocol. For target enrichment,
we used SureSelect XT2 (Agilent Technologies, Santa Clara, CA, USA). Enriched samples
were sequenced using an Illumina HiSeq 2500 system (Illumina, San Diego, CA, USA) in
paired-end mode (100 bp reads) and analyzed as described exactly in [32].

Modeling of bilirubin binding to ACE. Coordinates of X-ray model of human ACE
(PDB: 3NXQ, [33]) were downloaded from the PDB. All molecular modeling studies
were performed in Molecular Operating Environment [34]. Two residues of N-acetyl-
glucosamine were attached to Asn289 similar to that found for Asn45 in 3NXQ. The
proteins were subjected to the “structure preparation” procedure. Hydrogen atoms were
added using the Protonate 3D algorithm. The energy of the resulting structure was mini-
mized using AMBER14EHT force-field implemented in MOE [35,36]. The proteins were
minimized until the root mean square (RMS) gradient was less than 0.001 kcal/mol/Å2.
Bilirubin was assigned MMFF94x charges and minimized using the MMFF94x force-field
until the RMS gradient was less than 0.001 kcal/mol/Å2. The MOE docking module “Dock”
was used for docking/scoring using the default parameters and settings. The approximate
location of the docking site was assigned based on the outcomes of the analysis with
antibodies [37,38]. Docking was performed using the “induced fit” algorithm, “Triangle
Matcher” for placement, London dG for scoring of the binding poses after placement,
and GBVI/WSA dG [34] for rescoring of the resulting poses. A total of 10 poses were
stored after the refinement step. The docking poses that did not meet antibodies epitope
mapping [37,38] were discarded, and the top remaining poses were considered for further
analysis. The molecular surface colored to electrostatic potential was generated for the
resulting structure except Asn45, Asn289, and Asn416 which were colored in green. All the
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post-translational modifications with sugars were rendered with “space fill” and colored
cyan. In addition, the carboxyl groups in the top pose of bilirubin were glucuronidated, and
the resulting structure was co-minimized with ACE using the same procedure as above.

Statistical analysis. All experiments were conducted independently in duplicate or
triplicate, the results were expressed as mean value ± standard deviation, SD. Statistica
for Windows (version 10.0, Stat.Soft. Inc., Tulsa, OK, USA) was used for statistical analysis.
Significance was analyzed by Mann–Whitney test with p ≤ 0.05 considered statistically
significant and p ≤ 0.01 considered highly statistically significant.

3. Results and Discussion

Blood ACE phenotyping and identification of patient with conformationally

changed ACE. Previously, we developed a new approach to characterize blood ACE in
individual patients-blood ACE phenotyping [17–21]. This approach includes not just deter-
mination of ACE activity (with two substrates, ZPHL and HHL), but also determination of
a novel kinetic parameter, the ratio of the rates of the hydrolysis of these two substrates
(ZPHL/HHL ratio), which is able to control the native state of N and C domains of ACE
active centers and to reveal the presence of ACE inhibitors [17–21,27]. The third parameter
is the concentration of ACE immunoreactive protein [24], and, finally, the fourth and most
sensitive approach is conformational fingerprinting of ACE using anti-ACE mAbs showing
subtle conformational changes in ACE surface topography [17–21,24,39].

ACE phenotyping was performed on 10 citrated plasma samples from six patients
obtained after therapeutic apheresis (marked as ##A) and four healthy donors (marked as
##D), for whom the plasma for transfusion was already expired. The results are presented in
Figure 1 in comparison with corresponding results for previously obtained control pooled
serum from 83 healthy donors. Quantification of ACE activity (with ZPHL as a substrate,
Figure 1A) and the levels of ACE immunoreactive protein determined with strong mAb
9B9 (Figure 1B) demonstrated excellent correlation (R = 0.962).

We already performed ACE phenotyping in 300 apparently healthy individuals [21]
and found that standard deviation (SD) from mean of ACE activity or level of ACE im-
munoreactive protein (with mAb 9B9) for the population was about 25% for both meth-
ods. It means that normal blood ACE values (for 95% of population) are within range of
mean ± 2SD (50–150% of the mean), i.e., inter-individual variations in ACE level are sig-
nificant, at least three-fold, which confirmed previous estimations [8,26]. However, one
sample from 10 plasmas phenotyped in this study (from donor 2D) had ACE activity and
immunoreactive ACE protein level more than 150% from the mean value (brown colored in
Figure 1A,B). We also determined the ratio of the rates of the hydrolysis of two substrates,
ZPHL/HHL ratio, which elevated values serves as an indicator of the presence of com-
mercial ACE inhibitors [27], but did not find any significant elevation of ZPHL/HHL ratio
(Figure 1C), indicating that all these 10 plasmas do not contain exogenous (commercial)
ACE inhibitors [19,27].
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Figure 1. ACE phenotyping in citrated plasma samples. (A) ACE activity was measured by a
spectrofluorometric assay with ZPHL (2 mM as a substrate) (B) The immunoreactive ACE protein
was quantified by precipitation of ACE activity from plasma samples by mAb 9B9. (C) Ratio of
the rates of the hydrolysis of two substrates, 2 mM ZPHL and 5 mM HHL (ZPHL/HHL ratio)
(D) Ratio of ACE activity precipitation from plasma by mAbs 1G12 and 9B9 (1G12/9B9 ratio). Data
were expressed as % of parameters of ACE phenotype from corresponding values for control pooled
plasma samples from healthy controls (green bars). The same pooled plasma with 5 nM of ACE
inhibitor enalaprilat was used as a positive control for the putative presence of ACE inhibitor in
plasma samples. Bars highlighted with brown and red-samples with values of ACE parameters
higher than 150% and 200% of controls. Bars for patient 2D are red boxed.
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The amount of ACE immunoreactive protein (Figure 1B) was estimated using the
strongest mAb to ACE, clone 9B9 [38,40,41]. A great advantage of this approach is a
possibility to measure ACE levels in plasma taken with EDTA or in plasma containing
ACE inhibitors, because EDTA or ACE inhibitors are washed out during washing step
with distilled water with Tween-20 while ACE is still bound to this mAb [19,26]. However,
precipitation of ACE activity from tested plasmas was also performed with mAb 1G12,
which binding to blood ACE is extremely sensitive to the presence of ACE inhibitors in
the blood [17–21,37]. Patient 2D demonstrated dramatically increased 1G12/9B9 ratio
(Figure 1D), as if this patient had ACE inhibitors in his blood (for comparison, see an effect
of 5 nM ACE inhibitor enalaprilat on ACE activity precipitation from control plasma, red
bars in Figure 1D) but without increase in ZPHL/HHL ratio (Figure 1C). On the base
of these results, we formed a pool of citrated plasma from three plasma samples from
healthy donors (not including plasma from patient 2D) which was used as a control for
further experiments.

Previously, we already found several persons (3 from tested 48, i.e., approximately 6%)
among healthy donors, which plasma ACE demonstrated dramatic increase in 1G12/9B9
binding ratio without concomitant increase in ZPHL/HHL ratio [17]. The proportion of
patients with such conformationally changed ACE significantly increased (at least up to at
least 20%) among patients with uremia [17]. Pathophysiological effects of conformationally
changed ACE from such patients were the following: (1) elevated rate of the hydrolysis of
angiotensin I (AI) [17], which could theoretically increase the local concentrations of AII,
which in turn, has numerous deleterious cardiovascular and inflammatory effects [42,43];
(2) decreased efficacy of ACE inhibitors toward these ACEs; (3) elevated blood pressure [17].
Therefore, we could not exclude the possibility that the detection of patients with such
conformationally changed ACE could be clinically relevant as a screening of patients with
high risk factor for ESRD (End Stage Renal Disease). As the volume of plasma from donor
2D was rather big, it gave us an opportunity to try to find the biochemical reasons for such
conformational changes in blood ACE (including possible heritability of such phenotype).
It is noteworthy that the ACE phenotype in donor 2D’s blood (i.e., ACE activity, the level
of immunoreactive ACE protein, and enhanced 1G12/9B9 ratio) was the same at first
and second blood donations which were held at an annual interval, indicating that this
phenotype is not accidental but rather an intrinsic characteristic of donor 2D.

3.1. Characterization of ACE in Donor 2D (with Conformationally Changed ACE)

When donor 2D plasma and control plasma were equilibrated by ACE activity with
ZPHL, we found that ACE in donor 2D plasma appeared to be twice as active with an-
giotensin I as a substrate (205 ± 25, p < 0.05). Thus, we confirmed our previous finding [17]
that conformationally changed ACE with increased 1G12/9B9 ratio can possess enhanced
ACE activity toward this substrate (which undoubtedly is of clinical importance).

Efficacy of the inhibition of plasma ACE activity with HHL or ZPHL as substrates by
common ACE inhibitor enalaprilat was reproducibly lower for plasma 2D compared to
control plasma, but the difference was quite small, 5–10% (Figure S1A–C).

The effect of the presence of enalaprilat on several mAbs binding is shown in Figure
S1D–F. While enalaprilat did not affect the binding of mAbs 9B9 to both control ACE and
ACE from donor 2D (Figure S1D) and rather equally diminished the binding of mAb 4E3
(Figure S1E), the effect of the inhibitor on mAb 1G12 binding to control and donor 2D ACEs
was strikingly different. The presence of enalaprilat dramatically increased binding of mAb
1G12 to blood ACE from control plasma, whereas it almost did not affect the binding of
this mAb to blood ACE from donor 2D (Figure S1F) which is already high (Figure 1D).
Previously, we found that bilirubin binds to ACE exactly in the region for epitopes for
mAbs 1G12/6A12 and binding of ACE inhibitors induces dissociation of bilirubin from
ACE, which leads to dramatic increase in 1G12/6A12 binding. Moreover, we demonstrated
that mutation in ACE (R532W) abolished bilirubin binding to ACE and caused significant
increase in ACE shedding and, therefore, increase in ACE levels in the blood [29]. Thus,
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increased level of ACE in the 2D plasma (Figure 1A,B), high 1G12/9B9 ratio (Figure 1D) and
the absence of the effect of enalaprilat on 1G12 binding to ACE from 2D plasma (Figure S1F)
indicates that donor 2D could have a mutation in ACE. This mutation could be similar, but
not identical to R532W, because increase in blood ACE level in donor 2D was about 160%,
in contrast to 450% for patient with mutation R532W [29]. Alternatively, there could be
some non-canonical bilirubin in patient 2D, which binds less to ACE, i.e., more conjugated,
or optical stereoisomer [44].

We compared conformational fingerprint of ACE from donor 2D plasma with con-
trol plasma (Figure 2A) in order to detect the regions of possible local changes in ACE
conformation in the blood of patient 2D, and to find the region of possible ACE mutation.
The results for each mAb are shown as the ratio of the effectiveness of the binding of this
particular mAb with ACE from 2D plasma to that with control ACE. Dramatically increased
binding of two mAbs, 1G12 and 6A12, to ACE from 2D plasma closely resembles an effect
of plasma dilution, filtration, dialysis, or addition of enalaprilat on mAbs binding to control
plasma ACE (Figure 2C,D and Figures S12 and S13 in [29]). The similarity of Figure 2A with
these figures in the cited paper allowed us to suggest that low molecular weight (LMW)
blood components, which binds to ACE in normal plasma and dissociate from ACE as a
result of dilution, filtration, or dialysis (or action of common ACE inhibitors inducing this
dissociation) may not be able to bind to ACE in 2D plasma. It was shown [29] that this LMW
blood component is bilirubin, but the possibility exists that there could be other compounds
in the blood able to bind to ACE. Thus, the results of conformational fingerprinting of ACE
could indicate that conformational change in ACE surface topography observed in donor
2D (Figure 2A) could be caused both by changes in ACE structure in this donor due to
mutations, post-translational modifications, or changes in blood components that bind (or
not bind) to ACE.

The results presented in Figure 2A as well as the experiments in Figure 2C,D and
Figures S12 and S13 in [29] were obtained by washing the plates with distilled water
containing 0.05% Tween-20. Strikingly, washing with PBS/Tween-20 (Figure 2B) showed
fewer differences in the binding of mAbs 1G12 and 6A12 to donor 2D and control ACEs than
in the case of water/Tween-20 (Figure 2A). In control plasma, washing with water/Tween-
20 left a lower proportion of ACE bound to mAbs 1G12, 6A12 and, to a lesser extent, mAb
i2H5 than washing with PBS/Tween-20 as evidenced by lower ACE activity (Figure 2C).
A similar difference after washing with PBS or distilled water was observed with ACE
purified from lung, heart, and seminal fluid (not shown). The effect appears to be focused
on the same area of ACE protein as the epitopes for these very mAbs are overlapping [37,45].
Charged amino acid residues were estimated to account for 44% of the total amount of
amino acid residues in the epitope area for mAb 1G12, and hydrophobic residues represent
approximately 25%. For mAb 6A12, charged amino acid residues constitute 51% of amino
acid residues in its epitope area, whereas hydrophobic residues account for 16% [37]. Since
water/Tween-20 solution has lower ionic strength compared to that of PBS/Tween-20, it
is expected to be more effective at disrupting hydrophobic interactions. Overall, these
findings suggest that disruption of the hydrophobic interactions is more critical for 1G12,
6A12 and, to a lesser extent, mAb i2H5, than for other mAbs and their corresponding
epitopes. The opposite is true for mAb i1A8, which showed higher remaining ACE activity
after washing with water/Tween-20 compared to washing with PBS/Tween-20 (Figure 2C).
Regardless of the exact reasons for this phenomenon, we stopped using distilled water for
washing unbound ACE off the plate (as we did before) because very low ACE activity still
bound to mAbs 1G12 and 6A12 (and, therefore, enhanced determination errors) and started
using only PBS.
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Figure 2. Conformational fingerprinting of blood ACE (using mAbs to ACE). (A–D) ACE activity
was precipitated from plasma of donor 2D (boxed in Figure 1) and control plasma (diluted 1/5 with
PBS) with 16 mAbs to different epitopes on the N and C domains of human ACE. (A,B) Data were
expressed as a % of ACE activity from plasma of donor D precipitated by different mAbs from that
for control plasma. Plates were washed from unbound ACE with distilled water (A) or with PBS (B).
(C,D) Data are expressed as a % of ACE activity from control plasma (C) or plasma from donor 2D
(D) with washing by water from that with washing by PBS. Orange bars-increase of ACE precipitation
more than 20%, brown bars-more than 50%, red-more than 2-fold. Yellow bars-decrease of ACE
precipitation more than 20%, blue bars-more than 50%.
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Unlike the control, 2D plasma showed no buffer-dependent differences in the binding
of these mAbs to ACE (Figure 2D). Many factors, including mutations, post-translational
modifications (PTMs), and binding of endogenous ligands, may make this region on 2D
ACE surface insensitive to changes in ionic strength. Since only a few mAbs displayed the
buffer-dependent binding to ACE and binding of i1A8 remained to be buffer-dependent
in 2D plasma (Figure 2D), the phenomenon responsible for switching between buffer-
dependent and independent states of ACE is likely to be located on a relatively small
portion of the ACE protein surface.

We tested the effects of serial dilutions of control and 2D plasma and found that
while the relative binding of mAbs 1G12 and 6A12 (normalized to binding of mAb 9B9) to
control ACE remarkably increased upon dilution, twice more for mAb 1G12 than for 6A12
(Figure S2B,C), the binding of mAb 1G12 to ACE from 2D plasma did not depend on the
dilution and relative binding of 6A12 even slightly decreased (Figure S2B,C). This result
may indicate on ACE mutation/PTM in patient 2D or (alternatively) on the significant lack
(or even absence) of blood components able to bind to ACE in 2D plasma, but present in
the control plasma or in favor of putative endogenous ACE inhibitor/effector in 2D blood
of different nature than in control plasma, which is tightly bound to ACE and does not
dissociate upon dilution.

We tested the effect of 2D and control plasma filtration through filters of different
pore size 3–100 kDa on four mAbs binding to plasma ACE. The binding of mAbs 1G12
and 6A12 to control ACE (in contrast to mAb 9B9 to the N domain and mAb 1E10 to the C
domain) significantly increased after filtration (Figure 3A–D) in accordance with previous
results [29] that filtration helps remove LMW ACE effector, likely bilirubin. However,
filtration of 2D plasma did not increase neither 1G12 nor 6A12 binding (Figure 3C,D)
which was already significantly elevated (Figures 1 and 2) in comparison to control ACE,
indicating that possibly bilirubin in the blood of donor 2D less binds to ACE due to some
peculiarities of this ACE or decreased concentration of bilirubin (or its modifications) able
to bind to this ACE. or there are other blood components in the blood of this donor that
also bind to this region on N domain of ACE.

Then, we tested an effect of the filtrates from these two plasmas on the precipitation
of model ACE (purified ACE from human lung) by mAbs to ACE and found that all
3–100 kDa filtrates from control plasma similarly and much more effectively decreased
mAbs 1G12 and 6A12 binding to purified ACE than filtrates from donor 2D (Figure 3E–H).
The effect of filtration and filtrates on ACE precipitation by 9 tested mAbs (Figure S3)
confirmed reciprocal (mirrored) effect of filtration and filtrates on mAbs 1G12 and 6A12
binding. These results indicated that local conformational changes in ACE surface topogra-
phy in plasma of donor 2D could be due to at least two factors—changes in ACE structure
preventing effective binding of bilirubin to the epitopes of these 2 mAbs to ACE or the lack
of LMW ACE-binding components in 2D plasma.

To clarify this, we purified ACE from both plasmas by affinity chromatography (batch
procedure) on Lisinopril-Sepharose (Figure S4A,B). It appeared that long (24–48 h) incuba-
tion of plasma with Lisinopril-Sepharose during a batch procedure likely influenced local
conformation of ACE surface topography in the region of overlapping epitopes of mAb
1G12 and 6A12, as the binding of these two mAbs was not increased (due to elimination of
bilirubin after passing of plasma through Lisinopril-Sepharose column, as in Figure 10B
in [39]) but significantly decreased after purification (Figure S4A,B). The only difference
between the effects of purification on ACE from 2D and control plasma was less binding of
mAb 6A12 to purified ACE from 2D plasma compared to control (red box). Nevertheless,
conformational fingerprint of ACE partially purified from plasma of donor 2D by affin-
ity chromatography was almost identical to that for ACE purified from control plasma
(Figure S4C), in a sharp contrast to that in whole plasmas (Figure S4D), thus ruling out gen-
uine changes in ACE conformation in donor 2D. The purification procedure dramatically
changed binding of few mAbs to purified ACEs from both plasmas, and especially dramat-
ically increased binding of mAb 5F1 (red bars in Figure S4A,B), localized in the interface
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of dimerization [20,46]. This fact may indicate that purification on Lisinopril-Sepharose
can decrease the extent of dimerization of ACE from plasma, unmasking the epitope for
mAb 5F1.

Figure 3. Effect of plasma filtration and filtrates on mAbs binding to ACEs. Plasma samples from
donor 2D and control plasma (both 2 mL) were filtered by centrifugation through filters with 3, 10,
30, and 100 kD pores. (A–D) Plasmas were concentrated on filters 10-fold and then diluted 10-fold
to return to initial volume. ACE activity precipitated from recovered plasmas by different mAbs
was measured as in Figures 1 and 2. Data were expressed as a % of precipitated ACE activity from
that for initial non-filtrated plasmas (mean ± SD of triplicates) by each mAb. (E–H) Filtrates (at
90% concentration) were added to purified lung ACE (final ACE activity about 10 mU/mL). ACE
activity precipitation by different mAbs was measured as in Figures 1 and 2. Data were expressed as
% (mean ± SD) of precipitated ACE activity in the presence of filtrates from that for controls (PBS
instead of filtrates—green bars).

Sequencing of five exons (from 7th to 11th) coding the surface of the N domain of
ACE, where overlapping region of mAbs 1G12 and 6A12 were localized [37], did not
reveal any ACE mutation (Figure S5), confirming that the amino acid replacements in
ACE molecule are not responsible for an apparent changed surface topography of plasma
ACE of donor 2D. Nevertheless, confirming the power of personalized/precision medicine
approach, we found polymorphic variant of ACE gene in this patient, heterozygous geno-
type CT of rs4613 in the 13th exon, coding Pro27 in the signal peptide of testicular ACE.
(File S1). Homozygous TT genotype is associated with significant decrease in testicular
ACE expression on spermatozoa and lower fertilization rates [47]. As we previously found
that another blood component, lysozyme, binds to ACE [29], we also sequenced 2th and 4h
exons of lysozyme (where most of the amyloidogenic mutations were localized [30]) and
also did not found any mutation in these two exons of lysozyme gene of donor 2D.
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3.2. ABCG2 Mutation in Donor 2D

After the experiments described above, the changes in bilirubin metabolism in patient
2D became an alternative hypothesis for the explanation of conformational changes in its
blood ACE. There are numerous genes (and their products-proteins) that participate in
bilirubin synthesis and metabolism, members of UTG family, biliverdin reductases, mem-
brane transporters, for review see [48–50]. Therefore, in order to find causal mutation(s)
which could be responsible for an apparent conformational changes in ACE surface topog-
raphy in plasma of this donor, we performed exome sequencing of 6000+ clinically relevant
genes in donor 2D and her sister who had no conformational changes in her plasma ACE
(File S1, Figure S5).

We did not find any mutation in ACE and lysozyme genes of donor 2D nor any
loss-of-function mutation in the UGT1A1 gene [51], the product of which, bilirubin UDP-
glucuronosyltransferase 1, is the only relevant enzyme responsible for bilirubin glucoro-
nidation [52], but found several mutations (polymorphic variants) in some members of
UGT family (Supplemental Materials File S1), and, most important, found mutation (M71V,
rs148475733) in membrane transporter ABCG2, which participates in transport of more
than 200 compounds (for review see [53]) including bilirubin [54]. The same mutation was
described recently [55] and was shown to lead to decreased surface expression of ABCG2,
but influence of this mutation on bilirubin metabolism was not analyzed.

Soon after that, we found plasma sample (from unrelated patient with chronic pro-
statitis) also with conformationally altered ACE (Index patient IP in Figure 4). Accidentally,
this patient previously ordered exome sequence of 6000+ clinically relevant genes and we
found that this patient has also mutation of ABCG2, but another one, N596S, implicated
in protein trafficking and stability [53,56]. ACE phenotyping of citrated plasma from all
patients with conformationally altered ACE (increased 1G12/9B9 ratio) that were found in
200 unrelated plasma samples and patients with two mutations in ABCG2 are shown in
Figure 4. Most of the patients with increased 1G12/9B9 ratio demonstrated also elevated
level of blood ACE (Figure 4A,B), which is consistent with the hypothesis that these patients
could have reduced level of bilirubin, which normally prevents an excessive ACE shedding
and an appearance of extra ACE in the blood [29]. We expressed the 1G12/9B9 binding
ratio in control citrated plasma as a percentage of this ratio in control EDTA plasma, where
EDTA causes dissociation of zinc-ions from the active centers of ACE and, thus, reversibly
inactivates the enzyme. We found that the epitope for 1G12 in citrated plasma of two
control patients, 2DS and #66A, was unmasked by 20% in comparison to EDTA plasma
(Figure 4D). The strikingly different results were obtained for donor 2D and Index patient:
while in Index patient the epitope for mAb 1G12 in citrated plasma was unmasked by 50%,
in donor 2D this epitope was completely unmasked in both citrate and EDTA plasma.

Thus, it is possible that some (but perhaps not all) mutations in ABCG2 could lead
to changes in bilirubin metabolism, which in turn, could influence an apparent local ACE
surface conformation (1G12/9B9 binding ratio) in plasma. Therefore, we expected ABCG2
null mutations to have more influence on bilirubin metabolism than other heterozygous
mutations which we already analyzed. However, when we performed ACE phenotyping
in plasma from three different ABCG2 null mutations (Figure S6) in three patients. We did
not find any effect of these null mutations on 1G12/9B9 binding ratio. The only reasonable
hypothesis we could make is that the effect of tested ABCG2 mutations (at least M71V and
N596S) on bilirubin metabolism might be realized via homo- or even heterodimerization of
ABCG2 [53]. In the case of ABCG2 null mutations, there could be no partners for homo- or
heterodimerization of ABCG2 and, as a result, no effect on bilirubin metabolism.
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Figure 4. ACE phenotyping in patients with conformationally changed ACEs. (A) ACE activity;
(B) amount of immunoreactive ACE protein determined with mAb 9B9: (C) and 1G12/9B9 binding
ratio were quantified and presented as in Figure 1. (D) 1G12/9B9 binding ratio in citrated plasmas
was calculated as a % from that in available EDTA plasma. As a control, we used pooled plasma
samples from two different pools (1–2). Bars highlighted as in Figure 2.

148



Biomedicines 2023, 11, 534

3.3. Molecular Modeling of Bilirubin Binding to ACE

To gain additional insights on the possible binding mode of bilirubin to ACE, we
docked it to the putative binding site previously identified that involved R532 on the N
domain of ACE [29]. The top pose of bilirubin on the human N domain of ACE (PDB:
3NXQ) is shown in Figures 5 and 6. As shown in Figure 5A, bilirubin binds to a shallow
hydrophobic pocket formed by the hydrophobic residues Pro308, Ile408, and Val296 and the
hydrophobic portions of the side-chains of Lys407, Tyr531, Glu299, Thr302, Glu298, Arg295,
Thr291, His292, and Trp299. The two negatively charged carboxyl groups of bilirubin
participate in bidentate ionic interactions with positively charged Arg532 (yellow dotted
lines). In addition, one of the carboxyl groups of bilirubin forms hydrogen bond with C=O
of Gly409, making the resulting binding even stronger.

 
(A) (B) 

Figure 5. Protein-ligand interaction between ACE and bilirubins. N domain of human ACE (PDB:
3NXQ) with docked bilirubin (A) and bilirubin diglucuronide (B). Bilirubin scaffold is rendered by
magenta. The hydrogen bonds with Arg532 are shown as yellow dotted lines. The steric interactions
between the glucuronidate portions of bilirubin and Arg532 are marked by black dotted lines. The
solvent accessible protein surface is mapped by electrostatic potential, red-negative, blue-positive.
Gln289 is rendered as green surface. The sugar PTMs portions (Post-Translational Modifications) are
rendered by cyan.

Mutation R532W is expected to disrupt these strong ionic interactions, resulting in
a weakening bilirubin-ACE interaction as demonstrated in [29]. The docked molecule
of bilirubin is only c.a. 10 Å away from Asn289, suggesting that glycan at potential
glycosylation site Asn289 may potentially interfere with bilirubin binding to ACE (note
proximity of the glycan rendered by cyan to bilirubin rendered by magenta (Figure 5A)).
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Figure 6. General view of bilirubin docked to ACE. N domain of human ACE (PDB: 3NXQ) near
the epitopes for mAbs 6A12, 1G12 and i1A8. The surface of the protein is mapped by electrostatic
potential, red-negative, blue-positive. Asn 45, Asn289 (Q in 3NXQ), and Asn416 are rendered by
green surface. The sugar PTMs portions are rendered by cyan and bilirubin molecule -by dark gray.

Next, we analyzed how glucuronidation of bilirubin may impact its binding to ACE
(Figure 5B). Glucuronidation of bilirubin leads to an increase in bulk of the resulting adduct
in the region next to the newly formed ester bond between bilirubin and glucuronide
portions. Moreover, in the glucuronidated bilirubin, the position of the negatively charged
carboxyl groups are extended relatively to the heterocyclic core of bilirubin. Altogether,
these changes in the structure of the glucuronidated bilirubin result in c.a. 2 Å shift in its
position toward modeled Asn289 and loss of at least one strong electrostatic interaction with
Arg532. A preliminary modeling shows that the carboxyl groups of the two glucuronidate
groups may still form bidentate interactions with Arg532, but it would also require disso-
ciation of the bilirubin core from the only hydrophobic pocket at the intersection of the
epitopes for antibodies 6A12 and 1G12 (Figure 6). It is tempting to speculate that these
changes would also disrupt the binding of glucuronidated bilirubin to ACE.

A comparison of bilirubin binding site on ACE with that on PPARα (peroxisome
proliferator-activated receptor-α (docked structure, Figure 2A in [57]) and on albumin-
PDB:2VUE [58]) shows that in all the cases the carboxylic acid groups of bilirubin form
ionic interactions with the positively charged residues of the binding site whereas the
remaining part of the ligand interacts with the hydrophobic portion of the binding site. For
instance, ionic interactions between Arg117 and Arg186 on albumin with carboxylic groups
of bilirubin are reminiscent to the interaction between bilirubin docked to ACE and Arg532.

Magnification of bilirubin docking model shows how bilirubin in complex with ACE
maybe located in both epitopes for mAbs 1G12 and 6A12 (Figure 6). This picture also
helps explain an unusual effect of filtrates of control plasma (i.e., mainly bilirubin in these
filtrates) on an increase of mAb i1A8 binding to purified lung ACE (Figures S3B and S4D).
Likely, binding of bilirubin to the area within epitopes for mAbs 1G12 and 6A12 changes
local conformation of ACE remotely (in the region of epitope for mAb i1A8 (probably
bumps formed by Q305, P308 and maybe K542)).
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We compared the effects of free and conjugated (tartar) bilirubin on the binding of
mAbs to purified lung ACE (Figure 7). Whereas bilirubin did not affect the binding of mAb
2H9 to the C domain and only slightly affected the binding of mAb 9B9 to the N domain
(Figure 7C,D), both bilirubin remarkably decreased the binding of mAbs 6A12 and 1G12 to
the N domain of ACE (Figure 7A,B). The ability of conjugated bilirubin to decrease binding
of mAbs 6A12/1G12 was the same, while free bilirubin apparently better disrupted mAb
6A12 interactions with ACE, in accordance with the above modeling and results in [29].

Figure 7. Effect of bilirubins on mAbs binding to purified human lung ACE. Bilirubin and biliru-
bin tartar conjugate in PBS were added to purified lung ACE (final ACE activity about 10 mU/mL).
ACE activity precipitation by different mAbs was measured with as in Figures 1 and 2. (A) mAb 6A12;
(B) mAb 1G12; (C) mAb 9B9; (D) mAb 2H9. Data were expressed as % (mean ± SD) of precipitated
ACE activity in the presence of bilirubins from that for controls (PBS instead of bilirubins).

It should be emphasized that the effect of free bilirubin on mAb 6A12 (and 1G12)
binding was much more pronounced than the effect of the same concentrations of conju-
gated bilirubin (Figure 7A,B) confirming the conclusions that free bilirubin better binds to
ACE molecule.
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Very rough estimation of the comparative efficacy of free and conjugated bilirubins
(Figure 7A) toward 6A12/9B9 ratio showed that free bilirubin at least five-fold better binds
to ACE than conjugated form. In normal conditions, however, the concentration of direct
bilirubin is two orders higher than free unbound bilirubin. Therefore, there are much
more complexes of ACE with direct bilirubin than complexes with free bilirubin. At the
pathological level, however, increased or decreased concentration of free bilirubin might
influence on the proportion of the complexes of ACE with both bilirubin.

Much evidence suggests that free (unbound and unconjugated) bilirubin concentration
correlates more strongly with bilirubin toxicity than the total bilirubin [59]. These results
justified further investigations into the clinical use of free bilirubin measurements [60].
Unfortunately, accurate measuring the free bilirubin concentration in the presence of
much higher concentrations of protein-bound bilirubin is difficult [61]. However, at least
two reliable methods for the measurement of free bilirubin (Bf) were established. Green
fluorescent protein from eel was cloned, the fluorescence of which was significantly in-
creased in the presence of free bilirubin [62]. In another approach, fluorescently labeled
mutants of fatty acid binding proteins were used [63]. This sensor binds unconjugated
bilirubin with high affinity (Kd = 16 nM) but binds conjugated bilirubin much worse,
Kd > 300 nM [64]. Both methods started to be used for clinical determination of free
bilirubin in human plasma [64,65]. This discrimination in free and conjugated bilirubin
binding is similar to the effect of these bilirubins on ACE binding by mAbs 1G12 and 6A12
(Figure 7). Therefore, we may speculate that the 6A12/9B9 (or 1G12/9B9) ACE-binding
ratio could be an additional (and natural) sensor for free bilirubin determination in the
blood of patients.

3.4. Endogenous ACE Inhibitors in Plasma of Donor 2D

We analyzed an effect of dilution and filtration of plasma 2D and control plasma,
as well as an effect of filtrates of plasmas on purified ACE, not only on mAbs binding
(Figures 3 and 4), but also on ACE activity (Figure S7). Filtration of 2D and normal plasmas
(Figure S7D,E) shows that this procedure resulted in a remarkable increase of ACE activity
in 2D plasma, but only toward the substrate HHL, which in turn, indicates the presence in
2D plasma of endogenous ACE inhibitors preferably inhibiting the C domain of the enzyme.
This conclusion is supported by the findings that simple 2D plasma dilution (Figure S7C)
and filtration (Figure S7F) significantly decreased ZPHL/HHL ratio for plasma ACE,
while filtrates of this plasma increased ZPHL/HHL ratio for purified ACE (Figure S7F).
Therefore, while the balance of endogenous ACE inhibitors in normal plasma is shifted
toward inhibitors preferably inhibiting the N domain [27], the balance of ACE inhibitors in
2D plasma is shifted toward inhibitors preferably inhibiting the C domain of the enzyme.
The overall number of inhibitors in 2D plasma is apparently higher than in normal plasma
as the effect of 2D filtrates on the activity of purified ACE is greater (Figure S7H).

In addition, we found that ACE activity in the serum was higher than that in citrated
plasma for almost all tested normal blood samples by 11.4 ± 7.7% (mean for nine samples)
(Figure S8A), indicating that some ACE inhibitor(-s) binds to the blood clot. However, this
difference was much more pronounced for donor 2D (+58.0 ± 4.4%), while the amount
of immunoreactive ACE protein was the same in his serum and plasma (Figure S8B).
Therefore, we can speculate that concentration of this endogenous ACE inhibitor(s) is five-
fold higher in 2D plasma than in plasma of nine healthy volunteers. Purification of ACE
from normal and 2D plasma also revealed that ACE binding with Lisinopril-Sepharose was
more effective for control plasma than ACE from 2D plasma as less ACE activity appeared
under washing: 18.6% ± 10.8 for control plasma versus 48.9% ± 19.5 (p < 0.001) for plasma
2D. This fact could be attributed to the enhanced concentration of ACE inhibitors in 2D
plasma competing with Lisinopril on the matrix.

Conformational fingerprinting of ACEs in serum versus plasma for donor 2D (and his
unaffected sister) indicated that the elimination of the inhibitor(s) binding by blood clot
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somewhat changed the efficacy of binding of mAb 6A12 to the N domain and mAbs 1E10
and 4E3 to the overlapping region of their epitopes on the C domain (Figure S8C,D).

Therefore, in addition to decrease in bilirubin binding, the changes in content and
concentration of endogenous ACE inhibitors can change an apparent local surface ACE
conformation in plasma.

3.5. Blood ACE Phenotyping in Patients with Gilbert and Crigler-Najjar Syndromes

Bilirubin is the final product of heme catabolism, mainly originating from hemoglobin
after degradation of old erythrocytes. In healthy individuals, the total level of blood
bilirubin is under 17 μM [66]. Bilirubin is poorly soluble in water and in the blood is
mostly bound to serum albumin [50], while water soluble (or direct) bilirubin results from
conjugation of the initial molecule with one or two glucuronide groups by the enzyme UDP-
glucuronosyl transferase 1A1 (UGT1A1) [52]. Plasma (serum) total and direct bilirubin
concentrations are common laboratory criteria of bilirubin status in many diseases, but
especially in jaundiced newborns [67]. Displacement of bilirubin from albumin binding
sites or mutations in UGT1A1 gene leading to a decreased expression of UGT1A1 are the
reasons for enhanced levels of free, unbound bilirubin which usually presents in very
small quantities in the blood and is highly neurotoxic. The aftermath health effects could
be Gilbert syndrome (with a frequency of up to 15% in the Western population) with
up to 90 μM total bilirubin [31], which is considered relatively harmless, but jaundice
can be triggered by different types of stress. Rather rare but much more severe case is
Crigler-Najjar syndrome with ≤10% UGT1A1 activity and a total bilirubin level in a range
100–750 μM (depending on I or II Type) with a risk of brain damage in infancy and teenage
years, including encephalopathy and neurological impairment [23].

Previously, we showed that bilirubin is able to bind to ACE and thus cause the decrease
of the 1G12/9B9 binding ratio [29]. The modeling of bilirubin-ACE interaction shown in the
present work demonstrates that both direct conjugated and free unconjugated bilirubins
can bind to ACE, but free bilirubin is able to form the most favorable interactions with
the enzyme. Thus, we performed plasma ACE phenotyping in two patients with Gilbert
syndrome (from Russia) and two patients with Crigler-Najjar syndrome (Type II, from
Netherlands) and compared it with four patients with conformationally changed ACE,
exhibiting increased 1G12/9B9 ratio, which we found in an independent study, along
with 2D plasma (Figure 8, clinical details are in File S2). As negative controls, we used
three different pools of citrated plasmas from patients with native ACE according to their
ZPHL/HHL and 1G12/9B9 ratios [17] and plasma from the sister of donor 2D, also with
naïve ACE conformation.

ACE activity was not measured quantitatively in the two patients with Crigler-Najjar
syndrome (Figure 8A) due to very high concentrations of bilirubin in these two patients,
240 and 147 μM (Figure 8D), which interfered with fluorimetric assay of ACE activity, but
the amount of immunoreactive ACE protein, measured with mAb 9B9, appeared to be
very different (5-fold) in these two patients (Figure 8B). Both ACE activity and the amount
of immunoreactive ACE protein in plasma of patients with Gilbert syndrome with mild
hyperbilirubinemia −24.6 and 32 μM (Figure 8D) were rather similar and slightly higher
than in control plasmas (Figure 8A,B).

The values of 1G12/9B9 ratio were significantly decreased compared to normal values
for both patients with Gilbert syndrome (Figure 8C) in accordance with earlier obser-
vation [29] that bilirubin can bind to ACE and thus decrease 1G12/9B9 ratio. We can
hypothesize that these patients may have elevated levels of free bilirubin. This conclusion
is supported by increased conjugated/serum total bilirubin ratio in patients with Gilbert
syndrome [66].
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Figure 8. ACE phenotyping and bilirubin status in patients with Gilbert and Crigler-Najjar syn-

dromes. ACE activity (A), amount of immunoreactive ACE protein determined with mAb 9B9
(B) and 1G12/9B9 binding ratio (C) were quantified and presented as in Figure 1. The available data
on total bilirubin concentration are also presented (D). As controls, we used plasma samples from
pools 1-2-3 and from sister of donor 2D. Several plasma samples with conformationally changed ACE,
which we found in apparently healthy population, as well as plasma from donor 2D, are presented
for comparison. Bars highlighted as in Figure 2.
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For patients with Crigler-Najjar syndrome, however, the situation appeared to be
equivocal. While ACE in the plasma of patient #1 with extremely high, total bilirubin was
characterized by a low 1G12/9B9 ratio; the ACE in plasma of patient #2, also with high total
bilirubin, unexpectedly, exhibited a high 1G12/9B9 ratio (Figure 8C,D). It is noteworthy
that patients with Crigler-Najjar syndrome are characterized by much lower expression of
UGT1A1 and higher extent of hyperbilirubinemia than Gilbert syndrome [48]. We could
also expect higher amount of free bilirubin in plasma of these two patients than in normal
plasma and plasma of patients with Gilbert syndrome and, therefore, even lower values of
1G12/9B9 ratio, as well as the decrease in blood ACE levels. It appeared to be true, but only
for patient #1 (Figure 8B,C), while patient #2 demonstrated significantly elevated 1G12/9B9
ratio Figure 8C) and the level of ACE in plasma (Figure 8B). The primary hypothesis is that,
despite dramatic hyperbilirubinemia, patient #2 has much lower levels of free bilirubin and
thus this patient is not in a risk group for bilirubin-induced encephalopathy, because the
concentration of free bilirubin in his plasma should not be high (and toxic). (Alternative
explanation could be that patient #2 may have conformationally impaired ACE). The only
way to clarify the reason for such differences in mAbs to ACE binding for these two patients
with Crigler-Najiar syndrome is to measure free bilirubin by independent methods [64,65].
Unfortunately, none of these methods are available yet.

We also performed ACE phenotyping in 100 apparently healthy volunteers and cal-
culated 1G12/9B9 ratio for those patients who had no ACE inhibitors in their blood
(Figure S9). We found four patients with increased 1G12/9B9 ratio (orange bars) in accor-
dance with previous results [17] demonstrating that apparently healthy donors could have
conformationally altered ACE in their blood and, therefore, are at risk of hypertension
and renal disease development. However, we also found nine patients with significantly
decreased 1G12/9B9 ratio (yellow bars). Based on the results of 1G12/9B9 ratio calculation
in two patients with Gilbert in Figure 8C we can hypothesize that these nine patients with
1G12/9B9 ratio less than 80% may have elevated levels of free bilirubin and, therefore, could
be candidates for Gilbert syndrome. High frequency of Gilbert syndrome in Caucasians [31]
fit with this hypothesis.

4. Conclusions

We can state that donor 2D (with conformationally impaired ACE) characterized by
significantly increased activity toward angiotensin I, is also characterized by significantly
increased level of endogenous ACE inhibitor (with MW less than 1000) which likely induced
dissociation of bilirubin from its binding site near the epitope for mAb 6A12.

Moreover, this donor has a mutation in membrane transporter ABCG2 participating
in transport of more than 200 compounds, including bilirubin. We also demonstrated by
modeling and confirmed by in vitro experiment that free bilirubin binds more effectively
to its binding site on the N domain of ACE, than conjugated bilirubin.

Therefore, our data allowed us to hypothesize that we made a starting point for
the indirect method that can reflect probable concentration of free bilirubin in plasma
(serum). Estimation of (patho)physiologically active free bilirubin could be diagnostically
extremely interesting, because an excess of free bilirubin is very toxic for the brain and
clinical measurement of free bilirubin is limited to the small numbers of very big and
well-equipped hospitals.
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